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Abstract 

Proteinase activated receptor 4 (PAR4) is a G-protein-coupled receptor with an important 

role in the platelet response to vascular injury. In platelets, PAR4 activation, by 

thrombin-cleavage of its N-terminus and unmasking of a tethered ligand, leads to G-

protein- and -arrestin-mediated intracellular signalling pathways which result in platelet 

activation, shape change, and ultimately, platelet aggregation. As an important platelet 

thrombin receptor, PAR4 is an interesting target for the development of anti-platelet 

therapeutics. However, molecular determinants of PAR4 activation, signalling, and signal 

regulation remain poorly understood. In this thesis, mechanisms of PAR4 activation and 

signalling were studied through determination of the molecular basis of agonist binding at 

the extracellular surface of the receptor that result in G-protein signalling and -arrestin 

recruitment and evaluation of the role of Helix-8 and C-terminal tail residues on effector 

interaction and signalling. In our first series of experiments, we evaluated the impact of 

single amino acid substitutions to the parental PAR4 agonist peptide, AYPGKF-NH2, in 

an effort to understand the chemical characteristics enabling activity at the PAR4 

receptor. We identified key residue characteristics contributing to agonist peptide 

activation of PAR4. We further showed that different chemical modifications affect G-

protein and -arrestin signalling through PAR4, providing leads for further development 

of biased ligands of PAR4. Additionally, using in silico receptor modelling and peptide 

docking, we identify a key residue in the ECL2 of the receptor that is required for 

receptor activation by either peptide or enzyme-revealed tethered ligand. Subsequent 

studies evaluated the role of the Helix-8 and C-terminal tail motifs in PAR4 and the 

related receptor, PAR2, on intracellular effector interaction and signalling. PAR4 was 

compared to PAR2 since several key Class A GPCR regulatory sites are missing in PAR4 

and are retained in PAR2. These studies have revealed residues and structural features 

that are involved in PAR4 interaction with Gq/11 and -arrestin. Importantly we also 

identified key differences in residues that are important for signalling following enzyme- 

versus peptide- activation of PARs. Taken together, this body of work enhances our 
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understanding of how PAR4 engages and is activated by agonists to promote signalling 

and cellular function. 

Keywords 

G-protein-coupled receptor (GPCR), proteinase activated receptor 4 (PAR4), G-protein, 

-arrestin, platelet, biased signalling, peptide, Helix-8, C-terminal tail, signalling 
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Summary for Lay Audience 

This thesis studies the molecular basis of signalling from Proteinase activated Receptor-4 

(PAR4), a thrombin-activated GPCR that is an important regulator of the innate immune 

response to injury or infection. When blood vessels become damaged, they release 

signals to communicate with blood cells, called platelets. Proteins expressed on the 

surface of the platelet, called receptors, receive the signals from the damaged blood 

vessel and signal platelets to become active and change shape – making them sticky and 

forming a blood clot. This is the first step in repairing a damaged vessel. Sometimes this 

clotting response becomes overactive when a person is at significant risk of heart attacks 

or stroke, thus, a lot of drug discovery efforts have gone into blocking this process. A 

group of these cellular receptors, called G-protein-coupled receptors (GPCRs), become 

activated by signals sent from the damaged blood vessel leading to platelets becoming 

activated. Thus, studies investigating how this process happens and how to 

therapeutically block it have been very important for drug development. In recent years, a 

GPCR named Proteinase Activated Receptor 4 (PAR4) has become an increasingly 

attractive target for blocking platelet activation. It is believed that blocking PAR4 

activation will allow for appropriate blood clotting to occur through other receptors (such 

as PAR1) but will block the formation of larger, more dangerous, blood clots. 

Unfortunately, there is a lot we do not know about how PAR4 becomes activated and 

how it communicates these signals in the platelet. In a series of studies, we investigated 

how the receptor becomes activated through drug binding (receiving the signal) and 

interaction with proteins inside the cell (how it communicates the signal into the cell). 

We have identified properties of drugs that can selectively target PAR4. We have also 

identified key parts of the PAR4 receptor that control PAR4 signalling. Together, these 

studies uncover new insights into PAR4 signalling and aid development of therapies 

targeting PAR4. 
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Chapter 1  

1 Introductioni 

1.1 G-protein-coupled receptors 

1.1.1 GPCR Structure and Function 

G-Protein-coupled Receptors (GPCRs) are the largest superfamily of cellular receptors in 

humans (over 800), which mediate many cellular responses, often through activation by 

neurotransmitters and hormones (1–4). Importantly, due to the wide range of 

physiological roles GPCRs perform and the highly tractable nature of these receptors for 

drug development, GPCRs are the target for approximately 35% of currently approved 

drugs (5, 6). GPCRs are characterized by distinct structure that includes seven 

transmembrane spanning domains, connected by 3 intracellular and extracellular loops. 

The superfamily of GPCRs is further divided, based on sequence identity and structural 

similarity, into 5 subfamilies (commonly referred to as classes) – glutamate (G) 

rhodopsin (R, commonly referred to as ‘Class A’), adhesion (A), and Frizzled/Taste2 (F), 

and secretin (S), (4, 7). Class A (Rhodopsin-like GPCRs) comprises the largest subfamily 

of GPCRs, accounting for over 85% of GPCR genes, further divided into 4 subgroups (α, 

β, γ, δ) based on based on phylogenetic analysis (7, 8).Class A GPCRs are known to be 

similar in sequence identity, structure, and activation.  

GPCRs are cellular proteins with 7 α-helical transmembrane (TM) domains connected by 

three extracellular loops (ECL1-ECL3) and three intracellular loops (ICL1-ICL3) (Figure 

                                                 

iA version of this chapter has been published: Thibeault, P. E., and Ramachandran, R. 

(2020) Biased signalling in platelet G-protein‐coupled receptors. Can. J. Physiol. 

Pharmacol. 10.1139/cjpp-2020-0149 
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1.1A) (1, 9). GPCRs also possess an N-terminal domain sequence (upstream of TM1) and 

a C-terminal tail sequence (downstream of TM7), the latter of which contains an 

intracellular helical domain, often referred to as the eighth helix (Helix-8), which is a 

common site important for interaction with intracellular effectors, both structurally and 

through direct binding, along with the remainder of the C-tail (Figure 1.1A & B) (9–11). 

The transmembrane domains interact with one another to arrange the protein into a 

tertiary, barrel-like, structure which creates an extracellular solvent exposed cavity where 

the GPCR binds its ligand(s); and an intracellular solvent exposed cavity wherein 

effectors can bind the activated GPCR (Figure 1.1B) (12, 13). The seven transmembrane 

(7TM) core of Class A GPCRs is common and highly conserved, while the extracellular 

and intracellular regions have high levels of heterogeneity in sequence, structure, and 

function – enabling specificity in targeting by agonists and G-protein/effector sub-type 

selectivity (3, 7, 14). 

Class A GPCRs are most commonly activated by the binding of an extracellular, soluble, 

hormone ligand which enables activation of the receptor and engagement of the GPCR 

with intracellular effectors to stimulate intracellular signalling (9, 10, 12). GPCR ligands 

bind to the GPCR orthosteric site leading to large-scale conformational rearrangements 

transmitted through the transmembrane domains. These conformational rearrangements 

are transmitted through the TM bundle and prompt important changes in the intracellular 

face of the receptor, thus enabling interaction with the heterotrimeric G-proteins and 

other intracellular effectors, such as -arrestins and small G-proteins (9, 10, 12). The 

most prominent of these rearrangements is an outward movement of helix VI (TM6), 

accompanied by helix V (TM5) movement towards helix VI (9, 15). Additionally, helix 

VII (TM7) moves inward towards the middle axis of the transmembrane bundle and helix 

III moves upwards and laterally (9, 15). While crystallography and cryo-EM structures 

have revealed variance in the magnitude to which each helix moves in a given agonist-

bound receptor, rearrangement in helix V and VI have been consistently observed in G-

protein-bound structures, and thus are key rearrangements in effector binding, 

independent of the GPCR studied (9, 15). 
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Figure 1.1 General structure of G-protein-coupled receptors (Class A). (A) Linear 

structure of Class A GPCRs showing N-tail, transmembrane helices (TM1-7), 

extracellular loops (ECL1-3), intracellular loops (ICL1-3), and C-terminal tail including 

Helix-8 (H8). (B) Three-dimensional model of Class A GPCRs showing the barrel-like, 

tertiary-structure adopted through interactions of the transmembrane domains (I-VII) 

with solvent exposed extracellular and intracellular cavities. (Created with 

BioRender.com) 
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1.1.2 GPCR Signalling Mechanisms 

GPCRs form a large family of cell surface receptors that respond to a diversity of 

activators (16). Upon ligand binding, GPCRs trigger activation of intracellular second 

messenger signalling pathways by engaging one of four major class of guanine nucleotide 

binding proteins (G-proteins) – Gi/o (inhibition of adenylyl cyclase-mediated cAMP 

production), Gs (stimulation of adenylyl cyclase-mediated cAMP production), Gq/11 

(stimulates membrane-bound PLC-mediated production of IP3 and DAG), and G12/13 

(activation of Rho family GTPase signalling) (17, 18). In the inactive state, the 

heterotrimeric G-proteins consist of a guanosine diphosphate (GDP) bound  subunit that 

is associated with  and  subunits. Ligand-bound GPCRs act as a guanine nucleotide 

exchange factor (GEF) and trigger guanine nucleotide exchange at the G-protein  

subunit (19, 20). The release of GDP and subsequent binding of GTP in G-protein  

subunits leads to the release and/or conformational remodeling of the  subunits, and 

allows the G-protein  and  subunits to activate effectors, produce second messengers, 

and propagate intracellular signals (21–23).  

G-protein signalling is terminated by the intrinsic GTPase activity of the G-protein  

subunits, which can be further accelerated by interactions with Regulators of G-protein 

Signalling (RGS) proteins (24). The activated GPCR is rapidly phosphorylated by GPCR 

kinases (GRKs), often at serine and threonine residues on the receptor C-terminal tail, 

enabling binding with -arrestins (25). The initial docking of -arrestins on the 

phosphorylated GPCR C-terminal tail is followed by interactions with the intracellular 

core of the GPCR transmembrane bundle, which sterically block G interaction, thus 

terminating G-protein-mediated signalling (26–28). -arrestins also scaffold the activated 

receptors to cellular endocytic proteins and promote receptor internalization (29–31). 

Depending on the strength of receptor interaction with -arrestins, receptors can either be 

recycled back to cell membrane (weak binders) or traffic to the lysosomes for 

degradation (strong binders) (32–35). 

In addition to the classical role in terminating GPCR signalling, -arrestins are now 

recognized as mediators of G-protein-independent signalling from GPCRs by scaffolding 
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other signalling mediators (32, 36, 37). For a number of different GPCRs it has been 

proposed that both G-protein- and -arrestin-mediated signalling lead to distinct cellular 

responses, some being beneficial and others being pathological (31, 38). This extends the 

now well accepted idea that a single receptor can/may couple to multiple G-protein 

subtypes, and further, adds -arrestins to the list of GPCR interacting signalling effectors. 

The ability of a single receptor to activate multiple signalling effectors has also provided 

the stimulus for seeking ligands that are able to stabilize different GPCR conformations 

which enable the receptor to selectively engage different signalling pathways (39–41). 

This paradigm, variously termed as functional selectivity, biased agonism, or biased 

signalling, has opened up a novel strategy for therapeutically targeting GPCRs, that goes 

beyond simply blocking or activating receptor signalling. 

1.1.3 Biased Agonism of GPCRs 

There is significant interest in the emerging field of GPCR pharmacology referred to as 

biased agonism. Classically, it was thought that each GPCR had a physiological 

agonist(s) that would activate the receptor to accomplish a defined signalling paradigm 

(Figure 1.2A). Thus, it was believed that for therapeutic targeting of the receptor drug 

therapies were aiming at turning “on” the receptor (Figure 1.2A) through agonism; or 

inhibiting activation and signalling by turning “off” the receptor through antagonism 

(Figure 1.2B). The concept of biased agonism was formally proposed in the 1990s and 

involves the phenomenon that some receptor agonists can induce differential signalling 

through the same receptor in order to accomplish varied physiological outcomes (Figure 

1.2C) (42–49). The discovery of biased agonism has many potential applications and 

challenges the classical signalling model. Furthermore, investigation of biased agonism is 

leading to the development of new receptor agonists that selectively avoid or inhibit 

activation of signalling cascades that may contribute to pathology, while leaving non-

pathogenic, homeostatic signalling intact (48). Currently, the consensus among experts is 

that this process is mediated through differences in receptor conformational changes 

dependent on the activating agonist (50–52). It is widely debated whether the differential 

signalling is due to agonist binding to, and thus stabilizing, receptor conformations 

favoring one signalling pathway over another (i.e. a biased agonist has high affinity for a 
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conformation favouring biased signalling) or whether the conformational requirement for 

biased signalling is facilitated by transmembrane reorganization induced by agonist 

binding. Irrespective of this debate, it is hypothesized that subtle differences in receptor 

conformation can lead to diverse interactions with key intracellular proteins, including G-

proteins and -arrestins. Understanding the distinct signalling signatures that may exist 

between agonists for the same receptor provides valuable insight into the development of 

pharmaceuticals that selectively activate or inhibit various signalling processes. 

Additionally, dissection of signalling pathway contributions through preferential 

activation of a pathway versus another provides insight into which pathways are 

responsible for signalling in health and disease. 

An example of the importance of biased agonism can be observed with the -opioid 

receptor (OR). Through various knockout studies, the µOR receptor agonist, morphine, 

was revealed to signal both beneficial and deleterious signalling pathways 

simultaneously. Bohn et al. found that activation of OR with morphine displayed 

differential signalling in -arrestin-2 knockout mice compared to wild-type mice (53). In 

this study, wild-type mice showed pain relief, as expected; however, these benefits were 

accompanied by unwanted side effects, including antinociceptive tolerance. Interestingly, 

-arrestin-2-knockout mice failed to develop tolerance and thus continued to have the 

antinociceptive benefits of morphine (53). -arrestins are an important desensitization 

and internalization protein. Recall that phosphorylation of GPCRs causes the recruitment 

of -arrestins in many GPCRs, leading to cessation of receptor/G-protein coupling 

(1.1.2). Additionally, -arrestins function as scaffolding proteins for endocytic 

machinery, such as adaptor protein 2 (AP2) during clathrin-mediated endocytosis. Bohn 

and colleagues concluded that -arrestin-2 appears to have an important modulatory 

effect on -OR, mainly in decreasing receptor desensitization, which could have 

important implications on treating pain and narcotic tolerance through manipulation of -

arrestin-2 in a vulnerable patient subset (53). Discovery of the importance of -arrestin-2 

in inhibiting the analgesic effect of morphine (an unwanted side effect) has provoked 

many studies to investigate other endogenous OR agonists and has led to the 

development of several new drugs that selectively do not engage -arrestin-2 and 
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therefore may be more efficacious in analgesic applications (54). One such biased ligand, 

oliceridine (TRV130), activates µOR-mediated G-protein signalling while mitigating -

arrestin recruitment; thus, maintaining analgesic properties while reducing deleterious 

side effects (55, 56). From this example, it is apparent that the study of downstream 

effecters and receptor-protein interactions can lead to discovery of potential therapeutic 

targets. The discovery of biased agonism by design can also be shown with 5-HT, 

serotonin, receptors. Some studies have shown biased agonism with 5-HT receptors 

where striking differences are reported between physiological agonists- each engaging 

very different signalling cascades after receptor activation (57). Understanding the ways 

in which these various agonists activate the receptor and induce differential signalling has 

led to more targeted design of small molecules capable of eliciting similar signalling 

biases. 
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Figure 1.2 Ligand-receptor signalling paradigms (A) Schematic of classical Class A 

GPCR signalling wherein, a GPCR is activated by its endogenous ligand and signals to 

all of its effector partners. (B) Schematic of classical therapeutic approach of an 

orthosteric, neutral, antagonist that blocks GPCR activation by binding to the orthosteric 

site of the receptor without having any signalling activity at the receptor. (C) Schematic 

of biased agonism, wherein, one ligand (purple hexagon, left) is able to activate the 

GPCR in a biased manner and initiate signalling to -arrestins but not G-protein 

signalling pathways; the other ligand (orange rhombus, right) has the opposite activity 

and is able to bias signalling to the G-protein-dependent signalling pathways while 

effectively blocking or disengaging -arrestin-dependent signalling (similar to what is 

observed with oliceridine for µOR). (Created with BioRender.com) 
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1.2 Platelet physiology and a role for selected targeting of 

GPCRs in anti-platelet therapeutics 

1.2.1 Platelet physiology 

1.2.1.1 Platelet biogenesis and elimination 

Platelets were first described in the scientific literature in the mid to late 1800’s by a 

number of scientists, including William Osler and George Hayem, who recognized them 

as small anucleate disk-like structures in blood (58). At this time, platelets were believed 

to be fragments of disintegrated leukocytes, clots of fibrin, or precursors to red blood 

cells. Giulio Bizzozero is widely credited with identifying platelets as a distinct 

morphological element in blood and for conducting the definitive studies that uncovered 

the critical role of platelets in haemostasis (59). Bizzozero, also credited with first 

describing bone marrow megakaryocytes, however failed to recognize them as the source 

of platelets – a finding attributed to James Wright who noted similarities between granule 

contents in megakaryocytes and platelets (60). The production of platelets 

(thrombopoiesis) occurs primarily in the bone marrow from megakaryocytes. 

Megakaryocytes, formed by the differentiation of hematopoietic stem cells, home to the 

perivascular niche where they interact with sinusoidal bone marrow endothelial cells and 

form dynamic transendothelial pseudopods which project into the lumen of bone marrow 

sinusoids. These extensions into the sinusoids elongate and are described as pro-platelets, 

which remain tethered to the megakaryocytes by thin cytoplasmic bridges. The release of 

the platelet into the blood occurs from the tip of the pro-platelets and represents the final 

step in the process of platelet biogenesis (61, 62). 

Platelets have a short lifespan and are eliminated within days (4-6 days in mice; 5-10 

days in humans) (63, 64) via seclusion in the spleen and other organs, or through 

deposition at sites of vascular injury. Even in the absence of such consumption, aged 

platelets undergo apoptosis and are removed from circulation. A shift in the balance of 

the pro-apoptotic (BAX-BAK) and anti-apoptotic (BCL2) proteins is believed to play an 

important role in this spontaneous apoptosis of ageing platelets (65). Thus, constant 
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production and elimination of platelets serves to maintain normal platelet count in a 

healthy individual at around 150,000-300,000 cells per microliter. 

1.2.1.2 The delicate balance of platelet-receptor signalling in 
haemostasis and thrombosis 

Throughout their short lifespan, platelets must perform a delicate balancing act. They 

must remain poised for activation in response to a disruption of vascular integrity yet 

remain in their inactive state within intact vessels. Platelets are aided in performing this 

delicate act by the endothelial cells lining the blood vessels. The intact endothelial 

monolayer lining the inner surface of blood vessels acts to actively suppress platelet 

activation by physically separating platelets from the underlying platelet-activating 

matrix components, such as collagen, and by constantly producing and secreting factors 

that prevent platelet activation (e.g. thrombomodulin, ectonucleotides, prostaglandin I2 

(PGI2), nitric oxide (NO)).  

In the event of vascular injury, platelet activation is rapid and is initially mediated by 

platelet glycoprotein (GP) Ib-V-IX interaction with von Willebrand factor (vWF) in the 

subendothelial matrix. This initial interaction slows the circulating platelets and enables 

further interaction between platelet adhesion receptors/integrins and their counter 

receptors; and/or adhesive matrix components (e.g. GPVI-Collagen or IIb3-

Fibronectin). At the cellular level, these signals also trigger a cytoskeletal rearrangement 

in the platelets and cause platelet spreading which increases their attachment to 

subendothelial surfaces at the sites of injury. The initial activation of platelets further 

involves signalling mediated by factors released from the damaged cells in an injured 

blood vessel (e.g. ADP) and produced during coagulation (e.g. thrombin). The 

inflammatory response accompanying the injury may also produce factors (e.g. platelet-

activating factor) that further activate platelets. Crucially, these signals from the injured 

vascular cells are amplified dramatically by the release of platelet granule contents 

including thromboxane A2 (TXA2), adenosine diphosphate (ADP), and serotonin which 

further amplify platelet activation and serve to recruit additional platelets to the site of a 

growing thrombus. The release of platelet granules involves cytoskeletal rearrangement, 

fusion of granules with the open-canalicular system, and release of granule contents (66, 
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67). Activated platelets also provide a surface on which additional thrombin is generated 

and fibrin can accumulate (68). 

Many of the factors that contribute to platelet activation in response to injury are also 

engaged in the inappropriate activation of platelets, which occurs within blood vessels in 

disease. Endothelial dysfunction, resulting from diseases such as diabetes, leads to a loss 

of molecules that are beneficial to maintenance of a healthy endothelium, like 

prostaglandin I2 and nitric oxide (PGI2 and NO, respectively), and thus is an important 

driver of platelet activation in disease (69–71). Factors that are produced in vessel injury 

can also be generated in unhealthy blood vessels, as a result of inappropriate endothelial 

signalling. For example, lysophosphatidic acid (LPA), in atherosclerotic plaques, can 

trigger platelet activation that in turn causes the release of factors such as ADP and TXA2 

from platelets, which trigger inappropriate platelet aggregation and thrombosis. 

Many of these important mediators of platelet activation act on platelet cell surface 

GPCRs to mediate the various phases of platelet activation. In the following sections, I 

will discuss the major, receptor-proximal, signalling pathways engaged by GPCRs, 

provide a brief overview of the different GPCRs expressed in human platelets, and 

discuss whether selective targeting of signalling pathways downstream of these different 

platelet GPCRs might provide a route to safer and more efficacious anti-platelet agents. 

Platelets express many GPCRs that respond to soluble mediators produced at the site of 

injury or in diseases to initiate the platelet aggregation sequalae. As such, GPCR 

signalling in platelets is an attractive therapeutic target that may allow some level of 

platelet activation while concurrently preventing the amplification that occurs through 

autocrine and paracrine signalling. Indeed, GPCRs have proven to be highly tractable 

drug targets and a number of anti-platelet agents are currently in clinical use target 

platelet GPCRs (72). In the following subsections, the primary platelet-expressed GPCRs 

are outlined and contextualized within the currently available literature on their 

engagement with different G-protein-mediated and G-protein-independent signalling 

pathways and their contribution to different aspects of platelet activation. 
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1.2.2 Proteinase activated receptors 

Human platelets express both PAR1 and PAR4, while murine (mouse and rat) platelets 

express PAR3 and PAR4 (73–77). PAR1 and PAR4 are two of over 30 GPCRs expressed 

in human platelets. Since thrombin is the most potent stimulus for platelet activation, 

considerable research has been conducted to investigate the role of these platelet 

thrombin receptors on platelet activation and aggregation. This section serves as an 

introduction to signalling and therapeutic targeting of PAR1 and PAR4 specifically in the 

platelet context. In the following sections (1.3-1.5), PAR discovery (1.3.1), expression 

profile (1.3.2), activation (1.3.3), therapeutic targeting (1.4), and regulation (1.5) will be 

discussed in greater detail. 

Upon activation, both PAR1 and PAR4 signal through common G-protein pathways 

including coupling and activation of Gq/11 and G12/13 (78–80). Although coupling to 

Gi/o has been reported for PAR1 and PAR4, in some instances this coupling may require 

crosstalk with certain purinergic receptors (Table 1.1; Figure 1.3 & 1.5) (81, 82). While 

PAR1 and PAR4 signal through common G-proteins, there are reported differences in the 

kinetics of PAR1- and PAR4-dependent G-protein signalling, with PAR4 causing a 

slower and more sustained calcium signalling compared to PAR1 (83). Coupling to other 

intracellular effectors, such as -arrestins, has also been demonstrated for both PAR1 and 

PAR4. -arrestin-mediated scaffolding of signalling effectors can occur downstream of 

both PAR1 and PAR4, though a role for PAR1 coupling to -arrestin in platelets has not 

yet been established (84–87). Previously, we have shown that PAR4-mediated activation 

of -arrestins is involved in the Akt signalling pathway and may in fact synergize with 

Gq/11-mediated signalling to activate platelets (85). Association of PAR4 with the 

purinergic P2Y12 receptor in platelets is also proposed to support -arrestin-mediated 

sustained signalling to Akt and aid in recruitment of -arrestins, as well as appropriate 

cellular trafficking of PAR4 (82, 88–90). 

Given the important roles for PAR1 and PAR4 activation downstream of their activation, 

considerable research has focused on these receptors for anti-platelet therapies. As the 

higher affinity thrombin receptor, much research has focused on antagonism of PAR1 
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which is thought to initiate PAR-mediated platelet activation. Potent and selective small 

molecule antagonists of PAR1, including the clinically approved ligand vorapaxar, have 

been described (91, 92). Vorapaxar potently inhibits PAR1 signalling and is able to 

effectively inhibit thrombin-mediated platelet activation downstream of PAR1 activation 

(Figure 1.3) (91). The United States Food and Drug Administration (FDA) approved 

vorapaxar (brand name Zontivity™) for use as an anti-platelet therapeutic, however, 

incidence of bleeding including intracranial bleeds have limited its use (Fala, 2015). The 

bleeding diatheses might stem from the role of PAR1 in maintaining the vascular 

endothelial barrier, which may be similarly disrupted upon PAR1 antagonism (95). 

Therefore, indications for the use of vorapaxar have been limited to individuals with prior 

myocardial infarction or peripheral artery disease (PAD) (95, 100). 

By comparison to PAR1, PAR4 has more restricted cellular expression and tissue 

distribution (see 1.3.2) therefore attention has been turned to targeting this receptor as a 

better antiplatelet drug target (101, 102). Early efforts to develop anti-platelet antagonists 

yielded the compound YC-1, a broad spectrum inhibitor of platelet activation (103). 

Structure activity relationship (SAR) studies of YC-1 yielded the first PAR4-specific 

antagonist, YD-3 (104). It was determined that YD-3 selectively inhibited PAR4 peptide-

(GYPGQV) stimulated platelet activation. In a further SAR, it was shown that the 4”-

ethoxycarbonyl group of YD-3 is the major contributing functional group for antiplatelet 

activity. Further, it was demonstrated that YD-3 was able to prevent GYPGKF peptide-

stimulated platelet activation and aggregation, however was unable to inhibit platelet 

aggregation stimulated by thrombin, thromboxane A2 mimetic U46610, collagen, or 

SFLLRN (PAR1 agonist peptide) (105). Inhibition was observed with an IC50 of 0.13 

µM, however, potency of inhibition was found to have a high degree of variability. In 

addition to variable in vitro and ex vivo inhibition of platelet activation, YD-3 has a 

lengthy synthesis route and is highly lipophilic and these limitations prevented use in 

vivo. An additional study sought to modify these limiting chemical characteristics 

through replacement of an indazole ring with an indole ring, enabling easier synthesis, 

higher-yield, and improved physical characteristics including decreased hydrophobicity 

(106). This yielded the compound ML354 which was found to inhibit PAR4 stimulated 

platelet activation and aggregation, however, was also found to have some limited 
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activity at PAR1 (106). A promising PAR4-specific antagonist, BMS-986120, has been 

demonstrated to block thrombin-stimulated G-protein signalling and -arrestin 

recruitment to PAR4, ex vivo thrombus formation, and platelet aggregation (Figure 1.3) 

(107–109). BMS-98120 has completed Phase I clinical trials (108).  

Despite these promising advances with PAR4 as an anti-platelet target, there remains the 

question of whether a complete inhibition of PAR4 will also lead to deleterious side 

effects as observed with the PAR1 anti-platelet therapeutic voropaxar. PAR4 can activate 

multiple signalling pathways through coupling to Gq/11, G12/13, and -arrestin (Figure 

1.3) (85, 110, 111). In previous work, we demonstrated that a pepducin targeting different 

intracellular motifs in PAR4 could be employed to inhibit platelet activation by blocking 

G-protein-coupled or -arrestin-dependent signalling (85). The ability to selectively 

block GPCRs in a biased manner is of great interest and has been proposed as a strategy 

for obtaining therapeutically superior drugs for a number of conditions. Therefore, I 

believe that efforts should be focused on examining the potential to exploit biased PAR4 

signalling as a therapeutic approach, which will be further explored in section 1.4 and 

chapter 2. 
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Figure 1.3 PAR G-protein-coupling and signalling pathways in platelets. At the site 

of vascular injury tissue-derived and coagulation cascade-generated thrombin can act on 

two platelet thrombin receptors, PAR1 and PAR4. Thrombin, produced in low 

concentrations locally at the site of injury, activates the high-affinity PAR, PAR1 

enabling signalling through Gαq/11 and Gα12/13, and subsequent activation of platelets. As 

the thrombin concentration increases locally on the growing platelet thrombus, the lower 

affinity thrombin receptor, PAR4, is cleaved and able to signal through shared G-protein 

subtypes. Importantly, while both PAR1 and PAR4 share common signalling pathways, 

studies have clearly demonstrated unique kinetics and signalling profiles through these 

common pathways, that enable PAR1 and PAR4 signalling to contribute differently to 

platelet activation and aggregation. Arrows indicate which cytosolic G-protein subtypes 

(Gαq/11 - blue or Gα12/13 – purple) PAR1 and PAR4 engage following receptor activation. 

(Created with BioRender.com) 
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1.2.3 Prostanoid receptors 

Prostanoids, a subfamily of eicosanoids, are formed from arachidonic acid by the action 

of prostaglandin G/H synthase [cyclooxygenase (COX) 1 and 2, respectively] to form the 

common prostaglandin precursors PGG2 and PGH2, which are then acted upon by 

additional synthases to form prostaglandins (e.g., PGD2, PGE2, PGF2a), thromboxane A2 

(TXA2), and prostacyclin (PGI2) (Figure 1.4). These prostanoids mediate cellular 

signalling through a family of Rhodopsin-like/Class A GPCRs that include IP1 (PGI2), TP 

(TXA2), EP1-4 (PGE2), FP (PGF2) and DP1-2 (PGD2) receptors (112, 113). The DP1, EP2, 

EP4, and IP1 receptors couple to Gs and mediate production of cyclic adenosine 

monophosphate (cAMP) (Figure 1.4). EP1, FP, and TP subfamilies couple to Gq/11 to 

initiate phospholipase C activation, leading to phosphatidylinositol 4,5, bisphosphate 

conversion to inositol 1,4, 5-trisphosphate (IP3) and 1,2,-diacylglycerol (DAG), which 

results in Ca2+ mobilization from the endoplasmic reticulum and protein kinase C (PKC) 

activation (Figure 1.4). The EP3 receptor couples largely to the pertussis toxin-sensitive 

Gi pathway resulting in a decrease in cAMP levels (Figure 1.4). It must also be stressed 

that the prostanoid receptors often couple to more than one G-protein to activate second 

messenger signalling cascades - for example, the Gq/11-coupled EP1, FP and TP receptor 

families also couple to G12/13 to activate Rho-associated kinases (114) (Table 1.1; 

Figure 1.4). Generally, in platelets the activation of Gs-coupled prostanoid receptors 

result in inhibition of platelets, while Gi-, Gq/11-, and G12/13-coupled receptor 

activation results in platelet activation and aggregation (Table 1.1, Figure 1.4). 

Prostacyclin (PGI2) is the major product of cyclooxygenase (COX) and prostaglandin I 

synthase-catalyzed metabolism of arachidonic acid in the macrovascular endothelium 

(115, 116) and is a key endothelium-derived inhibitor of platelet activation. PGI2 

stimulates the Gs-coupled IP1 receptor to activate adenylyl cyclase and elevate levels of 

cAMP. Nitric oxide, the other negative regulator of platelets produced by endothelial 

cells, acts directly on guanylyl cyclase to elevate levels of cyclic guanosine 

monophosphate (cGMP) (117). cGMP, in turn, activates protein kinase A (PKA) which 

can blunt multiple aspects of platelet function including Ca2+ mobilization, integrin 

activation, secretion (at least in part through inhibition of RhoA signalling), and myosin 



17 

 

light chain phosphorylation (118, 119). Further evidence for IP1 receptor-mediated 

signalling as an inhibitor of platelets comes from knockout mouse studies. IP-knockout 

mice do not develop spontaneous thrombosis, however, are more susceptible to 

thrombotic stimuli than their wild-type littermates (120). Like PGI2, TXA2 is produced by 

the cyclooxygenase pathway and the action of thromboxane synthase on PGH2. TXA2 

acts on the TP receptor on platelets and is a potent activator of platelets. Platelets from 

TP-deficient mice are unresponsive to TXA2 and exhibit a mild bleeding tendency and are 

unable to form stable thrombi (121). 

G-protein-mediated signalling, through agonist-activated GPCRs, is temporally restricted 

by second messenger or GPCR kinase-mediated (GRK) phosphorylation of the receptor 

and -arrestin recruitment. It is now well established that -arrestin recruitment can also 

serve as a scaffold that regulates GPCR-mediated signalling, independent of G-protein 

activation. It is challenging to directly examine a role for -arrestins in the regulation of 

GPCR mediated platelet function because of embryonic lethality in -arrestin-1 and -2 

double knockout mice and the significant redundancy in function of the two arrestin 

isoforms. Platelets are also not amenable to other genetic methods such as siRNA and 

CRISPR/Cas9 mediated target methods that are frequently employed to study -arrestin 

regulation of GPCRs. Thus, the role of -arrestins in regulating prostanoid receptor in 

platelets has not been extensively studied. In other cell types, EP2 and EP4 receptor 

interaction with -arrestins form scaffolds with Src-Kinase, which results in 

transactivation of the epidermal growth factor receptor (EGFR) and AKT activation 

(122–125). AKT signalling can play important roles in platelets (126) and whether such 

-arrestin-mediated AKT activation downstream of prostanoid receptors is important in 

platelets remains to be established. 

As described above, prostanoid receptor-mediated signalling, that results in increased 

cAMP production, is associated with platelet inhibition; while an inhibition of adenylyl 

cyclase (AC), by GI activation, leads to decreased cAMP which promotes platelet 

aggregation induced by calcium mobilization (Table 1.1). This balance is reflected in the 

cardioprotective effects seen with aspirin, which is in large-part, attributed to its 
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irreversible inactivation of platelet COX enzymes – resulting in a reduction in the pro-

aggregating effects of TXA2. The inherent lack of significant transcriptional activity, in 

the anuclear platelets, results in a long-lasting inhibition of TXA2 production for the 

duration of the platelet lifespan. Aspirin and other traditional non-steroidal anti-

inflammatory drugs (NSAIDS) also inhibit endothelial production of PGI2 which is 

largely derived from endothelial cell COX-2 enzymes. The development of the COX-2-

selective inhibitors (Coxibs), which was driven by a quest for NSAIDS with greater 

gastro-intestinal safety, unfortunately resulted in an increase in myocardial infarctions 

resultant from the incorrect assumption that PGI2 was derived from the constitutively 

expressed COX-1 and endothelial specific expression of PGI synthase, while platelet 

expression of thromboxane synthase was believed to underlie the predominant production 

of thromboxane by platelets (127, 128). The levels of PGI2 in the healthy endothelium is 

now established to be produced by COX-2 which is induced by shear forces generated by 

normal blood flow (129–132). Overall, synthetic prostacyclins, thromboxane synthase 

inhibitors, and thromboxane receptor antagonists are likely to be useful agents for 

inhibiting platelet function, often though they are thought to be mechanistically too 

similar to their inexpensive counterpart, aspirin, limiting their development and use 

except in cases where aspirin is contraindicated (133). 
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Figure 1.4 Synthesis of prostanoids (top) and their known receptor targets and G-

protein-coupling effectors expressed in human platelets (bottom). Synthesis of 

prostanoids occurs through biochemical conversion of arachidonic acid (AA) by 

cyclooxygenase 1 (COX-1) to PGH2 which then can be acted on by prostanoid synthases 

to generate active prostanoid receptor ligands. Prostanoid biosynthesis occurs in both the 

endothelium as well as through synthesis and release following of platelet activation. 

Arrows indicate which cytosolic G-protein subtypes (Gαi/o - green, Gαs - pink, Gαq/11 - 

blue, or Gα12/13 – purple) each prostanoid GPCR engages following receptor activation. 

(Created with BioRender.com) 
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1.2.4 Purinergic receptors 

ADP is stored in platelet dense granules and released upon platelet activation. ADP is 

also released from damaged cells, at sites of vascular injury, acting in both an autocrine 

and paracrine manner for recruiting platelets and stabilizing the hemostatic plug. (134, 

135). Platelets express two receptors for ADP, the Gq/11-coupled P2Y1 receptor and the 

Gi-coupled P2Y12 receptor (Table 1.1; Figure 1.5) (136, 137). Activation of both of 

these receptors is required for ADP to exert its maximal effect on platelets (138) 

however, P2Y1 deficient mice do not show significant increases in bleeding tendency or 

protection from thromboembolic mortality and platelets from these mice still aggregate in 

response to ADP. Conversely, P2Y12-deficient mouse platelets do not aggregate in 

response to ADP stimulation (139, 140), suggesting that ADP-meditated activation of the 

Gi signalling pathway is the predominant stimulus from ADP, synergizing with Gq/11 

activation by P2Y1 and other Gq/11- or G12/13-coupled GPCRs in platelets (81, 141).  

As with the other receptors described above, few studies have directly studied -arrestin 

mediated signalling downstream of P2Y receptors in platelets. A role for GRKs and 

second messenger kinases in regulating P2Y1 and P2Y12 receptor desensitization has been 

examined (142). This study showed that platelets express GRK2 and GRK6 and 

overexpression of these kinases (in non-platelet cells) was able to increase desensitization 

of the P2Y12 receptor. Similarly GRK6 deletion resulted in increased signalling through 

P2Y12 (and PAR1/4 receptors) while this deletion was without effect on TXA2 responses 

(143). GRK and second messenger mediated phosphorylation of the P2Y receptors would 

enable -arrestin recruitment and these desensitization responses can indirectly infer -

arrestin interaction with the respective receptors. Whether -arrestin interaction with 

these receptors mediates signalling that is relevant to platelet function remains unclear. 

As described above it has been proposed that PAR4 stabilization of platelet thrombi is 

dependent on P2Y12 signalling and formation of PAR4/P2Y12 complex with -arrestin, 

allowing the scaffolding of Lyn and PI3K to phosphorylate and activate AKT. Further 

studies are necessary, but lack of pharmacological modulators of -arrestins remains a 

limitation. 
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Figure 1.5 Purinergic receptor signalling following activation by ATP (P2Y1), ADP 

(P2Y1 and P2Y12), and lipids (sphingosine-1 phosphate, LPA; P2Y10). ADP and ATP 

are released by the injured endothelium but importantly serve as a major feed forward 

mechanism in platelet activation when they are released from platelet dense granules 

following initial priming of platelet by other stimuli. Activation of P2Y1 by ATP or ADP 

leads to Gαq/11-mediated shape change and platelet aggregation while activation of P2Y12 

by ADP engages Gαi signalling and inhibition of cAMP. Full platelet activation of 

platelets by ADP is thought to require signalling from both receptors. Role of the P2Y10 

receptor in platelets remains unclear. Arrows indicate which cytosolic G-protein subtypes 

(Gi/o – green or Gq/11 - blue) each of the purinergic GPCRs engage following receptor 

activation. (Created with BioRender.com) 
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1.2.5 Other platelet-expressed GPCRs 

As described above the thrombin receptors, prostanoid receptors, and purinergic receptors 

are the major GPCR activators of platelets, with profound effects on platelet 

responsiveness seen when these receptors are genetically or pharmacologically blocked. 

While these are primarily the targets of interest in platelet studies and for the purpose of 

therapeutic design, proteomic and functional studies have established the expression of a 

number of other GPCRs on platelets that have more modest effects on platelet function 

(Table 1.1). While these receptors do not act by themselves to affect full platelet 

activation, they interact with the three major platelet activating receptor families to 

influence platelet reactivity. Broadly these include the adenosine receptors (A2A>A2B), 

2A-adrenergic receptor, lysophosphatidic acid (LPA) receptors (LPA1-3), serotonin 

receptors, cysteinyl leukotriene receptors, and others (Table 1.1) (144–149). Functional 

studies with the 2A-adrenergic and serotonin receptors which couple to Gi or Gq/11 

show synergy with the strong platelet activating receptors to enhance platelet activation 

while activation of the Gs coupled A2A receptor inhibits platelet aggregation (146, 147). 

Overall the involvement of these receptors in platelet regulation is likely context specific 

(tissue, pathology, etc.) and considering these signals may be important in understanding 

platelet function in conditions such as stress, inflammation or atherosclerosis (150–152). 

Further, the implications of alterations to signalling from these receptors on platelet 

haemostasis, which may be accomplished through therapeutic interventions or in 

pathology, remains poorly understood and warrant prioritization in order to 

understanding the full interplay of platelet expressed GPCRs.  

Thus, GPCRs are important regulators of platelet function. GPCRs also couple to 

multiple receptor proximal signalling effectors to effect platelet activation. A deeper 

understanding of specific pathways engaged by each GPCR in the context of a specific 

platelet response is critical to determining the pathways that have to be selectively 

targeted in order to prevent inappropriate platelet activation in disease. 
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Table 1.1 Summary of platelet expressed G-protein-coupled receptors identified by 

functional and/or proteomic approaches.ii 

Receptor 
Endogenous 

Agonists 

G-protein 

effectors 

Coupling to 

/Signalling 

through -

Arrestins 

Role in 

human 

platelets 

PAR1 

Thrombin (153), 

APC, MMP1, 

MMP13 (154) 

Gαq/11, Gα12/13, 

Gαi/o (79, 155, 

156) 

Yes (157) 

Shape change, 

aggregation 

(74, 83, 158) 

PAR4 

Thrombin, 

cathepsin G, 

serine proteases 

Gαq/11, Gα12/13 

(159, 160) 

Yes (84, 88, 

89) 

Aggregation 

(161), 

stabilization 

(85),  

shape change 

(161), granule 

secretion (74, 

83, 158) 

P2Y1 ADP, ATP 
Gαq/11 (162–

164) 
Yes (165) 

Shape change 

(137), 

aggregation 

(166) 

P2Y12 ADP Gαi2 (164, 167) Yes (88, 89) 

Aggregation, 

stabilization, 

granule 

secretion 

(168–170) 

P2Y10 
Sphingosine-1 

phosphate, LPA 
- (171, 172) - - 

IP1 PGI2 
Gαs, Gαi/o 

(173) 
- 

Inhibition of 

aggregation 

(174, 175) 

                                                 

iiWhere possible, the primary endogenous agonist, G-protein subtypes, known interaction 

with -Arrestins (known interaction denoted by "Yes"; known not to couple denoted by 

"No"; unknown denoted by "-"), and known role in human platelets is described. 
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DP1 PGD2 Gαs (176) - 

Inhibition of 

aggregation 

(177, 178) 

TP TBXA2 Gαq/11, Gα12/13 - 
Aggregation 

(179, 180) 

EP1 PGE2 
Gαq/11, Gαi/o 

(173, 181, 182) 
- Aggregation 

EP2 PGE2 Gαs (173) Yes (123) 

Inhibition of 

aggregation 

(183, 184) 

EP3 PGE2 
Gαi/o, Gαq/11 

(171, 185–187) 
Yes (188) 

Aggregation 

(183, 189–191) 

EP4 PGE2 Gαs (192) Yes (193) 

Inhibition of 

aggregation 

(184, 194) 

A1 Adenosine 

Gαi/o, Gαs, 
Gαq/11 (171, 

195, 196) 

Yes (197) - 

A2A Adenosine 

Gαz, Gαs, 
Gαq/11 (198, 

199) 

Yes (197) 

Inhibition of 

aggregation 

(200, 201) 

A2B Adenosine 

Gαs, Gαq/11 

(198, 199) 

 

Yes (197) 

Inhibition of 

aggregation 

(202) 

2A-adrenergic 
Epinephrine, 

norepinephrine 

Gαi/o, Gαs 

(203–206) 

No (207, 

208) 

Aggregation 

(209) 

V1A 
Arginine, 

vasopressin 

Gαq/11 (171, 

210) 
Yes (211) 

Aggregation 

(212, 213) 

LPA1 LPA 

Gαq/11, Gα12/13, 

Gαi/o (149, 

171, 214) 

Yes (215, 

216) 

Shape change 

(149) 

LPA2 

farnesyl 

diphosphate, 

farnesyl 

monophosphate, 

LPA 

Gαi/o, Gαq/11, 

Gα12/13 (217) 
Yes (216) 

Shape change 

(149) 

LPA3 
farnesyl 

diphosphate, 

farnesyl 

Gαq/11 (149, 

171) 
Yes (216) 

Shape change 

(149) 
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monophosphate, 

LPA 

LPA4 (GPR23) 

farnesyl 

diphosphate, 

LPA 

Gαs, Gαq/11, 

Gαi/o (149, 

171, 218, 219) 

Yes (220) 

Inhibition of 

aggregation 

(149, 221) 

LPA5 (GPR92) 

farnesyl 

diphosphate, 

farnesyl 

monophosphate, 

LPA, N-

arachidonoylglyc

ine 

Gαq/11, Gα12/13 

(149, 171, 222) 
Yes (220) 

Shape change, 

activation 

(149) 

5HT2A Serotonin 
Gαq/11, Gαi/o 

(223) 

Yes (224, 

225) 

Modulator of 

ADP and 

thrombin 

induced 

aggregation 

(226–228) 

5HT1F Serotonin 
Gαi/o (171, 

229) 
- - 

5HT4 Serotonin 
Gαs, Gα12/13 

(171, 230, 231) 
Yes (232) - 

mGlu3 L-glutamate 
Gαi/o (171, 

233) 
Yes (234) - 

mGlu4 L-glutamate 
Gαi/o, Gαq/11 

(171, 235) 
- - 

OT Oxytocin 
Gαq/11, Gαi/o 

(171, 236) 
Yes (237) - 

Succinate 

receptor 1 
Succinate 

Gαi/o (171, 

238) 
Yes (239) 

Aggregation 

(238) 

CX3CR1 Fractalkine 
Gαi/o (171, 

240) 

Yes (241, 

242) 
- 

CMKOR1 

(CXCR7, 

ACKR3) 

Adrenomedullin, 

CXCL11, 

CXCL12a 

- (171, 243, 

244) 
Yes (245) - 

CysLT1 
Cysteinyl 

leukotrienes 

Gαq/11, Gαi/o 

(171, 246) 
Yes (247) 

Secretion 

(144) 

CysLT2 
Cysteinyl 

leukotrienes 

Gαq/11, Gαi/o 

(246, 248, 249) 
Yes (250) - 
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Epstein-Barr 

virus induced 

gene 2 (EIB2) 

Oxysterols 
Gαi/o (171, 

251) 
Yes (252) - 

GPR1 Chemerin (171, 253) Yes (254) - 

GPR133 Unknown Gαs (171, 255) - - 
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1.3 Proteinase Activated Receptors (PARs) 

1.3.1 Discovery and expression of proteinase activated receptors 

Proteinase Activated Receptors (PARs) are a family of four GPCRs (PAR1-PAR4), 

expressed throughout the human body which are important regulators of the innate 

immune response to injury or infection (155). The action of thrombin as a coagulation 

cascade-derived enzyme, that converts fibrinogen to fibrin, has been recognized as far 

back as the late 1800’s, when it was described by Schmidt and others as fibrinferment 

(256, 257). However it was recognized that in addition to its role in the coagulation 

cascade, thrombin had concentration-dependent ability to activate platelets, stimulate 

mitogenesis, regulate vascular tone, and affect neuronal cell functions and this led to the 

idea that there existed so called ‘thrombin receptors’ (258–264). Initial studies to identify 

the thrombin receptor employed radiolabeled thrombin, however, these studies were 

unsuccessful in identifying the target receptor of thrombin (258, 265). Finally, in 1991, 

two landmark studies employed expression cloning approaches using xenopus oocytes, 

and were successfully able to identify the thrombin receptor (now known as Proteinase 

Activated Receptor 1) (Figure 1.6 and 1.7) (75, 76). These studies lead to the discovery 

of a unique mechanism of activation, wherein, cleavage of the human PAR1 receptor N-

terminus, at the canonical serine-protease site, Arg41/Ser42, is required for receptor 

activation which reveals a tethered ligand “SFLLR…” (266, 267). Shortly thereafter, 

PAR1 activation by a synthetic tethered-ligand mimicking peptide, SFLLRN, was 

reported which was capable of activating the receptor in the absence of cleavage by 

thrombin (268, 269).  

Following the discovery of PAR1, a second receptor sequence was identified in the 

mouse genome resembling PAR1 but with a varied sequence (270). Due to differences in 

receptor sequence and poor thrombin cleavage (except at very high thrombin 

concentrations), it was observed that while the cleavage site of the receptor was similar to 

that observed in PAR1, the enzyme-recognition sites were disparate between PAR1 and 

this newly cloned receptor. This second receptor was termed the thrombin-like receptor 1 

(F2RL1), also known as PAR2, and was determined to be activated by trypsin cleavage at 
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the putative serine-protease site (Arg36/Ser37) (Figure 1.6 and 1.7) (270). Further, it was 

found that PAR2 could also be activated by a tethered ligand-mimicking peptide, 

SLIGRL, as well as, the PAR1 tethered ligand-mimicking peptide, SFLLRN (270–272). 

It was further determined that SFLLRN activity at PAR2 was due to ligand cross-

reactivity (271, 272). These data supported the finding that this was a distinct receptor to 

PAR1, with a similar mechanism of activation, and further, a unique endogenous protease 

target. In the same year, the human PAR2 sequence was also cloned and reported to 

respond to both trypsin-cleavage and peptide stimulation of the receptor with the peptide 

based on the murine PAR2 tethered ligand sequence (SLIGRL-NH2) (273).  

Using a polymerase chain reaction approach, a third human thrombin-like receptor was 

cloned, with 27% sequence identity to PAR1, and 28% sequence identity to PAR2 (274). 

Thrombin-like receptor 2 (F2RL2), also known as proteinase activated receptor 3 

(PAR3), was found to be a second thrombin substrate, similar to PAR1 (Figure 1.6). 

Thrombin-cleavage of PAR3 occurs at Lys38/Thr39, which reveals “TFRGAP…” as the 

tethered ligand (Figure 1.7). Interestingly, PAR3, unlike PAR1 and PAR2, fails to signal 

following activation by proteolysis. Additionally, PAR3 activation by its tethered ligand-

mimicking peptide, TFRGAP or TFRGAPPNS, does not lead to intracellular signalling 

(274). 

Finally, a fourth human thrombin-like receptor, F2RL3 (a.k.a. PAR4), was identified in 

an expression sequence tag database (Figure 1.6) (77). PAR4 was identified to be a 

substrate for both thrombin and trypsin cleavage-activation. Cleavage of the human 

PAR4 receptor occurs at the canonical serine-protease Arg47/Gly48 site, revealing the 

tethered ligand “GYPGQV…”, for both thrombin and trypsin cleavage of the receptor 

(Figure 1.7). Similar to the activity observed with PAR1 and PAR2 tethered ligand-

mimicking peptides, PAR4 can be activated by a synthetic tethered ligand-mimicking 

peptide, GYPGQV, to stimulate downstream G-protein signalling (77). 
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Figure 1.6 Timeline of proteinase activated receptor (PAR) discovery and cloning. 

(Created with BioRender.com) 
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1.3.2 PAR expression profile 

PARs are expressed throughout the body, enabling many roles in both regulatory and 

pathogenic processes; thus, understanding and targeting this subfamily of GPCRs has 

potential therapeutic benefit. Table 1.2 summarizes the tissue distribution and cellular 

expression of PARs throughout the human body. PARs have known physiological roles 

in endothelial (PAR1) and epithelial (PAR1 and PAR2) barrier permeability, 

hypertension (PAR1) and hypotension (PAR2 and PAR4), nociception, inflammation, 

platelet activation and aggregation (PAR1 and PAR4), CNS neuronal and astrocyte 

function, placental development and function (PAR1, PAR2, and PAR4), and many 

pathogenic processes (summary on Figure 1.7) (275–281). There is a growing body of 

literature demonstrating the diverse pathologies resultant from PAR signalling 

dysregulation. The discovery of PARs and their unique mechanism of action has also led 

to a shift in the way that we must investigate and target GPCRs that are non-canonically 

activated (102). Additionally, PARs have been shown to be important receptors in the 

transduction of pain making them interesting targets for the development of anti-pain 

therapeutics. 
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Table 1.2 Tissue distribution and cellular expression profile of proteinase activated 

receptors.iii

 Tissue  Cell 

PAR1/F2R Brain, lung, heart, stomach, 

colon, kidney, testis 

Platelets, endothelium, vascular 

smooth muscle, leukocytes, GI 

tract epithelium, fibroblasts, 

neurons, mast cells 

PAR2/F2RL1 Prostate, small intestine, colon, 

liver, kidney, pancreas, trachea 

Endothelium, leukocytes, GI 

tract epithelium and lung, 

airway and vascular smooth 

muscle, neurons, mast cells, 

keratinocytes, lung fibroblasts, 

renal tubular cells 

PAR3/F2RL2 Heart, kidney, pancreas, 

thymus, small intestine, 

stomach, lymph node, trachea 

Airway smooth muscle, platelets 

PAR4/F2RL3 Lung, pancreas, thyroid, testis, 

small intestine, placenta, 

skeletal muscle, lymph node, 

adrenal gland, prostate, uterus, 

colon 

Platelets, megakaryocytes 

  

                                                 

iii
Adapted from Thibeault, P. E., Hollenberg, M. D., & Ramachandran, R. (2020), Proteinase Activated 

Receptors. Encyclopedia of Biological Chemistry, Elsevier 
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Figure 1.7 Summary of select roles for PARs in human physiology. (Created with 

BioRender.com) 
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1.3.3 Activation of PARs 

1.3.3.1 Proteolytically-revealed tethered ligand activation 

Most GPCRs which are activated through binding of a soluble ligand, however, PAR 

activation occurs irreversibly through proteolytic cleavage of a pro-peptide N-terminal 

sequence by enzymes, such as thrombin and trypsin, unmasking an activating tethered 

motif (282). The revealed motif, termed the tethered ligand, then binds intramolecularly 

to the receptor causing activation (282). This unique mechanism of activation irreversibly 

activates the receptor, likely leading to mechanisms of signalling and regulation through 

internalization and vesicular trafficking that are distinctive from other canonically-

activated GPCRs. The tethered ligand that is revealed following cleavage is dependent on 

which enzyme cleaves the receptor. Some enzymes cleave at the canonical serine-

protease cleavage sites revealing the classical PAR tethered ligands, while other upon 

cleavage may inactivate or “disarm” the receptor. Soluble endogenous agonists of PARs 

have not been identified to date. 

PAR1 is the high-affinity thrombin receptor. The high-affinity observed with PAR1 

activation by thrombin has been determined to be to a thrombin-exosite I-binding 

hirudin-like motif in the PAR1 N-terminus (K51YEPF55) which facilitates more efficient 

PAR1 cleavage (283–288). This enables high-affinity binding of thrombin to PAR1 and 

subsequent cleavage at the putative serine-protease site (Arg41/Ser42) to reveal the 

tethered ligand (S42FLLRN47…) and activate the receptor. Like PAR1, human PAR3 is a 

high-affinity thrombin receptor (due to its hirudin-like binding site) and is cleaved by 

thrombin at Lys38/Thr39 to reveal the tethered ligand “T39FRGAP44…” (274). PAR4 lacks 

this hirudin-like binding motif therefore activation typically requires much higher 

concentrations of thrombin to be present (77). Instead, PAR4 interactions with thrombin 

occur through weaker interactions with an anionic motif that slows the dissociation of 

PAR4 from the cationic thrombin (285, 289). Thrombin cleaves PAR4 at the Arg47/Gly48 

site to reveal the receptor-activating tethered ligand (G48YPGQV53…) (77, 290, 291). 

PAR2 resists thrombin cleavage however can be activated at very high concentrations of 

thrombin [100-500 nM; 1 international unit (IU)/mL is approximately 10 nM] (290, 292–

294). Instead, PAR2 is typically activated by trypsin cleavage at the canonical serine-
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protease Arg36/Ser37 cleavage site, revealing the PAR2 tethered ligand, “S46LIGKV53…” 

(273). A summary of PAR cleavage sites is shown in Figure 1.8. 

There are multiple serine proteinases, apart from thrombin and trypsin, that have been 

shown to target PARs to activate or inactivate the receptors including: plasmin, 

granzymes (A, B, and K), cathepsin G and S, factors VIIa/X/Xa/TF, activated protein C 

(APC), chymase, mast-cell tryptase, tissue kallikreins (hK4, hK14, hK5, and hK6), dust 

mite proteinases (Der p3 and Der p9) (295), cysteine proteases (Calpain-1and Calpain-2), 

and the matrix metalloproteinase/MMP family (MMP-1, MMP-2, MMP-13) (295). Other 

sources of non-endogenous PAR-activating proteases also include bacterial, amoebic, 

reptilian, insect, fungal, and plant sources (295). Thus, PARs are of importance not only 

for sensing endogenous proteinases in the tissue microenvironment but also for 

responding to pathogen invasion. Importantly, proteases that do not cleave at the 

canonical serine-protease cleavage sites will reveal novel tethered ligands which may 

induce differential signalling and regulation of the PARs (296). 
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Figure 1.8 Common sites of PAR1, PAR2, PAR3, and PAR4 cleavage. Cleavage sites 

for PAR1, 2, 3, and 4 are shown with the common proteases that activate them. The 

sequence of the N-terminus (up to TM1) is shown, including the tethered ligand sequence 

(underlined, black) revealed by the common PAR-activating serine-proteases (thrombin, 

trypsin) activation. The portion of the N-tail that is cleaved from the receptor is 

underlined (orange). Hirundin-like binding motif of PAR1 and PAR3, which facilitate 

high-affinity binding of thrombin, are shown in pink. Known PAR4 binding site of 

thrombin is shown in purple. [Adapted from Thibeault, P. E., Hollenberg, M. D., & 



36 

 

Ramachandran, R. (2020), Proteinase Activated Receptors. Encyclopedia of Biological 

Chemistry, Elsevier] (Created with BioRender.com)  
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1.3.3.2 Tethered ligand-mimicking peptide activation 

In addition to endogenous enzymatic cleavage, PARs can be activated by synthetic 

peptide sequences that mimic the tethered ligand. This mechanism of activation does not 

require cleavage of the receptor and is a useful tool in studying each receptor individually 

when a cell expresses multiple PARs that are cleaved by the same enzyme such as 

thrombin (PAR1 and PAR4) and trypsin (PAR2 and PAR4). The tethered ligand 

sequence, S42FLLRN47…, was described to activate PAR1 receptor as revealed by 

thrombin cleavage (268, 269). The impetus for generation of synthetic peptide sequences 

mimicking the tethered ligand followed an important study that confirmed the tethered 

ligand mechanism of PAR1 activation, as well as which residues comprised the agonist 

(267). Mutational studies probed the first eight residues downstream of the putative 

serine-protease cleavage site, SFLLRNPN, and evaluated calcium signalling in response 

to a saturating concentration of thrombin. This approach revealed residues 2 and 4 of the 

sequence (Phe and Leu, respectively) were necessary for signalling. Therefore, the native 

sequence, as well as tolerated receptor tethered ligand mutations, were explored to 

generate receptor activating peptides. Peptides mimicking the first 4-14 receptor residues 

downstream of thrombin cleavage (S42FLLRNPNDKYEPF55…) were generated and 

evaluated for their ability to induce platelet aggregation. Of the peptides tested, a C-

terminally amidated hexapeptide of the first six residues (SFLLRN-NH2) was identified 

to have the most potent activity at the receptor. Finally, it was found that substitution of 

the tethered ligand-mimicking peptide Ser with Thr residue enhanced binding and 

potency at the PAR1 receptor (297).  

Soon after the discovery of the receptor, and its cloning from the mouse genome, the 

hexapeptide SLIGRL-NH2 was identified as an agonist peptide of PAR2 (270). As with 

the strategy for generating the PAR1 agonist peptide, the PAR2 activating peptide, 

SLIGRL, is a direct mimic of the six amino acid sequence revealed by N-terminal 

cleavage of the murine PAR2 receptor with trypsin (270). Further, upon cloning of the 

human PAR2 receptor it was determined that the receptor could be activated by synthetic 

peptides mimicking both the human (SLIGKV) and murine (SLIGRL) tethered ligands 
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(271). Ultimately, it was observed that the amidated peptide of the murine tethered ligand 

was more selective and potent activator of PAR2-mediated calcium signalling (271).  

With the successful generation of PAR1 and PAR2 tethered ligand-mimicking peptides a 

similar strategy was employed following the cloning of the PAR3 receptor. As previously 

noted, little to no activity is observed downstream of PAR3 activation either with the 

thrombin-revealed tethered ligand or with the tethered ligand peptide mimicking the 

human PAR3 sequence revealed by thrombin activation (274). No PAR3 activation is 

observed with either the hexapeptide (TFRGAP) or the nonapeptide (TFRGAPPNS) 

(274, 298). In fact, it was observed that the tethered ligand revealed by thrombin cleavage 

of PAR3 has activity at the PAR1 receptor, thus it is widely believed that PAR3 

activation enables co-receptor signalling through cross-activation (298). Additionally, it 

has been demonstrated that PAR3, as a high-affinity thrombin receptor (due to its 

hirudin-like binding site) can function as a co-receptor for PAR4, facilitating more 

efficient cleavage and activation of PAR4 (299). 

When cleaved by either thrombin or trypsin, the N-terminal tethered ligand revealed in 

human PAR4 is G48YPGQV53… (77). The tethered ligand peptide was identified based 

on sequence identity with PAR1 and PAR2 and confirmed through mutation of the 

putative serine-protease cleavage site Arg47/Gly48 (77). When human PAR4 with an 

Arg47Ala mutation was expressed in COS cells (fibroblast), activation with thrombin was 

lost confirming that this is indeed the site for receptor cleavage with thrombin. In support 

of this finding, a hexapeptide of the revealed sequence, G48YPGQV, has full activity at 

both the wild-type receptor and the Arg47Ala mutant PAR4 in this cell system (77). 

Shortly after this discovery, a full SAR study was undertaken by Coughlin and colleagues 

to find PAR4 activating peptides with increased potency and activity at the receptor. 

Much like the finding that the murine PAR2 tethered ligand had enhanced activity at 

human PAR2 compared to the human sequence tethered ligand mimicking peptide, the 

study investigated potency of the murine PAR4 tethered ligand sequence, GYPGKF, and 

found that it had more activity at the receptor than the peptide derived from the human 

PAR4 tethered ligand (291). Further, in SAR studies substitution of the first Gly residue 

with Ala (AYPGKF-NH2) enhanced both potency and efficacy at the PAR4 receptor 
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compared to both murine (GYPGKF, 2-fold increase with alanine substitution) and 

human (GYPGQV, 10-fold increased potency with Gly1Ala, Gln5Lys, and Val6Phe 

substitutions) tethered ligand sequences (291). 

1.4 Therapeutic targeting of G-protein-coupled receptor 

signalling for the development of improved anti-platelet 

therapeutics 

Anti-platelet therapy is the cornerstone of current cardiovascular disease management 

and has significantly reduced mortality and morbidity due to coronary artery thrombosis 

(300). Yet significant limitations exist in current therapies, be it due to weak inhibition of 

platelet aggregation (e.g. with aspirin), lack of efficacy due to inter-patient 

pharmacogenomic differences (e.g. clopidogrel) or due to side effects such as clinically 

significant bleeding (e.g. PAR1 inhibition with voropaxar) and GI ulceration and 

bleeding with chronic use (100, 301–303). While all of these limitations cannot be 

resolved by biased ligands that target selected platelet pathways, in some instances the 

side effect profile can likely be improved with such strategies. It is now accepted that 

activated GPCRs seldom couple to a single downstream signalling pathway. Depending 

on the ligand interacting with a given receptor, GPCRs can stabilize to multiple active 

conformations, each of which may favour interaction with one or more intracellular 

effectors – translating into different cellular responses (30, 304–306). The ability of 

different ligands to stabilize distinct receptor conformations has been experimentally 

demonstrated with a number of techniques revealing that structural basis for such 

differences stems from favorable orientation of different amino acids that are critical for 

engaging different G-proteins or -arrestins (307, 308). Most often, biased signalling is 

examined by monitoring the engagement of different G-protein subtypes and the 

recruitment of -arrestins as the major receptor proximal effectors. 

As described above, platelet aggregation involves integration of signalling inputs from 

multiple receptors, which are activated by multiple agonists (some of which act on more 

than one receptor), and frequently can couple to multiple intracellular signalling effectors 
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(which can be triggered downstream of multiple receptors). Layered on top of this, the 

variation in abundance of and temporal release of agonists adds further complexity. This 

staggering array of interactions, which has gradually become evident over the last 

decades, presents an extremely challenging framework for the study of individual 

signalling pathways. Knocking out or inhibiting specific effectors has provided some 

indication of how biased signalling may be exploited for therapeutic targeting, however, 

deletion of any given effector has an impact of multiple signalling pathways. Disruption 

of multiple signalling pathways through receptor knockout further complicates the 

interpretation of findings and obscures analysis of the roles individual GPCR-coupled G-

protein-mediated and -arrestin-mediated signalling pathways play in platelet activation. 

Further dissection of the individual signalling pathways downstream of receptor 

activation requires the development of biased ligands that not only retain specificity to 

individual GPCRs, but also selectively engage specific signalling effectors subtypes. 

Development of such agents is ongoing for a number of GPCRs (309) but studies focused 

on platelet GPCRs are sparse. In the case of the major prostanoid and purinergic 

receptors discussed above, I was unable to identify studies that have systematically tested 

the efficacy of ligands at individual G-protein- and -arrestin-mediated pathways in the 

platelets. It could however be hypothesized that ligands biasing prostanoid receptors 

towards the Gs pathway and away from the Gi pathway are likely to be beneficial. The 

TP receptor couples to both Gq/11 and G12/13 signalling. While TP-dependent Gq 

activation is necessary for triggering platelet aggregation by this receptor, TP mediated 

G12/13 activation induces shape change (310). Thus, a drug that prevents TP coupling to 

Gq might be sufficient to provide anti-platelet action. Similarly, in the case of the 

thrombin receptor PAR1, which can couple to Gq/11, G12/13 and Gi, it could be 

postulated that compounds that stabilize this receptor in a conformation that prevents 

activation of the Gq/11 pathway in the platelets would be desirable as anti-platelet agents. 

In the case of PAR1, additional inhibition of the G12/13 pathway may also be desirable 

since activation of this pathway by thrombin leads to endothelial barrier disruption (311, 

312), while sparing Gi (313) and -arrestin (86) pathways will be desirable since these 

signals protect the endothelial barrier (314). Purinergic receptor signalling might be more 
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tractable given that P2Y1 and P2Y12 receptor-coupling to G-protein pathways is more 

selective and seeking G-protein vs -arrestin activating ligands may be informative. 

1.4.1 Biased signalling of PAR4 as an anti-platelet therapeutic 
target 

As previously mentioned, PAR4 is activated by several different proteases throughout the 

body (trypsin, thrombin, Cathepsin-G) and thus it is reasonable that biased agonism may 

exist at PAR4, as has been reported with other GPCRs with several physiological 

agonists. Unfortunately, due to a limitation in molecular probes with the sensitivity 

required to flesh out differential signalling there has been a lack of investigation in this 

area with PAR4. However, technological and methodological advances have now enabled 

a detailed study of the signalling downstream of PAR4 and other GPCRs. Understanding 

the downstream signalling and trafficking of PAR4 in response to each agonist may 

uncover bias that can be therapeutically targeted. Subsequently, an investigation of the 

tethered ligands produced by cleavage with these various proteases may enable design of 

peptide and small molecule ligands that can recapitulate signalling biases observed with 

proteolytic cleavage. To exploit this information will require investigation of the binding 

sites of these ligands and well as their distinct chemical or structural characteristics to 

determine a molecular basis for differential signalling following agonist activation of 

PAR4. Further development of compounds that are able to selectively engage Gq/11, 

G12/13, Gi, or -arrestin recruitment to PAR1 and Gq/11, G12/13 or -arrestin 

recruitment to PAR4 will help to further clarify the relative contribution of each of these 

pathways in thrombin receptor-mediated platelet aggregation. The variety of G-proteins 

that can be engaged by PAR receptors and the significant cross-reactivity observed with 

the endogenous ligands for the platelet-expressed prostanoid receptor subtypes receptors 

poses a significant challenge in dissecting signalling bias. 



42 

 

1.5 GPCR signalling, regulation, and trafficking 

1.5.1 Helix- 8 and the C-terminal tail in signalling and regulation 

With recent advances in GPCR structural biology including crystallography, cryo-

electron microscopy (Cryo-EM), and F19 nuclear magnetic resonance spectroscopy 

(NMR) our understanding of how effectors interact with GPCRs has increased greatly. 

Structures combined with mutational studies have identified many transmembrane 

residues/motifs involved in activation of GPCRs and effector interactions. Further, 

distinct roles for Helix-8 and the C-terminal tail have been demonstrated for many 

GPCRs, highlighting the importance of these receptor domains in effector engagement, 

signalling, and regulation. In order to compare important sites within GPCRs, a 

numbering system known as the Ballesteros-Weinstein number, will be used throughout 

the following text. This number identifies the α-helix the residue is found in followed by 

its relation to the most conserved residue in that domain. Within this numbering system, 

residues upstream (< x.50, wherein “x” denotes the α-helix) and downstream (> x.50) 

from the most conserved residue (x.50, wherein “50” denotes the most conserved residue) 

are used to make comparisons between GPCRs (315). For example, the highly conserved 

Helix-8 phenylalanine residue would be denoted as Phe8.50. 

Helix-8 is a structurally conserved, amphipathic, helical motif in class A GPCRs, 

immediately downstream of TM7 and preceding the C-terminal tail sequence. Helix-8 has 

been shown for many GPCRs to regulate G-protein interaction and signalling, -arrestin 

recruitment and G-protein-independent signalling, PDZ interaction, receptor expression, 

and internalization (316–319). One particularly important Helix-8 residue, a cysteine 

residue present in many class A GPCRs, undergoes palmitoylation allowing for 

stabilization of Helix-8 through insertion into the cell membrane (320–325). This 

important palmitoylation site is present in both PAR1 and PAR2, however, is absent in 

PAR4 (326–329). Given the lack of a Helix-8 cysteine, and therefore by extension 

palmitoylation and membrane-anchoring of Helix-8, it is reasonable to expect that there 

are other mechanism(s) contributing to PAR4 effector interaction, signalling, and 

trafficking. 
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Previously, our laboratory has demonstrated that deletion of an 8-amino acid Helix-8 

sequence, which contains Gln357 (8.60, Ballesteros-Weinstein numbering) in the position 

occupied by the palmitoylated Cys361 (8.60) of PAR2, yields an interesting loss of protein 

interaction in PAR4 (85, 315). This receptor, termed dRS-PAR4 (RAGLFQRS) does 

not recruit certain G-proteins and has significantly diminished capacity to recruit -

arrestins. This discovery has enabled the development of a pepducin peptide targeting 

this motif with exciting activity in inhibiting thrombin- and peptide-stimulated activation 

of platelet aggregation (85). Additionally, mutation of Gln357 to Cys (analogous to the 

palmitoylated Helix-8 PAR2 Cys361) enhanced -arrestin recruitment to PAR4 (85). 

Therefore, while it is plausible that there may be several mechanisms by which G-

proteins and -arrestins interact with PAR4, it is expected that more residues/motifs will 

play a role in signalling and signal desensitization which can be further explored through 

systematic mutational studies of these residues. Whether the whole R352AGLFQRS359 

motif, or a subset of these residues (such as Gln357), are necessary for these interactions 

had yet to be determined. 

In addition to the structural elements constituted by Helix-8 residues (such as membrane 

anchoring via palmitoylated Helix-8 cysteine), there are key receptor-effector interactions 

that are observed to occur in GPCRs, as revealed by various structural biology 

techniques. One highly important motif is E/DRY3.49/3.50/3.51 which forms an ionic lock 

that bridges TM3 and TM6, stabilizing the inactive conformation of class A GPCRs 

(330–334). Typically, the ionic lock is constituted by interactions between Asp/Glu3.49 

and Arg3.50 as well as Arg3.50 and a TM6 Glu6.30, however other TM6 residues are 

observed in class A GPCRs. Mutational studies of the Glu/Asp3.49 residue has been 

shown with numerous receptors to increase agonist-independent basal activity of the 

receptor (334). The TM3 of PAR4 contains this important motif at Asp173, Arg174, and 

Tyr175, however, lacks the Glu6.30 observed in about 25% of class A GPCRs. An 

alternative mechanism is proposed for class A GPCRs lacking Glu6.30, wherein, the salt 

bridge formed between Asp/Glu3.49 and Arg3.50 is the inactive state conformation 

becomes disrupted allowing Arg3.50 to instead interact with TM5 Tyr5.58 (which PAR4 



44 

 

possesses) as well as the α5-helix of the G-protein, as is observed with activated opsin 

and Gαt (334, 335). 

Another key GPCR receptor motif is the NPxxY(x)5,6F TM7/Helix-8 sequence which 

allows interactions between Tyr7.53 and Helix-8 Phe8.50 to stabilize the helix-loop-helix 

conformation of this region in the inactive conformation of the receptor. Further, 

interaction of the NPxxY(x)5,6F motif has been demonstrated to interact with a core of 

water molecule interactions that further stabilize the inactive conformation of the receptor 

(336–338). Additionally, this site is a reported site of G-protein interaction (317, 339, 

340). PARs contain a non-canonical sequence, wherein, Asn7.49 is occupied by Asp, and 

(x)5,6 is a sequence of 6 residues from Tyr7.53 to Phe8.50 (PAR1 – 

DP7.50LIY7.53YYASSEC8.50; PAR2 – DP7.50FVY7.53YFVSHDF8.50; PAR4 – 

DP7.50FIY7.53YYVSAEF8.50; sequences obtained from UniProt) (341–343). PARs 

additionally lack a common inactive/active “toggle switch” tryptophan (6.48), which has 

been demonstrated for many class A GPCRs to be a site for change from inactive to 

active receptor conformation. Therefore, given the unique mechanism of activation and 

the key differences in common GPCR mechanisms that is observed in the PARs, the 

molecular mechanisms by which PARs engage protein effectors and become activated is 

of interest. 

The role of -arrestins in the process of GPCR signal termination has been studied 

extensively, however, novel roles for these proteins as signalling molecules has recently 

gathered the interest of the field. Recently, the role of explicitly spaced C-terminal tail 

motifs has been shown to form a phosphorylation “barcode” motif for many GPCRs, by 

which, these proteins are recruited to the receptor to engage distinct G-protein-

independent signalling pathways in addition to their role as internalization scaffolding 

equipment (344–346). Interestingly, while PARs are unlike most GPCRs in their 

mechanism of activation, they are similar in their expression of these -arrestin barcodes. 

In particular, the C-terminal tails of PAR2 and PAR4 contain several examples of 

phosphorylation barcodes and are potent recruiters of -arrestins compared to other PAR 

receptors (PAR1 and PAR3). The PAR2 C-terminal tail also contains the more classically 

studied clustering of phosphorylatable serine and threonine residues, therefore, the role of 
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phosphorylation barcodes has not been fully explored with this receptor (328, 347, 348). 

Interestingly, unlike PAR2, the C-tail of PAR4 does not contain the canonical 

phosphorylation clusters, however, does contain one “complete” and many “partial” 

barcodes and demonstrates a less robust recruitment of -arrestins compared to PAR2. 

The role of -arrestins in PAR4 signal regulation and trafficking is poorly understood, 

however, comparison with the more canonically expressed mixture of phosphorylation 

clusters and barcodes of PAR2 provides an excellent opportunity for investigation of 

these proteins in PAR regulation. Systematic mutation of PAR4 C-terminal tail 

phosphorylatable residues would enable determination of the role of this motif in 

receptor--arrestin interaction. If -arrestin recruitment was unexpectedly unimpeded by 

a phosphorylation-null PAR4 C-terminal tail, other mechanisms such as phosphorylation 

and recruitment to ubiquinated lysine residues can be explored. 

1.5.2 Internalization 

Canonically, GPCR-mediated signalling involves activation of the receptor through the 

binding of an extracellular soluble ligand agonist with the receptor. The activated GPCR 

subsequently undergoes conformational changes which allows/stabilizes receptor-protein 

interaction with the heterotrimeric G-proteins and subsequent initiation of G-protein 

signalling cascades. In parallel with this process, activation of the receptor signals for the 

recruitment of other intracellular proteins such as G-protein receptor kinases (GRKs) and 

-arrestins recruitment which initiate G-protein-dependent signal termination. 

Termination of the intracellular G-protein signal, even in agonist bound state, is a key 

feature in the regulation of this activity (349). To terminate the intracellular signal, serine 

and threonine residues of the C-terminal tail of the activated receptor, are rapidly 

phosphorylated by GRKs. Phosphorylation signals for interaction of the receptor with 

scaffolding proteins such as β-arrestin-1/-2, adaptor protein 2 (AP2), and FCH Domain 

Only 2 (FCHO2). β-arrestin-1 and -2 connect activated receptor with the recruiting 

protein adaptin/AP2 complex, resulting in receptor relocation into clathrin coated pits. 

Clathrin-coated pits are then pinched off from the membrane with the GTPase, dynamin, 

resulting in the formation of endosomes.  
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There is evidence in the literature of PAR1 and PAR2 internalizing via the clathrin 

endocytic pathway, however some studies suggest they may also utilize a clathrin-

independent endocytosis via a caveolin-dependent endocytic pathway (347, 350). Limited 

studies with PAR4 have elucidated some high-level insights into the trafficking of PAR4 

following activation, however, significant resolution is lacking in this important 

regulatory sequence (89, 351, 352) (Figure 1.9). 
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Figure 1.9 Schematic overview of PAR4 trafficking following activation. 
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1.6 Thesis Overview and Hypotheses 

Proteinase activated receptors, PAR1 and PAR4, represent important and tractable 

therapeutic targets for anti-platelet therapy. However, limitations with the antagonist 

vorapaxar have limited the use of this clinically approved PAR1 antagonist. Drug 

discovery efforts have produced a PAR4 antagonist, BMS986120, which readily inhibits 

platelet activation and aggregation and is currently in clinical trials for human therapeutic 

use. Human platelets express over 30 GPCRs with signalling pathways that are 

convergent and, in some cases, result in the release of pro-thrombotic factors and 

amplification of platelet activation (e.g. PAR1/4 activation stimulates platelet granule 

release which contain ADP, an activator of the purinergic P2Y1 receptor). Given the 

interest in therapeutically targeting PAR4, we have proposed that it may not be necessary 

to antagonize the receptor to achieve a therapeutic outcome. Biased agonism, or more 

finely tuned activation/inhibition of signalling pathways, may provide an advantageous 

anti-platelet therapeutic approach wherein pro-thrombotic signalling and granule release 

may be attenuated while maintaining non-pathogenic signalling. As described in this 

introduction, there is a dearth of information regarding the activation of PAR4 signalling 

pathways and their relative contribution to platelet activation, as well as other cell and 

tissue specific contexts. Thus, outside of the therapeutic potential, biased agonists will be 

useful to probe the roles of PAR4 signalling pathways in a cell/tissue specific context. 

Modern drug discovery efforts require certain inputs to be successful – how and where do 

the endogenous ligands bind, what signalling pathways are engaged, and how is this 

signalling regulated. Together, these data provide important inputs for rational drug 

discovery efforts. Therefore, we have endeavored to describe how PAR4’s tethered 

ligand and peptide agonist interacts with and activates the receptor, how this necessarily 

impacts receptor-mediated signalling, and how/where effector interaction occurs 

downstream of receptor activation. 
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1.6.1 Chapter 2: Objectives and Hypothesis 

1. To characterize the impact of single amino acid substitutions to the parental PAR4 

agonist peptide, AYPGKF-NH2 on PAR4 activation of Gαq/11-dependent calcium 

signalling and -arrestin recruitment. 

2. To identify whether any of the substitutions made to the PAR4 agonist peptide 

result in biased agonism of PAR4. 

3. To determine residues in the orthosteric binding site of PAR4 using in silico 

modelling and peptide docking. Further, to determine if AYPGKF-NH2 adopts a 

defined structure in solution. 

4. To assess the impact of biased agonism of PAR4 on ex vivo platelet preparations. 

In chapter 2, I hypothesized that single-amino acid substitutions to the PAR4 agonist 

peptide, AYPGKF-NH2, would enable discovery of the chemical characteristics 

underscoring activity of the peptide at PAR4. Further, I hypothesized that some of the 

amino acid substitutions to AYPGKF-NH2 would result in biased signalling. Next, I 

hypothesized that using in silico homology modeling and peptide docking we can identify 

residues in the PAR4 orthosteric binding site and NMR would enable solving of the 

peptide structure, which together with data from SAR studies has utility in rational drug 

discovery efforts for PAR4-targetting ligands. Finally, I hypothesized that biased ligands 

for PAR4 would not stimulate platelet activation and/or aggregation and therefore would 

provide a proof of concept that biased agonism could provide leads for novel anti-

platelet therapeutics. 

 

1.6.2 Chapter 3: Objectives and Hypothesis 

1. To determine the impact of Helix-8 Cys361 and C-tail serine/threonine residue 

mutations on β-arrestin-1/-2 recruitment to PAR2. 
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2. To evaluate the role of β-arrestin-1/-2 recruitment on Gαq/11 calcium signalling 

following activation of PAR2 by either enzyme activation (trypsin) or peptide 

stimulation (SLIGRL-NH2). 

3. To determine the impact of Helix-8 Cys361 and C-tail serine/threonine residue 

mutations on Gαq/11 calcium signalling from PAR2; and evaluate agonist-

dependent differences in their contributions 

In chapter 3, I hypothesized that PAR2, which contains canonical C-tail residues (Helix-8 

cysteine, clusters of serine/threonine residues), would be regulated similarly to other 

Class A GPCRs, with -arrestin-1/-2 recruitment leading to desensitization of Gαq/11-

mediated calcium signalling. Further, specific C-tail serine and threonine residues would 

be responsible for -arrestin-1/-2 recruitment to activated PAR2, dependent on the 

activating agonist (enzyme vs. peptide activation). 

 

1.6.3 Chapter 4: Objectives and Hypothesis 

1. To determine the impact of Helix-8 and C-tail residue mutations on Gαq/11 

calcium signalling and β-arr.-1/-2 recruitment to PAR4. 

2. To evaluate the role of Helix-8 residues versus C-tail residues in PAR4 signalling 

and signal regulation downstream of enzymatically-activated (thrombin) and 

peptide-activated (AYPGKF-NH2) receptor. 

3. To investigate whether the contribution of Helix-8 and C-tail reveals novel sites 

for Gαq/11 activation and β-arr.-1/-2 recruitment. 

In chapter 4, I hypothesized that PAR4, which lacks canonical C-tail residues (Helix-8 

cysteine, clusters of serine/threonine residues) when compared to other Class A GPCRs, 

would regulate effector interaction by different residues than more canonical GPCRs, 

such as PAR2. Further, regulation of PAR4 -arrestin-1/-2 recruitment will include 

additional residue interactions than phosphorylatable serine/threonine residue, which 

has been increasingly shown for many Class A GPCRs. Finally, I hypothesized that the 
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relative impact of residues would differ dependent on whether PAR4 was activated by the 

thrombin-revealed tethered ligand or agonist peptide (AYPGKF-NH2). 
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Chapter 2  

2 Molecular basis for activation and biased signalling at 

the thrombin-activated GPCR Proteinase Activated 

Receptor-4 (PAR4)iv 

 

ivA version of this chapter has been published: Thibeault, P. E., LeSarge, J. C., Arends, 

D., Fernandes, M., Chidiac, P., Stathopulos, P. B., Luyt, L. G., and Ramachandran, R. 

(2019) Molecular basis for activation and biased signaling at the thrombin-activated 

GPCR Proteinase Activated Receptor-4 (PAR4). J. Biol. Chem. 
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2.1 Introduction 

G-Protein-coupled receptors (GPCRs) are the largest family of cell surface receptors and 

regulate a host of important physiological responses (1, 2). GPCRs respond to a variety of 

extracellular signals and regulate cellular behaviour through engaging intracellular 

effector molecules to activate various cell-signalling pathways (3, 4). In drug discovery, 

GPCRs are a valuable and highly tractable class of drug targets with over 30% of all 

currently approved drugs acting on GPCRs (5). GPCR activation occurs typically through 

binding of a soluble ligand and conformational changes that enable engagement of G-

protein-dependent or -arrestin-mediated signal transduction. The Proteinase Activated 

Receptors (PARs) are a four-member family of GPCRs with a distinct mechanism of 

activation that involves limited proteolysis and unmasking of a receptor activating motif 

called the tethered-ligand. PARs were first discovered in an effort to identify the cellular 

receptors responsible for actions of thrombin that were independent from its role in the 

coagulation cascade (6). Various proteinases have now been described as activators of the 

different members of the PAR family, but canonically PAR1 and PAR4 are described as 

thrombin-activated receptors, while PAR2 is activated by trypsin and other trypsin-like 

serine proteinases. PAR4 can also be activated by trypsin. Whether PAR3 signals 

independently is unclear, though thrombin can cleave the PAR3 N-terminus to reveal a 

tethered-ligand (7, 8). Following the discovery of PARs it was quickly realized that two 

receptors, PAR1 and PAR4, serve as the thrombin receptors on human platelets (9, 10). 

PAR1 and PAR4 both trigger platelet activation and aggregation. Given that anti-platelet 

agents are an important class of drugs for the treatment of various cardiovascular 

diseases, there has been a concerted effort aimed at understanding the role of these 

receptors in platelet activation and in identifying molecules that can act as PAR1 and 

PAR4 antagonists. A PAR1 antagonist was recently identified and approved for clinical 

use, however significant bleeding side effects were noted in patients administered this 

drug (11–13). While bleeding is a frequently encountered side effect of therapeutically 

targeting pathways involved in blood coagulation, it was hoped that targeting PAR1 

would not present such liability. Much attention has now shifted to understanding and 

targeting the other thrombin receptor PAR4. Though both PAR1 and PAR4 are activated 

by thrombin, there are some key differences reported in the activation of these two 
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receptors on platelets that argue for PAR4 being a better anti-platelet drug target than 

PAR1. PAR1 possesses a hirudin-like binding site that enables it to bind thrombin with 

relatively high affinity (14, 15). In lacking this thrombin-binding site, PAR4 can only be 

activated at much higher concentrations of thrombin, such as may be encountered on a 

growing platelet thrombus. There are also reported differences in the kinetics of PAR1 

and PAR4-dependent calcium signalling, with PAR4 causing a delayed but more 

sustained signal compared to PAR1 (16). This is thought to be due to dual proline 

residues in the PAR4 exodomain that provide low-affinity interactions with the thrombin 

active site and an anionic cluster that slows dissociation from thrombin (17). Overall, 

PAR1 is thought to initiate platelet activation in response to low concentrations of 

thrombin while PAR4 is engaged at higher concentrations to further consolidate and 

stabilize the clot.  

Given the liabilities seen with targeting PAR1 as a platelet thrombin receptor there has 

been renewed interest in developing small molecule PAR4 antagonists (18–20). Recently 

small molecule antagonists of PAR4 have been described with efficacy in inhibiting 

injury induced thrombosis in both non-human primates and humans (21–23). Despite 

these promising advances there remains the question of whether a complete inhibition of 

PAR4 might also lead to bleeding liability. Our efforts have therefore focused on 

examining biased signalling through PAR4 in order to identify pathways that are 

responsible for platelet aggregation and that could be selectively manipulated for 

therapeutic efficacy. PAR4 can activate multiple signalling pathways through coupling to 

Gq/11, G12/13 and -arrestin (24–26). In previous work, we and others showed that 

pepducins targeting different intracellular motifs in PAR4 could be employed to 

differentially inhibit platelet activation by blocking G-protein-coupled or -arrestin-

dependent signalling (26, 27). The ability to selectively activate or inhibit GPCR 

signalling in a biased manner is of great interest and has been proposed as a strategy for 

obtaining therapeutically superior drugs for a number of conditions (28–30). In the case 

of the finely balanced signalling systems involved in coagulation and platelet activation, 

such subtle perturbations may be key to obtaining drugs which do not result in bleeding 

liability. 
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Here we seek to gain an understanding of the molecular interactions responsible for 

agonist docking to PAR4 and to identify interactions that can be manipulated to obtain 

biased ligands for PAR4. By screening a peptide library derived from the most widely 

used PAR4 agonist peptide, AYPGKF-NH2, we have identified key residues that confer 

selective activation of Gq/11 coupled calcium signalling and/or -arrestin recruitment. 

Through in silico docking and confirmatory mutagenesis experiments we further identify 

an extracellular loop 2 residue (Asp230) that is critical for receptor activation and 

signalling. We also examine platelet activation by peptides that show differential 

activation of PAR4 signalling. Overall, these studies advance our understanding of PAR4 

activation and signalling and will help guide future drug discovery efforts targeting this 

receptor.  

2.2 Methods 

2.2.1 Chemicals and reagents 

All chemicals were purchased from Millipore-Sigma (Burlington, Massachusetts, United 

States), Thermo Fisher Scientific (Hampton, New Hampshire, United States), or BioShop 

Canada Inc. (Burlington, Ontario, Canada) unless otherwise stated. AYPGKF-NH2 was 

purchased from and synthesized by Genscript (Piscataway, New Jersey, United States). 

Thrombin from human plasma was obtained from Millipore-Sigma (Cat. # 605195, 5000 

units; Burlington, Massachusetts, United States).  

2.2.2 Molecular cloning and constructs 

The plasmid encoding PAR4-YFP was cloned and validated as described previously (26). 

The use of an in frame, C-terminal eYFP fusion with PAR4 has been utilized in several 

published studies and such modification does not significantly alter signalling 

downstream of PAR4 (26, 31–33). Plasmid DNA mutations in the predicted orthosteric 

binding site of PAR4 were generated using the QuikChange XL Multi Site-Directed 

Mutagenesis Kit (Agilent Technologies, Mississauga, ON, Canada) to generate all 

mutants described in this study. All constructs were verified by sanger sequencing 

(Robarts DNA sequencing facility, University of Western Ontario). Confocal microscopy 

of HEK-293 cells transfected with PAR4-YFP and PAR4-YFP mutants generated by site-
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directed mutagenesis was employed to ensure proper localization of receptors to the 

plasma membrane (Supplementary Figure 2.5). Confocal microscopy was conducted on 

an Olympus FV1000 (60x magnification) following fixation of samples with 4% 

methanol-free formaldehyde and nuclear staining with DAPI (4′,6-Diamidino-2-

phenylindole dihydrochloride; 1:1000). Renilla luciferase-tagged -arrestin-1/-2 

constructs were a kind gift from Michel Bouvier (Université de Montréal). PX458 vector 

for CRISPR/Cas9 targeting was a kind gift from Feng Zhang (Massachusetts Institute of 

Technology; Addgene # 48138)  

2.2.3 Site-directed mutagenesis of predicted PAR4 receptor-
peptide interaction sites.  

Site-directed mutagenesis using Agilent QuikChange-XL was undertaken to generate 

mutations in highly predicted receptor residues to validate GalaxyPepDock modelling 

and determine key binding-site residues for the native PAR4 tethered ligand and PAR4 

agonist peptide AYPGKF-NH2. Residues were mutated by single-nucleotide substitutions 

replacing native residues with alanine. Successful mutations were confirmed by DNA 

sequencing (London Regional Genomics Centre, London, ON). 

2.2.4 Cell lines and culture conditions 

All media and cell culture reagents were purchased from Thermo Fisher Scientific 

(Hampton, New Hampshire, United States). HEK-293 cells (ATCC; Manassas, Virginia, 

United States) and CRISPR/Cas9 HEK-293 β-arrestin-1/-2-knockout HEK-293 cell lines 

were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 

bovine serum, 1% sodium pyruvate, and 1% streptomycin penicillin. Cells stably 

transfected with PAR4-YFP vector was routinely cultured in the above media 

supplemented with 600 µg/mL G418 sulfate (Geneticin; ThermoFisher Scientific 

Waltham, Massachusetts, United States). Since trypsin activates PAR4, cells were 

routinely sub-cultured using enzyme-free isotonic phosphate-buffered saline (PBS), pH 

7.4, containing 1 mM EDTA followed by centrifugation to remove PBS-EDTA and 

plated in appropriate culture plates for further experimentation. Cells were transiently 

transfected with appropriate vectors using a modified calcium phosphate transfection 
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(Nuclease free water, 2.5M CaCl2, and 2x HEPES Buffered Saline). Transient 

transfections were rinsed with phosphate buffered saline (PBS) 24 hours post-transfection 

and replaced with growth media. Transiently transfected cells were assayed or imaged at 

48 hours post-transfection.  

2.2.5 Generation of -arrestin-1/-2 double knockout HEK-293 cells 
using CRISPR/Cas9.  

A -arrestin-1/-2-knockout HEK-293 cell line (-arr. knockout) was generated using 

CRISPR/Cas9 mediated gene targeting. Guides sequences targeted to -arrestin-1 or -

arrestin-2 were designed using the design tool at http://crispr.mit.edu. Gene targeting 

guides (-arrestin 1; TGTGGACCACATCGACCTCG, -arrestin 2; 

GCGGGACTTCGTAGATCACC, were ligated into the PX458 vector (Kind gift from 

Dr. Feng Zhang, MIT, Addgene plasmid #48138), verified by direct sequencing and 

transfected in HEK-293 cells via calcium phosphate transfection (34, 35). GFP 

expressing cells were single-cell selected by flow cytometry (FACSAria III; London 

Regional Flow Cytometry Facility) into wells of a 96-well plate. Clonal cell populations 

were expanded and screened by western blot to identify successful knockout (anti--

arrestin-1/-2 antibody, rabbit mAb D24H9; Cell Signalling Technologies, Danvers, 

Massachusetts, United States; anti--actin antibody, mouse mAb 8H10D10; Cell 

Signalling Technologies; Supplementary Figure 2.4). 

2.2.6 General methods for peptide synthesis 

All synthesis reagents were purchased from Sigma-Aldrich, ChemImpex, or Thermo 

Fisher Scientific and used without further purification. Peptides were synthesized using 

standard Fmoc-solid phase peptide synthesis (SPPS) on Rink amide MBHA resin (256 

mg, 0.1 mmol, 0.39 mmol/g) with a Biotage® SyrowaveTM automated peptide 

synthesizer (0.4 mmol of HCTU, 0.4 mmol of Fmoc-amino acids, 0.6 mmol of DIPEA, 1 

h coupling). Some peptides also involved additional manual synthesis (see procedures 

below). Following automated and manual synthesis, peptides were cleaved off the resin 

by being shaken in a cleavage cocktail solution of 95% TFA, 2.5% TIPS, and 2.5% H2O 

(4 mL, 5 h), precipitated in ice cold tert-butyl methyl ether, lyophilized, purified by 
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preparative RP-HPLC, and further lyophilized to obtain a dry powder. Purity was 

assessed by analytical RP-HPLC and characterized by mass spectrometry (MS). The 

analytical RP-HPLC was performed on a system consisting of an analytical Agilent 

Zorbax SB-C8 column (4.6 x 150 mm, 5 µm), Waters 600 controller, Waters in-line 

degasser, and Waters Masslynx software (version 4.1). Two mobile phases were used; 

eluent A (0.1% TFA in acetonitrile) and eluent B (0.1% TFA in MilliQ water). The flow 

rate was set at 1.5 mLmin-1 over 10 minutes with an additional 5-minute wash (95% 

solvent A in solvent B). A Waters 2998 Photodiode array detector (200-800 nm) and an 

ESI-MS (Waters Quattro Micro API mass spectrometer) were used to monitor the column 

eluate. The preparative RP-HPLC used the same system, eluents, and detection method as 

mentioned above for the analytical RP-HPLC, except that a preparative Agilent Zorbax 

SB-C8 column (21.2 x 150 mm, 5 µm) at a flow rate of 20 mLmin-1 was used. The mass 

spectra for all peptides were determined in positive mode using an ESI ion source on 

either a Bruker micrOToF II mass spectrometer or a Xevo QToF mass spectrometer 

(Supplementary Table 2.1). All peptides had purity >95% as determined by analytical 

HPLC (Supplementary Table 2.1, Appendix 1). 

2.2.7 Synthesis of Ac-AYPGKF-NH2 

The hexapeptide (AYPGKF) was synthesized using the standard automated Fmoc-SPPS 

discussed in the general methods for peptide synthesis. While still on resin, with all of the 

side chains protected, and with the N-terminal Fmoc-deprotection completed, the N-

terminus of this peptide was acetylated by being shaken in a solution of acetic anhydride 

and DMF (v/v 1:4, 5 mL, 30 min). Following this, the peptide was cleaved, purified, and 

analyzed as mentioned in the general methods for peptide synthesis. 

2.2.8 Synthesis of peptides involving N-methylation of the peptide 
backbone 

Peptides [(N-Me-A)-YPGKF-NH2, (N-Me-S)-YPGKF-NH2, A-(N-Me-Y)-PGKF-NH2, 

AYPG-(Nα-Me-K)-F-NH2, and AYPGK-(N-Me-F)-NH2] were synthesized using 

abovementioned automated Fmoc-SPPS up to the desired amino acid that was N-

methylated (e.g. KF-resin for AYPG-(Nα-Me-K)-F-NH2). Following Fmoc-deprotection 
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of the resin-bound N-terminal amino acid (e.g. lysine for AYPG-(Nα-Me-K)-F-NH2), site 

selective N-methylation of the N-terminal amino acid was completed as follows: First, 

protection of the primary amine was completed to favour monomethylation by adding 2-

nitrobenzenesulfonyl chloride (110.8 mg, 0.5 mmol) and 2,4,6-trimethylpyridine (132 

µL, 1.0 mmol) in NMP (4 mL) to the on-resin peptide (0.1 mmol) and shaken (15 min). 

Following completion of the protection reaction, the resin was washed thrice with NMP 

(3X 5 mL) and dry THF (3X 5 mL). Second, N-methylation was completed through 

Mitsunobu conditions by adding triphenylphosphine (131.2 mg, 0.5 mmol), diisopropyl 

azodicarboxylate (98 µL, 0.5 mmol), and methanol (41 µL, 1.0 mmol) in dry THF (4 mL) 

to the on-resin peptide and shaken under N2 (10 min). Following completion of the N-

methylation reaction, the resin was washed thrice with dry THF (3X 5mL) and NMP (3X 

5 mL). Third, the methylated N-terminal amine was then deprotected by adding 2-

mercaptoethanol (70 µL, 1.0 mmol) and 1,8-diazabicyclo(5.4.0)undec-7-ene (75 µL, 0.5 

mmol) in NMP (4 mL) to the on-resin peptide and shaken (5 min). The solution turned 

bright yellow as expected. The solution was removed and then this third step was 

repeated, followed by being washed five times with NMP (5X 5 mL) and thrice with 

DMF (3X 5 mL). Addition of the next sequential amino acid (except for inapplicable 

peptides i.e. (N-Me-A)-YPGKF-NH2 and (N-Me-S)-YPGKF-NH2) was added manually 

[0.3 mmol of HATU, 0.3 mmol of Fmoc-amino acid (e.g. Fmoc-Gly-OH for AYPG-(Nα-

Me-K)-F-NH2), 0.6 mmol of DIPEA, 4 mL of DMF, 3 h coupling]. Following completion 

of the sequential amino acid reaction, the resin was washed 5 times with DMF (5X 5mL) 

and then the next sequential amino acid was added (on applicable peptides i.e AYPG-

(Nα-Me-K)-F-NH2 and AYPGK-(N-Me-F)-NH2) using the automated procedure 

mentioned in the general methods for peptide synthesis. Following completion of the 

synthesis, the peptide was cleaved, purified, and analyzed as mentioned in the general 

methods for peptide synthesis. The amino acid N-methylglycine, commonly known as 

sarcosine, was obtained from a commercial source, and therefore, N-methylglycine 

containing peptides (i.e. Sar-YPGKF-NH2 and AYP-Sar-KF-NH2) were synthesized 

solely by the standard automated Fmoc-SPPS discussed in the general methods for 

peptide synthesis. 
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2.2.9 Synthesis of AYPG-(Nε-Me-K)-F-NH2 

The hexapeptide (AYPGKF) was synthesized using the standard automated Fmoc-SPPS 

discussed in the general methods for peptide synthesis, except that Fmoc-Lys(Alloc)-OH 

was used in place of standard Fmoc-Lys(Boc)-OH. While still on resin, with all of the 

side chains protected, and with the N-terminal Fmoc-deprotection completed, the N-

terminus of this peptide was Boc protected by adding Boc-ON (98.5 mg, 0.4 mmol) and 

DIPEA (70 µL, 0.4 mmol) in DMF (4 mL) and shaken (4 hours). The solution was 

removed and this Boc protection was repeated overnight (20 hours) to ensure reaction 

completion. The resin was washed thrice with DMF (3X 5 mL) and dry DCM (3X 5 mL) 

and was placed under N2 for site selective Alloc deprotection of the on-resin lysine side 

chain. Phenylsilane (296 μL, 2.4 mmol) in dry DCM (2 mL) was added to the resin. 

Tetrakis(triphenylphosphine) palladium(0) (23.1 mg, 20 µmol) was dissolved in dry 

DCM (1 mL) and added to the resin. The peptide column was flushed with N2 (2 min) 

followed by being shaken (5 min). The resin was washed thrice with dry DCM (3X 5 

mL). The procedure was repeated and shaken again (30 min). The resin was washed four 

times with DCM (4X 5 mL) and DMF (4X 5 mL). Following this N-terminal Boc 

protection and subsequent side chain Alloc deprotection, N-methylation of the on-resin 

lysine side chain was completed through the site selective N-methylation procedure 

mentioned above. Following completion of the synthesis, the peptide was cleaved, 

purified, and analyzed as discussed in the general methods for peptide synthesis. 

2.2.10 SPPS reaction monitoring 

Three methods were used to monitor SPPS reactions. Two methods (the Kaiser Test and 

the small-scale resin cleavage) were used to monitor general peptide synthesis. Three 

methods (the Kaiser Test, the small-scale resin cleavage, and the Chloranil Test) were 

used to monitor synthesis of peptides involving N-methylation. For the Kaiser Test, 

several resin beads were placed in a test tube followed by the addition of 42.5 mM phenol 

in ethanol (50 µL), 20 µM potassium cyanide in pyridine (50 µL), and 280.7 mM 

ninhydrin in ethanol (50 µL). The mixture was then heated (100 °C, 5 min); where a 

positive test indicates the presence of a free primary amine. For the small-scale resin 
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cleavage method, several beads and cleavage cocktail (500 µL) are shaken, worked up as 

per the full cleavage of the resin procedure described above, and the desired peptide was 

confirmed through HPLC-MS. For the Chloranil Test, several resin beads were placed in 

a test tube followed by the addition of 357.8 mM acetaldehyde in DMF (50 µL) and 81.3 

mM p-chloranil in DMF (50 µL) and allowed to stand at room temperature (5 min); 

where a positive test indicates the presence of a free secondary amine. 

2.2.11 Calcium signalling assay 

HEK-293 cells or HEK-293 cells stably expressing PAR4-YFP were loaded with calcium 

sensitive dye (Fluo-4 NW, F36206, Life Technologies, Thermo Fisher) and aliquoted into 

cuvettes with Hanks buffered salt solution (HBSS containing Ca2+ and Mg2+). Samples 

were excited at 480 nm and emission recorded at 530 nm. Baseline fluorescence from 

PAR4-YFP excitation remains constant throughout experiment. Following baseline 

recording, agonist induced changes in fluorescence was recorded. Change in fluorescence 

from baseline to maximum response at a given agonist concentration (delta) were 

expressed as a percentage of maximum cellular response elicited by calcium ionophore 

(A23187, Sigma-Aldrich). For calcium signalling assay with PAR4 orthosteric site-

directed mutants, HEK-293 cells were transiently transfected with 2 µg of wild-type YFP 

tagged PAR4 or PAR4 mutant receptors (described above) using the calcium phosphate 

transfection protocol as described above. Calcium signalling was investigated as 

described above for the wild type receptor. 

2.2.12 Measurement of -arrestin-1/-2 recruitment via 
bioluminescence resonance energy transfer 

HEK-293 cells were co-transfected with either wild-type or mutant PAR4-YFP (2 µg) 

and β-arrestin-1- or -2-Renilla luciferase (rluc, 0.2 µg) using modified calcium phosphate 

transfection. Cells were re-plated (24 hours post-transfection) into white 96-well plates 

(Corning). At 48-hours post-transfection, agonist-stimulated β-arrestin recruitment to 

PAR4 was detected by measuring BRET following 20 minutes of agonist stimulation. h-

coelenterazine (5 µM; Nanolight Technology, Pinetop, AZ) was added ten minutes prior 

to BRET collection using a Berthold Mithras LB 940 plate reader. 
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2.2.13 Testing peptide library specificity for PAR4 

Previous studies have pointed to the possibility of PAR agonist peptides cross activating 

other members of this family. For example, the PAR1 tethered ligand peptide SFLLRN is 

able to activate PAR2 and substitution of a phenylalanine residue in certain PAR4 agonist 

peptides confers PAR1 activity (36–38). Activating peptides typically require an aromatic 

sidechain in position 2 (F in PAR1) and we wondered if substitution of tyrosine for 

phenylalanine may decrease selectivity at PAR4 and increase crosstalk with PAR1. We 

examined whether substitutions made to AYPGKF-NH2 affected their selectivity using a 

calcium signalling assay in HEK-293 cells that endogenously express PAR1 and PAR2. 

None of the peptides tested elicited a signalling greater than 5% of the calcium ionophore 

A23187 showing that they retain selectivity towards PAR4 (Supplementary Figure 2.6). 

Additionally, we investigated specificity using BRET for -arrestin-2 recruitment to cells 

expressing PAR4-YFP or PAR2-YFP. None of the peptides were able to induce -

arrestin recruitment in PAR2-YFP expressing HEK-293 cells (NET BRET of 0.05 and 

over) with the exception of AYPGK-1Nal-NH2 (Supplementary Figure 2.7). 

2.2.14 PAR4-stimulated mitogen-activated protein kinase (MAPK) 
signalling 

2.2.14.1 MAPK signalling in PAR4-YFP stable cells with peptide 
library 

Agonist-stimulated mitogen-activated protein kinase (MAPK) signalling in HEK-293 

cells stably expressing PAR4-YFP were analyzed by western blot following stimulation 

with PAR4 peptide agonists. Cells were placed in serum free media (serum-free DMEM, 

Gibco) for 3 hours before beginning experiment. Cells were stimulated with either 

control (no agonist), AYPGKF-NH2 or agonist peptides described at 100 μM 

concentration. Cells were stimulated for 10 minutes with agonist and lysed, quantified, 

and blot as previously described. 
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2.2.14.2 HEK-293 and CRISPR/Cas9 -arrestin-1/-2 double 
knockout HEK-293 

Agonist-stimulated mitogen-activated protein kinase (MAPK) signalling in 

CRISPR/Cas9 HEK-293 -arrestin double knockout cells (-arr. knockout) and wild-type 

HEK-293 cells transfected with PAR4-YFP were analyzed by western blot. Cells were 

placed in serum free media (serum-free DMEM, Gibco) for 3 hours before beginning 

experiment. Cells were then stimulated with 30 μM AYPGKF-NH2 for varying time 

periods (0, 2, 5, 10, 20, 30, 60, 90 minutes) at 37 ˚C. Treated cells were placed on ice 

following stimulating period. Total protein was extracted adding kinase lysis buffer with 

phosphatase and protease inhibitors (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM 

MgCl2, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 2.5 mM sodium pyrophosphate, 1 mM 

b-glycerophosphate, 1 mM Na3VO4, 25 mM NaF, 1 mg/mL leupeptin, 1 mg/m aprotinin, 

1 mM phenylmethylsulfonyl fluoride, and 1mM dithiothreitol) for 20 minutes and cell 

membranes were cleared by centrifugation (13,300g for 3 minutes). Protein 

concentrations were measured using the Pierce BCA Protein Assay (Thermo Fisher 

Scientific). Protein samples were heat-denatured at 98°C for 8 minutes in denaturing 

Laemmli buffer (containing 2-mercaptoethanol) and resolved on 4–12% gradient 

Invitrogen Bolt Bis-Tris Plus gels (Thermo Fisher Scientific). The resolved proteins were 

transferred via wet transfer in buffer (1X Tris-glycine, 20% methanol) to a 

polyvinylidene difluoride membrane and blocked in TBST buffer (TBS with 0.1% (v/v) 

Tween-20) supplemented with 1% ECL Advance Blocking Agent (GE Healthcare, 

Waukesha, WI) for 40 minutes at room temperature. p44/42 (Thr202/Tyr204) 

phosphorylation was detected with specific antibodies (Cell Signalling Technology, 

Danvers, MA; diluted 1:1000 in TBST) overnight at 4°C. phospho-p44/42 

immunoreactivity was detected using the horseradish peroxidase-conjugated anti-rabbit 

secondary antibody (Cell Signalling Technology; 1:10,000 in TBST for 1 hour). After 

washing the membrane with TBST (3 x 10-minute washes), the peroxidase activity was 

detected with the chemiluminescence reagent ECL Advance (GE Healthcare) on iBright 

image Station (Invitrogen, Burlington, ON). Membranes were then stripped with blot 

stripping buffer (Thermo Fisher Scientific) at room temperature and blocked in TBST 

with 1% ECL Advance Blocking Agent before incubation with the p44/42 (1:1000 in 
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TBST with 1% ECL Advance Blocking Agent) overnight at 4°C. Following incubation 

with primary antibody, blots were rinsed in TBST and incubated with appropriate 

horseradish peroxidase -conjugated anti-rabbit or anti-mouse secondary antibody 

(1:10,000 in TBST for 1 hour). Membranes were washed and imaged as previously 

described. Band intensities representing activated MAPK were quantified using FIJI (39). 

Phospho-kinase levels were normalized for differences in protein loading by expressing 

the data as a ratio of the corresponding total-p44/42 signal. Data are expressed as a fold 

increase over unstimulated baseline control. 

2.2.14.3 PAR4-stimulated MAPK signalling in HEK-293 +/- 
YM254890 

Agonist-stimulated MAPK signalling in wild-type HEK-293 cells transfected with 

PAR4-YFP were analyzed by western blot. Cells were placed in serum free media 

(serum-free DMEM, Gibco) for 3 hours before beginning experiment. Prior to agonist 

stimulation cells were treated with either control (0.001% DMSO) or YM254890 (100 

nM) for 20 minutes. Cells were then stimulated with 30μM AYPGKF-NH2 for varying 

time periods (0, 2, 5, 10, 20, 30, 60, 90 minutes) at 37 degrees Celsius. Cells were lysed, 

protein quantified, and samples run and imaged as previously described. 

2.2.15 Structural homology modelling of PAR4 

Residues resolved in the PAR2 crystal (5NDD.pdb) were used to generate a homology 

model of wild-type human PAR2. Homology model of wild-type human PAR2 was then 

aligned with the wild-type human PAR4 amino acid sequence [National Center for 

Biotechnology Information (NCBI) accession number NM_003950) using Clustal Omega 

(40, 41). Only residues resolved in the crystal structure of PAR2 were used as template 

coordinates for PAR4 homology modelling. Twenty human PAR4 homology models 

were generated using the human PAR2 crystal structure coordinates (5NDD.pdb) (42) as 

a template in MODELLER (version 9.16) (43). The model with the lowest DOPE score 

was taken as the best structure and visualized using PyMOL (version 1.7.4, Schrödinger, 

LLC). Electrostatic surface potential was calculated after assignment of partial charges 
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using PDB2PQR and using the Adaptive Poisson-Boltzmann Solver plugin in PyMOL 

(44). 

2.2.16 in silico docking of AYPGKF-NH2 to the PAR4 homology 
model 

in silico docking of PAR4 agonist peptide, AYPGKF-NH2, to PAR4 homology model 

was undertaken using GalaxyPepDock (45). The lowest energy PAR4 homology model 

PDB file was loaded into GalaxyPepDock along with a text file of the PAR4 agonist 

peptide sequence which GalaxyPepDock uses to predict a peptide structure for docking 

analyses (Ala-Tyr-Pro-Gly-Lys-Phe; amidation is not included in the structure 

prediction). Ten models of PAR4-AP docking were generated. Frequency of receptor-

peptide residue interactions, taken as atom-atom distances of less than 3 Angstroms, was 

quantified manually to determine highly recurrent interactions. 

2.2.17 Determination of the AYPGKF-NH2 structure by NMR 

2.2.17.1 Collection of 1H-NMR spectra 

Peptide (AYPGKF-NH2) solution was prepared to 10 mM with 10% D2O. DSS (Sodium 

trimethylsilylpropanesulfonate, 30 µM) was used as an internal reference at 0.00 ppm. 

The 1H NMR spectra were acquired on an Varian INOVA 600 MHz Spectrometer at 25 

°C. Phase-sensitive, water-gated, two-dimensional correlated spectroscopy (COSY), total 

correlation spectroscopy (TOCSY), and nuclear Overhauser effect spectroscopy 

(NOESY) as previously described by our collaborators (46). Data were collected using 

the VnmrJ 4.2 software. NMRPipe was used for spectral processing and visualization. 

Specifically, the two-dimensional data matrix was multiplied by a phase-shifted square-

sine-bell window function and zero-filled prior to Fourier transformation. Phase 

correction was applied in both dimensions. 

2.2.17.2 Structure calculations 

1H chemical shifts were manually assigned based on TOCSY (approximately 90% of 

peaks assigned) and COSY spectra using the NEASY plugin to CARA (47, 48). TOCSY 

peak assignments are reported for two apparent conformations of the peptide based on 
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peak doubling observed in the spectra and COSY connectivities (Supplementary table 2.2 

and 2.3, respectively). Thus, two 1H chemical shift lists were separately used to derive 

dihedral angle constraints in TALOS+ (49). NOESY peaks were manually picked, and 

peak intensities determined using the integration function of NEASY. The NOESY peaks 

were automatically assigned concomitant with structural derivation by CYANA (version 

2.1), separately using the inputted chemical shift list and dihedral angle restraints for each 

conformation (Supplementary Tables 2.2 & 2.3) (50, 51). The unambiguous NMR 

distance and dihedral angle constraints for each AYPGKF-NH2 structural ensemble are 

reported in Supplementary table 2.4. The NOESY spectra with assigned NOEs critical for 

defining each conformation are shown in Supplementary Figures 2.9 (“major”) and 2.10 

(“minor”) (50, 51). The average backbone RMSD values are reported for the 10 lowest 

energy structures (Supplementary Table 2.4; Supplementary Figure 2.11). 

2.2.18 Preparation of washed platelets and light-transmission 
aggregometry 

Animal care and experimental procedures were carried out under a protocol (AUP# 2018-

047) that was reviewed and approved by the University of Western Ontario Animal Care 

Committee in accordance with the Canadian Council on Animal Care (CCAC) standards 

and guidelines. Blood was drawn from the abdominal aorta or heart of Sprague-Dawley 

rats into trisodium citrate (3.4% w.v). The blood was centrifuged at 200g for 15 minutes 

at 22 degrees Celsius to isolate platelet-rich plasma (PRP). PRP was transferred to a 14 

mL polypropylene round-bottom tube (Falcon) and centrifuged at 1800 rotations per 

minute (594g) for 10 minutes at 22˚C to pellet platelets and obtain platelet-poor plasma 

(PPP). PPP was decanted and used for 100% light transmission control. To obtain washed 

platelet sample, platelets were washed twice in Tyrode’s buffer (12 mM NaHCO3, 127 

mM NaCl, 5 mM KCl, 0.5 mM NaH2PO4, 1 mM MgCl2, 5 mM glucose, and 10 mM 

HEPES; Ramachandran et al., 2017) and resuspended to a volume equivalent to that of 

the initial blood draw. Washed platelet sample was equilibrated for one hour at ambient 

temperature following the addition of 1M CaCl2 (1 µl/mL). 400 µl of this washed platelet 

suspension was used for light transmission aggregometry on a platelet aggregometer 

(Model 700; Chrono-Log Corp, Havertown, PA). 
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2.2.19 Data analysis and statistical testing 

Data are shown as mean  SEM. Calcium signalling and -arrestin-1/-2 recruitment 

concentration effect curves were calculated using nonlinear regression curve fitting (three 

parameters; Prism7). EC50 values are reported (Table 2.1) where signal has saturated. 

Where signalling is not saturated EC50 is reported for calcium as not determined (n.d.). 

The F-statistic calculated to compare EC50 values was calculated using the extra sum-of-

squares analysis (52). For table 2.1, values comparing percentage of signalling or 

recruitment at 100 µM to values obtained from the parental PAR4-AP, AYPGKF-NH2, 

are shown. Significance was determined for comparisons with 100 µM AYPGKF-NH2 

and p44/42 phosphorylation by one-way analysis of variance (ANOVA). Western blot 

protein densitometry was quantified using FIJI. Transformation and analysis were 

conducted on raw data and significance is indicated by ‘*’ (p < 0.05). 

2.3 Results 

In order to understand the rules governing agonist peptide activation of PAR4, we 

synthesized 37 hexapeptides through modification to the synthetic PAR4 agonist peptide 

AYPGKF-NH2. A number of different modifications were examined at each of the six 

positions, including alanine, D-isomer, and N-methyl substitutions, as well as other 

modifications aimed at further probing each of the six agonist peptide positions. 

Henceforth, the parental PAR4 agonist peptide for this study, AYPGKF-NH2 (Ala1-Tyr2-

Pro3-Gly4-Lys5-Phe6-NH2; superscript denotes position from N-terminus), will be referred 

to as PAR4-AP. Gq/11-coupled calcium signalling, β-arrestin-1/-2 recruitment (-Arr-1-

rluc, -Arrestin-2-rluc respectively), and p44/42 mitogen-activated protein kinase 

(MAPK) signalling by each of these peptides was monitored and compared to responses 

triggered by PAR4-AP (Table 2.1). Whereas PAR4-AP triggered Gq/11 signalling 

reached a clear plateau over the range of concentrations tested (0.3 – 300 µM), -arrestin 

recruitment did not and therefore the effective concentration required to achieve half-

maximal response (EC50) values could not be accurately assessed. In contrast, with the 

substituted peptides, Gq/11 signalling concentration-effect curves in some cases did not 

clearly plateau, whereas -arrestin recruitment did. Where possible, EC50 values are 
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compared between PAR4-AP and substituted peptides. However, since clear maxima 

were not always obtained, comparisons of signal magnitude throughout the present study 

are presented as the response elicited by a given compound at 100 µM, shown as a 

percentage of responses elicited by PAR4-AP at the same concentration. Since the 

concentration-effect curve for PAR4-AP exhibits a saturating calcium signal, peptides 

that failed to saturate calcium signalling responses are depicted as having EC50 values 

that were ‘not determined’ (n.d.). Maximal calcium signal responses are shown as a 

percentage of the response obtained with the calcium ionophore A23187 (Table 2.1, Max; 

% of A23187 calcium ionophore) and are referred to throughout the results as a change in 

maximal calcium signalling as a measure of the efficacy of the peptides. Throughout the 

results, -arrestin recruitment values are presented as a percentage (%) of the PAR4-AP-

induced recruitment at 100 µM concentration. For ease of comparison, concentration-

effect curves for PAR4-AP-mediated Gq/11 calcium signalling and -arrestin recruitment 

are displayed as a repeated reference value in each of the Figures 2.1 through 2.7. 

2.3.1 Effect of alanine substitutions on PAR4-AP-mediated 
signalling responses 

Our first set of changes involved alanine substitutions at positions 2-6 of the PAR4-AP 

(calcium EC50 = 12.1 ± 3.1 µM; -arrestin-1 recruitment at 100 µM for comparison is 

considered 100 ± 3.9%, and 100 ± 3.5% for -arrestin-2) (Figure 2.1A-C, Table 2.1). 

Potency was decreased with respect to calcium signalling when tyrosine2 was substituted 

with alanine and failed to reach a plateau over the concentration range tested (AAPGKF-

NH2; EC50 = n.d.). Correspondingly, β-arrestin recruitment was reduced compared to 

PAR4-AP at the same concentration (β-arr-1 47.3 ± 3.6%; β-arr-2 46.4 ± 3.2%). 

Substitution of proline3 with alanine resulted in a significant decrease in potency for 

calcium signalling (AYAGKF-NH2 EC50 = 63.7 ± 20.8 µM) and yielded reduced β-

arrestin recruitment (β-arr-1 48.5 ± 7.9%; β-arr-2 43.4 ± 7.1%). Either glycine4
 or 

phenylalanine6 substitution to alanine resulted in modest decreases in maximal calcium 

signalling compared to PAR4-AP at the same concentration, with no significant effect on 

potency (EC50 = 21.2 ± 6.6 µM; EC50 = 17.3 ± 5.0 µM, respectively). Additionally, 

alanine substitutions in these positions resulted in significantly reduced β-arrestin 
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recruitment, to levels approximately half of those observed with PAR4-AP (AYPAKF-

NH2 β-arr-1 56.4 ± 5.6%, β-arr-2 54.6 ± 5.1%; AYPGKA-NH2 β-arr-1 47.9 ± 3.8%, β-

arr-2 52.6 ± 3.5%). Interestingly, we observed that lysine5 to alanine substitution had no 

appreciable impact on potency with respect to calcium signalling (AYPGAF-NH2 EC50 = 

9.8 ± 2.9 µM); and modestly reduced recruitment of β-arrestin-1 (59.3 ± 7.2%) and -2 

(70.8 ± 6.5%). Collectively, alanine substitutions of positions 2-6 resulted in decreased β-

arrestin recruitment compared to the parental peptide (Figure 2.1B-C, Table 2.1). 

Interestingly, we observe differential effects on calcium signalling with significant 

detriment to potency attributed to tyrosine substitution (Figure 2.1A). Additionally, 

substitution of glycine and phenylalanine moderately decreased maximal calcium 

signalling responses, perhaps indicating that these residues are important for full agonism 

of this pathway comparative to that achieved with the parental peptide. Notably, all single 

alanine substitutions of positions 2-6 of the PAR4-AP retained some agonist activity 

indicating that signalling is not wholly reliant on any single residue alone. 
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Figure 2.1 Calcium and -arrestin recruitment in response to Alanine (A-C), D-

isomer (D-F), or -methylation (G-I) substitutions in the PAR4-AP. Calcium 

signalling (A, D, G) is shown as a percentage of the maximum calcium signalling 

obtained by application of calcium ionophore (A23187, 3 µM). (n = 3-7) Concentration 

effect curves of agonist-stimulated recruitment of -arrestin-1 (B, E, H) or -arrestin-2 

(C, F, I) to PAR4. BRET values are presented as normalized net BRET ratio. (n = 3). 
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2.3.2 Effect of D-isomer amino acid substitutions on PAR4-AP-
mediated signalling responses 

To assess the impact of stereochemical inversion at each residue position, we generated 

five peptides with single amino acid substitutions from L- to their respective D-isomers 

(Figure 2.1D-F, Table 2.1). Glycine possesses only one isomeric form and thus is not 

substituted. Both L-alanine to D-alanine (aYPGKF-NH2) and L-lysine to D-lysine 

(AYPGkF-NH2) substitutions resulted in significant losses of potency in calcium 

signalling assays compared to PAR4-AP. Consistent with calcium data, we observed a 

significant decrease in β-arrestin recruitment compared to the parental PAR4-AP 

(aYPGKF-NH2 β-arr-1 48.7 ± 2.6%, β-arr-2 47.5 ± 2.4%; AYPGkF-NH2 β-arr-1 47.4 ± 

1.0%, β-arr-2 36.5 ± 0.9%). Interestingly, both D-tyrosine (AyPGKF-NH2) and D-proline 

(AYpGKF-NH2) substitutions completely abolished calcium signalling. Comparably, β-

arrestin recruitment was significantly reduced with stimulation by either peptide 

(AyPGKF-NH2 β-arr-1 50.7 ± 4.6%, β-arr-2 46.4 ± 4.2%; AYpGKF-NH2 β-arr-1 45.2 ± 

10.5%, β-arr-2 38.1 ± 9.5%). In keeping with what we observed with phenylalanine to 

alanine substitution (Figure 2.1A-C), D-phenylalanine substitution in position 6 

(AYPGKf-NH2) resulted in less efficacious agonism of both calcium (EC50 = 22.2 ± 4.7 

µM) and β-arrestin recruitment (β-arr-1 80.3 ± 6.6%, β-arr-2 74.1 ± 6.0%). Overall, D-

isomers substitutions of amino acids alanine1, tyrosine2, proline3, and lysine5 resulted in 

significant reduction of (D-alanine, D-lysine) or abolition of (D-tyrosine, D-proline) 

calcium signalling while causing significant reductions in β-arrestin recruitment. 

Substitution of L-phenylalanine6 for D-phenylalanine was the only D-isomer substitution 

that is somewhat tolerated, resulting in modest reductions in potency with respect to both 

calcium signalling and β-arrestin recruitment. These data reveal that the sidechain 

stereochemistry of residues within the AYPGKF-NH2 peptide performs a role in 

agonism.  

2.3.3 Effect of N-methylation substitutions on PAR4-AP-mediated 
signalling responses 

We generated a series of peptides to investigate the pharmacological impact of N-

methylation along the peptide backbone (Figure 2.1G-I, Table 2.1). In contrast to the 
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parental PAR4-AP, all but one of the N-methylated peptides evaluated yielded clear 

plateaus and discernible EC50 values in -arrestin recruitment assays, and where 

applicable these are indicated below along with their relative responses compared to 

PAR4-AP at 100 µM. Substitution of alanine1 with N-methyl-alanine [(N-Me-A)-

YPGKF-NH2] almost completely abolished calcium signalling (EC50 = n.d.). 

Interestingly, this peptide was able to initiate β-arrestin-1/-2 recruitment comparable to 

levels obtained with PAR4-AP (β-arr-1 119.2 ± 11.9%, EC50 = 6.8 ± 2.6 µM; β-arr-2 80.6 

± 10.8%; EC50 = 2.0 ± 0.7 µM). These results suggest that increasing steric bulk and 

hydrophobicity of the backbone at amide positions through the addition of an N-terminal 

methyl group drives PAR4 signalling towards β-arrestin pathways and causes only 

modest activation of calcium signalling. Substitution of tyrosine2 for N-methyl-tyrosine 

[A-(N-Me-Y)-PGKF-NH2] abolished calcium signalling up to 300 µM (EC50 = n.d.). 

Consistent with calcium signalling, we observed decreased signal magnitude in β-arrestin 

recruitment assays compared to PAR4-AP (β-arr-1 71.4 ± 10.8%, EC50 = 14.2 ± 8.6 µM; 

β-arr-2 61.5 ± 9.8%, EC50 = 11.8 ± 5.7 µM). Substitution of the PAR4-AP glycine4 with 

sarcosine (Sar., a.k.a N-methyl-glycine; AYP-Sar-KF-NH2) resulted in significantly 

reduced calcium potency (EC50 = n.d.) and significantly reduced β-arrestin-1/-2 

recruitment (35.9 ± 4.3%, 36.1 ± 3.9% respectively). N-methylation of the alpha (α) 

amine of lysine5 [AYPG-(Nα-Me-K)-F-NH2] resulted in significantly reduced calcium 

signalling (EC50 = n.d.) with no significant effect on maximal β-arrestin recruitment (β-

arr-1 126.7 ± 18.6%, EC50 = 12.2 ± 4.3 µM; β-arr-2 77.1 ± 16.9%, EC50 = 2.5 ± 1.0 µM). 

Substitution of phenylalanine6 with N-methyl-phenylalanine [AYPGK-(N-Me-F)-NH2] 

was equipotent for calcium signalling compared to PAR4-AP (EC50 = 7.6 ± 1.9 µM). 

Interestingly, this peptide showed increased recruitment of both β-arrestins (β-arr-1 136.9 

± 18.0%, EC50 = 10.4 ± 3.3 µM; β-arr-2 96.6 ± 16.4%, EC50 = 15.3 ± 4.6 µM). Together, 

these data reveal that N-methylation of positions 1, 2, 4, and 5 are deleterious to calcium 

signalling. 

We were excited to observe evidence of β-arrestin-biased peptides within this group, all 

of which showed decreased calcium signalling and/or increased -arrestin recruitment. 

Moreover, the leftward shifts in their associated -arrestin concentration-effect profiles 
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imply that substitution of N-methylated alanine1, tyrosine2, lysine5, or phenylalanine6 

residues increases peptide potency with respect to post-G-protein signalling. Only N-

methylation of glycine4 (sarcosine) resulted in a reduced overall ability to activate PAR4, 

with relative calcium and -arrestin signals being reduced by approximately 90% and 

60%, respectively. 

 

2.3.4 Effect of N-terminal and position 1 modifications on PAR4-
AP-mediated signalling responses 

To further investigate the impact of N-terminal alterations to the PAR4-AP, we examined 

the impact of N-terminal acetylation and substitutions of position 1 (Figure 2.2A-C, 

Table 2.1). Previously it was demonstrated that protonation of the N-terminus of the 

PAR1 tethered-ligand (SFLLRN) is critical for agonist function (53). Additionally, 

substitution of glycine for mercaptoproprionic acid (Mpr), which lacks an amino-terminal 

protonated amine found in the native tethered-ligand-mimicking peptide GYPGQV, 

resulted in complete loss of agonist activity (37). Given the evidence for N-terminal 

protonation in PAR agonism, we sought to determine the impact of N-terminal 

acetylation on PAR4-AP activity. N-terminal acetylation of the PAR4-AP (Ac-AYPGKF-

NH2) negatively impacted both calcium signalling (EC50 = n.d.) as well as the magnitude 

of β-arrestin recruitment to PAR4 as expected (β-arr-1 47.3 ± 3.1%, EC50 = 15.0 ± 4.3 

µM; β-arr-2 45.5 ± 2.8%, EC50 = 26.7 ± 5.6 µM). In contrast to the previously reported 

complete loss of activity with Mpr-YPGQV peptide (Mpr = mercaptopropionic acid), we 

observed partial agonism with the loss of protonation through acetylation of PAR4-AP. 

This could also be influenced by the additional methyl group of the Ala in Ac-AYPGKF-

NH2, which is not present in the Mpr-YPGQV peptide. 

In both the native human PAR4 tethered-ligand sequence and the PAR4-AP, position 1 is 

occupied by small (tethered-ligand – glycine, PAR4-AP – alanine) and non-polar (PAR4-

AP – alanine) residues. To investigate the role of position 1 in the PAR4-AP, we 

generated seven peptides with position 1 substitutions.  

Introduction of steric bulk and increased hydrophobicity through substitution of alanine1 

for valine resulted in partial agonism of both calcium signalling and β-arrestin 
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recruitment (VYPGKF-NH2 EC50 = 22.9 ± 8.3 µM; β-arr-1 73.6 ± 13.0%, EC50 = 33.8 ± 

13.7 µM; β-arr-2 55.2 ± 11.8%, EC50 = 13.7 ± 8.2 µM). Additionally, increasing 

hydrophobic bulk at position 1, through substitution with norleucine, completely 

abolished calcium signalling (Nle-YPGKF-NH2, EC50 = n.d.) and resulted in partial 

agonism of β-arrestin recruitment (β-arr-1 40.2 ± 9.7%; β-arr-2 36.5 ± 8.8%). Together, 

these data indicate that the precise steric bulk of the side chain in position 1 is important 

for PAR4 agonism. 

Next, we evaluated the impact of steric bulk relocation in position 1. Relocation of the 

methyl group in alanine to the N-terminus and loss of side chain through substitution with 

sarcosine (Sar-YPGKF-NH2) resulted in poor agonism at both calcium signalling (EC50 = 

n.d.) and -arrestin recruitment (β-arr-1 35.6 ± 2.0%, β-arr-2 39.8 ± 1.8%). Further, the 

addition of an α-methyl group through substitution of alanine1 with 2-aminoisobutyric 

acid (Aib-YPGKF-NH2) resulted in a significantly less potent and partial agonist for 

calcium signalling (EC50 = 50.2 ± 15.3 µM); also resulting in a significant reduction in β-

arrestin recruitment (β-arr-1 38.6 ± 3.9%; β-arr-2 37.3 ± 3.6%). Similarly, replacement 

with N-methyl-serine [(N-Me-S)-YPGKF-NH2] also caused a significant attenuation of 

calcium signalling (EC50 = n.d.), while also revealing a decrease in β-arrestin recruitment 

compared to PAR4-AP (β-arr-1 78.1 ± 6.9%, β-arr-2 51.7 ± 6.3%). Thus, it is apparent 

that the precise position of the side chain in position 1 is important for agonism. 

To further probe the importance of charge localization at the N-terminal region of the 

peptide, we made several additional substitutions to position 1. Substitution of alanine 

with either beta-alanine or isonipecotic acid significantly reduced the potency and 

activity of the PAR4-AP, similar to the results with PAR4-AP N-terminal acetylation 

(betaAla-YPGKF-NH2 calcium EC50 = n.d., β-arr-1 25.7 ± 4.8%, β-arr-2 31.8 ± 4.4%; 

Inp-YPGKF-NH2 calcium EC50 = n.d., β-arr-1 32.0 ± 3.3%, β-arr-2 26.9 ± 3.0%). 

Together, these data suggest a role for N-terminal charge localization in agonist activity. 
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Figure 2.2 Calcium and -arrestin recruitment in response to additional 

substitutions to the PAR4-AP by position. Calcium signalling (A, D, G, J) is shown as 

a percentage of the maximum calcium signalling obtained by application of calcium 

ionophore (A23187, 3 µM). (n = 3-7) Concentration effect curves of agonist-stimulated 

recruitment of -arrestin-1 (B, E, H, K) and -arrestin-2 (C, F, I, L) to PAR4. BRET 

values from cells treated increasing concentrations of peptide are presented as normalized 

net BRET ratio. (n = 3). 
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2.3.5 Effect of additional substitutions in positions 2-4 on PAR4-
AP-mediated signalling 

Previously, structure activity studies with PAR4 activating peptides revealed an apparent 

requirement for an aromatic residue in position 2 (tyrosine) and found that alterations to 

position 3 (proline) and position 4 (glycine) were not well tolerated (37). In the present 

study, we observed that substitution of either tyrosine, proline, or glycine with alanine 

reduced calcium signalling potency and -arrestin recruitment, however none of these 

substitutions completely abolished the activity of the peptide (Figure 2.1A-C). 

Interestingly, substitution of either L-tyrosine or L-proline with the respective D-isomer 

significantly reduced the activity of the PAR4-AP (Figure 2.1D-F, Table 2.1). Together, 

these data suggested that while no individual residue is wholly required for agonist 

activity, the side chains of these residues and their positioning are important for agonist 

function. To further probe the contribution of these residues to PAR4-AP activity at 

PAR4, we generated peptides with alterations in the aromatic side chain of position 2, the 

backbone conformation of position 3, or position 4 (Figure 2.2D-F, Table 2.1).  

Peptides with substitution of tyrosine2 with either 4-fluoro-L-phenylalanine [A-F(4-

fluoro)-PGKF-NH2] or O-methyl-tyrosine [A-Tyr(Me)-PGKF-NH2] retained calcium 

signalling and -arrestin recruitment with no significant changes in potency compared to 

the PAR4-AP. These data may suggest that the side chain of tyrosine is a site in which 

further modifications can be made to the peptide without affecting agonism; however, by 

comparison to AAPGKF-NH2, the presence of an aromatic ring in position 2 is of 

importance. Given the results obtained with alanine or D-proline substitution of proline3 

(Figure 2.1A-C & 2.1D-F, respectively), we furthered probed conformational 

contributions of this residue to the parental PAR4-AP. Proline was substituted with 

pipecolic acid (2-piperidinecarboxylic acid; Pip) which is structurally similar to proline 

but has an increased steric bulk and backbone elongation provided by a six-membered 

ring compared to the five-membered ring of proline. We observed partial agonism of 

calcium signalling in response to AY-Pip-GKF-NH2 stimulation with no significant 

difference in agonist potency (EC50 = 30.7 ± 4.9 µM) with a correlating partial agonism 

of β-arrestin recruitment (β-arr-1 38.8 ± 3.0%; β-arr-2 44.0 ± 2.7%). Thus, it appears that 
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increasing steric bulk/backbone length may affect efficacy but still results in agonism. To 

further investigate the role of backbone conformation provided at position 3, proline was 

substituted with nipecotic acid (3-piperidinecarboxylic acid; Nip) which is similar to 

pipecolic acid, however, results in change of the peptide backbone direction (AY-Nip-

GKF-NH2). With this modification, both calcium signalling (EC50 = n.d.) and β-arrestin 

recruitment (β-arr-1 32.9 ± 4.9%; β-arr-2 30.9 ± 4.5%) were significantly decreased in 

response to PAR4 stimulation. Elongation of the backbone in position four (glycine) by 

substitution with beta-alanine (AYP-betaAla-KF-NH2) was also significantly detrimental 

to both calcium signalling (EC50 = n.d.) and -arrestin recruitment (β-arr-1 42.5 ± 1.8%, 

β-arr-2 24.9 ± 1.6%). Together these data suggest an important role for backbone 

conformation contributed by proline3 and glycine4 compactness in the PAR4-AP. As 

well, these data suggest peptide backbone length at proline3 and glycine4 has an important 

role; consistent with what we have observed with backbone elongation modifications at 

position 1 (Inp-YPGKF-NH2 and betaAla-YPGKF-NH2; Figure 2.2A-C, Table 2.1). 

2.3.6 Effect of additional substitutions in position 5 on PAR4-AP-
mediated signalling responses 

Previously, investigations into glutamine substitutions in the native tethered-ligand 

mimicking peptide (GYPGQV) revealed that agonism is maintained when this position is 

substituted with a charged residue such as arginine or ornithine (37). In the present study, 

we have identified that substitution of position 5 (lysine) of the PAR4-AP (AYPGKF-

NH2) with alanine does not significantly affect the agonist capacity of the peptide (Figure 

2.1A-C). Further, we identified that substitution of L-lysine with D-lysine significantly 

decreases agonist stimulation of calcium signalling and β-arrestin recruitment (Figure 

2.1D-F). To further probe the effect of positively charged residues in position 5, we 

generated several PAR4-AP analogues with lysine5 substitutions by either arginine or 

ornithine (Figure 2.2G-I, Table 2.1). Substitution of lysine5 with arginine resulted in a 

partial agonist with respect to calcium signalling but increased β-arrestin recruitment 

compared to the parental peptide (AYPGRF-NH2 calcium EC50 = 4.0 ± 1.1 µM, β-arr-1 

154.2 ± 10.3%, β-arr-2 140.1 ± 9.4%). This substitution delocalizes the positive charge of 

the side chain compared to lysine and increases steric bulk. Interestingly, substitution 
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with ornithine, which is similarly charged but has a shortened distance between the 

charge and the peptide backbone compared to lysine, also resulted in partial agonism of 

PAR4-mediated calcium signalling accompanied by a modest increase in the recruitment 

of β-arrestins (AYPGOF-NH2 calcium EC50 = 4.2 ± 1.1 µM, β-arr-1 121.7 ± 8.5%, β-arr-

2 112.1 ± 7.7%). To further probe if steric bulk in the side chain of position 5 affects 

PAR4-AP potency, we increased steric bulk through methylation of the epsilon () amine 

of lysine [AYPG-(Nε-Me-K)-F-NH2]. This substitution yielded a full agonist for calcium 

signalling (EC50 = 6.7 ± 1.9 µM) and a modestly more efficacious agonist for the 

recruitment of β-arrestins (β-arr-1 122.5 ± 12.4%; β-arr-2 116.7 ± 11.2%). All of these 

substitutions maintain a positive charge and are able to act as agonists for PAR4. To 

determine if charge in position 5 is required, we substituted lysine with citrulline, which 

maintains similar structure to arginine and lysine while removing a positive charge 

(AYPG-Cit-F-NH2). Interestingly, we observed partial agonism with respect to calcium 

signalling (EC50 = 5.4 ± 0.8 µM) with equipotent β-arrestin recruitment compared to the 

PAR4-AP, consistent with the alanine scan data for this position. Thus, positively 

charged residues in position 5 seem to contribute to agonism. Interestingly, we observed 

similar increases in -arrestin recruitment and equipotent calcium signalling when 

stericity was either increased (AYPGRF-NH2) or decreased (AYPGOF-NH2), suggesting 

that the positive charge in this position is more important than the size of the side chain. 

Finally, although both the charge and size of the size chain have an effect, all 

modifications to position 5, with the exception of D-lysine (Figure 2.1D-F, Table 2.1) 

and N-methyl-lysine (Figure 2.1G-I, Table 2.1) modifications, were generally well-

tolerated and there appears to be modest freedom in the side-chain of this position. This 

makes the side chain a good candidate for further investigations of structure-activity 

relationships as well as a good region to label with an imagine modality. 

2.3.7 Effect of additional substitutions in position 6 on PAR4-AP-
mediated signalling responses. 

Through our initial investigations into position 6 substitutions, we observed that 

replacement of phenylalanine6 with either alanine, D-phenylalanine, or N-methyl-

phenylalanine had varied effects on PAR4-AP potency and efficacy. Previous 
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investigations into position 6 substitutions in the native tethered-ligand (GYPGQV) 

revealed the requirement for an aromatic residue, as substitution with non-aromatic 

residues such as lysine or ornithine significantly decreased or abolished the activity of the 

peptide (37). In addition to being an aromatic residue, phenylalanine is a hydrophobic 

residue so we investigated the impact of altering the hydrophobicity/hydrophilicity and 

stericity while maintaining an aromatic residue (Figure 2.2J-L, Table 2.1). 

We investigated the effect of polar changes that decrease hydrophobicity. Substitution of 

phenylalanine6 with tyrosine results in the addition of a hydroxyl group to position 6 

(AYPGKY-NH2). We observed partial agonism of calcium signalling with no significant 

change in potency compared to the PAR4-AP (AYPGKY-NH2, EC50 = 5.2 ± 1.0 µM). 

Interestingly, the peptide was able to recruit β-arrestins at least as well as the PAR4-AP 

(β-arr-1 120.5 ± 12.5%; β-arr-2 109.9 ± 11.4%). Further, replacing the tyrosine hydroxyl 

group with an electron withdrawing fluorine, by means of substitution with 4-fluoro-L-

phenylalaine, caused significant impairment of agonist activity, both decreasing calcium 

signalling and significantly decreasing β-arrestin recruitment [AYPGK-F(4-fluoro)-NH2, 

calcium EC50 = n.d., β-arr-1 25.2 ± 6.5%; β-arr-2 41.3 ± 5.9%]. The results of these two 

substitutions suggest that altering the polarity, while maintaining aromaticity, in position 

6 reduces efficacy (54). Since decreasing hydrophobicity did not increase PAR4-AP 

activity, we next investigated alterations that increase stericity and hydrophobicity. 

Substitution with 4-methyl-L-phenylalanine reduced the efficacy of the PAR4-AP to a 

partial agonist for both calcium signalling and β-arrestin recruitment [AYPGK-F(4-Me)-

NH2 calcium EC50 = 9.4 ±3.0 µM, β-arr-1 56.4 ± 1.2%; β-arr-2 63.2 ± 1.1%]. Given these 

results, we wanted to assess the pharmacological impact of substituting phenylalanine 

with (1-naphthyl)-L-alanine (1Nal) and (2-naphthyl)-L-alanine (2Nal) which not only 

increase hydrophobicity but also have a modest increase in steric bulk and π-stacking 

potential. Substitution of phenylalanine6 with (1-naphthyl)-L-alanine (1Nal; AYPGK-

1Nal-NH2) generated a partial agonist for both calcium signalling (EC50 = 9.6 ±1.9 µM) 

and β-arrestin recruitment (β-arr-1 77.5 ± 2.3%; β-arr-2 64.1 ± 2.0%) compared to PAR4-

AP. Notably, substitution to (2-naphthyl)-L-alanine (2Nal; AYPGK-2Nal-NH2), which 

differs in orientation compared to (1-naphthyl)-L-alanine such that the alkyl chain is 

connected to position 2 of naphthyl group (instead of position one as in 1Nal), restored 
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potency of the peptide to the levels observed with PAR4-AP. AYPGK-2Nal-NH2 was an 

equipotent agonist for calcium signalling (EC50 = 11.1 ± 2.3 µM) and β-arrestin 

recruitment (β-arr-1 77.0 ± 7.0%; β-arr-2 91.6 ± 6.4%). Together, these results indicate 

that hydrophobicity, stericity, and side chain positioning of the C-terminal residue all 

contributes to agonist peptide activity at PAR4. 

 

2.3.8 Probing antagonism of PAR4-AP-stimulated calcium 
signalling by peptides unable to stimulate calcium signalling. 

The failure of some substituted peptides to stimulate calcium signalling could reflect 

either a failure to bind or a loss of efficacy. To determine if such peptides can act as 

antagonists of PAR4-AP stimulated calcium signalling, we pre-incubated HEK-293 cells 

stably expressing PAR4-YFP prior to stimulation with PAR4-AP. Pre-treatment and 

competition with 100 M of peptides unable to stimulate PAR4-dependent calcium 

signalling were largely unable to affect the calcium response elicited by 30 M PAR4-AP 

(AYPGKF-NH2) compared to vehicle treated controls. Interestingly, two peptides with 

substitution in position 3 or 4, that were unable to stimulate calcium signalling, were able 

to decrease calcium signals elicited by PAR4-AP. Calcium signalling in response to 

AYPGKF-NH2 (30 µM) was significantly reduced following pre-treatment with AY-Nip-

GKF-NH2 (10.6  0.9% of A23187; p<0.05) or AYP-Sar-KF-NH2 (13.0  1.5% of 

A23187; p<0.05) compared to non-pre-treated control (20.8  1.3% of A23187; p<0.05) 

(Supplementary Figure 2.1). 

2.3.9 PAR4-dependent calcium signalling is Gαq/11-dependent. 

In order to verify that PAR4-dependent calcium signalling was Gq/11-dependent, HEK-

293 cells stably expressing PAR4-YFP were stimulated with 100 µM AYPGKF-NH2 

following pre-incubation with selective Gαq/11-inhibitor YM254890 (55). YM254890 

inhibited AYPGKF-NH2-stimulated calcium signalling in a concentration-dependent 

manner, with an IC50 of 16.5 ± 6.1 nM and complete inhibition observed by 100 nM 

YM254890. The control vehicle (0.001% DMSO) had no effect on calcium signalling 

(Supplementary Figure 2.2). 
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2.3.10 Peptides unable to stimulate PAR4-dependent calcium 
signalling do not activate MAPK signalling. 

Activation of G-protein and β-arrestin pathways downstream of GPCRs often converge 

on the activation of the p44/42 MAP kinase-signalling pathway (56). We therefore 

monitored phosphorylation of p44/42 MAPK in response to the 37 AYPGKF-NH2 

derivative peptides. HEK-293 cells, stably expressing PAR4-YFP, were incubated with 

control vehicle (0.001% DMSO), 100 μM of AYPGKF-NH2, or derivative peptides (100 

μM) for 10 minutes. Data were normalized as a ratio of phosphorylated-p44/42 (p-

p44/42) to total-p44/42 (p44/42). Interestingly, we find that most peptides that were 

unable to stimulate calcium signalling were also unable to activate p44/42 MAPK 

signalling (i.e. AyPGKF-NH2, AYpGKF-NH2, (N-Me-S)-YPGKF-NH2, Inp-YPGKF-

NH2, Sar-YPGKF-NH2, AY-Nip-GKF-NH2, AYP-Sar-KF-NH2). Similarly, peptides that 

perform as partial agonists of Gαq/11-mediated calcium signalling were also partial 

agonists for p44/42 phosphorylation. Several peptides were able to cause a significantly 

greater increase in phosphorylation compared to the parental peptide (i.e. Nle-YPGKF-

NH2, AYPGOF-NH2, AYPG-(Nε-Me-K)-F-NH2, AYPG-Cit-F-NH2, AYPGKY-NH2, 

AYPGK-1Nal-NH2,) (Figure 2.3, Table 2.1; see Supplementary Figure 2.3 for 

representative blots). 
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Figure 2.3 PAR4-mediated phosphorylation of p44/42(ERK) is attenuated upon 

stimulation of PAR4 with peptides unable to stimulate PAR4-dependent calcium 

signalling. HEK-293 cells stably expressing PAR4-YFP were stimulated with AYPGKF-

NH2 (30 µM) or peptide (30 µM) from library of compounds and Western blot for p44/42 

phosphorylation (p-p44/42). Data are shown as normalized fold increase over 

unstimulated control cells. Dashed baseline shows mean of unstimulated baseline for 

comparison. Dotted baseline shows mean response achieved following AYPGKF-NH2 

stimulation. (# p > 0.05 AYPGKF-NH2 compared to untreated control; *p > 0.05 peptide 

agonists compared to AYPGKF-NH2; one-way ANOVA). Peptides that were unable to 

stimulate calcium signalling were also generally unable to stimulate phosphorylation of 

p44/42. Interestingly, several peptides were able to significantly increase phosphorylation 

of p44/42 compared to AYPGKF-NH2. (Representative blots shown in Supplementary 

Figure 2.3; n = 4-5) 
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2.3.11 PAR4-mediated MAPK signalling is Gαq/11-dependent and -
arrestin-independent. 

To further probe the contribution of different pathways downstream of PAR4 to p44/42 

phosphorylation, we examined the effective of blocking Gq/11-signalling with the 

specific antagonist YM254890 and examined the role of β-arrestins using a β-arrestin-1/-

2 double knockout HEK-293 cell derived by CRISPR/Cas9-mediated targeting 

(Supplementary Figure 2.4). Pre-treatment of PAR4-YFP HEK-293 cells with 100 nM 

YM254890 for 20 minutes abolished PAR4-AP (30 μM) stimulated activation of MAP 

kinase signalling and subsequent phosphorylation of p-p44/42 at five minutes time 

(Figure 2.4A). In contrast, there was no significant difference in the phosphorylation of 

p44/42 MAPK between wild-type HEK-293 and β-arrestin-1/-2 knockout HEK-293 cells 

stimulated with 30 μM PAR4-AP for 0-90 minutes (Two-way ANOVA). p44/42 MAPK 

did remain sustained up to 90 minutes in the -arrestin-1/-2 knockout HEK-293 cells 

while p44/42 MAPK phosphorylation in HEK-293 cells began to decrease towards 

baseline by 90 minutes (5-minute compared to 90-minute stimulation within cell line 

HEK-293 cells p < 0.05, β-arrestin-1/-2 knockout HEK-293 p = n.s., two-tailed t-test; 

Figure 2.4B). 
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Figure 2.4 PAR4-mediated phosphorylation of p44/42 (ERK) is Gαq/11-dependent 

and β-arrestin-independent. To evaluate contribution of Gαq/11 and -arrestin to p44/42 

phosphorylation, p-p44/42 was monitored with western blot following stimulation with 

AYPGKF-NH2 (30 µM) for various time points. (A) To evaluate contribution of Gαq/11-

signalling cells were incubated with vehicle control (0.001% DMSO) or Gαq/11-

inhibitor, YM254890 (100 nM) prior to agonist stimulation. (B) To determine 

contribution of β-arrestin-signalling to p44/42 phosphorylation, MAPK activation in 

HEK-293 and β-arrestin-1/2-knockout HEK-293 cells was analyzed following agonist 

stimulation. Values are expressed as fold increase over unstimulated 0-minute time [(p-

p44/22 / total p44/42) / (baseline p-p44/42 / total p44/42)]. We find that Gαq/11 inhibition 

with YM254890 results in a significant reduction of p44/42 phosphorylation. We observe 

no statistical difference in ERK activation between HEK-293 and β-arrestin-1/-2-

knockouts HEK-293 cells. Data were analyzed by two-way ANOVA (* indicates p < 

0.05). p44/42 MAPK activation did remain sustained up to 90 minutes in the -arrestin-

1/-2 knockout HEK-293 cells while p44/42 MAPK phosphorylation in HEK-293 cells 

decrease towards the baseline by 90 minutes (5-minute compared to 90-minute time point 

is significantly different in HEK-293 cells p < 0.05 but not in β-arrestin-1/-2-knockout 

HEK-293 p = n.s., two-tailed t-test). (Representative blots shown; n = 4) 
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Table 2.1 Summary table of all calcium, -arrestin, and p44/42 data. Calcium data is 

displayed as EC50 or not determined (n.d.) if EC50 could not be calculated. Maximum 

calcium response achieved with each peptide is shown as a percentage of the maximum 

calcium response achievable in a given experiment revealed by calcium ionophore (% of 

A23187 calcium ionophore). Statistically significant shifts in EC50 compared to PAR4-

AP, AYPGKF-NH2, were found using the F-statistic (*p < 0.05). Given that saturation 

did not always occur, all peptides are compared to the parental PAR4-AP, AYPGKF-

NH2, and shown as a percent of the response obtained with PAR4-AP at a given 

concentration (100 µM). Finally, fold increase over unstimulated baseline is shown for 

phosphorylation of p44/42 MAP kinase activation. Statistical significance for 

comparisons at 100 µM and p44/42 phosphorylation are calculated using one-way 

ANOVA of response compared to PAR4-AP (*p < 0.05). 
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 % of AYPGKF-NH2 Response 

(100µM)  

 
Peptide  

(alterations shown  

in red) 

Ca2+ EC50  

(µM) 

Ca2+ Max. 
(% of 

A23187) 

Ca2+ 

signaling  
b-Arr-1 

recruitment  

b-Arr-2 

recruitment  

p-p44/42  

(fold over 

baseline;  

100 µM) 

PAR4-AP AYPGKF-NH2 12.1 ± 3.1 27.4 ± 1.7 100.0 ± 8.2 100.0 ± 3.9 100 ± 3.5 5.9 ± 1.5 

Alanine  AAPGKF-NH2 n.d. 51.8 ± 25.4 52.9 ± 12.4* 47.3 ± 3.6* 46.4 ± 3.2* 0.8 ± 0.1 

AYAGKF-NH2 63.7 ± 20.8* 29.7 ± 3.4 75.4 ± 11.1 48.5 ± 7.9* 43.4 ± 7.1* 1.2 ± 0.3 

AYPAKF-NH2 21.2 ± 6.6 22.4 ± 1.9 72.2 ± 6.3 56.4 ± 5.6* 54.6 ± 5.1* 1.0 ± 0.2 

AYPGAF-NH2 9.8 ± 2.9 25.7 ± 1.8 96.7 ± 17.8 59.3 ± 7.2* 70.8 ± 6.5 6.5 ± 2.7 

AYPGKA-NH2 17.3 ± 5.0 20.0 ± 1.5 69.4 ± 4.1 47.9 ± 3.8* 52.6 ± 3.5* 3.8 ± 2.2 

D-isomer aYPGKF-NH2 n.d. 19.2 ± 4.8 24.0 ± 4.4* 48.7 ± 2.6* 47.5 ± 2.4* 0.8 ± 0.2 

AyPGKF-NH2 n.d. 1.1 ± 0.5 3.9 ± 2.8* 50.7 ± 4.6* 46.4 ± 4.2* 0.6 ± 0.1 

AYpGKF-NH2 n.d. 1.2 ± 0.4 6.1 ± 3.4* 45.2 ± 10.5* 38.1 ± 9.5* 0.7 ± 0.2 

AYPGkF-NH2 n.d. 16.9 ± 5.3 25.2 ± 5.2* 47.4 ± 1.0* 36.5 ± 0.9* 1.0 ± 0.3 

AYPGKf-NH2 22.2 ± 4.7 21.9 ± 1.2 76.7 ± 5.2 80.3 ± 6.6 74.1 ± 6.0 6.5 ± 2.9 

N-methyl.  (N-Me-A)-YPGKF-NH2 n.d. 15.0 ± 7.5 13.3 ± 1.3* 119.2 ± 11.9 80.6 ± 10.8 1.3 ± 0.3 

A-(N-Me-Y)-PGKF-NH2 n.d. 2.7 ± 0.2 9.8 ± 2.9* 71.4 ± 10.8 61.5 ± 9.8* 2.2 ± 0.2 

AYP-Sar-KF- NH2 n.d. 2.4 ± 0.3 8.8 ± 1.5* 35.9 ± 4.3* 36.1 ± 3.9* 1.4 ± 0.2 

AYPG-(Na-Me-K)-F-NH2 n.d. 9.6 ± 1.9 18.3 ± 1.5* 126.7 ± 18.6 77.1 ± 16.9 1.8 ± 0.9 

AYPGK-(N-Me-F)-NH2 7.6 ± 1.9 26.3 ± 1.4 99.4 ± 7.8 136.9 ± 18.0* 96.6 ± 16.9 15.7 ± 4.6 

N-terminal Ac-AYPGKF-NH2 n.d. 11.0 ± 3.3 49.9 ± 16.5* 47.3 ± 3.1* 45.5 ± 2.8* 1.2 ± 0.4 

Position 1 VYPGKF-NH2 22.9 ± 8.3 16.8 ± 1.7 48.5 ± 4.6* 73.6 ± 13.0 55.2 ± 11.8* 2.3 ± 0.7 

Nle-YPGKF-NH2 n.d. 1.1 ± 0.1 4.0 ± 1.1* 40.2 ± 9.7* 36.5 ± 8.8* 21.4 ± 7.0* 

Sar-YPGKF- NH2 n.d. 1.6 ± 0.6 9.7 ± 8.5* 35.6 ± 2.0* 39.8 ± 1.8* 1.6 ± 1.1 

Aib-YPGKF-NH2 50.2 ± 15.3* 25.1 ± 2.5 72.9 ± 12.0 38.6 ± 3.9* 37.3 ± 3.6* 7.8 ± 3.5 

(N-Me-S)-YPGKF-NH2 n.d. 2.2 ± 0.5 8.8 ± 1.8* 78.1 ± 6.9 51.7 ± 6.3* 1.8 ± 0.4 

betaAla-YPGKF- NH2 n.d. 1.9 ± 0.4 10.3 ± 3.9* 25.7 ± 4.8* 31.8 ± 4.4* 9.1 ± 3.4 

Inp-YPGKF-NH2 n.d. 3.4 ± 0.8 18.9 ± 7.3* 32.0 ± 3.3* 26.9 ± 3.0* 1.3 ± 0.3 

Position 2 A-Tyr(Me)-PGKF-NH2 15.7 ± 4.0 25.7 ± 1.6 91.1 ± 10.1 77.9 ± 3.8 85.8 ± 3.4 12.7 ± 5.8 

A-F-(4-fluoro)-PGKF-NH2 19.9 ± 5.4 35.1 ± 2.5 105.4 ± 9.0 72.1 ± 9.0 86.9 ± 8.1 10.1 ± 3.9 

Position 3 AY-Pip-GKF- NH2 30.7 ± 4.9 23.3 ± 1.1 74.2 ± 4.8 38.8 ± 3.0* 44.0 ± 2.7* 1.3 ± 0.3 

AY-Nip-GKF- NH2 n.d. 2.5 ± 0.3 10.0 ± 1.8* 32.9 ± 4.9* 30.9 ± 4.5* 1.0 ± 0.3 

Position 4 AYP-betaAla-KF- NH2 n.d. 9.7 ± 2.4 19.8 ± 5.8* 42.5 ± 1.8* 24.9 ± 1.6* 1.8 ± 0.6 

Position 5 AYPGOF- NH2 4.2 ± 1.1 20.7 ± 1.1 77.3 ± 7.9 121.7 ± 8.5 112.1 ± 7.7 23.4 ± 7.2* 

AYPGRF-NH2 4.0 ± 1.1 21.3 ± 1.2 82.0 ± 8.3 154.2 ± 10.3* 140.1 ± 9.4* 3.0 ± 0.3 

AYPG-(Ne-Me-K)-F-NH2 6.7 ± 1.9 23.8 ± 1.5 88.9 ± 9.3 122.5 ± 12.4 116.7 ± 11.2 20.5 ± 5.3* 

AYPG-Cit-F-NH2 5.4 ± 0.8 18.2 ± 0.6 65.5 ± 1.3 94.1 ± 10.1 87.7 ± 9.2 25.1 ± 7.5* 

Position 6 AYPGKY-NH2 5.2 ± 1.0 16.9 ± 0.7 61.2 ± 4.3* 120.5 ± 12.5 109.9 ± 11.4 20.2 ± 9.7* 

AYPGK-F(4-Me)-NH2 9.4 ± 3.0 17.8 ± 1.3 62.0 ± 5.5* 56.4 ± 1.2* 63.2 ± 1.1* 0.9 ± 0.4 

AYPGK-F(4-fluoro)-NH2 n.d. n.d. 16.5 ± 10.2* 25.2 ± 6.5* 41.3 ± 5.9* 1.1 ± 0.5 

AYPGK-1Nal-NH2 9.6 ± 1.9 18.7 ± 0.9 65.4 ± 7.4 77.5 ± 2.3 64.1 ± 2.0* 21.3 ± 10.8* 

AYPGK-2Nal-NH2 11.1 ± 2.3 25.3 ± 1.3 93.9 ± 4.2 77.0 ± 7.0 91.6 ± 6.4 4.3 ± 1.7 
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2.3.12 Homology modelling of PAR4 and in silico docking of 
AYPGKF-NH2 

In order to gain a better understanding of the ligand-binding pocket in PAR4 we turned to 

homology modelling and in silico docking experiments. A homology model of PAR4 was 

generated using known coordinates of the thermostabilized, antagonist-bound (AZ8838) 

human PAR2 crystal structure (2.8Å resolution, 5NDD.pdb) (42). Sequences of human 

PAR4 were aligned with the structure-resolved residues of PAR2 using Clustal Omega 

(40, 41). We generated a homology model of wild-type PAR2 on the PAR2 structure, 

which contained modifications necessary for crystallization. Twenty human PAR4 

homology models, using the wild-type human PAR2 model as a template, were generated 

in MODELLER (43). The PAR4 model with the lowest discrete optimized protein energy 

(DOPE) score was utilized for in silico analyses.  

Docking AYPGKF-NH2 to the PAR4 homology model (GalaxyPepDock) (45) revealed a 

number of highly predicted peptide-receptor interaction sites (Figure 2.5A; Ser67, Tyr157, 

His229, Asp230, Leu232, Leu234, Asp235, Ala238, Gln242, His306, Tyr307, Pro310, Ser311, Ala314, 

Gly316, Tyr319, and Tyr322). Of these, the most frequently predicted interactions were 

receptor residues His229, Asp230, and Gln242. In peptide-docked models, Gln242 made 

contact with alanine, tyrosine, and lysine, with the most frequent prediction being with 

phenylalanine. His229 was predicted to interact with lysine and phenylalanine. Asp230 was 

frequently predicted to interact with lysine and phenylalanine and contacts with lysine 

appeared in 60% of predictions (Figure 2.5B). Interestingly, when visualizing receptor 

residues predicted to interact with the peptide, we found that a large number of these 

residues were localized on extracellular loop 2 (ECL2). 

2.3.13 Calcium signalling and -arrestin recruitment to predicted 
peptide binding-site mutant-PAR4 

We experimentally examined in silico binding predictions through site-directed 

mutagenesis introducing alanine substitutions at the three most highly predicted 

interacting residues, His229, Asp230, and Gln242. Additionally, we generated a double 

mutation, PAR4H229A, D230A, to determine if combined loss of His229 and Asp230 would 

result in additive detriment to receptor activation. We evaluated the functional 
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consequences of these mutations by recording calcium signalling in response to 

AYPGKF-NH2 with all mutants. We observed no calcium response in cells expressing 

PAR4D230A-YFP or PAR4H229A, D230A-YFP mutant receptors up to 300 μM AYPGKF-NH2 

(Figure 2.5C). Similarly, peptide-induced -arrestin-1/-2 recruitment to PAR4D230A-YFP 

and PAR4H229A, D230A-YFP was significantly reduced compared to the wild-type PAR4. 

Both PAR4H229A and PAR4Q242A mutations were fully able to recruit -arrestin-1/-2 to the 

same levels observed with wild-type PAR4-YFP (Figure 2.5D-E).  

To investigate whether these sites are important for tethered-ligand activation of the 

receptor, we stimulated cells expressing wild-type and mutant constructs with thrombin. 

Thrombin cleavage of the receptor reveals the native tethered-ligand, GYPGQV (57). 

Comparable to activation with AYPGKF-NH2, we observed significantly diminished 

calcium signalling in HEK-293 cells expressing PAR4D230A-YFP and PAR4H229A, D230A-

YFP mutants, even up to 10 units/mL thrombin (Figure 2.5F). Additionally, -arrestin-1/-

2 recruitment was also impaired to PAR4D230A and PAR4H229A, D230A mutants (Figure 

2.5G-H). We observed no appreciable difference in calcium signalling or -arrestin 

recruitment when PAR4H229A-YFP and PAR4Q242A-YFP mutants were stimulated with 

thrombin, with the exception of a modest decrease in -arrestin-1 recruitment to 

PAR4Q242A-YFP mutant receptor. Thus, Asp230 interactions with either PAR4-AP or the 

tethered-ligand are critical for receptor activation. 

To examine whether differences in cell surface localization of the mutant receptors could 

underlie the defect in signalling, we employed confocal microscopy to examine receptor 

localization. We found appropriate cell surface localization of the mutant receptors and 

qualitatively do not observe defects in expression level, although more quantitative 

investigation should be undertaken to determine expression levels (Supplementary Figure 

2.5). 
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Figure 2.5 Asp230 is essential for PAR4 activation with both PAR4-AP and tethered-

ligand (revealed by thrombin cleavage) activation. (A) Frequency table of 

PAR4/AYPGKF-NH2 interactions as predicted by in silico peptide docking 

(GalaxyPepDock). Numbers represent the frequency with which an atom in a PAR4-AP 

residue was predicted to interact with an atom of a PAR4 residue. (B) Representation of 

the most highly predicted AYPGKF-NH2 binding site (Asp230, shown as sticks) 

interacting (shown as yellow dashed lines) with position 5 (Lys5; shown as ball and 

sticks) of AYPGKF-NH2. Interaction of Lys5 and Asp230 was highly predicted in 7/10 

models (B). Alignment of the receptor backbone (shown as transparent cartoon) reveals 

similar binding poses adopted by the side chain position of Asp230 and the position of 

Lys5 of AYPGKF-NH2. AYPGKF-NH2- and tethered-ligand-stimulated (thrombin 

revealed) calcium signalling and β-arrestin-1/-2 recruitment in PAR4 extracellular loop 2 

mutants. Agonist-stimulated Calcium signalling Calcium signalling in response to 

AYPGKF-NH2 (C) or thrombin (F) was recorded in HEK-293 cells transiently expressing 

PAR4-YFP, single site-directed mutant PAR4-YFP (PAR4H229A-YFP, PAR4D230A-YFP, 

PAR4Q242A-YFP), or double site-directed mutant PAR4-YFP (PAR4H229A, D230A-YFP). 
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Data are shown as a percentage of maximum response obtained in cells treated with the 

calcium ionophore A23187 (3 µM) for each transient cell line, per experimental day. 

AYPGKF-NH2 concentration is in M and thrombin concentration is shown as units. (n = 

3-5) Agonist-stimulated β-arrestin-1/-2 recruitment HEK-293 cells were transiently 

transfected with BRET pair of either β-arrestin-1-rluc or -2-rluc and PAR4-YFP or site-

directed mutant PAR4-YFP (described above) and agonist-stimulated arrestin recruitment 

to PAR4 was monitored. Cells were incubated with increasing concentration of either 

AYPGKF-NH2 (D, E) or thrombin (G, H) for 20 minutes and BRET values were 

recorded. BRET values from cells treated with HBSS were also collected to normalize 

the data. Renilla-luciferase substrate h-coelenterazine (5 µM) was added 10 minutes prior 

to data collection. Data are presented as the normalized net BRET ratio [eYFP/rluc - 

baseline (HBSS control)]. AYPGKF-NH2 concentration is in M and thrombin 

concentration is shown as units. (n = 4) 
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2.3.14 1H NMR of AYPGKF-NH2 reveals two distinct conformations 
in solution. 

In our SAR studies of AYPGKF-NH2 we observed that D-proline substitution of proline 

was significantly deleterious to both calcium signalling and -arrestin recruitment (Figure 

2.1D-F). Further, we identified that unnatural amino acid substitution of proline with 

pipecolic acid, which is similar to proline but has increased steric bulk and backbone 

elongation provided by a six-membered ring, maintained agonist properties at PAR4 

(Figure 2.2D-F). Interestingly, substitution of proline with nipecotic acid, which changes 

the peptide backbone direction (relative to pipecolic acid and proline), significantly 

abolished agonist activity at PAR4 (Figure 2.2D-F). Similarly, elongation of the 

backbone in position 4 (glycine in the parental agonist peptide) reduced agonist activity 

at PAR4 (Figure 2.2D-F). Together, these data provided the impetus to assess the three-

dimensional structure of AYPGKF-NH2 by solution NMR. 

Phase-sensitive, water-gated, two-dimensional correlated spectroscopy (COSY), total 

correlation spectroscopy (TOCSY), and nuclear Overhauser effect spectroscopy 

(NOESY) were recorded. Manual assignment of TOCSY chemical shifts revealed to 

distinct sets of chemical shifts for both Tyr2 and Pro3 of the peptide. These two distinct 

sets of chemical shifts indicated that AYPGKF-NH2 may adopt two distinct structures – 

thus, assignments were made for both sets of chemical shifts for Tyr2 and Pro3, and these 

chemical shifts were associated with either a “major” or “minor” conformation of the 

peptide, based on peak intensity (Supplementary Figure 2.8). Chemical shift assignments 

for protons (1H) identified in both the “major” (40 of 45 protons identified, 89%) and 

“minor” (39 of 45 protons identified, 87%) conformation of the peptide are reported in 

Supplementary Table 2.2 and 2.3, respectively. Using TALOS+, phi (Φ) and psi (ψ) 

backbone dihedral angles were calculated from both “major” and “minor” chemical shift 

lists. Chemical shift lists (Supplementary Table 2.2 & 2.4), calculated backbone torsion 

angles (Supplementary Table 2.4), and unassigned NOESY peak lists were used as inputs 

in the structural ensemble calculations using CYANA (version 2.1). 

NOESY peaks for the “major” (84 of 149) and “minor” (65 of 149) were assigned by 

CYANA using the mentioned inputs (Supplementary Table 2.4). CYANA identified 12 
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inter-residue NOEs dictating the “major” conformation of AYPGKF-NH2 and 6 inter-

residue NOEs (Supplementary Table 2.4; Supplementary Figure 2.9 & 2.10, 

respectively). Remarkably, NOEs, distinct from those observed in the “major” 

conformation, were detected in the “minor” conformation and dependent on the alternate 

Pro3 chemical shifts. The ten lowest energy ensembles for both “major” and “minor” 

conformations demonstrate low average backbone RMSD of 0.52Å and 0.66Å, 

respectively (Supplementary Table 2.4, Supplementary Figure 2.11). The lowest energy 

structures reveal that Tyr2, Pro3, and Phe6 side chains are in distinct conformations 

between “major” and “minor) (Figure 2.6). Thus, the hexapeptide AYPGKF-NH2 adopts 

two distinct structures in solution. 
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Figure 2.6 1H-NMR-solved structures of AYPGKF-NH2 reveal two distinct 

conformations in solution. Aligned lowest energy structures from chemical shift 

assignments for two distinct conformations of AYPGKF-NH2, so called “major” (green, 

peak assignments in Supplementary Table 2.2) and “minor” (cyan, peak assignments in 

Supplementary Table 2.3) determined by strength of chemical shift peak signal. 

Backbone alignment of lowest energy major and minor structures reveal tyrosine, proline, 

and phenylalanine side chains adopt distinct conformations (red arrows; calculated 

average RMSD of 2.9Å, based on 10 lowest energy structure ensembles between major 

and minor conformations, Supplementary Figure 2.11). 
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2.3.15 Platelet aggregation response to differential activation of 
PAR4 signalling 

To determine the effects of targeted signalling observed with several peptides we 

investigated PAR4-mediated platelet aggregation in response to the -arrestin biased, 

calcium signalling-null peptide, AyPGKF-NH2, as well as a modestly more potent 

calcium agonist AYPGRF-NH2 (compared to AYPGKF-NH2). Thrombin (1 unit/mL) and 

100 µM AYPGKF-NH2 were used as controls to ensure successfully washed platelet 

preparations. In response to thrombin stimulation, we observed a characteristic 

aggregation trace resulting in 100% aggregation at 1 unit/mL. In agreement with 

previously published data, AYPGKF-NH2 (100 µM) stimulation resulted in 

approximately 50% platelet aggregation (26). We observed that platelet aggregation was 

not stimulated by 100 µM AyPGKF-NH2. Interestingly, when platelet preparations were 

stimulated with AYPGRF-NH2, with which we observed a modest increase in potency in 

calcium signalling assays, enhanced -arrestin recruitment, and an increased 

phosphorylation of p44/42, we observed platelet aggregation response comparable to 

levels observed with thrombin (1 unit/mL) (Figure 2.7). 
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Figure 2.7 PAR4 agonist-mediated platelet aggregation. Both thrombin (1 unit/mL; 

shown in black) and AYPGKF-NH2 (100 µM; shown in grey) initiated PAR4-dependent 

rat platelet aggregation. We observed that stimulation of washed platelet samples with a 

-arrestin biased peptide that is unable to stimulate calcium signalling, AyPGKF-NH2 

(100 µM; shown in yellow), did not stimulate platelet aggregation. Further, stimulation of 

washed platelets with the peptide agonist AYPGRF-NH2 (100 µM; shown in purple), 

caused a robust platelet aggregation comparable to the response with 1unit/mL thrombin 

response. (n = 2-4; representative trace shown) 
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2.4 Discussion 

PAR4 is emerging as a novel anti-platelet drug target. Here we examine structure activity 

requirements for PAR4 activation of calcium signalling, -arrestin recruitment and MAP 

kinase activation. PAR cleavage by a number of different enzymes has been reported 

(58). Canonically, thrombin has been described as a PAR1 and PAR4 activator while 

trypsin is described as a PAR2 and PAR4 activator. While PAR3 can be cleaved by 

thrombin, its ability to act as a signalling receptor remains ambiguous. In each case, 

cleavage by serine proteases occurs at an arginine-serine site which reveals a unique 

tethered-ligand specific to each PAR (59) - human PAR1- SFLLRNP… (6, 15), human 

PAR2- SLIGKV… (60, 61) and human PAR4- GYPGQV… (57, 62). While these 

tethered-ligand sequences are diverse, they retain some highly-conserved properties 

including a highly-conserved charged residue in position five of the revealed tethered-

ligands (arginine in PAR1; lysine in PAR2). Additionally, PAR2 and PAR4 have a 

conserved glycine in position three and valine in position six of their tethered ligands. 

The similarities of the proteolytically-revealed tethered-ligands is also observed in the 

optimized tethered-ligand-mimicking synthetic agonist peptides. Hydrophobic residues 

leucine, isoleucine, and proline are preferred in position three of PAR1, PAR2, and PAR4 

agonist peptides, respectively. Additionally, there is a basic residue in position five of the 

tethered-ligand peptide in all three receptors (arginine in PAR1 and PAR2 and lysine in 

PAR4 activating peptides). These conserved residue properties highlight some of the key 

requirements that a PAR4 agonist peptide must meet. Previous structure-activity work 

starting with the proteolytically-revealed sequences of human (GYPGQV) and murine 

(GYPGKF) PAR4 identified the hexapeptide AYPGKF-NH2 or SYPGKF-NH2 to be 

potent and selective agonists for PAR4 (37). In this study we started with the hexapeptide 

AYPGKF-NH2, as our parental peptide agonist, and incorporated various modifications at 

each of the six positions in this peptide to investigate determinants of agonist-induced 

PAR4-coupling to Gq/11, MAP kinase and -arrestin-1/-2 recruitment to guide 

development of biased agonists of PAR4. 

Previously, it was demonstrated that substitution of alanine or serine in position 1 of the 

GYPGKF-NH2 activating peptide retained the ability to trigger tritiated inositol 1,4,5-
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triphosphate release to a level comparable to that observed with thrombin activation and 

much higher than release caused by the GYPGKF-NH2 (37). Interestingly, substitution of 

position 1 with threonine was reported to significantly reduce the potency of the 

activating peptide (37). In keeping with results from previous studies, we find a 

requirement for small aliphatic side chains in position 1 of PAR4 activating peptides, 

with substitutions that increased bulk in this position consistently resulting in poor 

agonists for both calcium signalling and -arrestin recruitment (N-Me-A Figure 2.1G-I; 

N-Me-S, Aib, Inp, V, Nle Fig 2.2A-C; Table 2.1). Additionally, we observed that both 

stereochemical inversion of L-alanine to D-alanine (D-alanine, Figure 2.1D-F) and 

backbone elongation (betaAla., Figure 2.2A-C) were detrimental to both calcium 

signalling and -arrestin recruitment. Additionally, we observed that capping of the N-

terminal charge via acetylation significantly decreases agonist potency. Together these 

results indicate that a positive charge and the localization of that charge in addition to 

precise side-chain positioning at position 1 are critical to effective PAR4-agonism. 

The aromatic sidechain, and to a lesser extent the hydroxyl group, of the tyrosine2 residue 

of the parental peptide also proved to be important for peptide activity with alanine or D-

isomer substitutions resulting in decreased activity of all pathways tested. These results 

are consistent with previous reports that replacement of tyrosine with other aromatic 

residues, such as phenylalanine, significantly reduced both the selectivity and the potency 

of the activating peptide (37). Interestingly, substituting L-tyrosine2 for either D-tyrosine 

(Figure 2.1D, Figure 2.3) or N-methyl-tyrosine (Figure 2.1G & 2.3) resulted in significant 

decreases in calcium and p44/42 signalling, while having relatively modest effects on -

arrestin recruitment (Fig, 2.1E-F & 2.1H-I, respectively; Table 2.1). Also, substitution of 

tyrosine with either 4-fluoro-phenylalanine or O-methyl-tyrosine did not significantly 

affect calcium transients, p44/42 phosphorylation or -arrestin recruitment in comparison 

to AYPGKF-NH2 (Figure 2.2D-F & 2.3; Table 2.1). Our findings, together with 

previously reported data (37), point to the necessity of an aromatic residue in position 2 

to maintain agonist potency. Further, our data reveal that backbone orientation in position 

2 is a key determinant of agonist potency. Future experiments fine-tuning the aromatic 

substituents may be beneficial for peptide analogue development. 
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Our data reveal that alterations affecting proline backbone conformation or glycine 

residue compactness are not well-tolerated, as these decreased calcium signalling, p44/42 

MAP kinase signalling, and -arrestin recruitment to PAR4. Calcium signalling has 

previously been reported to be negatively impacted by alterations to either of these two 

residues (37). Both proline and glycine residues are frequently found in -turns, in which 

proline provides a characteristic kink, and the available data support the notion that the 

conformation(s) (proline3 and glycine4) and rigidity (proline3) of PAR4 agonists 

permitted by these residues is/are important for receptor activation. To test this 

hypothesis further, we made several substitutions in position 3 (proline) aimed at 

evaluating favoured backbone conformations. We observed that a return to a 

predominantly trans-amide conformation by substitution of proline with alanine (Figure 

2.1A-C), results in decreased potency in all pathways studied. Interestingly, this 

substitution did not abolish signalling but did significantly decrease agonist potency, 

which suggests that the backbone conformation of proline may be necessary for receptor 

binding but not receptor activation. Substitution of proline to pipecolic acid (Pip., Figure 

2.2D-F), which has a similar peptide backbone orientation to proline with a six-

membered aromatic ring, decreased -arrestin recruitment with relatively modest effects 

for calcium signalling activation. Interestingly, substitution of proline with nipecotic acid 

(Nip., Figure 2.2D-F) abolished both calcium signalling and p44/42 phosphorylation 

while also significantly reducing -arrestin recruitment. Nipecotic acid is similar to 

pipecolic acid with the exception that nipecotic acid changes the direction of the peptide 

backbone compared to that adopted by proline, while pipecolic acid favours a similar 

backbone directionality and conformation similar to proline. Interestingly, we observed a 

similar pharmacological profile observed with AY-Nip-GKF-NH2 when we substituted 

D-proline in position 3, which also changes the backbone orientation from that of the of 

the parent peptide. These findings demonstrate that the backbone conformation provided 

by proline in position 3 of the parental peptide is necessary for agonism of PAR4 

signalling pathways. Further, substitution of a proline3 with alanine (AYAGKF-NH2, 

Figure 2.1A-C) significantly and detrimentally altered the pharmacological profile 

compared to the parental peptide PAR4-AP, suggesting the possibility that agonist 

competency contributed by position 3 is largely conformational and not chemical. 
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Substitution of sarcosine or beta-alanine at position 4 also negatively affected all 

signalling pathways, while substitution of glycine4 with alanine resulted in a decrease in 

potency with calcium signalling as well as a reduction of -arrestin recruitment. Together 

these substitutions reveal the requirement for a small flexible residue in position 4, 

consistent with previous reports (37).  

It has been previously demonstrated that substitution of position 5 glutamine in the native 

tethered-ligand (GYPGQV) with arginine or ornithine results in decreased potency in the 

PAR4 agonist peptide for calcium signalling pathways (37). However, there is a basic 

residue found in position 5 of PAR1 (arginine, TFLLR), PAR2 (arginine, SLIGRL), and 

PAR4 (lysine, AYPGKF) tethered-ligand mimicking peptides. Given the conservation of 

charged residues in position 5 of PAR tethered-ligand mimicking peptides, we generated 

PAR4-AP derivative peptides with lysine5 substitutions that maintained or altered charge 

in this position to determine if this is a requirement for activity at PAR4. Substitution of 

lysine5 with alanine had no appreciable effect on calcium or MAP kinase signalling, 

while resulting in decreased -arrestin recruitment (Figure 2.1A-C). Substitution of L-

lysine5 with D-lysine, however, significantly reduced potency and efficacy in calcium 

signalling and -arrestin recruitment assays and furthermore resulted in a loss of 

stimulation of MAP kinase signalling (Figs. 2.1D-F & 2.3). We continued our exploration 

of this position with an N-methyl-lysine substitution, which increases steric bulk through 

the addition of a methyl group to the backbone while also removing a hydrogen bond 

donor and increasing the amount of peptide in the cis-transformation of the amide bond 

between position 4 and 5. We found this substitution detrimental to calcium signalling 

but advantageous for -arrestin recruitment, resulting in comparable maximal levels of 

recruitment to those observed with PAR4-AP but at lower concentrations (Figure 2.1G-I). 

Thus, backbone conformation and bulk at position 5 are important for agonism of 

calcium signalling and MAP kinase activation, while possibly being an important site for 

modification in the search for -arrestin biased ligands. 

We next turned our attention to analogues that resemble the side chain of lysine5, with a 

specific interest on structure-activity in addition to ascertaining the importance of charge 

in this residue. In contrast to the observation with similar substitutions to the tethered-
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ligand-mimicking peptide (GYPGQV) (37) wherein signalling was decreased compared 

to PAR4-AP, we found that both calcium signalling and -arrestin recruitment are only 

modestly impacted by position 5 substitution to ornithine in the PAR4-AP, which 

decreases steric bulk and shortens the distance between the backbone and the positively 

charged amine compared to lysine (AYPGOF-NH2; Figure 2.2G-I). Interestingly, 

however, we observed significantly increased p44/42 phosphorylation in response to 

AYPGOF-NH2 stimulation (Figure 2.3). This is somewhat puzzling since we found 

p44/42 phosphorylation to be Gq/11-dependent (Figure 2.4A); however, it is important to 

note that MAP kinase and other cellular signalling pathways downstream of receptor 

activation are subject to amplification/deamplification processes within the cell (63) and 

these observations may point to additional differences in signalling stimulated by this 

peptide that needs to be examined. We further probed stericity in this position through 

increasing bulk with substitution of lysine5 with arginine (AYPGRF-NH2). Interestingly, 

this substitution also results in a delocalization of charge compared to the charge on the 

lysine5 side chain. This modification provided a similar calcium signalling profile 

compared to that observed with ornithine substitution, however, it also resulted in a 

significant increase of -arrestin recruitment compared to the parental PAR4-AP. 

Interestingly, there was no significant change in p44/42 phosphorylation unlike what was 

observed with ornithine substitution. Another peptide with increased steric bulk, N-

methyl-lysine substitution in position 5, improved calcium signalling potency, modestly 

improved -arrestin recruitment, and significantly increased p44/42 phosphorylation 

[AYPG-(N-Me-K)-F-NH2, Figure 2.2G-I]. We further investigated whether charge was 

a significant determinant of agonism by substituting lysine5 with citrulline (AYPG-Cit-F-

NH2), which lacks charge but retains a similar structure compared to arginine and, to a 

lesser extent, lysine. We observed decreased calcium, equivalent -arrestin recruitment, 

and significantly increased p44/42 phosphorylation compared to the parental peptide 

(Figs. 2.2G-I & 3). Together these data reveal that changes to side chain charge, bond 

donors/acceptors, and steric bulk result in varied pharmacological responses that may be 

exploited to bias signalling responses in favour of -arrestin recruitment (AYPGRF-NH2) 

or p44/42 phosphorylation (AYPGOF-NH2; AYPG-(N-Me-K)-F-NH2) with modest 

improvements to potency in calcium signalling. Interestingly, we observed that charge is 
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not wholly required for receptor activation as both alanine and citrulline substitutions 

resulted in agonism of PAR4. 

Finally, our structure-activity investigation turned to position 6, phenylalanine, of the 

parental peptide. Given the significant impact that alterations to position 2 (tyrosine) had 

on agonist potency, we predicted that there may be a pi-pi (-) stacking interaction 

between tyrosine and phenylalanine which is supported by the backbone kink provided 

by proline in position 3. Substitution of position 6 with alanine or D-phenylalanine 

reduced calcium signalling potency while reducing -arrestin recruitment and p44/42 

phosphorylation. These alterations suggest that phenylalanine in position 6 is not 

essential for PAR4 activation by agonist peptide but is important for agonist potency and 

full activation of all signalling pathways. Methylation of the backbone nitrogen in 

phenylalanine (AYPGK-(N-Me-F)-NH2) resulted in improved activation of calcium 

signalling, -arrestin recruitment, and p44/42 phosphorylation compared to AYPGKF-

NH2 (Figure 2.3). Addition of either methyl (AYPGK-F(4-Me)-NH2), fluorine (AYPGK-

F(4-fluoro)-NH2), or hydroxyl (AYPGKY-NH2) (Figure 2.2J-L) off of the para- position 

of the aromatic side chain of phenylalanine was deleterious to all signalling pathways 

studied. Substitution of unnatural residues that increase the size of steric bulk and -

stacking potential yielded mixed results based on the orientation of the naphthyl. 

Substitution of phenylalanine with (1-naphthyl)-L-alanine (1Nal) increased p44/42 

phosphorylation but decreased both calcium signalling and -arrestin recruitment (Figure 

2.2J-L). Changing the alkyl chain connection from position 1 to position 2 of the 

naphthyl (AYPGK-2Nal-NH2; Fig 2.2J-L) resulted in activity similar to AYPGKF-NH2. 

With (2-naphthyl)-L-alanine showing some flexibility in the steric bulk of position 6, it 

would be interesting for future work to investigate increasing the -stacking potential at 

position 2 while simultaneously increasing the -stacking potential at position 6, since we 

hypothesize that these two residues’ aromatic regions of the PAR4-AP may interact. 

To determine if any of the peptides that failed to stimulate PAR4-dependent calcium 

signalling were able to act as antagonists, cells were pre-treated with these peptides and 

subsequently stimulated with AYPGKF-NH2 to see if the parental peptide was able to 

still elicit a signal. We observed that both AY-Nip-GKF-NH2 and AYP-Sar-KF-NH2 
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were both able to significantly decrease the calcium signal elicited by PAR4-AP 

(Supplementary Figure 2.1). Interestingly, each of these substitutions resulted in ablation 

of both calcium and p44/42 signalling as well as significantly decreasing -arrestin 

recruitment. These results may indicate that targeting PAR4 with small molecules 

mimicking position 3 and 4 dipeptides may provide a starting place for the design of 

novel PAR4 antagonists. Additionally, peptides that further explore modifications to 

position 3 and 4 could be investigated for potent PAR4 antagonists. 

In platelets, it has previously been demonstrated that PAR4-mediated calcium 

mobilization induces activation and aggregation (24, 64). Both thrombin and AYPGKF-

NH2 initiated PAR4-dependent platelet aggregation to levels comparable to those 

previously reported in the literature in the same rat platelet system (26). As was 

hypothesized, we observed that stimulation of washed platelet samples with a -arrestin 

biased peptide (AyPGKF-NH2; 100 µM) that is unable to stimulate PAR4-dependent 

calcium signalling did not stimulate platelet aggregation (Figure 2.6). Further, stimulation 

of washed platelets with the agonist peptide, AYPGRF-NH2 (Figure 2.2G-I), enhanced 

platelet aggregation to levels comparable to those observed with thrombin activation of 

PAR4 (Figure 2.6). AYPGRF-NH2 stimulates calcium signalling to levels comparable to 

those seen with PAR4-AP but triggers more -arrestin-1 recruitment than the parental 

peptide. These data suggest that calcium signalling is essential for triggering platelet 

activation, but -arrestin recruitment may also play a role.  

Having ascertained some of the governing agonist peptide residue characteristics 

enabling PAR4 activation and validated their signalling consequences in an ex vivo 

system, we turned our attention to investigating the ligand binding site of the receptor. 

The extracellular loops of many GPCRs have been demonstrated to be important 

facilitators of ligand entry into the orthosteric site, with ECL2 possessing the most 

diversity in sequence and structure (65, 66). Analysis of common mechanisms of GPCR 

ligand interaction derived from crystal structure and biochemical experiments reveal a 

possible role of ECL2 secondary loop in binding and facilitating entry, while the diversity 

of residue sequences across class A GPCRs is thought to confer their ligand specificity 

(65, 66). In many class A GPCRs, a disulfide bond between ECL2 and a transmembrane 
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3 cysteine (Cys3.25, Ballesteros-Weinstein numbering) is thought to stabilize the 

extracellular topology such that ligand recognition at ECL2 and subsequent orthosteric 

binding can occur (67). All PAR receptors possess this canonical TM3 Cys3.25 (PAR1 

Cys1753.25, PAR2 Cys1483.25, PAR3 Cys1663.25, PAR4 Cys1493.25) and residues adjacent 

to this conserved cysteine are important for ligand binding and receptor activation. 

Investigations into the role of PAR ECL2 domains have previously demonstrated that all 

PAR receptors possess a homologous CHDxL motif (…CHDVL… - PAR1C254-L258 and 

PAR2C226-L230; …CHDVH… PAR3C245-L249 …CHDAL; … PAR4C226-L230) in their ECL2 

(57, 68). Given that the activating peptides of PAR1 and PAR2 (38, 68) are similar 

(SFLLRN, PAR1; SLIGRL, PAR2), additional studies were conducted that revealed that 

ligand specificity is conferred by acidic residues distal to the CHDxL motif (PAR1, 

N259ETL261; PAR2 P231EQL234; (38, 69, 70). Interestingly, the equivalent human PAR4 

ECL2 residues distal to the CHDAL domain, P233LDA236, share sequence homology with 

those distal to the human PAR2 CHDVL domain (P231EQL234), both of which contain an 

acidic residue. Al-Ani et al. (1999) demonstrated that glutamic acid residues in the rat 

PAR2 ECL2 (PEEVL) conferred specificity to PAR2 ligands. In previous studies, a series 

of aspartic acids in the PAR4 extracellular loop 2 (ECL2) and amino terminal (N)-tail 

were proposed to be key for thrombin binding to PAR4 (71–73). Mutations of ECL2 

aspartic acid residues D224A, D230/235A (double mutation), and D224/230/235A mutants were 

all found to decrease thrombin cleavage of PAR4 and activation in yeast models (73). 

Further, the activity of the PAR4 agonist peptide AYPGKF-NH2 was also abolished in 

PAR4 mutants containing ECL2 single mutant D224A, double mutant D230/235A, or triple 

mutant D224/230/235A aspartic acid mutations to alanine which the authors posit indicates 

that these aspartic acid residues may be important for both agonist peptide and tethered-

ligand bindings and activation of PAR4. The D230/235A mutation to alanine removed two 

acidic residues in the highly conserved …CHD230AL domain (PAR1 Asp256; PAR2 

Asp228) as well as the homologous PLD235A… specificity conferring domain observed in 

PAR1 (Glu260) and PAR2 (Glu232) making it difficult to assess whether the loss of 

cleavage and activation is due to the CHD230AL or PLD235A aspartic acid.  

In the present study, in silico docking to a homology model of PAR4 revealed 17 

predicted sites of interaction with AYPGKF-NH2 (Ser67, Tyr157, His229, Asp230, Leu232, 
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Leu234, Asp235, Ala238, Gln242, His306, Tyr307, Pro310, Ser311, Ala314, Gly316, Tyr319, Tyr322; 

Figure 2.5A). Interestingly, these predicted sites reveal residues that have been shown or 

predicted to have a role in PAR4 activation by thrombin or agonist peptide. These sites 

include aspartic acid residue Asp230 found in the highly conserved CHDxL domain in 

PARs as well as Asp235 in the downstream region that is homologous to the specificity 

conferring motif found in PAR1 and PAR2 (73). Additionally, previous in silico docking 

revealed a role for aspartic acid and histidine in this motif in binding of AYPGKF-NH2 to 

PAR4 (74). We generated mutations of the most frequently predicted interaction sites 

(His229, Asp230, Gln242, His229/Asp230) to alanine which revealed that Asp230 is essential 

for productive interaction of the peptide with the receptor, as mutation to alanine 

abolished calcium signal potentiation as well as -arrestin recruitment. Interestingly, this 

loss of activity was observed with both peptide agonist AYPGKF-NH2 as well as with 

thrombin stimulated activation of PAR4, which agrees with previous reports of the 

importance of these sites while also elucidating the importance of the conserved 

CHD230AL motif in PAR4 activation, consistent with the role of this domain in PAR1 

and PAR2 (38, 68–70, 73, 75). Another frequently predicted residue belonging to the 

CHDAL domain, His229, when mutated to alanine did not alter the ability of either 

AYPGKF-NH2 or the tethered-ligand as revealed by thrombin to activate calcium 

signalling or -arrestin recruitment pathways. Further, we observed that a double 

mutation of both of these sites to alanine (His229Ala, Asp230Ala) did not result in any 

additive detriment to PAR4 activation; therefore, we conclude that Asp230 interaction 

with PAR4 peptide and tethered-ligand agonist performs an essential role in activation of 

PAR4. 

Our SAR studies provided the impetus to explore solution NMR of AYPGKF-NH2 to 

determine if the hexapeptide adopts a structure. Hexapeptides would be expected to be 

intrinsically disordered. In contrast, we found that AYPGKF-NH2 adopts two stable and 

regular conformations. These structures are the first reported structures of a PAR agonist 

peptide and further, in concert with our SAR data, reveal that there may be a structural 

component to peptide activation of PAR4. It remains to be determined if the AYPGKF-

NH2 peptide conformation I determined in solution are necessary for binding and receptor 
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activation and whether the different conformations have differential effects on PAR4 

activity. While these are not receptor-bound agonist structures, they are informative to 

help elucidate if the structure of PAR4-activating peptides is important for interaction 

with PAR4. NMR spectra for several additional peptides (AYpGKF-NH2, AY-Pip-GKF-

NH2, AY-Nip-GKF-NH2) have been collected to further determine if either of the two 

conformations adopted by AYPGKF-NH2 is more analogous to peptides with agonist 

activity or those without. These additional analyses may provide further evidence for a 

structural component of agonism at PAR4. 

Finally, in the context of platelet activation we find that our modified peptides that are 

able to cause a greater level of calcium signalling and -arrestin recruitment than PAR4-

AP could also trigger greater platelet aggregation. In our hands, PAR4-AP was unable to 

elicit greater than 50% of the aggregation observed in response to 1 unit/mL of thrombin, 

while the peptide AYPGRF-NH2 was able to trigger aggregation comparable to that seen 

with thrombin. A role for PAR4-dependent calcium signalling is well established in 

platelet aggregation (64, 76, 77), and consistent with this, AyPGKF-NH2, which is unable 

to stimulate calcium signalling, failed to induce aggregation. A role for -arrestin 

mediated PAR4 signalling in platelets has also been demonstrated (26, 33). Together 

these data suggest that calcium signalling is critical for initiating PAR4-mediated platelet 

aggregation, but the precise role and hierarchy of the different PAR4 signalling pathways 

in platelet responses remains to be fully established. 

In summary, the present studies identify key mechanisms involved in PAR4 activation 

and signalling. We also present and characterize a novel toolkit of PAR4 agonist peptides 

that could be used to study biased signalling through PAR4 in platelets as well as other 

physiological systems. We further show that platelet activation by PAR4 critically 

depends on the Gq/11 pathway, and selective targeting of this pathway might yield a 

useful anti-platelet agent. Overall, this study advances our understanding of agonist 

binding to PAR4 and will support future efforts aimed at defining signalling contribution 

in homeostatic signalling and the discovery of novel therapeutics targeting PAR4. 
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2.6 Chapter 2 Supplementary Information 

Supplementary Table 2.1 Mass spectrometry (MS) data of synthesized peptides 

 

  

Compound 
Molecular 

Formula (M) 

Calc. 
[M+H]

+
 

(m/z) 

Found 
[M+H]

+
 

(m/z) 

Ac-AYPGKF-NH2 C36H50N8O8 723.38 723.43 
AAPGKF-NH2 C28H44N8O6 589.35 589.30 

AYAGKF-NH2 C32H46N8O7 655.36 655.43 

AYPAKF-NH2 C35H50N8O7 695.39 695.46 
AYPGAF-NH2 C31H41N7O7 624.31 625.36 

AYPGKA-NH2 C28H44N8O7 605.34 606.42 
aYPGKF-NH2 C34H48N8O7 681.37 681.44 

AyPGKF-NH2 C34H48N8O7 681.37 681.44 

AYPGkF-NH2 C34H48N8O7 681.37 681.46 
AYPGKf-NH2 C34H48N8O7 681.37 681.48 

Aib-YPGKF-NH2 C35H50N8O7 695.39 695.49 

Sar-YPGKF-NH2 C34H48N8O7 681.37 681.38 
Inp-YPGKF-NH2 C37H52N8O7 721.40 721.50 

betaAla-YPGKF-NH2 C34H48N8O7 681.37 681.46 

A-Tyr(Me)-PGKF-NH2 C35H50N8O7 695.39 695.48 
A-F(4-fluoro)-PGKF-

NH2 

C34H47N8O6F 

683.37 683.36 

AY-Pip-GKF-NH2 C35H50N8O7 695.39 695.39 
AY-Nip-GKF-NH2 C35H50N8O7 695.39 695.39 

AYP-Sar-KF-NH2 C35H50N8O7 695.39 695.39 

AYP-betaAla-KF-NH2 C35H50N8O7 695.39 695.48 
AYPGK-1Nal-NH2 C38H50N8O7 731.38 731.48 

AYPGK-2Nal-NH2 C38H50N8O7 731.38 731.50 

AYPGK-F(4-fluoro)-NH2 C34H47N8O7F 699.36 699.38 
AYPGK-F(4-Me)-NH2 C35H50N8O7 695.39 695.39 

AYpGKF-NH2 C34H48N8O7 681.37 681.37 
AYPGK-(N-Me-F)-NH2 C35H50N8O7 695.39 695.39 

AYPG-(Nα-Me-K)-F-NH2 C35H50N8O7 695.39 695.39 

A-(N-Me-Y)-PGKF-NH2 C35H50N8O7 695.39 695.39 
(N-Me-A)-YPGKF-NH2 C35H50N8O7 695.39 695.39 

VYPGKF-NH2 C36H52N8O7 709.40 709.40 

(N-Me-S)-YPGKF-NH2 C35H50N8O8 711.38 711.38 
Nle-YPGKF-NH2 C37H54N8O7 723.42 723.42 

AYPGRF-NH2 C34H48N10O7 709.38 709.38 

AYPGOF-NH2 C33H46N8O7 667.36 667.36 
AYPG-Cit-F-NH2 C34H47N9O8 710.36 710.36 

AYPG-(Nε-Me-K)-F-NH2 C35H50N8O7 695.39 695.39 

AYPGKY-NH2 C34H48N8O8 697.37 697.37 
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Supplementary Figure 2.1 PAR4-AP (AYPGKF-NH2) stimulated calcium signalling 

responses following pre-treatment with PAR4 agonist peptides unable to stimulate 

calcium signalling. Calcium signalling (Fluorescence Em530) in HEK-293 cells stably 

expressing PAR4-YFP were recorded following 30 µM AYPGKF-NH2 addition after 30-

minute pre-treatment incubation with 100 µM of calcium signalling-null peptides. Data 

are shown as a percentage of maximum response obtained in cells treated with the 

calcium ionophore A23187 (3 µM). Agonist peptide concentrations are in M. Pre-

treatment with peptides unable to stimulate calcium signalling did not affect AYPGKF-

NH2-stimulated calcium signalling in most cases with the exceptions of AY-Nip-GKF-

NH2 and AYP-Sar-KF-NH2, which significantly decreased AYPGKF-NH2 stimulated 

calcium signalling compared to vehicle treated control. (*p > 0.05; n = 3) 

  



149 

 

 

Supplementary Figure 2.2 PAR4-mediated calcium signalling is Gαq/11-dependent. 

HEK-293 cells stably expressing PAR4 were pre-treated with either DMSO vehicle 

control (0.001%) or increasing concentration of the selective Gαq/11 inhibitor YM254890. 

Calcium signalling following stimulation with AYPGKF-NH2 (30µM) was recorded. 

PAR4-mediated calcium signalling was inhibited by YM254890, with an IC50 of 16.5 ± 

6.1 nM. (n = 4) 

  



150 

 

 

Supplementary Figure 2.3 Representative blots of ERK phosphorylation in response 

to 100 µM of AYPGKF-NH2 and derivative peptides. 
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Supplementary Figure 2.4 Guide RNA sequences and representative blots validating 

-arrestin-1/-2-knockout HEK-293 cells. (A) Guide RNA sequences designed to target 

either -arrestin-1 or -2. (B) Representative blots of -arrestin-1/-2 protein from HEK-

293 and -arrestin-1/-2 double knockout HEK-293 (-arr. Knockout) cells. We observe 

no -arrestin-1/-2 protein in the -arr. knockout HEK-293 cell line. 
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Supplementary Figure 2.5 Confocal microscopy of PAR4-YFP and mutant PAR4-

YFP constructs. Confocal microscopy of PAR4-YFP (A) and mutant PAR4-YFP 

constructs PAR4H229A-YFP (B), PAR4D230A-YFP (C), PAR4Q242A-YFP (D), and 

PAR4H229A, D230A-YFP. Confocal microscopy was employed to assess the appropriate 

membrane localization of each PAR4 receptor construct. Receptor constructs are shown 

in green (eYFP) and DAPI (blue) shows the nucleus of the cell. We observe no defect in 

membrane localization between the wild-type and mutant PAR4 receptors. (n = 3) 
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Supplementary Figure 2.6 Peptide PAR4-specificity evaluated by calcium signalling 

assay. PAR4 peptide library is specific for PAR4 as shown by lack of calcium signalling 

in HEK-293 cells which do not endogenously express PAR4. Peptide AAPGKF-NH2 was 

found to have basal fluorescence even in the absence of cells. (n = 3) 
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Supplementary Figure 2.7 Peptide PAR4-specificity evaluated by BRET. PAR4 

peptide library is specific for PAR4 and does not cause recruitment of β-arrestin-2 to 

PAR2 (shown as black bars) at 100 µM, with the exception of AYPGK-1Nal-NH2 which 

shows some -arrestin recruitment to PAR2. BRET ratios obtained with the parental 

peptides for both PAR4 (AYPGKF-NH2) and PAR2 (SLIGRL-NH2) are shown. (n = 3) 
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Supplementary Figure 2.8 Annotated TOCSY spectrum of AYPGKF-NH2. We 

observed two distinct sets of chemical shifts for tyrosine (position 2) and proline 

(position 3). Stronger peaks correspond to higher abundance and thus associated with the 

“major” conformation of AYPGKF-NH2; while, weaker peaks are associated with the 

“minor” conformation. Proton chemical shifts assigned in Ala (1 A), Tyr (2 Y, major; -2 

Y, minor), Pro (3 P, major; -3 P, minor), Lys (5 K), Phe (6 F) are shown. Chemical shift 

values are reported for the major and minor conformations in Supplementary Tables 2.2 

and 2.3, respectively. 
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Supplementary Table 2.2 Assigned 1H chemical shifts* (ppm) from TOCSY and 

COSY of AYPGKF-NH2 “major” confirmation at 25°C. 

 

 NH CαH CH Other 

Ala1 7.97 3.91 1.41  

Tyr2 8.27 4.61 3.20, 2.98 Cδ1H 7.19, Cε1H 6.87, Cδ2H 7.14, Cε2H 

6.85 

Pro3  4.43 2.25 CδH2 3.80, CδH3 3.50, CγH2 1.99, CγH3 

1.94 

Gly4 8.48 3.86, 3.89   

Lys5 8.13 4.20 1.61 CδH 1.57, CγH2 1.24, CγH3 1.18, CεH2 

2.92, CεH3 2.88 

Phe6  4.87 3.07, 2.90 CδH 7.36, CεH 7.29 

*40 of 45 protons assigned (89%) assuming the same chemical shift for all protons 

attached to the carbon used by CYANA. 
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Supplementary Table 2.3 Assigned 1H chemical shifts* (ppm) from TOCSY and 

COSY of AYPGKF-NH2 “minor” confirmation at 25°C. 

 

 NH CαH CH Other 

Ala1 7.97 3.91 1.41  

Tyr2  4.55 3.00, 2.89 Cδ1H 7.19, Cε1H 6.87, Cδ2H 7.14, 

Cε2H 6.85 

Pro3  3.70 1.67 CδH2 3.50, CδH3 3.36, CγH2 1.90, 

CγH3 1.73 

Gly4 8.48 3.86, 3.89   

Lys5 8.13 4.20 1.61 CδH 1.57, CγH2 1.24, CγH3 1.18, CεH2 

2.92, CεH3 2.88 

Phe6  4.87 3.07, 2.90 CδH 7.36, CεH 7.29 

*39 of 45 protons assigned (87%) assuming the same chemical shift for all protons 

attached to the carbon used by CYANA. 
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Supplementary Figure 2.9 NOESY spectra with NOEs restraining the “major” 

conformation of AYPGKF-NH2 at 25°C. NOESY spectra of AYPGKF-NH2 is shown 

(blue and red) with NOEs labelled (black). NOE cross-peaks are shown (yellow square) 
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which form the restraints for structural ensemble calculation in CYANA of the major 

conformation of AYPGKF-NH2 (inset, upper left). Restraints used in ensemble 

calculation are shown on the structure (yellow dashed lines) with length (Å). (see 

Supplementary Table 2.4 for NOE statistics). 
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Supplementary Figure 2.10 NOESY spectra with NOEs restraining the “minor” 

conformation of AYPGKF-NH2 at 25°C. NOESY spectra of AYPGKF-NH2 is shown 

(blue and red) with NOEs labelled (black). NOE cross-peaks are shown (yellow square) 
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which form the restraints for structural ensemble calculation in CYANA of the minor 

conformation of AYPGKF-NH2 (inset, upper left). Restraints used in ensemble 

calculation are shown on the structure (yellow dashed lines) with length (Å). (see 

Supplementary Table 2.4 for NOE statistics). 
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Supplementary Table 2.4 Solution NMR structure calculation statistics for 

AYPGKF-NH2. 

NOESY Peaks Major Minor 

Selected 149 149 

Assigned 84 65 

Unassigned 65 84 

With off diagonal 61 44 

With short range assignments |i-j|<1 47 39 

With medium range assignments 1<|i-j|<5 14 5 

Unambiguous NMR distance and dihedral constraints Major Minor 

Total 12 6 

Sequential: |i-j|=1 2 3 

Medium range: 1<|i-j|<5 10 3 

Total dihedral angle restraints   

𝝓 (phi) 1 1 

𝜓 (psi) 1 1 

RMSD (residues 1-6)*   

Average backbone RMSD to mean 0.52 0.66 

Average heavy atom RMSD to mean 1.24 1.62 

*Average RMSD values are reported for the top 10 lowest energy ensembles generated 

which demonstrate excellent backbone and heavy atom RMSD in calculated 

ensembles (See Supplementary Figure 2.11 for backbone alignment). 
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Supplementary Figure 2.11 Alignment of backbone atoms of “major” (A, green) and 

“minor” (B, cyan) conformations of AYPGKF-NH2. The ten lowest energy structures 

are aligned for each conformation. Average backbone RMSD to mean of the “major” 

conformation (0.52Å) and “minor” conformation (0.66Å) as calculated in comparison to 

the mean structure. (See Supplementary Table 2.4 for additionally ensemble statistics) 
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Chapter 3  

3 Role of the Helix-8 and C-terminal tail in regulating 
Proteinase Activated Receptor 2 (PAR2) signallingv 

 

vA version of this chapter has been published: Thibeault, P. E., and Ramachandran, R. 

(2020) Role of the Helix-8 and C-Terminal Tail in Regulating Proteinase Activated 

Receptor 2 Signaling. ACS Pharmacol. Transl. Sci. 10.1021/acsptsci.0c00039 
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3.1 Introduction 

G-protein-coupled receptors (GPCRs) are important cell surface receptors that regulate 

diverse physiological processes in response to a variety of extracellular stimuli (1). The 

proteinase activated receptors (PARs) are a four-member family of GPCRs that are 

activated by a wide range of proteolytic enzymes including coagulation cascade-, 

immune cell-, and pathogen-derived proteinases (2, 3). PAR activation occurs when 

proteolytic enzymes remove a portion of the receptor N-terminus to reveal a cryptic 

tethered-ligand which can bind intramolecularly to activate the receptor (3). Synthetic 

hexapeptide mimetics of the tethered ligand can also be used to selectively activate 

individual members of this family (4–7).  

PAR2 is a trypsin-like serine proteinase-activated, member of this family and is well 

established as a major regulator of inflammatory responses (8, 9). PAR2-targeted 

compounds are highly sought after as novel anti-inflammatory agents. In recent studies, 

there is also an emerging realization that different proteolytic enzymes cleave and 

activate PAR2 in a manner that favours differential coupling to various intracellular 

effectors (10). This has given impetus to studies investigating molecular mechanisms 

underlying biased signalling through this receptor.  

In keeping with observations in a variety of other GPCRs, PAR2 can signal through both 

G-protein coupling or via interactions with the multi-functional scaffold proteins, -

arrestin-1 and -2 (11). PAR2 activation by the enzymatically- (e.g. trypsin) revealed 

tethered-ligand or synthetic activating peptides (e.g. SLIGRL-NH2) trigger robust Gq/11 

coupling; and activation of G12/13 by this receptor has also been reported (12). Some 

non-canonical enzymatic activators of PAR2 are also reported to cause receptor coupling 

to other G-proteins (13). Additionally, PAR2 is a strong recruiter of -arrestin-1/-2 in 

response to both tethered-ligand and peptide activation (14, 15). 

-arrestin-1/-2 interaction with activated GPCRs has a role in desensitizing G-protein-

mediated signalling events. Moreover, -arrestins act as scaffolds for other intracellular 

signalling effectors that are activated by GPCRs including PAR2 (11, 16). -arrestin 
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interaction with activated GPCRs is believed to occur in a two-step manner with the first 

contacts at GPCR kinase (GRKs) phosphorylated serine and threonine residues in the C-

terminal tail of the receptors which is followed by additional stable interactions with the 

receptor transmembrane core (17–20).  

Previous studies have examined the consequence of modifying the C-terminal tail of 

PAR2. Deletion of certain segments in the PAR2 C-tail (Ala355-Ser363) or truncation of 

the tail (His354-Stop) resulted in a loss of agonist-mediated internalization and inositol 

1,4,5-trisphosphate (IP3) accumulation (21). In the same study, deletion of the PAR2 C-

tail Ala355-Ser363 segment did not affect p44/42 MAPK activation, while His354-Stop 

mutation did have an effect on this signalling pathway (21). The truncation mutations 

described above encompass two key regulatory sites, clusters of serine/threonine residues 

that are sites of phosphorylation and a cysteine residue that is a site for palmitoylation. 

More recently mutational studies of PAR2 receptors with alanine substitutions to clusters 

of serine/threonine residues have been conducted in Rat1 fibroblasts and HeLa cells to 

establish that C-tail phosphorylation is important for receptor desensitization and 

trafficking (22). 

The role of the C-terminal cysteine residue that is part of the truncations described above 

have also been probed and Cys361 was established as the primary site of palmitoylation in 

PAR2 (23, 24). In these studies, CHO cells expressing a Cys361 mutant showed decreased 

calcium signalling but enhanced p44/42 MAPK activation in response to both trypsin and 

the activating peptide SLIGRL-NH2 (23). A reduction in agonist-induced β-arrestin 

recruitment, receptor endocytosis and degradation is also reported in these mutants (24). 

Together, these studies have pointed to multiple mechanisms, that are dependent on the 

PAR2 C-tail, in regulating receptor-mediated signalling and desensitization. However, a 

clear understanding of C-terminal motifs as determinants of PAR2 signalling and 

desensitization has remained elusive. One of the challenges with synthesizing 

information from previous studies probing this question is that studies were conducted in 

a variety of different cell lines and in some cases have utilized cells that endogenously 

expressed low levels of wild-type (wt) PAR2. Here, we attempt to gain a more direct 
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comparison of the contribution of C-terminal tail sites in PAR2 signalling, following 

activation with both the trypsin revealed tethered ligand and a synthetic receptor 

activating peptide in a PAR2-deficient HEK-293 cell line generated by CRISPR/Cas9 

targeting. We examined signalling responses in this cell line from reconstituted wt-PAR2 

and four mutant PAR2 receptors with alanine substitutions of the C-terminal 

serine/threonine residues or the helix-8 cysteine residue. We find that several such 

modifications have a significant impact on -arrestin recruitment to PAR2. Additionally, 

PAR2-mediated calcium signalling is desensitized less efficiently in cells that express 

mutants that are not able to recruit -arrestin efficiently. In agreement with this finding, 

PAR2 desensitization is also delayed in -arrestin-1/-2 knockout HEK-293 cell line. 

Interestingly we find that p44/42 MAPK activation by PAR2 is dependent on Gq/11-

mediated signalling and was exaggerated in cells expressing mutated receptors that did 

not recruit -arrestin-1/-2 comparably. These studies further clarify mechanisms 

underlying PAR2-dependent signalling via G-proteins and -arrestins. 

3.2 Methods 

3.2.1 Chemicals and reagents 

Porcine trypsin (catalogue no. T-7418; ∼14,900 units/mg) was purchased from Sigma-

Aldrich (St. Louis, MI). A maximum specific activity of 20,000 units/mg was used to 

calculate the approximate molar concentration of porcine pancreatic trypsin in the 

incubation medium (1 unit/ml, ∼2 nM) as described previously (14). SLIGRL-NH2 (> 

95% purity by HPLC/MS) was purchased from Genscript (Piscataway, NJ) or EZBiolabs 

(Carmel, IN). Agonists were prepared in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES, 25 mM). All chemicals were purchased from Millipore-Sigma, Thermo 

Fisher Scientific (Hampton, NH), or BioShop Canada, Inc. (Burlington, Ontario, 

Canada), unless otherwise stated. 

3.2.2 Molecular cloning and constructs 

The plasmid encoding the human PAR2 receptor with an in frame enhanced yellow 

fluorescent protein fusion tag (PAR2-YFP) was constructed as previously described (25). 
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The use of an in-frame, PAR2 C-terminal fusion of enhanced yellow fluorescent protein 

has been utilized in several previous studies which demonstrated that PAR2-YFP couples 

to its known signalling pathways appropriately (26–28). Plasmid DNA mutations in the C-

terminus of PAR2 were created using QuikChange XL Multi Site-Directed Mutagenesis 

kit (Agilent Technologies, Mississauga, ON, Canada) to generate all mutants described in 

this study. A summary figure of mutations made within each mutant construct (Figure 

3.1B) and their position in the C-tail (Figure 3.1A) has been created for visualization 

purposes. All constructs were verified by sanger sequencing (London Regional Genomics 

Centre, University of Western Ontario).  

3.2.3 Cell lines and culture conditions 

All media and cell culture reagents were purchased from Thermo Fisher Scientific 

(Waltham, MA). Human embryonic kidney (HEK) cells (HEK-293; ATCC), PAR2-

knockout HEK-293, and -arrestin-1/-2-knockout HEK-293 (-arrestin-knockout HEK-

293) cell lines were maintained in Dulbecco’s modified Eagle’s medium supplemented 

with 10% fetal bovine serum, 1% sodium pyruvate, and penicillin streptomycin solution 

(50,000 units penicillin, 50,000 g streptomycin) (29). Since trypsin activates the PARs, 

cells were routinely sub-cultured using enzyme-free isotonic phosphate-buffered saline 

(PBS) containing EDTA (1 mM). Cells were transfected with PAR2-YFP or mutated 

PAR2-YFP receptor vectors using calcium phosphate [Nuclease-free water, 2.5M CaCl2, 

and 2x HEPES-buffered saline (HBS)] or Fugene6 transfection methods (Promega, 

Madison, WI). Transiently transfected cells were always assayed or imaged at 48 hours 

post-transfection (30). 

3.2.4 Generation CRISPR/Cas9 PAR2-knockout HEK-293 cell line  

HEK-293 cells endogenously express PAR2 (31). In order to study mutant receptors in a 

null-background, we generated PAR2-knockout HEK-293 cells using CRISPR/Cas9 

targeting. The knockout design and procedures used to derive PAR2-knockout HEK-293 

cells from the wild-type HEK-293 cells were as previously described (32, 33). A PAR2 

specific guide (CCCCAGCAGCCACGCCGCGC) was cloned into the lentiCRISPR v2 

plasmid (Addgene plasmid # 52961). 48 hours after transfection, cells were selected in 
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media containing puromycin (5 µg/mL). PAR2-deficient cells were identified by 

functional screening of responses to PAR2 specific agonists using a calcium signalling 

assay (Supplementary Figure 3.1). 

3.2.5 Calcium signalling assay 

Agonist-stimulated calcium signalling was recorded in PAR2-knockout HEK-293 cells as 

previously described (25, 29, 34). Cells were detached in enzyme-free cell dissociation 

buffer, centrifuged to pellet (1000 rpm, 5 minutes), and resuspended in Fluo-4 NW (no 

wash) calcium indicator dye (Thermo Fisher Scientific). Following a 30-minute 

incubation at ambient temperature, intracellular fluorescence (excitation 480 nm; 

emission recorded at 530 nm) was monitored before and after addition of agonists 

(trypsin or SLIGRL-NH2) on a PTI spectrophotometer (Photon Technology International, 

Birmingham, NJ). Responses were normalized to the fluorescence obtained with calcium 

ionophore (A23187, 3 M; Sigma-Aldrich). 

3.2.6 Bioluminescence resonance energy transfer (BRET) 

detection of -arrestin-1/-2 recruitment 

Bioluminescence resonance energy transfer (BRET) based detection of -arrestin-1/-2 

interaction with PAR2-YFP and mutant PAR2-YFP constructs was monitored in HEK-

293 cells as described (14, 25). PAR2-YFP or mutant PAR2-YFP constructs (2 µg) and 

Renilla luciferase-tagged -arrestin-1 or -2 (-arr-1 and -2-rluc; 0.2 µg) were transiently 

transfected for 48 hours. Cells were plated in white 96-well culture plates (Corning; 

Oneonta, NY) and interactions between receptor and -arrestin-1/-2 were detected by 

measuring BRET following 20 minutes of agonist stimulation and the addition of 5 M 

h-coelenterazine prior to BRET recording (NanoLight Technology, Pinetop, AZ) on a 

Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany) (29). 

3.2.7 Mitogen-activated protein kinase (MAPK) Western blot assay 

Agonist-stimulated mitogen-activated protein kinase (MAPK) signalling in PAR2-

knockout HEK-293 cells expressing PAR2-YFP or mutant PAR2-YFP was monitored by 

Western blot analysis as previously described (25, 29, 34). Cells expressing PAR2 
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receptor constructs were serum starved (2 hours) and stimulated with sub-maximal 

concentrations of SLIGRL-NH2 (3 µM) or trypsin (0.3 nM) for 10 minutes at 37℃. 

Protein lysates were separated on 4-12% Bis-Tris gels (Invitrogen, Thermo Fisher 

Scientific). Phosphorylated p44/42 (p-p44/42; activated ERK) and total p44/42 (p44/42; 

total ERK) proteins were detected with antibodies (9101S and 9102S antibody clones, 

respectively, Cell Signalling Technology, Danvers, MA; 1:1000 concentration) and 

imaged by use of HRP-conjugated secondary antibodies (anti-rabbit IgG HRP-linked 

7074S clone; Cell Signalling Technology, Danvers, MA; 1:10,000 concentration). 

Chemiluminescence was recorded on an iBright CL1000 gel doc (Invitrogen, Thermo 

Fisher Scientific) following application of ECL Prime detection reagent (GE Healthcare). 

Band intensities representing activated and inactive MAPK ERK proteins were quantified 

using the FIJI is just ImageJ (FIJI) quantification software (35). Phospho-kinase levels 

were normalized by expressing the data as a percentage of the corresponding total-kinase 

signal. Fold increase above baseline was calculated by normalizing data to baseline 

p44/42 phosphorylation in unstimulated samples. 

3.2.8 Assessing the contribution of Gq/11 and -arrestin-1/-2 in 
MAPK activation downstream of PAR2 activation 

To examine the contribution of Gq/11 signalling on PAR2-dependent MAPK activation, 

HEK-293, endogenously expressing PAR2 were pretreated with either vehicle control 

(DMSO, 0.01%) or YM254890 (100 nM) for 20 minutes prior to agonist stimulation with 

SLIGRL-NH2 (30 µM) (36). To assess the contribution of -arrestin-1/-2 signalling in 

PAR2-dependent MAPK activation, HEK-293 and -arrestin-knockout HEK-293 cells 

endogenously expressing PAR2 were assayed for p44/42 phosphorylation following 

stimulation with SLIGRL-NH2 (30 µM) (29). 

3.2.9 Confocal Microscopy  

HEK-293 cells transiently transfected with PAR2-YFP or mutant PAR2-YFP (Fugene 6, 

Promega) were sub-cultured onto 35-mm glass-bottom culture dishes (MatTek 

Corporation, Ashland, MA) to be analyzed by confocal microscopy. Cells were fixed 

with 4% w/v paraformaldehyde solution, stained with 4′,6-diamidino-2-phenylindole 
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(DAPI), to identify the nucleus, and receptor localization to the plasma membrane was 

assessed by imaging eYFP expression with an Olympus FV1000 (Centre Valley, PA) or 

Leica SP8 confocal microscope system (Buffalo Grove, IL) (Supplementary Figure 3.2). 

3.2.10 Statistical analysis 

Statistical analysis of data, curve fitting (three-parameter nonlinear regression), and area 

under the curve analyses were done with Prism 7 software (GraphPad Software, La Jolla, 

CA). Statistical significance of EC50 shifts and concentration-effect curve top (indicated 

as “Max.”) were calculated using the extra sum of squares analysis and indicated in table 

1 (*p < 0.05; Table 1) (29, 37). Statistical significance for western blots was assessed 

using two-way analysis of variance (*p < 0.05). Data are expressed as mean ± S.E. 

throughout the text, table, and figure legends. Where appropriate p-values are reported in 

the text and determined by the statistical methods described. 

3.3 Results 

The C-terminal tail of G-protein-coupled receptors contain important regulatory sites that 

enable interaction with intracellular signalling effectors. Here we examine the relative 

contribution of the C-tail serine/threonine phosphorylation sites (Ser383-385, Ser387-Thr392) 

and the helix-8 palmitoylation site (C361) in signalling regulation downstream of the 

proteolytically-activated GPCR, PAR2 (Figure 3.1). 
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Figure 3.1 Summary of PAR2 C-tail residue mutations (A) Cartoon depicting the 

PAR2 Helix-8 and C-tail with palmitoylation site (green) and phosphorylation sites 

studied (blue) shown (made in BioRender - biorender.com). (B) Mutant receptor clones 

generated using Agilent QuikChange XL site-directed mutagenesis. Sequences of the 

wild-type PAR2 and mutant PAR2 receptor C-tail constructs (underlined) generated by 

site-directed mutagenesis. 
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3.3.1 SLIGRL-NH2-stimulated -arrestin recruitment to PAR2 C-tail 
mutants.  

To investigate the role of C-tail mutations (Figure 3.1) on the recruitment of -

arrestins, we employed bioluminescence resonance energy transfer (BRET) using C-

terminal enhanced yellow fluorescent protein (YFP) tagged receptor constructs as our 

photon acceptor and Renilla luciferase (rluc) tagged -arresin-1-rluc or -arresin-2-rluc as 

the photon donor. As expected, in the PAR2-YFP expressing cells, SLIGRL-NH2 

stimulated receptor recruitment of -arrestin-1 and -2 in a concentration-dependent 

manner. The potency (EC50) of SLIGRL-NH2-stimulated -arrestin recruitment to PAR2-

YFP was observed to be consistent between -arrestin-1 and -arrestin-2 (EC50 12.1 ± 1.6 

µM and 11.1 ± 1.2 µM, respectively) (Figure 3.2). Next, to determine the impact of 

mutations in the PAR2 C-tail helix-8 palmitoylation site, we assessed recruitment of -

arrestins to PAR2 with a Cys361Ala mutation (PAR2C361A-YFP). We observed that 

SLIGRL-NH2-stimulated recruitment of both -arrestin-1 and -2 recruitment by 

PAR2C361A-YFP was significantly decreased compared to PAR2-YFP with a pronounced 

rightward shift in the concentration effect curve (EC50 = 28.8 ± 4.0 µM and 27.4 ± 2.5 µM, 

respectively). Additionally, we observed a significant decrease in maximal net BRET 

(Max.; top of the curve utilized for nonlinear regression curve fitting) in PAR2C361A-YFP 

(-arrestin-1 Max. = 0.28 ± 0.01; -arrestin-2 Max. = 0.32 ± 0.01) compared to PAR2-YFP 

(-arrestin-1 Max. = 0.39 ± 0.01; -arrestin-2 Max. = 0.53 ± 0.01) (Figure 3.2; Table 3.1). 

Thus, loss of the palmitoylation site in the PAR2 C-tail helix-8 is deleterious for SLIGRL-

NH2-stimulated -arrestin recruitment.  

Next, we evaluated mutations to serine and threonine residues which are sites of GRK-

mediated phosphorylation in the PAR2 C-tail. Mutation of the membrane proximal Ser383-

385 to alanine (PAR2S383-385A-YFP) did not significantly affect recruitment of -arrestin-1 

or -2 (EC50 = 12.5 ± 2.8 µM and 15.1 ± 2.7 µM, respectively) (Figure 3.2; Table 3.1). 

Mutation of Ser387-Thr392 to alanine (PAR2S387-T392A-YFP) however, significantly reduced 

both EC50 and maximal net BRET for both -arrestin-1 (EC50 = 52.4 ± 12.1 µM; Max. = 

0.27 ± 0.02) and -arrestin-2 (EC50 = 41.7 ± 6.3 µM; Max. = 0.40 ± 0.02) compared to 

the wild-type receptor. Interestingly, combined mutation of both Ser383-385 and Ser387-
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Thr392 to alanine (PAR2S383-385A, S387-T392A-YFP) resulted in a further apparent decrease in 

-arrestin-2 (p < 0.05) recruitment compared to the Ser387-Thr392 to Ala-alone substituted 

mutant. When compared to PAR2-YFP, maximal recruitment of both -arrestin-1 (EC50 

= 56.2 ± 18.0 µM; Max. = 0.16 ± 0.01) and -arrestin-2 (EC50 = 29.9 ± 8.6; Max. = 0.23 ± 

0.02) was significantly decreased in the PAR2S383-385A, S387-T392A-YFP mutant (Figure 3.2; 

Table 3.1). 
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Figure 3.2 β-arrestin-1/-2 recruitment in PAR2 cysteine and phosphorylation 

mutants in response to SLIGRL-NH2
 stimulation. -arrestin recruitment 

concentration-effect curves for HEK-293 cells transiently expressing PAR2 or C-tail 

mutant PAR2 constructs (PAR2C361A-YFP, square; PAR2S383-385A-YFP, triangle; 

PAR2S387-T392A-YFP, diamond; PAR2S383-385A, S387-T392A-YFP, hexagon) with -arrestin-1-

rluc (A) or -2-rluc (B) were stimulated with PAR2 peptide agonist, SLIGRL-NH2. 

Nonlinear regression curve fits are shown (mean ± S.E.) for three to four independent 

experiments with triplicate data points for each concentration and receptor collected 

within each experiment. We find that Cys361Ala mutation significantly increased the 

concentration of SLIGRL-NH2 required to achieve half-maximal -arrestin recruitment 
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while concurrently demonstrating decreased maximal recruitment. Interestingly, Ser383-

385Ala mutation did not significantly alter -arrestin recruitment. Recruitment of -

arrestins was significantly decreased to both PAR2 Ser387-Thr392Ala and PAR2 Ser383-

385Ala/Ser387-Thr392Ala receptors. (n = 3-4) 
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3.3.2 Trypsin-stimulated -arrestin recruitment to PAR2 C-tail 
mutants.  

To investigate the effect of C-tail mutations on the recruitment of -arrestins in response 

to tethered-ligand activation of PAR2, we employed BRET assays with PAR2 and PAR2 

C-tail mutants, stimulating with increasing concentrations of trypsin. In PAR2-YFP 

expressing cells trypsin-stimulated a concentration-dependent recruitment of -arrestin-1 

(EC50 = 9.4 ± 1.6 nM; Max. = 0.17 ± 0.01) and -2 (EC50 = 6.1 ± 1.2 nM; Max. = 0.14 ± 

0.01) (Figure 3.3). Trypsin treatment of PAR2C361A expressing cells also triggered -

arrestin recruitment with comparable EC50 (EC50 = 5.7 ± 1.1 nM; Max. = 0.12 ± 0.01) 

and -2 (EC50 = 4.9 ± 0.7 nM; Max. = 0.12 ± 0.00) in this mutant. However, we observed 

that the maximal recruitment of -arrestin-1, but not -arrestin-2, to PAR2C361A-YFP was 

significantly decreased in response to trypsin activation of this mutant (Figure 3.3A). 

We then turned our investigation to the effect of mutations in C-tail phosphorylation sites 

and their impact on trypsin-mediated -arrestin recruitment. The potency of trypsin-

stimulated -arrestin recruitment was equivalent between PAR2-YFP and all PAR2 C-tail 

phosphorylation mutant receptors tested here (Table 3.1). Interestingly, we did observe 

that while maximal -arrestin-2 recruitment was also equivalent with each mutant when 

compared to the wild-type receptor, the maximal recruitment of -arrestin-1 to all of the 

C-tail mutants was decreased compared to the wild-type receptor (Figure 3.3; Table 3.1) 

pointing to a possible difference in mechanisms underlying different -arrestin isoform 

recruitment to peptide- or trypsin-stimulated PAR2. 

In summary, mutations of the C-terminal Cys361 residue resulted in a decrease in -

arrestin recruitment to PAR2. Mutations to clusters of serine and threonine residues show 

a clear role for the Ser387-Thr392 cluster, but not for the Ser383-385 cluster in recruiting -

arrestin to the agonist-peptide-activated receptor. However, none of the phosphorylation 

site mutations appear to have a role in -arrestin-2 recruitment following trypsin 

activation. (Figure 3.3; Table 3.1) 
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Figure 3.3 β-arrestin-1/-2 recruitment in PAR2 cysteine and phosphorylation 

mutants in response to tethered ligand agonism by trypsin stimulation. -arrestin 

recruitment concentration-effect curves for HEK-293 cells transiently expressing PAR2 

or C-tail mutant PAR2 constructs (PAR2C361A-YFP, square; PAR2S383-385A-YFP, triangle; 

PAR2S387-T392A-YFP, diamond; PAR2S383-385A, S387-T392A-YFP, hexagon) with -arrestin-1-

rluc (A) or -2-rluc (B) stimulated with trypsin. Nonlinear regression curve fits are shown 

(mean ± S.E.) for three to four independent experiments with triplicate data points for 

each concentration and receptor collected within each experiment. We find that no 

mutations resulted in significant shifts to EC50 of trypsin-stimulated -arrestin-1 or -2 
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recruitment; however, significant decreases in maximal -arrestin-1-rluc recruitment 

were observed with all mutants. (n = 3-4) 
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3.3.3 -arrestin recruitment to PAR2 in the absence of Gq/11 

signalling.  

To determine whether Gq/11 activation is necessary to stimulate recruitment of -

arrestins to PAR2, we monitored -arrestin recruitment following inhibition of G⍺q/11 

with the specific inhibitor YM254890 (Wako Chemicals). We observed a significant 

decrease in the maximal -arrestin recruitment in cells pretreated with G⍺q/11 inhibitor 

(YM254890, 100 nM) compared to vehicle treated control (0.1% DMSO) following 

activation of PAR2 with SLIGRL-NH2 (Figure 3.4A, B, & E). No significant changes in 

EC50 was noted (Figure 3.4E). SLIGRL-NH2-stimulated -arrestin-1 recruitment was 

determined to have an EC50 of 15.7 ± 3.6 µM in vehicle-treated controls and 20.9 ± 2.4 

µM in YM254890 treated cells. -arrestin-2 recruitment was determined to have an EC50 

of 19.0 ± 2.8 µM in cells pre-incubated with vehicle control and 26.5 ± 3.2 µM in cells 

pretreated with YM254890.  

In the case of trypsin activation of PAR2, no differences were observed in -arrestin-1 or 

-2 recruitment (Figure 3.4C & D). We determined EC50 of trypsin-stimulated -arrestin-1 

recruitment to be 8.7 ± 2.3 nM in cells pretreated with vehicle control compared with 

10.4 ± 1.9 nM in cells pretreated with YM254890. Trypsin-stimulated recruitment of -

arrestin-2 was determined to be 14.9 ± 4.4 nM in control cells compared to 16.1 ± 5.1 nM 

in inhibitor-treated cells (Figure 3.4E). Overall, these data indicate that -arrestin 

recruitment to PAR2 can occur independently of G⍺q/11 activation, with -arrestin 

recruitment showing modest to no differences when this pathway is blocked. 
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Figure 3.4 PAR2 agonist-dependent -arrestin recruitment occurs independent of 

Gαq/11 activation. HEK-293 cells transiently expressing PAR2-YFP and either -

arrestin-1-rluc or -2-rluc were stimulated with increasing concentrations of either 

SLIGRL-NH2 [-arr-1- (A), -arr-2-rluc (B)] or trypsin (-arr-1- (C), -arr-2-rluc (D)) 

following preincubation with either vehicle control (DMSO, 0.01%; solid circles) or 

Gαq/11 selective inhibitor, YM254890 (100 nM; open circles). There were no significant 

shifts in EC50 between vehicle- or YM254890-treated following stimulation with either 

SLIGRL-NH2 or trypsin. Maximal recruitment of -arrestin (Max.) was significantly 

decreased in response to SLIGRL-NH2, but not trypsin stimulation. Nonlinear regression 

curve fits are shown for data collected in triplicates for each of at least three independent 

experiments (mean ± S.E.) for three to five independent experiments with triplicate data 
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points collected in each experiment. A summary table of EC50 and maximal net BRET 

values obtained are shown with S.E. (E). Significance indicated by ‘*’ p < 0.05 by extra 

sum of squares analysis compared to wild-type values. (n = 3-5) 
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3.3.4 PAR2-mediated calcium signalling in -arrestin-1/-2-
knockout HEK-293 

In order to probe an effect of -arrestins on Gq/11-mediated calcium signalling, we 

compared SLIGRL-NH2- and trypsin-stimulated PAR2 signalling in HEK-293 cells and 

CRISPR/Cas9 β-arrestin-knockout HEK-293 cells endogenously expressing PAR2. We 

observed a significant increase in SLIGRL-NH2-stimulated calcium signalling in β-

arrestin-knockout HEK-293 cells (Figure 3.5B) compared to HEK-293 cells (Figure 

3.5A) (EC50 = 14.1 ± 3.3 μM and EC50 = 55.0 ± 13.8 μM, respectively; p < 0.05). In 

addition to an evident leftward shift in the concentration effect curve for calcium 

signalling (Figure 3.5D), we analyzed the area under the curve for the response over 80 

seconds post-agonist addition to determine if there was a prolongation in the calcium 

signal in the absence of -arrestin desensitization of PAR2. Area under the curve analysis 

revealed a concomitant prolongation of calcium signalling duration in β-arrestin-

knockout HEK-293 cells (Max. = 4718 ± 4, arbitrary units) compared to HEK-293 cells 

(Max. = 2870 ± 7, arbitrary units) (Figure 3.5C). A similar trend was observed in 

response to PAR2 activation with trypsin with the area under the curve increased in β-

arrestin-knockout HEK-293 cells (Max. = 4677 ± 2) compared to wild-type HEK-293 

cells (Max. = 2287 ± 3, arbitrary units) (Figure 3.5G). Unlike signalling stimulated by 

SLIGRL-NH2, potency of trypsin-stimulated calcium signalling (as a % of response from 

3 M A23187) was not significantly different from response in HEK-293 cells (Figure 

3.5H) (β-arrestin-knockout HEK-293 EC50 = 4.7 ± 0.5 nM; HEK-293 EC50 = 6.6 ± 1.4 

nM; Figure 3.5F & 3.5E, respectively; p = 0.12). Although no shift in potency was 

observed, it is notable that there was a statistically significant increase in the maximal 

calcium signal achieved with trypsin in -arrestin-knockout HEK-293 compared to wild-

type HEK-293 (-arrestin-knockout HEK-293 Max. = 84.1 ± 1.7 % of A23187; HEK-

293 Max. = 67.8 ± 2.9 % of A23187; p < 0.05, Figure 3.5G). Thus, in response to either 

peptide or tethered ligand activation of PAR2, calcium signalling is prolonged and 

receptor desensitization is impaired in the absence of -arrestins. 
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Figure 3.5 PAR2 agonist-dependent Gαq/11-mediated calcium signalling is prolonged 

and sensitized in β-arrestin-knockout HEK-293 cells compared to wild-type HEK-

293 cells. SLIGRL-NH2-stimulated calcium signalling traces in HEK-293 (A) and -

arrestin-knockout HEK-293 (B) show prolonged signalling in -arrestin-knockout HEK-

293 cells. Both area under the curve analysis (C) and peak response concentration-effect 

curve (D) of SLIGRL-NH2-stimulated calcium signalling reveal that signalling is 

prolonged and sensitized (SLIGRL-NH2 EC50 - HEK-293 55.0 ± 13.8, -arrestin-

knockout HEK-293 14.1 ± 3.3 µM, p < 0.05) in -arrestin-knockout HEK-293 cells 

compared to wild-type HEK-293 cells. Trypsin-stimulated calcium signalling traces in 

HEK-293 (E) and -arrestin-knockout HEK-293 (F) show prolonged signalling in -

arrestin-knockout HEK-293 cells. Both area under the curve analysis (G) and peak 

response recorded concentration-effect curve (H) of trypsin-stimulated calcium signalling 

reveal that signalling is prolonged and sensitized in -arrestin-knockout HEK-293 cells 

compared to wild-type HEK-293 cells. Calcium signalling is shown as a function of time, 

area under the curve, and maximal calcium signalling at given concentrations for three 

independent experiments. Statistical significance of maximal signal achieved at a given 

concentration is indicated by ‘*’ (p < 0.05). (n = 3) 
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3.3.5 SLIGRL-NH2-stimulated calcium signalling in PAR2 C-tail 
mutants. 

To determine the importance of PAR2 C-tail palmitoylation and phosphorylation sites in 

calcium signal regulation, PAR2 C-tail mutants were expressed in PAR2-knockout HEK-

293 cells (38) and calcium signalling was recorded in response to increasing 

concentrations of SLIGRL-NH2. No response to SLIGRL-NH2 was evident in non-

transfected cells (Supplementary Figure 3.1) but reconstituting wild-type PAR2-YFP 

resulted in a concentration-dependent response to SLIGRL-NH2 (0.3-300 µM) (EC50 = 

1.1 ± 0.1 µM and Max. = 1433 ± 21) (Figure 3.6A & F). Interestingly, a significant 

decrease in potency of SLIGRL-NH2-stimulated signalling was seen (rightward of shift in 

concentration effect curve; p < 0.05) in PAR2C361A-YFP expressing cells (EC50 = 7.1 ± 

0.9 µM) accompanied by a significant increase in maximal calcium response (Max. = 

1711 ± 37, p < 0.05) (Figure 3.6B & F). 

The potency of SLIGRL-NH2-stimulated calcium signalling in the C-tail phosphorylation 

site mutant, PAR2S383-385A-YFP, was no different than the wild-type receptor expressing 

cells (EC50 = 0.8 ± 0.1 µM), however, we observed a significant decrease in the maximal 

calcium signalling (Max. = 1165 ± 28, p < 0.05) compared to PAR2-YFP (Figure 3.6C & 

F). The other phosphorylation site mutant PAR2S387-T392A-YFP, showed a significant 

increase in calcium signalling (EC50 = 0.3 ± 0.1 µM, p < 0.05) accompanied by decreased 

maximal calcium signal compared to the wild-type receptor (Max. = 1242 ± 23, p < 0.05) 

(Figure 3.6D & F). Combination of both Ser383-385Ala and Ser387-T392Ala mutations 

(PAR2S383-385A, S387-T392A-YFP) resulted in a statistically significant increase in SLIGRL-

NH2-stimulated calcium signalling compared to wild-type receptor expressing cells (EC50 

= 0.2 ± 0.1 µM, p < 0.05). This combined mutation, however, also resulted in a dramatic 

decrease in the total maximal signal elicited (Max. = 652 ± 44, p < 0.05) (Figure 3.6E & 

F).  

Overall, these data indicate that loss of phosphorylatable residues (PAR2S387-T392A-YFP 

and PAR2S383-385A, S387-T392-YFP) sensitizes the calcium signal response to SLIGRL-NH2, 

however, these serine/threonine residues also appear to be important for calcium 

signalling since a decrease in the maximal calcium response following PAR2 activation is 
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evident. Conversely, the loss of the helix-8 cysteine residue resulted in a rightward shift 

in the concentration effect curve accompanied by an increase in the maximal calcium 

signalling response. 
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Figure 3.6 Differential calcium signalling in PAR2 mutant receptors compared to 

PAR2-YFP in response to stimulation with SLIGRL-NH2. Representative kinetic 

traces are shown for SLIGRL-NH2-stimulated intracellular calcium signalling (mean ± 

S.E.) for four to six independent experiments with PAR2-YFP (A), PAR2C361A-YFP (B), 

PAR2S383-385A-YFP (C), PAR2S387-T392A-YFP (D), and PAR2S383-385A, S387-T392A-YFP (E) 

receptors. Analysis of PAR2C361A-YFP mutant reveals significant dysregulation of 

calcium signalling compared to wild-type PAR2-YFP signalling. Serine mutations 

(Ser387-Thr392Ala and Ser383-385Ala/Ser387-Thr392Ala) enhanced potency of SLIGRL-NH2 

compared to PAR2-YFP (EC50, p < 0.05 compared to wild-type PAR2-YFP). 
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Interestingly, all serine/threonine mutants exhibited decreased maximal signalling elicited 

by SLIGRL-NH2 stimulation, with the most substantial decrease observed with the 

combined Ser./Thr. mutant (Ser383-385Ala/Ser387-Thr392Ala). Nonlinear regression curve fit 

of area under the curve shown for area under the curve (calculated with Prism 7) (F). (n = 

4-6) 
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3.3.6 Trypsin-stimulated calcium signalling in PAR2 C-tail mutants  

To investigate the importance of PAR2 C-tail palmitoylation site and phosphorylation 

sites in calcium signalling responses to receptor activation with the PAR2 tethered ligand, 

we monitored calcium signalling following activation with trypsin. Trypsin (0.03-30 nM) 

elicited a concentration dependent calcium signalling response in PAR2-YFP expressing 

cells and (EC50 of 0.6 ± 0.2 nM and Max. 1729 ± 125) (Figure 3.7A & F). As with 

SLIGRL-NH2 activation, mutation of Cys361 to alanine resulted in a rightward shift in the 

concentration effect curve for the calcium signalling response (EC50 = 2.3 ± 0.9 nM, p < 

0.05), with equivalent maximum total area under the curve compared to PAR2-YFP 

(Max. = 2081 ± 193, p = 0.12) (Figure 3.7B & F).  

To investigate the effect of phosphorylation site mutations on calcium signalling in 

response to trypsin revealed tethered-ligand activation of the receptor, we compared wild-

type receptor and our three phosphorylation mutant receptors. In response to trypsin 

stimulation, we observe that PARS383-385A-YFP signals similarly to PAR2-YFP with 

equivalence in both potency (EC50 = 2.6 ± 0.1 nM, p = 0.28) and maximum total area 

(Max. = 1442 ± 112, p = 0.10) (Figure 3.7C & F). Both PAR2S387-T392A-YFP (Figure 

3.7D) and combination mutant, PAR2S383-385A, S387-T392A-YFP (Figure 3.7E), elicited 

calcium signalling comparably to PAR2-YFP in response to trypsin (EC50 = 0.2 ± 0.1 

nM, p = 0.07; EC50 = 0.2 ± 0.1 nM, p = 0.08, respectively) but showed a significant 

decreased in the maximal total area under the curve relative to PAR2-YFP (Max. = 1241 

± 67 and Max. = 1236 ± 57, respectively; p < 0.05) (Figure 3.7F).  

These data mirror those recorded for peptide-stimulated calcium signalling through 

PAR2, with the maximal calcium signal achieved with the phosphorylation mutants 

decreased compared to wild-type PAR2-YFP. Loss of the helix-8 cysteine palmitoylation 

site similarly resulted in less potent activation of the Gq/11 pathway but a more 

prolonged signalling response also suggested less efficient desensitization of calcium 

signalling in this mutant. 
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Figure 3.7 Differential calcium signalling in PAR2 mutant receptors compared to 

PAR2-YFP in response to stimulation with trypsin. Representative kinetic traces are 

shown for trypsin-stimulated intracellular calcium signalling (mean ± S.E.) for three 

independent experiments with PAR2-YFP (A), PAR2C361A-YFP (B), PAR2S383-385A-YFP 

(C), PAR2S387-T392A-YFP (D), and PAR2S383-385A, S387-T392A-YFP (E) receptors. Analysis of 

PAR2C361A-YFP mutant shows rightward shift in potency compared to wild-type PAR2-

YFP signalling (p < 0.05). As observed with calcium signalling in response to SLIGRL-

NH2 stimulation, all PAR2 C-tail phosphorylation site mutant receptors were observed to 



193 

 

have decreased maximal calcium signalling compared to PAR2-YFP. Nonlinear 

regression curve fit of area under the curve shown for area under the curve (calculated 

with Prism 7) (F). (n = 3) 
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3.3.7 Role of Gq/11 and -arrestin in PAR2-stimulated ERK 
activation  

Since GPCR-mediated ERK activation can occur downstream of Gαq/11-dependent and/or 

-arrestin-dependent/post-G-protein signalling pathways, we employed pharmacological 

inhibition of Gαq/11 with the compound YM254890 and CRISPR/Cas9 -arrestin-

knockout HEK-293 cells (29) to probe these pathways downstream of PAR2. Cells were 

stimulated with SLIGRL-NH2 (30 µM) for various time points to record ERK 

phosphorylation (p-p44/42). We observe that SLIGRL-NH2-mediated ERK 

phosphorylation was significantly inhibited in cells treated with 100 nM YM254890 prior 

to agonist stimulation (Vehicle AUC = 841 ± 183; YM254890 AUC = 206 ± 69) (Figure 

3.8A & C). Interestingly, we find that ERK signalling was not statistically different in -

arrestin double knockouts cells compared to HEK-293 cells (HEK-293 AUC = 812 ± 

249; -arrestin-knockout HEK-293 AUC = 2652 ± 855) (Figure 3.8B & D). These data 

suggest that phosphorylation of ERK downstream of PAR2 stimulation of SLIGRL-NH2 

is mediated by Gαq/11-dependent signalling and is independent of -arrestin-1/-2. 
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Figure 3.8 SLIGRL-NH2-stimulated, PAR2-mediated MAPK activation is Gαq/11-

dependent and negatively regulated by β-arrestins. PAR2-mediated p44/42 

phosphorylation is Gαq/11 dependent. (A) SLIGRL-NH2-stimulated (30 µM) p44/42 

phosphorylation over time in HEK-293 cells pre-treated with vehicle control (DMSO, 

0.01%) or Gαq/11 inhibitor YM254890 (100 nM) for 20 minutes. (B) PAR2-mediated 

p44/42 phosphorylation in HEK-293 compared to -arrestin-knockout HEK-293 cells 

following stimulation with SLIGRL-NH2 (30 µM). Analysis of p44/42 phosphorylation 

reveal that PAR2-stimulated MAPK activation is largely Gαq/11-dependent. Interestingly, 

normalized fold increase in p44/42 phosphorylation in HEK-293 and -arrestin-knockout 

HEK-293 cells reveal that -arrestin may be responsible for negative 

regulation/desensitization of PAR2-stimulated ERK phosphorylation. Data shown are 

representative of at least three independent experiments (phosphorylated to total p44/42, 

normalized to baseline phosphorylation at 0 minutes; mean ± S.E.; *p < 0.05) 

Representative blots of phosphorylated p44/42 (p-p44/42) and total p44/42 (p44/42) for 

vehicle/YM254890 (C) and HEK-293/-arrestin-knockout HEK-293 (D) experiments are 

shown. (n = 3-4) 
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3.3.8 Mutations of PAR2 C-tail stimulate increased levels of ERK 
phosphorylation 

To investigate the effect of PAR2 C-tail mutations on phosphorylation of ERK we 

stimulated PAR2-knockout HEK-293, transiently expressing PAR2 C-tail mutants, for 10 

minutes with a low receptor-activating concentration (based on calcium signalling data) 

of SLIGRL-NH2 (3 M) or trypsin (0.3nM). These concentrations were selected as they 

do not activate significant levels of calcium signalling (Figure 3.5D & H) and ERK 

phosphorylation in the wild-type PAR2 receptor. We reasoned that increases in ERK 

activation in the mutant receptor would be more readily detected under these conditions 

since ERK signalling downstream of receptor activation may be subject to 

amplification/deamplification processes that could mask significant increases in ERK 

phosphorylation downstream of mutant PAR2 receptor constructs at the highest 

concentrations of agonists used in this study. Interestingly, we observed similar ERK 

signalling [fold increase over baseline = (p-p44/42)/(p-44/42) normalized to untreated] 

with PAR2C361A-YFP (SLIGRL-NH2, 1.6 ± 0.3; trypsin, 1.2 ± 0.2), PAR2S383-385A-YFP 

(SLIGRL-NH2, 1.8 ± 0.4; trypsin, 1.3 ± 0.3), and PAR2S387-T392A-YFP (SLIGRL-NH2, 1.3 

± 0.2; trypsin, 1.3 ± 0.3), compared to wild-type PAR2-YFP in response to SLIGRL-NH2 

(3 µM; PAR2-YFP = 0.9 ± 0.2) and trypsin (0.3 nM; PAR2-YFP = 0.7 ± 0.1). However, 

we find that there is a significant increase in PAR2S383-385A, S387-T392A-YFP in response to 

both SLIGRL-NH2 (2.0 ± 0.3-fold increase over baseline) and trypsin (1.9 ± 0.6-fold 

increase over baseline) (Figure 3.9A). Thus, ERK signalling is primarily Gq/11-

dependent and -arrestin-independent (Figure 3.8A & B), but receptor mutants that had 

decreased activation of the Gq/11 pathway remain competent in activating ERK. This 

suggests that sufficient second messenger amplification may be occurring in the Gq/11 

pathway to indistinguishable levels of ERK activation or that activation of additional G-

protein pathways leading to ERK activation may remain functional in these PAR2 

mutants.  
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Figure 3.9 PAR2 C-tail phosphorylation mutation, Ser383-385Ala/Ser385-Thr392Ala, 

increases ERK phosphorylation in response to SLIGRL-NH2 and trypsin 

stimulation. (A) Summary data of p44/42 phosphorylation in PAR2-knockout HEK-293 

cells expressing PAR2-YFP or PAR2 C-tail mutant receptors stimulated for 10 minutes 

with SLIGRL-NH2 (3 µM) or trypsin (0.3 nM). Sub-maximal concentrations of SLIGRL-

NH2 and trypsin were chosen to avoid ERK activation with wild-type receptor to visual 

receptor mutations enhancing phosphorylation. Statistical analysis (two-way ANOVA) 

reveals that C-tail cysteine and phosphorylation mutants increase ERK phosphorylation 

compared to wild-type PAR2-YFP. Data shown are representative of four independent 

experiments (mean ± S.E.). (B) Representative blot of phosphorylated p44/42 (p-p44/42) 

and total p44/42 (p44/42) are shown. (n = 4) 
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Table 3.1 Summary of data -arrestin-recruitment, calcium signalling, and MAPK 

activation with PAR2-YFP and PAR2-YFP mutants with SLIGRL-NH2 (top) and 

trypsin (bottom) stimulation. 

 

β-arrestin-1  
Recruitment 

β-arrestin-2  
Recruitment Calcium ERK Phosphorylation 

SLIGRL-NH
2
 EC

50
 (μM) Max.  

(net BRET) 
EC

50
 (μM) Max.  

(net BRET) 
EC

50
 (μM) Max.  

(A.U.C.) 
Normalized fold increase 

over baseline 

PAR2-YFP  12.1 ± 1.6 0.39 ± 0.01  11.1 ± 1.2  0.53 ± 0.01  1.1 ± 0.1 1433 ± 21  0.9 ± 0.2 
PAR2

C361A
-YFP  28.8 ± 4.0*  0.28 ± 0.01*  27.4 ± 2.5*  0.32 ± 0.01*  7.1 ± 0.9*  1711 ± 37*  1.6 ± 0.3 

PAR2
S383-385A

-YFP  12.5 ± 2.8  0.44 ± 0.02*  15.1 ± 2.7  0.56 ± 0.02  0.8 ± 0.1 1165 ± 28*  1.8 ± 0.4 
PAR2

S387-T392A
-YFP  52.4 ± 12.1*  0.27 ± 0.02*  41.7 ± 6.3* 0.40 ± 0.02*  0.3 ± 0.1*  1242 ± 23*  1.3 ± 0.2 

PAR2
S383-385A, S387-T392A

-YFP  56.2 ± 18.0 0.16 ± 0.01*  29.9 ± 8.6 0.23 ± 0.02*  0.2 ± 0.1*   652 ± 44*  2.0 ± 0.3* 

Trypsin EC
50

 (nM) Max.  
(net BRET) 

EC
50

 (nM) Max.  
(net BRET) 

EC
50

 (nM) Max.  
(A.U.C) 

Normalized fold increase 

over baseline 

PAR2-YFP  9.4 ± 1.6 0.17 ± 0.01    6.1 ± 1.2  0.14 ± 0.01  0.6 ± 0.2 1729 ± 125  0.7 ± 0.1 
PAR2

C361A
-YFP  5.7 ± 1.1 0.12 ± 0.01*    4.9 ± 0.7 0.12 ± 0.00  2.3 ± 0.9*  2081 ± 192  1.2 ± 0.2 

PAR2
S383-385A

-YFP  8.7 ± 1.6 0.13 ± 0.01*    8.8 ± 2.1  0.16 ± 0.01  2.6 ± 0.1  1442 ± 112  1.3 ± 0.3 
PAR2

S387-T392A
-YFP  7.8 ± 1.2  0.12 ± 0.01*  11.9 ± 4.6  0.17 ± 0.02  0.2 ± 0.1  1241 ± 67*  1.3 ± 0.3 

PAR2
S383-385A, S387-T392A

-YFP  8.4 ± 1.8 0.13 ± 0.01*    5.1 ± 1.0  0.12 ± 0.01  0.2 ± 0.1 1236 ± 57*  1.9 ± 0.6* 
-arrestin recruitment (EC50; “Max.” denotes maximum BRET signal obtained with a mutant up 300 µM 

SLIGRL-NH2 or 300 nM trypsin), calcium signalling [EC50; “Max.” denotes maximum calcium signal at 

300 µM SLIGRL-NH2 or 300 nM trypsin (area under the curve; arbitrary units)], and phosphorylation of 

ERK (phosphorylated p44/42 / total p44/42; expressed as fold increase over unstimulated baseline) for 

PAR2-YFP and C-tail mutant PAR2-YFP receptors in response to SLIGRL-NH2 and trypsin. Statistical 

significance (* p < 0.05) was determined by extra sum of squares analysis (EC50 and Max.) or two-way 

ANOVA (ERK phosphorylation). 
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3.4 Discussion 

PAR2 is a proteolytically-activated GPCR and a key regulator of inflammatory responses 

(39). The mechanisms that underlie biased signalling through PAR2 are of interest both 

for understanding receptor regulation of cellular behaviour and for developing therapeutic 

strategies that selectively target certain pathways. Here we examined receptor C-tail 

motifs as determinants of PAR2 coupling to two key effectors, Gq/11 and -arrestins. 

Building on previous work, we find that a helix-8 cysteine residue (Cys361) is involved in 

PAR2 interaction with both Gq/11 signalling and the recruitment of -arrestins (21–23). 

Clusters of serine and threonine residues, that are sites of phosphorylation by GPCR 

kinases (GRKs), in contrast, regulated -arrestin interaction with PAR2 and resulted in a 

prolongation of the calcium signalling consistent with a deficit in receptor 

desensitization. A modest decrease in maximal calcium signalling was seen with some of 

the phosphorylation site mutants, perhaps reflecting differences in receptor expression 

that warrant further study with more quantitative methods. 

The ability of some GPCRs to signal independently of G-proteins via -arrestins has 

emerged in recent years as a paradigm that has expanded the scope of GPCR signalling 

(16). Previous studies have provided compelling evidence that -arrestin recruitment to 

GPCRs, such as the histamine H4 receptor, D prostanoid receptor-2, GPR17, and free 

fatty acid receptor-2, can occur without G-protein activation (40, 41). In the case of 

PAR2, such signalling has been implicated in scaffolding the p44/42 MAPK pathway 

(11). However, recent studies using CRISPR/Cas9 knockout of G-proteins and -arrestins 

have questioned whether G-protein activation is necessary for the -arrestin scaffolded 

signalling (41). Here we took advantage of a specific Gq/11 inhibitor and our newly 

developed -arrestin double-knockout cell line to re-examine this question for PAR2. We 

found that -arrestin recruitment to PAR2 was reduced but not completely abolished by 

pre-treatment with a Gαq/11-specific inhibitor in response to SLIGRL-NH2 stimulation. 

When PAR2 is activated with trypsin there was no difference in -arrestin recruitment to 

cells pretreated with vehicle or the Gαq/11 inhibitor. This was surprising and suggests that 

PAR2 can indeed recruit -arrestins independent of Gq/11 activation. We must note that 
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PAR2 can couple to multiple G-proteins and this lack of reduction in -arrestin 

recruitment likely reflect coupling to other G proteins preceding -arrestin interactions 

with PAR2. -arrestin-1/-2 however clearly have a role in regulating Gq/11-dependent 

signalling through PAR2. We observed a significant increase in the Gq/11-dependent 

calcium signal, with increases in both magnitude and duration of signal observed with 

both trypsin and SLIGRL-NH2 in -arrestin deficient cells which is entirely in keeping 

with the well-established role of -arrestins as regulators of desensitization in a variety of 

GPCRs including PAR2 (22, 42–45). PAR2-mediated calcium mobilization can also 

involve additional effectors such as TRP family ion channels (13, 46, 47). Therefore, it is 

possible that the prolongation and sensitization of calcium signalling noted here may also 

reflect changes in ion channel sensitization by PAR2. Further studies are required to 

examine this.  

More surprisingly, when we examined PAR2-dependent p44/42 MAPK activation, we 

found that the Gαq/11-inhibitor, YM254890, significantly attenuated phosphorylation of 

PAR2-dependent p44/42 MAPK activation. Since YM254890 did not abolish -arrestin 

recruitment to PAR2, this decrease in ERK activation appears to stem entirely from an 

inhibition of the Gq/11 signalling pathway. Further, in keeping with our observation of 

enhanced Gq/11 signalling in -arrestin-knockout HEK-293 cells, we find that 

phosphorylation of p44/42 in -arrestin-knockout HEK-293 cells was increased, though 

not significantly, compared to wild-type HEK-293 cells. These data support the 

interpretation that Gαq/11 signalling through PAR2 leads to p44/42 MAPK activation, 

which is negatively regulated by -arrestins. PAR2 can also trigger p44/42 MAPK 

signalling following activation by enzymes such as Neutrophil Elastase and Cathepsin-S 

that cleave the receptor at sites downstream from the trypsin cleavage site (25). These 

non-canonical cleavage events reveal tethered-ligands that are unable to engage either 

Gq/11 or -arrestin but instead appear to switch receptor coupling to G12/13 or Gs 

dependent pathway. Further work is warranted to fully understand multiple mechanisms 

that facilitate MAPK activation by PAR2.  
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Phosphorylation of the C-tail is known to increase -arrestin affinity for GPCRs (20, 48, 

49). Additionally, molecular and structural studies have established a role for the 8th helix 

in enabling both visual arrestin and -arrestin interactions with GPCRs (17, 50–52). In 

probing the relative contributions of these two mechanisms, we examined G-protein and 

-arrestin engagement to PAR2 mutants with serine/threonine to alanine substitution and 

a construct where the 8th helix cysteine residue was mutated to alanine. Mutation of 

Cys361 to alanine significantly decreased recruitment of -arrestin-1/-2 following agonist 

stimulation with SLIGRL-NH2. The decrease in -arrestin recruitment in the helix-8 

cysteine mutant is in keeping with other GPCRs where this has been observed including 

the vasopressin receptor and the thyrotropin receptor (53, 54). Intriguingly, -arrestin 

recruitment to this mutant was largely unaffected when the receptor was activated with 

trypsin and may be reflective of differences in peptide versus tethered agonist driven 

active receptor conformations. Previously, it was demonstrated that there is an evident 

reversal in rank order potency between thrombin- and peptide-activated PAR1, dependent 

on which signalling effector is studied (55). Such differences in effector coupling to 

helix-8 mutants of PAR1 activated by peptide versus tethered ligand agonists have also 

been reported (56). Thus, it is possible that a similar mechanism may underscore the 

differential effect we observed in this mutant between peptide and trypsin activated 

PAR2. 

Since helix-8 is also reported to be a site for G-protein interactions in GPCRs, we 

examined Gq/11-mediated calcium signalling to PAR2 in the helix-8 cysteine mutant. 

We observe that the Cys361Ala mutation in PAR2 results in significant dysregulation of 

calcium signalling. This is demonstrated by both a higher concentration of agonist 

required to elicit a half-maximal response and also by prolonged signalling following 

activation by either SLIGRL-NH2 or trypsin. The decrease in potency of PAR2 activators 

may be indicative of decreased Gq/11 affinity with this mutant, while the slow 

desensitization and elevated maxima may reflect the deficiency in -arrestin recruitment 

as noted with wild-type receptor in -arrestin-knockout HEK-293. Such defects in G-

protein-coupling to helix-8 mutants have been noted for PAR1, 2-adrenergic receptor, 

M1 muscarinic acetylcholine receptor, M2 muscarinic acetylcholine receptor, glucagon 
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like peptide-1 receptor, 5-Hydroxytryptamine(1A) receptor, CCR2 receptors, and some 

odorant receptors - to highlight a few examples (56–63). In the case of the M3 muscarinic 

acetylcholine receptor, chemical cross-linking studies have implicated helix-8 residues 

8.49 and 8.52 (Ballesteros-Weinstein GPCR numbering system) in making agonist-

promoted contacts with the 4-6 loop of Gq (64). In contrast, G-protein-mediated 

signalling through other GPCRs such as the 2A-adrenergic receptor and the vasopressin 

V1A receptor are not affected by mutations to the C-terminal cysteine residues (65, 66). In 

the case of the vasopressin receptor, receptor phosphorylation under both basal and 

agonist-stimulated conditions was abolished when the helix-8 cysteine residue was 

mutated, suggesting a role in recruitment of GPCR kinases (GRKs) (66). Whether 

Cys361Ala in PAR2 similarly affects GRK-mediated phosphorylation to affect -arrestin 

recruitment, is not yet known. Thus, it is possible that the decrease in -arrestin-

recruitment to PAR2 in the helix-8 cysteine mutant could be occurring through a direct 

disruption of a -arrestin contact site or through a deficit in GRK interaction and 

consequent defect in phosphorylation of the activated receptor. Our data suggest that a 

more direct role for helix-8 as a site for interaction between Gq/11 and PAR2 is likely.  

GRK-mediated phosphorylation of GPCRs is well established as a critical modification 

required for -arrestin interactions (45, 67). Further, the pattern of phosphorylation at 

different serine and threonine residues is GRK specific and can stabilize different -

arrestin conformations at activated receptors (68). The C-tail in PAR2 contains multiple 

clusters of serine and threonine residues that are established as sites of phosphorylation 

(22). We focused on two of these clusters encompassing residues Ser383-385 and Ser387-

Thr392. We also generated a construct with combined alanine substitution of both these 

clusters. We find that the membrane proximal cluster of serine residues, Ser383-385, does 

not play a role in agonist-dependent recruitment of -arrestin-1/-2. In contrast, mutation 

of the second cluster of six serine and threonine residues (Ser387-Thr392) to alanine 

significantly decreased SLIGRL-NH2-stimulated -arrestin recruitment. Thus, this site is 

a key regulator of -arrestin recruitment following peptide activation of PAR2. 

Interestingly, we once again noted only a modest deficit in trypsin-stimulated -arrestin 

recruitment to this mutant indicating that there are differences in peptide versus tethered-
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ligand stabilized active structures and their interaction with -arrestin. The reasons for -

arrestin recruitment to trypsin activated PAR2 remaining resistant to C-tail mutations are 

unclear. We speculate that multiple GRKs might phosphorylate activated PAR2 with 

different GRKs engaged when receptors are activated by trypsin vs agonist peptide. In 

this scenario mutations we studied here might not eliminate all of the trypsin recruited 

GRK interactions, enabling -arrestin recruitment, while effectively disrupting the GRK 

mediated phosphorylation that occurs following peptide activation. These mechanisms 

require further study. Much of the published research comparing the effects of peptide- 

versus proteolytically-stimulated signalling has also centered around Gq/11 dependent 

pathways. Our results here highlight the importance of comparing multiple signalling 

effector interactions when studying different PAR agonists.  

Combined deletion of both clusters of phosphorylation sites phenocopied -arrestin 

recruitment and calcium signalling patterns seen with mutations to Ser387-Thr392 

implicating these residues as a key motif in PAR2 -arrestin interaction though other 

phosphorylatable residues are also likely to provide additional sites for -arrestin contacts 

(22). The combined mutations to the two phosphorylation clusters was, however, required 

to cause an increase in ERK activation. However, in all other C-tail mutants, ERK 

activation was not significantly different than wild-type receptor, despite having 

decreased -arrestin recruitment and decreased Gq/11 calcium signalling. These data may 

indicate that despite the apparent decrease in -arrestin recruitment to these mutants, the 

quanta of -arrestin recruited may be sufficient to inhibit Gq/11-stimulated MAPK 

signalling, or that the level of Gq/11-activation downstream of mutant receptor activation 

is insufficient to lead to MAPK signalling at the concentrations evaluated. Further, the 

data may highlight a role for other G-protein pathways in regulating ERK activation 

downstream of these PAR2 mutants. In keeping with our findings in PAR2, studies in the 

2-adrenergic receptor have demonstrated both G-protein-dependent and G-protein-

independent/-arrestin-dependent ERK activation (69, 70). Therefore, mechanisms of 

GPCR-mediated ERK activation are likely agonist and context specific, as reported for 

other GPCRs, and warrant further study. 
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Previously studies have noted that a phosphorylation null PAR2 mutant shows evident 

defects in trafficking (22). While appropriate membrane localization was observed for all 

mutants studied here (Supplementary Figure 3.2), a more thorough investigation of the 

impacts of PAR2 C-tail mutations on trafficking should be undertaken to further probe 

the role of G-proteins and -arrestin in this process. This study also highlights the 

importance of considering differences between peptide- and trypsin-stimulated activation 

of PAR2, as has been previously reported for PAR1 (55, 71). Overall, our results 

highlight an important role for the helix-8 and clusters of phosphorylated serine and 

threonine residues as essential interaction sites for -arrestin recruitment to PAR2. Loss 

of -arrestin recruitment resulted in exaggerated G-protein-mediated signalling from this 

receptor. The modest effect of mutations studied here on trypsin-stimulated recruitment 

of -arrestins is intriguing and warrants further study to understand agonist specific 

differences in PAR2 effector interactions. 
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3.6 Chapter 3 Supplementary Information 

 

Supplementary Figure 3.1 Functional validation of PAR2-knockout HEK-293 cells 

To evaluate functional knockout of PAR2 we recorded calcium signalling in PAR2-

knocout HEK-293 cells and compared them to signalling in wild-type HEK-293 cells. 

Signalling in HEK-293 cells, which endogenously express both PAR1 and PAR2 but not 

PAR4, was recorded and demonstrates response to peptide agonists (100 µM) for PAR1 

(TFLLR-NH2) and PAR2 (SLIGRL-NH2) but no response to PAR4 (AYPGKF-NH2), as 

expected (A). PAR2-knockout HEK-293 cells signal peptide agonist-stimulated calcium 

for PAR1 but not PAR2, confirming a functional knockout of PAR2 (B). Calcium 

signalling in response peptide agonists is shown as a percentage of the maximum calcium 

signal obtained in response to calcium ionophore stimulation (A23187, 3 µM) is shown 

(grey).  
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Supplementary Figure 3.2 Representative confocal micrographs of PAR2-YFP and 

PAR2-YFP mutant receptor expression and localization Expression of PAR2-YFP 

(A), PAR2C361A-YFP (B), PAR2S383-385A-YFP (C), PAR2S387-T392A-YFP (D), and 

PAR2S383-385A, S387-T392A-YFP (E). All receptor mutants are expressed on the cellular 

surface as expected and observed with PAR2-YFP (YFP shown in green, nuclear DAPI 

stain shown in blue). 
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Chapter 4  

4 Differential Role of Helix-8 and C-terminal Tail Residues 
in Signalling and Regulation of Peptide- and Thrombin-
activated Proteinase Activated Receptor 4 (PAR4)  
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4.1 Introduction 

G-protein-coupled receptors (GPCRs) are the largest family of cell membrane signalling 

proteins expressed in eukaryotic cells (1, 2). These receptors convert extracellular ligand 

binding into intracellular signalling to mediate cellular affects. Ligand binding activates 

the GPCR through a series of structural reorganizations that allow for effectors, such as 

G-proteins, to bind and become activated. In addition to the intracellular loops of GPCRs, 

the Helix-8 and C-terminal tail also play important roles in effector interaction. 

Proteinase activated receptors (PARs), are a family of four rhodopsin-like (Class A) 

GPCRs, which are activated by a host of proteolytic enzymes from coagulation cascade-, 

immune cell-, and pathogen-derived sources (3–5). PARs are unique, compared to other 

Class A GPCR counterparts, in their mechanism of activation. PAR activation occurs 

following proteolysis of the receptor N-terminus which reveals a novel N-terminal 

sequence which is often termed the tethered ligand that is capable of activating the 

receptor through intramolecular binding (3). Alternatively, subtype-selective PAR 

activation can occur in the absence of proteolytic cleavage, through application of 

synthetic hexapeptide tethered ligand-mimetics (6–9).  

PAR4 is a proteolytically-activated GPCR with an important role in thrombosis and 

haemostasis platelet activation/aggregation (3, 10–12). PAR4 is activated by a host of 

enzymes, such as thrombin, which mediate its physiological functions in platelet 

haemostasis (5). Proteolytic cleavage unmasks a tethered ligand sequence, GYPGQV, 

which binds intramolecularly to the receptor leading to its activation. Alternatively, 

PAR4 can be activated by the tethered ligand-mimicking peptide, AYPGKF-NH2, which 

can activate the receptor in the absence of proteolytic cleavage (7, 13). PAR-mediated 

platelet activation downstream of thrombin release at the site of vessel injury is well-

described, and as such, these receptors have been the target for anti-platelet therapeutic 

approaches (10, 11, 14, 15). 

When activated with either the thrombin cleavage-revealed tethered ligand, 

G48YPGQV53, or tethered ligand-mimicking peptide, AYPGKF-NH2, PAR4 engages 

Gq/11, G12/13, and Gi G-protein subtypes, although it is unclear if PAR4 can couple to 
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Gi independent of crosstalk with purinergic receptors in certain tissue contexts (7, 16–

19). Previously, we demonstrated key differences in C-tail regulation of -arrestin-1/-2 

recruitment and G-protein signal regulation with peptide- (SLIGRL-NH2) versus 

proteolytically-activated (trypsin) PAR2 receptor (20). When activated, PAR4 signals 

primarily through Gq/11 and G12/13, as well as through -arrestins (7, 13, 16, 21). In 

contrast to many other Class A GPCRs, PAR4 lacks certain conserved residues and 

motifs implicated in effector interaction and signalling, such as a Helix-8 cysteine residue 

and C-tail clusters of serine/threonine residues. Thus, the molecular mechanisms that 

underlie PAR4 signalling and signal regulation are of interest – both for understanding 

the mechanisms of effector interactions with PAR4 as well as for the development of 

targeted therapeutic strategies. Further, probing differential contributions of residues to 

signalling and regulation downstream of either peptide activation or proteolytic cleavage 

provides insight into how these two different modes of activation may differentially 

regulate these interactions. 

4.2 Methods 

4.2.1 Chemicals and Other Reagents 

Thrombin from human plasma (catalogue no. 605195) was purchased from Millipore-

Sigma (St. Louis, MI). AYPGKF-NH2 (> 95% purity by HPLC/MS) was purchased from 

Genscript (Piscataway, NJ). Agonists were prepared in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 25 mM). All other chemicals or reagents were 

purchased from Millipore-Sigma, Thermo Fisher Scientific, or BioShop Canada, Inc. 

(Burlington, Ontario, Canada), unless otherwise stated.  

4.2.2 Molecular Cloning and Constructs 

The plasmid encoding the human PAR4 receptor with an in frame enhanced yellow 

fluorescent protein fusion tag (PAR4-YFP) has been previously described (22). The use 

of an in-frame, C-terminal fusion of enhanced yellow fluorescent protein (eYFP) has 

been employed to study many GPCRs. eYFP fused PAR4 has been utilized in several 

previous studies where we have demonstrated that PAR4-YFP couples to the known 

PAR4 signalling pathways appropriately (13, 22–24). QuikChange XL Multi Site-
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Directed Mutagenesis kit (Agilent Technologies, Mississauga, ON, Canada) was used to 

generate all Helix-8 and the C-terminal tail PAR4 mutants described in this study. All 

constructs were verified by sanger sequencing (London Regional Genomics Centre, 

University of Western Ontario). 

4.2.3 Cell Lines and Culture Conditions 

All media and cell culture reagents were purchased from Thermo Fisher Scientific 

(Waltham, MA). Human embryonic kidney (HEK) cells (HEK-293; ATCC), PAR1-

knockout HEK-293 (23), and -arrestin-1/-2-knockout HEK-293 (-arrestin-knockout 

HEK-293) (13, 24) cell lines were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 1% sodium pyruvate, and penicillin 

streptomycin solution (50,000 units penicillin, 50,000 g streptomycin). Since trypsin 

activates PAR4, cells were routinely sub-cultured using enzyme-free isotonic phosphate-

buffered saline (PBS) containing EDTA (1 mM). Cells were transfected with PAR4-YFP 

or mutated PAR4-YFP receptor vectors using X-tremeGENE 9 (Millipore-Sigma). 

Transiently transfected cells were always assayed or imaged at 48 hours post-transfection 

to ensure consistent levels of protein expression. 

4.2.4 Calcium Signalling 

Agonist-stimulated calcium signalling was recorded in HEK-293 and PAR1-knockout 

HEK-293 cells, as previously described (13, 25, 26). Cells were detached in enzyme-free 

cell dissociation buffer, pelleted, and resuspended in Fluo-4 NW (no wash) calcium 

indicator dye (Thermo Fisher Scientific). Following a 30-minute incubation at ambient 

temperature, intracellular fluorescence (excitation 480 nm; emission recorded at 530 nm) 

was monitored before and after addition of agonists (thrombin, PAR1-knockout HEK-

293; or AYPGKF-NH2, HEK-293) on a PTI spectrophotometer (Photon Technology 

International, Birmingham, NJ). Responses were normalized to the fluorescence obtained 

with calcium ionophore (A23187, 3 M; Sigma-Aldrich). 
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4.2.5 Bioluminescence Resonance Energy Transfer Detection of 

-arrestin-1/-2 Recruitment 

Bioluminescence resonance energy transfer (BRET) assays were employed to detect 

agonist-stimulated -arrestin-1/-2 recruitment to PAR4-YFP and mutant PAR4-YFP 

constructs in HEK-293 cells as described (13, 22, 24). PAR4-YFP or mutant PAR4-YFP 

constructs (1 µg) and Renilla luciferase-tagged -arrestin-1 or -2 (-arr-1 and -2-rluc; 0.1 

µg) were transiently transfected for 48 hours. Cells were plated in white 96-well culture 

plates (Corning; Oneonta, NY) and recruitment of -arresitin-1/-2 to PAR4 were detected 

by measuring the BRET signal 20 minutes after agonist stimulation and the addition of 5 

M h-coelenterazine prior to BRET recording (NanoLight Technology, Pinetop, AZ) on 

a Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany), as 

previously described (13, 22). 

4.2.6 Confocal Microscopy 

HEK-293 cells transiently transfected with PAR4-YFP or mutant PAR4-YFP were sub-

cultured onto glass coverslips (Thermo Fisher Scientific) and analyzed by confocal 

microscopy to ensure appropriate cell surface expression. Cells were fixed with 4% w/v 

paraformaldehyde solution (methanol-free; Fisher Scientific), stained with DAPI for 

nuclear staining, and the cellular localization of receptor assessed by imaging eYFP 

expression with an Olympus FV1000 (Centre Valley, PA). (Supplementary Figure 4.1) 

4.2.7 Statistical Analysis 

Curve fitting (three-parameter, nonlinear regression) and statistical analysis was 

completed with Prism 7 software (GraphPad Software, La Jolla, CA). Statistical 

significance of EC50 shifts was calculated using the extra sum of squares analysis (*p < 

0.05; Table 1) (13, 20, 27). Net BRET and calcium signalling obtained with AYPGKF-

NH2 (300 µM) or thrombin (10 units/mL) was used to calculated maximal signal 

achieved in our study for comparison of mutant PAR4 constructs to wild-type PAR4. 

Previously we have demonstrated that -arrestin recruitment to PAR4 does not saturate 

upon stimulation with AYPGKF-NH2 and thrombin (13, 22, 24). Thus, statistical 

significance of maximal net BRET (300 µM AYPGKF-NH2, 10 units/mL thrombin) was 
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determined using t-test (*p < 0.05). Data are expressed as mean ± S.E. throughout the 

text, table, and figure legends. 

4.3 Results 

4.3.1 AYPGKF-NH2- and thrombin-stimulated calcium signalling is 
dependent on Leu355-Gln357 residues in Helix-8 

Previously, we reported that the deletion of PAR4 Helix-8 residues R352AGLFQRS359 

(construct designated dRS-PAR), exhibited defects in agonist-stimulated calcium 

signalling in addition to abrogation of -arrestin-1/-2 recruitment (22). This study 

employed deletion of these residues, which may have contributed to some the deficits 

observed, therefore, in our current investigation we sought to determine a role for these 

residues in PAR4-mediated calcium signalling through alanine scanning mutations. First, 

we wanted to determine if we could recapitulate the findings of our previous study in a 

mutational model (rather than residue deletion), and further determine which residues, if 

not all, are involved in the loss of calcium signalling previously observed. Calcium 

signalling was recorded in response to stimulation of receptor with either AYPGKF-NH2 

or thrombin and reported as a percentage of the maximum calcium signal obtained in the 

sample using the calcium ionophore, A23187 (3 µM). Similar to our previous study with 

“R352AGLFQRS359” deletion, we observe that mutation of the entire motif to alanine 

(PAR4R352-S359A-YFP) significantly decreased both AYPGKF-NH2- (EC50 = n.d., Max. = 

2.5 ± 2.5%, Figure 4.2A; where “Max.” represents mean ± SEM of percent of A23187 

calcium signal at 300 µM AYPGKF-NH2 or 10 units/mL thrombin) and thrombin-

stimulated (EC50 = n.d., Max. = 6.1 ± 1.0%, Figure 4.1B) calcium signalling compared to 

wild-type PAR4-YFP (AYPGKF-NH2 EC50 = 26.7 ± 9.6 µM, Max. = 26.3 ± 2.5%, Figure 

4.1A; thrombin EC50 = 0.3 ± 0.1 units/mL, Max. = 14.8 ± 1.4%, Figure 4.1B) (Table 4.1). 

Therefore, we conclude that residues with the Helix-8 “R352AGLFQRS359” motif is 

involved in agonist-stimulated calcium signalling from PAR4. 

To determine which of these Helix-8 residues, if not all, are involved in PAR4-mediated 

calcium signalling we recorded agonist-stimulated calcium signalling from PAR4 

receptor mutants with sequential Helix-8 mutations. We observed no significant 
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difference in calcium signalling from Arg352-Gly354Ala mutation (AYPGKF-NH2 EC50 = 

15.6 ± 5.0 µM, Max. = 19.7 ± 1.5%, Figure 4.1A; thrombin EC50 = 0.4 ± 0.2 units/mL 

Max. = 14.5 ± 2.2%, Figure 4.1B; Table 4.1) compared to wild-type PAR4-YFP. 

Similarly, we observed no defect in calcium signalling in PAR4 receptor with Arg358-

Ser359Ala mutation in response to either AYPGKF-NH2 (EC50 = n.d., Max. = 25.8 ± 

0.6%, Figure 4.1A) or thrombin (EC50 = n.d., Max. = 13.9 ± 0.5%, Figure 4.1B) (Table 

4.1). Interestingly, mutation of Leu355-Gln357 to alanine significantly decreased calcium 

signalling in response to both AYPGKF-NH2 (EC50 = n.d., Max. = 7.4 ± 1.9%, Figure 

4.1A) thrombin (EC50 = n.d., Max. = 2.9 ± 2.8%, Figure 4.1B) (Table 4.1). Therefore, we 

conclude that the loss of calcium signalling, previously reported with the Helix-8 

“R352AGLFQRS359” motif deletion (22) and full motif mutation to alanine in the current 

study, is not due to truncation or shortening of the C-tail; rather, the deficits in calcium 

signalling appear to be mediated through loss of effector interactions with this site. Thus, 

Helix-8 Leu355-Gln357 residues are involved in agonist-stimulated calcium signalling 

downstream of activated PAR4. Further, since these findings were consistent with both 

peptide and thrombin activation of PAR4, we propose that these residues are important 

for appropriate activation of the Gαq/11-mediated calcium signalling pathway downstream 

of PAR4 activation, independent of which agonist is applied. 
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Figure 4.1 Helix-8 Leu355-Gln357 are necessary for appropriate AYPGKF-NH2- or 

thrombin-stimulated PAR4-mediated calcium signalling. Calcium signalling from 

wild-type PAR4-YFP and R352AGLFQRS359 mutant PAR4 receptors in response to 

AYPGKF-NH2 (A) or thrombin (B) stimulation. Signalling downstream of both peptide 

(A) and thrombin (B) activation of the PAR4L355-Q357A-YFP receptor mutant was 

significantly decreased compared to wild-type receptor, comparable to the deficit 

observed with the PAR4R352-S359A-YFP complete Helix-8 Arg352-Ser359Ala sequence 

mutation. Nonlinear regression curve fits are shown (mean ± S.E.) for three independent 

experiments. (n = 3) 
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Table 4.1 Summary table of calcium signalling in HEK-293 cells expressing wild-

type or Helix-8 “R352AGLFQRS359” sequence mutants in response to receptor 

activation with either peptide (AYPGKF-NH2) or thrombin-revealed tethered 

ligand. 

 AYPGKF-NH2 Thrombin 

Ca2+ EC50
 

(µM) 

Ca2+ Max. 

(% A23187) 

Ca2+ EC50
 

(µM) 

Ca2+ Max. 

(% A23187) 

PAR4-YFP 26.7 ± 9.6 26.3 ± 2.5 0.3 ± 0.1 14.8 ± 1.4 

PAR4R352-S359A-YFP n.d. 2.5 ± 2.5* n.d. 6.1 ± 1.0* 

PAR4R352-G354A-YFP 15.6 ± 5.0 19.7 ± 1.5 0.4 ± 0.2 14.5 ± 2.2 

PAR4L355-Q357A-YFP n.d. 7.4 ± 1.9* n.d. 2.9 ± 2.8* 

PAR4R358-S359A-YFP n.d. 25.8 ± 0.6 n.d. 13.9 ± 0.5 

EC50 not determined (n.d.). Statistical analysis for EC50 was conducted by sum of 

least squares analysis (Prism 7). Statistical analysis for maximal calcium signal 

obtained was conducted by two-tailed t-test on calcium signalling data (% A23187, 

3 µM) collected for the highest concentration tested in the study (AYPGKF-NH2 

300 µM, thrombin 10 units/mL; mean ± S.E. shown). Statistical significance is 

shown (*p < 0.05 compared to wild-type). (n = 3) 
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4.3.2 -arrestin-1 and -2 recruitment to PAR4 involves Helix-8 
Leu355-Gln357 downstream of bothAYPGKF-NH2 and 
thrombin stimulation. 

Previously, we reported that in addition to defects in agonist-stimulated calcium 

signalling, deletion of the Helix-8 “R352AGLFQRS359” motif (dRS-PAR4) decreased -

arrestin recruitment to PAR4 (22). As with calcium signalling, we sought to determine 

the role of Helix-8 mutations on -arrestin-1/-2 recruitment in response to either peptide- 

or enzyme-mediated activation of PAR4. As previously demonstrated, -arrestin-1/-2 

recruitment to PAR4 does not saturate in response to either peptide or thrombin 

activation, therefore the data presented throughout for -arrestin recruitment are 

presented as the net BRET ratio at the highest concentration tested for each agonist for 

comparison between receptors (AYPGKF-NH2 300 µM, thrombin 10 units/mL). In 

response to AYPGKF-NH2-stimulation, we observed -arrestin-1 (Max. = 0.22 ± 0.01; 

where “Max.” represents mean ± SEM of net BRET at 300 µM AYPGKF-NH2) and -

arrestin-2 (Max. = 0.29 ± 0.01), again consistent with values previously reported (13, 22). 

Thrombin-stimulated recruitment of -arrestin-1 (Max. = 0.18 ± 0.01; where “Max.” 

represents mean ± SEM of net BRET at 10 units/mL thrombin) and -arrestin-2 (Max. = 

0.21 ± 0.01) was also recorded. As previously observed, recruitment of -arrestin-1/-2 in 

response to thrombin exhibits decreased maximal recruitment compared to peptide 

agonism of the receptor (21, 22). 

Mutation of the entire Helix-8 “R352AGLFQRS359” sequence to alanine, PAR4R352-S359A-

YFP, mirror the findings of our previous study using deletion of these residues – 

providing confidence that the residues, and not their deletion, were responsible for the 

effects previously observed. -arrestin-1/-2 recruitment to PAR4R352-S359A-YFP was 

significantly decreased in response to both AYPGKF-NH2 (-Arr-1 Max. 0.10 ± 0.01, -

Arr-2 Max. 0.11 ± 0.00; Figure 4.2A) and thrombin (-Arr-1 Max. 0.08 ± 0.01, -Arr-2 

Max. 0.08 ± 0.00; Figure 4.2D) stimulation (Table 4.2). Therefore, we conclude that 

these residues are indeed involved in -arrestin-1/-2 recruitment to PAR4.  
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To determine whether the whole Helix-8 “R352AGLFQRS359” sequence, or a specific 

subset of these residues, are participating in agonist-stimulated recruitment of -arrestins, 

we utilized the sequential Helix-8 mutant receptors and recorded recruitment. The first of 

these mutations, Arg352-Gly354Ala, significantly increased recruitment of -arrestin-1 

(Max. = 0.24 ± 0.01) and -2 (Max. = 0.29 ± 0.00) compared to wild-type PAR4-YFP in 

response to AYPGKF-NH2 stimulation (Figure 4.2B & C; Table 4.2). Interestingly, we 

observed differential agonist-dependent recruitment of -arrestins to receptor with 

Arg352-Gly354Ala mutation (PAR4R352-G354A-YFP) when the receptor was stimulated with 

thrombin (Table 4.2). Thrombin-stimulated recruitment of -arrestin-1 to PAR4R352-G354A-

YFP (Max. = 0.15 ± 0.01; Figure 4.2E) was not significantly different than wild-type 

receptor, however, the recruitment of -arrestin-2 was significantly reduced (Max. = 0.16 

± 0.00; Figure 4.2F). Therefore, these data may represent a varied role for these residues 

in -arrestin recruitment that is agonist-dependent. 

Leu355-Gln357 to alanine mutation (PAR4L355-Q357A-YFP) resulted in decreased -arrestin-

1/-2 recruitment to PAR4 in response to both agonists studied. AYPGKF-NH2-stimulated 

recruitment of -arrestin-1 (Max. = 0.10 ± 0.00; Figure 4.2B) and -2 (Max. = 0.10 ± 0.00; 

Figure 4.2C) to PAR4L355-Q357A-YFP was significantly reduced compared to wild-type 

receptor. Further, thrombin-stimulated recruitment of -arrestin-1 (Max. = 0.10 ± 0.01; 

Figure 4.2E) and -2 (Max. = 0.08 ± 0.00; Figure 4.2F) was also significantly reduced 

compared to thrombin-activated PAR4. Given that both peptide- and thrombin-stimulated 

recruitment of -arrestins was affected by Leu355-Gln357Ala mutation, we determine a 

role for these residues in -arrestin recruitment to PAR4, independent of agonist.  

Finally, we evaluated the effect of alanine mutation Arg358 and Ser359 (PAR4R358-S359A-

YFP). We observed that AYPGKF-NH2-stimulated recruitment of both -arrestin-1 

(Max. = 0.17 ± 0.00; Figure 4.2B) and -2 (Max. = 0.23 ± 0.01; Figure 4.2C) was 

significantly reduced compared to wild-type receptor (Table 4.2). Interestingly, as 

observed with Arg352-Gly354Ala mutation, thrombin-stimulated -arrestin-1 recruitment 

was unaffected with Arg358-Ser359Ala mutation (Max. = 0.13 ± 0.01; Figure 4.2E); 
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however, -arrestin-2 recruitment was significantly reduced Max. = 0.15 ± 0.00; Figure 

4.2F) (Table 4.2).  

These data highlight an important role for Helix-8 “R352AGLFQRS359” residues in the 

recruitment of -arrestins to PAR4. Sequential mutation revealed a role for Leu355-Gln357 

residues in agonist-stimulated -arrestin recruitment, regardless of which PAR4-agonist 

was applied. Thus, these residues may be a key regulatory site for this interaction as the 

phenotype is observed in response to either agonist tested. Interestingly, the data also 

reveal key agonist-dependent differences in which residues are important for arrestin 

recruitment. Peptide-stimulated -arrestin-1/-2 recruitment to PAR4 was altered by all of 

the Helix-8 mutations studied, with Leu355-Gln357Ala mutation more deleterious than the 

other mutations studied (‡p < 0.05; Table 4.2). Interestingly, thrombin-stimulated 

recruitment of -arrestin-1/-2 was also significantly decreased compared to wild-type 

receptor, similar to the effect observed with peptide stimulation of this mutant. All 

mutations studied were significantly deleterious to -arrestin-2 recruitment downstream 

of thrombin-activation of the receptor; however, only Leu355-Gln357Ala mutation altered 

thrombin-stimulated recruitment of -arrestin-1 in comparison to wild-type receptor 

(Table 4.2). Thus, these data implicate both an agonist-dependent, and -arrestin-subtype 

dependent role for Helix-8 residues in recruitment to activated PAR4. 
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Figure 4.2 -arrestin-1/-2 recruitment to PAR4 and PAR4 with Helix-8, 

R352AGLFQRS359, mutations in response to stimulation with AYPGKF-NH2 (A-C) 

or tethered ligand revealed by thrombin (D-F) reveals Leu355-Gln357 plays a role in 

-arrestin recruitment to PAR4. Recruitment of -arrestin-1/-2 to PAR4 with mutation 

of the full R352AGLFQRS359 sequence to alanine was significantly decreased in 

comparison to wild-type PAR4 following stimulation with AYPGKF-NH2 (A) or 

thrombin (D). Recruitment of -arrestin-1 (B) or -2 (C) to PAR4 and sectional 

R352AGLFQRS359 mutations in response to AYPGKF-NH2. Recruitment of -arrestin 

proteins to PAR4L355-Q357A-YFP was significantly decreased, while, recruitment to 

PAR4R352-G354A-YFP was increased in response to peptide stimulation. Recruitment of -

arrestin-1 (E) or -2 (F) was significantly decreased to PAR4 with Leu355-Gln357Ala 

mutation compared to wild-type receptor in response to thrombin stimulation. Nonlinear 

regression curve fits are shown (mean ± S.E.) for three to four independent experiments 

with triplicate data points for each concentration and receptor collected within each 

experiment. (n = 3-4) 
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Table 4.2 Summary table of -arrestin-1 and -2 recruitment with wild-type or Helix-

8 “R352AGLFQRS359” sequence mutants in response to receptor activation with 

either peptide (AYPGKF-NH2) or thrombin-revealed tethered ligand. 

 

AYPGKF-NH2 Thrombin 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

PAR4-YFP 0.22 ± 0.01 0.29 ± 0.01 0.18 ± 0.01 0.21 ± 0.01 

PAR4R352-S359A-YFP 0.10 ± 0.01* 0.11 ± 0.00* 0.08 ± 0.01* 0.08 ± 0.00* 

PAR4-YFP 0.19 ± 0.01 0.27 ± 0.00 0.16 ± 0.01 0.19 ± 0.01 

PAR4R352-G354A-YFP 0.24 ± 0.01* 0.29 ± 0.00* 0.15 ± 0.01 0.16 ± 0.00* 

PAR4L355-Q357A-YFP 0.10 ± 0.00*‡ 0.10 ± 0.00*‡ 0.10 ± 0.01* 0.08 ± 0.00*‡ 

PAR4R358-S359A-YFP 0.17 ± 0.00* 0.23 ± 0.01* 0.13 ± 0.01 0.15 ± 0.00* 

Statistical analysis was conducted by two-tailed t-test on net BRET ratios on data for 

the highest concentration tested in the study (AYPGKF-NH2 300 µM, thrombin 10 

units/mL; mean ± S.E. shown). Statistical significance is shown (*p < 0.05 compared to 

wild-type; ‡p < 0.05 compared to PAR4R352-G354-YFP or PAR4R358-S359A-YFP). (n = 3-4) 
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4.3.3 PAR4 stimulated calcium signalling involves Helix-8 Lys350 
following receptor activation with either AYPGKF-NH2 or 
thrombin 

Helix-8 and C-terminal tail lysine residues have been shown for many Class A GPCRs to 

be involved in interactions with both G-proteins and -arrestins, as well as changes in the 

activation state of GPCRs (28–30). Specifically, lysine residues located in the Helix-8, 

which are adjacent to the canonical NPxxYX5,6F motif, have been implicated to be a 

binding site for various G-protein subtypes including Gt, Gi, and Gs (30–33). The PAR4 

Helix-8 and C-terminal contains two lysine residues, Lys350 (8.53, Ballesteros-Weinstein 

numbering) and Lys367, which are distal to the PAR4 DPxxYX5,6F motif. Given the 

emerging role for Helix-8 lysine residues in GPCR-G-protein interaction, we investigated 

Gαq/11-mediated calcium signalling using our PAR4 receptors with C-terminal tail lysine 

mutations. Calcium signalling in HEK-293 cells expressing PAR4-YFP was recorded in 

response to AYPGKF-NH2- (EC50 = 35.9 ± 12.8 µM, Max. = 26.1 ± 2.6%; Figure 4.3A, 

Table 4.3) or thrombin-stimulation (EC50 = 1.3 ± 0.5 units/mL, Max. = 16.2 ± 1.7%; 

Figure 4.3B, Table 4.3). Cells expressing PAR4 with Helix-8 lysine, Lys350Ala mutation 

(PAR4K350A-YFP) had significantly decreased calcium signalling in response to both 

AYPGKF-NH2 (EC50 = n.d., Max. = 8.5 ± 1.8%; Figure 4.3A, Table 4.3) and thrombin 

(EC50 = n.d., Max. = 4.3 ± 0.7%; Figure 4.3B, Table 4.3). Thus, PAR4 Helix-8 Lys350 

may be a site for effector interaction or receptor activation states, as is observed for some 

class A GPCRs. 

Interestingly, calcium signalling in cells expressing the distal C-terminal lysine PAR4-

mutant (PAR4K367A-YFP) was unexpectedly decreased following receptor stimulation 

with AYPGKF-NH2 (EC50 = n.d., Max. = 10.6 ± 4.4%; Figure 4.3A, Table 4.3); however, 

was not significantly altered in response to thrombin-stimulation (EC50 = 0.5 ± 0.3, Max. 

= 10.8 ± 1.9%; Figure 4.3B, Table 4.3). Combination of these lysine mutations 

(PAR4K350A, K367A-YFP) also significantly reduced agonist-stimulated calcium signalling 

in response to AYPGKF-NH2 activation of the receptor (Max. 4.0 ± 1.7%; Figure 4.3A, 

Table 4.3) compared to wild-type receptor, however, the decrease was not more 

deleterious than mutation of Lys350Ala (p = 0.12) or Lys367Ala (p = 0.21), alone. 

Interestingly, we did not detect any statistically significant differences with mutation of 
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either Lys367Ala or combined mutation (EC50 = 1.8 ± 2.0 units/mL, Max. = 8.2 ± 3.0%) in 

response to thrombin stimulation of these receptors compared to wild-type (Figure 4.3B, 

Table 4.3). 

These data implicate a previously unreported role of Helix-8 Lys350 in PAR4 Gαq/11-

mediated calcium signalling downstream of PAR4 activation with either agonist peptide-

mediated or thrombin cleavage-mediated activation of calcium signalling. Whether the 

residue is involved in direct effector binding or a structural interaction with other active 

state receptor motifs, such as the NPxxYx4,5F motif or through receptor post-translational 

modifications (e.g. ubiquitination), remains to be explored. Additionally, the role of the 

more distal Lys367 in peptide-activated PAR4 could provide some insight into key 

differences in effector signalling between peptide-activated and thrombin-activated 

PAR4.  
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Figure 4.3 C-terminal tail lysine residues, Lys350 (Helix-8), is necessary for 

appropriate AYPGKF-NH2- or thrombin-stimulated, PAR4-mediated, calcium 

signalling. AYPGKF-NH2-stimulated calcium signalling from wild-type PAR4-YFP and 

C-terminal tail lysine mutant PAR4 receptors are significantly decreased compared to 

wild-type receptor (A). Thrombin-stimulated calcium signalling was significantly 

decreased to PAR4 receptor with Lys350Ala mutation, but not Lys367Ala mutation, with 

no additive detriment to combined mutation of both residues (B). Nonlinear regression 

curve fits are shown (mean ± S.E.) for three to four independent experiments. (n = 3-4) 
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Table 4.3 Summary table of calcium signalling in HEK-293 cells expressing wild-

type or C-terminal tail lysine residue mutations in response to receptor activation 

with either peptide (AYPGKF-NH2) or thrombin-revealed tethered ligand. 

 AYPGKF-NH2 Thrombin 

Ca2+ EC50 

(µM) 

Ca2+ Max. 

(% A23187) 

Ca2+ EC50 

(µM) 

Ca2+ Max. 

(% A23187) 

PAR4-YFP 35.9 ± 12.8 26.1 ± 2.6  1.3 ± 0.5 16.2 ± 1.7 

PAR4K350A-YFP n.d. 8.5 ± 1.8* n.d. 4.3 ± 0.7*‡ 

PAR4K367A-YFP n.d. 10.6 ± 4.4* 0.5 ± 0.3 10.8 ± 1.9 

PAR4K350A, K367A-YFP 9.1 ± 10.2 4.0 ± 1.7* 1.8 ± 2.0 8.2 ± 3.0 

EC50 not determined (n.d.). Statistical analysis for EC50 was conducted by sum of 

least squares analysis (Prism 7). Statistical analysis for maximal calcium signal 

obtained was conducted by two-tailed t-test on calcium signalling data (% A23187, 3 

µM) collected for the highest concentration tested in the study (AYPGKF-NH2 300 

µM, thrombin 10 units/mL; mean ± S.E. shown). Statistical significance is shown 

(*p < 0.05 compared to wild-type; ‡p < 0.05 compared to PAR4K367A-YFP). (n = 3-

4) 
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4.3.4 Importance of Lys350 in AYPGKF-NH2- and thrombin-

stimulated -arrestin-1 and -2 recruitment revealed by PAR4 
C-tail lysine mutants 

Lysine residues located in the Helix-8, adjacent to the canonical NPxxYX5,6F motif, have 

also been implicated to have a role in interactions with the -arrestin finger-loop, 

assisting the -arrestin proteins in recognizing an active conformation of the receptor. To 

determine if these C-terminal tail lysine residues play a role in -arrestin recruitment to 

activated PAR4, we recorded -arrestin recruitment to PAR4K350A-YFP and PAR4K367A-

YFP. Lys350Ala significantly reduced agonist-stimulated -arrestin recruitment to PAR4 in 

response to AYPGKF-NH2 stimulation (PAR4K350A-YFP, -Arr-1 Max. = 0.13 ± 0.00, -

Arr-2 Max. = 0.16 ± 0.01) compared to wild-type PAR4-YFP (-Arr-1 Max. = 0.24 ± 

0.00, -Arr-2 Max. = 0.29 ± 0.01) (Figure 4.4A, Table 4.4). Additionally, thrombin-

stimulated -arrestin recruitment was also significantly decreased to PAR4K350A-YFP (-

Arr-1 Max. = 0.12 ± 0.00, -Arr-2 Max. = 0.12 ± 0.00) compared to wild-type receptor 

(-Arr-1 Max. = 0.18 ± 0.01, -Arr-2 Max. = 0.20 ± 0.00) (Figure 4.4D, Table 4.4).  

As mentioned, the C-tail of PAR4 contains one additional, non-helix-8 lysine residue, 

Lys367. Lys367Ala mutation had no effect on agonist-stimulated -arrestin recruitment to 

the receptor compared to wild-type receptor in response to either AYPGKF-NH2 (-Arr-1 

Max. = 0.22 ± 0.01, -Arr-2 Max. = 0.32 ± 0.01; Figure 4.4B) or thrombin (-Arr-1 Max. 

= 0.19 ± 0.01, -Arr-2 Max. = 0.26 ± 0.02; Figure 4.4E) compared to wild-type receptor 

(AYPGKF-NH2 -Arr-1 Max. = 0.22 ± 0.01, -Arr-2 Max. = 0.29 ± 0.01, Figure 4.4B; 

thrombin -Arr-1 Max. = 0.19 ± 0.01, -Arr-2 Max. = 0.23 ± 0.01, Figure 4.4E) (Table 

4.4). 

Interestingly, combined mutation of both lysine residues (PAR4K350A, K367A-YFP), reveals 

some agonist specific differences for -arrestin recruitment to the receptor. In response to 

peptide agonism of the double mutant receptor, -arrestin-1 recruitment was significantly 

decreased when compared to Lys350Ala mutation alone (Max. = 0.12 ± 0.00, Table 4.4); 

however, -arrestin-2 recruitment was not significantly more decreased than single 

mutation of the Helix-8 lysine (Max. = 0.17 ± 0.01, p = 0.07). Oppositely, thrombin-
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stimulated -arrestin-1 recruitment was not significantly more reduced that with the 

single Lys350Ala mutation alone (Max. = 0.12 ± 0.01, p = 0.95; Figure 4.4C, Table 4.4), 

however, -arrestin-2 recruitment was not as reduced as with the Lys350Ala mutation 

alone (Max. = 0.16 ± 0.01; Figure 4.4F, Table 4.4). Thus, the Helix-8 Lys350 residue 

appears to have a role in agonist-stimulated -arrestin recruitment. Additionally, there 

may be a role for the distal Lys367 in agonist-dependent or subtype specific differential 

recruitment of -arrestins. 

  



235 

 

 

Figure 4.4 Lys350 is involved in -arrestin-1 and -2 recruitment to PAR4 in response to 

AYPGKF-NH2 or thrombin activation. -arrestin-1/-2 recruitment to PAR4 and PAR4 

with C-terminal tail lysine residue mutations in response to peptide (A-C) or thrombin 

(D-F) stimulation. Recruitment of -arrestin-1/-2 recruitment to PAR4 with mutation of 

Helix-8 Lys350 to alanine was significantly decreased compared to wild-type PAR4-YFP 

in response to receptor activation with either AYPGKF-NH2 (A) or thrombin (D). C-

terminal tail mutation Lys367Ala reveals no role for Lys367 in -arrestin-1/-2 recruitment 

following receptor stimulation with either AYPGKF-NH2 (B) or thrombin (E). As 

expected, given the decreased recruitment observed with Lys350Ala, combined mutation 

of both Lys350/Lys367 to alanine was significantly reduced -arrestin-1/-2 recruitment 

compared to PAR4-YFP in response to AYPGKF-NH2 (C) or thrombin (F). Nonlinear 

regression curve fits are shown (mean ± S.E.) for three to four independent experiments 

with triplicate data points for each concentration and receptor collected within each 

experiment. (n = 3) 
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Table 4.4 Summary table of -arrestin-1 and -2 recruitment, with wild-type or C-

terminal tail lysine residue (Lys350, Lys367) mutations, in response to receptor 

activation with either peptide (AYPGKF-NH2) or thrombin-revealed tethered 

ligand. 

 AYPGKF-NH2 Thrombin 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

PAR4-YFP 0.24 ± 0.00 0.29 ± 0.01 0.18 ± 0.01 0.20 ± 0.00 

PAR4K350A-YFP 0.13 ± 0.00* 0.16 ± 0.01* 0.12 ± 0.00* 0.12 ± 0.00* 

PAR4-YFP 0.22 ± 0.01 0.29 ± 0.01 0.19 ± 0.01 0.23 ± 0.01 

PAR4K367A-YFP 0.22 ± 0.01 0.32 ± 0.01 0.19 ± 0.01 0.26 ± 0.02 

PAR4-YFP 0.22 ± 0.01 0.29 ± 0.01 0.18 ± 0.00 0.21 ± 0.01 

PAR4K350A, K367A-

YFP 

0.12 ± 0.00*‡ 0.17 ± 0.01* 0.12 ± 0.01* 0.16 ± 0.01*‡ 

Statistical analysis was conducted by two-tailed t-test on net BRET ratios on data for 

the highest concentration tested in the study (AYPGKF-NH2 300 µM, thrombin 10 

units/mL; mean ± S.E. shown). Statistical significance is shown (*p < 0.05 compared 

to wild-type). (n = 3) 
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4.3.5 DPxxYx6F motif residues, Tyr340 and Phe347, are necessary 

for Gq/11-mediated calcium signalling from activated PAR4. 

Helix-8 and C-terminal tail residues have been shown for many Class A GPCRs to be 

involved in both interactions with -arrestins and G-proteins and changes in the 

activation state of the GPCR (28–30). Many Class A GPCRs possess a canonical 

NPxxYX5,6F motif/domain, spanning TM7 and Helix-8, including Asn7.49, Pro7.50, Tyr7.53, 

and Helix-8 Phe8.50. This motif is thought to be involved in stabilizing the inactive state 

of Class A GPCRs. Additionally, mutational studies have demonstrated deficits in G-

protein activation and signalling when Tyr7.53 and Phe8.50 are mutated to alanine (34, 35). 

In PAR4, the NPxxYx5,6F motif is D7.49PFIY7.53YYVSAEF8.50. To determine if there is 

similar role for Tyr7.53 and Phe8.50 in PAR4-mediated activation of Gq/11, single amino 

acid mutations of Tyr340 (PAR4Y340A-YFP) and Phe347 (PAR4F347A-YFP) to alanine were 

generated. 

Calcium signalling in HEK-293 cells expressing PAR4-YFP was recorded in response to 

AYPGKF-NH2- (EC50 = 19.4 ± 8.4 µM, Max. = 20.6 ± 1.8%; Figure 4.5A, Table 4.5) or 

thrombin-stimulation (EC50 = 0.4 ± 0.2 units/mL, Max. = 19.4 ± 2.6%; Figure 4.5B, 

Table 4.5). Cells expressing PAR4 with mutation of TM7, Tyr340Ala (PAR4Y340A-YFP) 

had significantly decreased calcium signalling in response to both AYPGKF-NH2 (EC50 

= n.d., Max. = 0.9 ± 2.4%; Figure 4.5A, Table 4.5) and thrombin (EC50 = n.d., Max. = 2.8 

± 0.5%; Figure 4.5B, Table 4.5). To determine whether the loss of function observed with 

PAR4Y340A-YFP is due to the loss of interaction with the Helix-8 Phe347 residue, as would 

be expected as part of a traditional NPxxY6F motif, we generated a concomitant 

Phe347Ala mutant receptor and recorded calcium signalling. Similar to the deficits 

observed with Tyr340Ala mutation, PAR4F347A-YFP mutation significantly abrogated 

calcium signalling downstream of PAR4 activation with both AYPGKF-NH2 (EC50 = 

n.d., Max. = 5.1 ± 2.4%; Figure 4.5A, Table 4.5) and thrombin (EC50 = n.d., Max. = 4.1 ± 

0.3%; Figure 4.5B, Table 4.5) stimulation. Thus, TM7 Tyr340 appears to perform an 

integral role in the DPxxYx6F motif in PAR4 through association with Helix-8 Phe347. 
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Figure 4.5 Mutation of PAR4 DPxxYx6F motif residues, Tyr340 and Phe347, abrogates 

both peptide- (AYPGKF-NH2) and enzyme-stimulated (thrombin) Gq/11 calcium 

signalling. Calcium signalling from DPxxYx6F motif mutant PAR4 receptors, 

PAR4Y340A-YFP and PAR4F347A-YFP, are significantly decreased compared to wild-type 

receptor in response to both peptide-stimulation (AYPGKF-NH2) (A) and enzyme-

cleavage (thrombin) (B). Nonlinear regression curve fits are shown (mean ± S.E.) for 

three independent experiments. (n = 3) 
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Table 4.5 Summary table of calcium signalling in HEK-293 cells expressing wild-

type or DPxxYx6F motif residue mutations, Tyr340Ala and Phe347Ala, in response to 

receptor activation with either peptide (AYPGKF-NH2) or thrombin-revealed 

tethered ligand. 

 AYPGKF-NH2 Thrombin 

Ca2+ EC50 

(µM) 

Ca2+ Max. 

(% A23187) 

Ca2+ EC50 

(units/mL) 

Ca2+ Max. 

(% A23187) 

PAR4-YFP 19.4 ± 8.4 20.6 ± 1.8  0.4 ± 0.2 19.4 ± 2.6 

PAR4Y340A-YFP n.d. 0.9 ± 2.4* n.d. 2.8 ± 0.5* 

PAR4F347A-YFP n.d. 5.1 ± 2.4* n.d. 4.1 ± 0.3* 

EC50 not determined (n.d.). Statistical analysis for EC50 was conducted by sum of 

least squares analysis (Prism 7). Statistical analysis for maximal calcium signal 

obtained was conducted by two-tailed t-test on calcium signalling data (% A23187, 3 

µM) collected for the highest concentration tested in the study (AYPGKF-NH2 300 

µM, thrombin 10 units/mL; mean ± S.E. shown). Statistical significance is shown 

(*p < 0.05 compared to wild-type). (n = 3) 
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4.3.6 The role of DPxxYx6F motif residues, Tyr340 and Phe347, in -
arrestin-1/-2 recruitment to activated PAR4. 

To determine whether there are any alterations in the recruitment of -arrestin-1/-2 to 

PAR4 NPxxYx6F mutants of Tyr7.53 (Tyr340Ala) and Phe8.50 (Phe347Ala), -arrestin 

recruitment was measured. Tyr340Ala mutation significantly reduced agonist-stimulated 

-arrestin recruitment to PAR4 in response to AYPGKF-NH2 stimulation (-Arr-1 Max. 

= 0.09 ± 0.00, -Arr-2 Max. = 0.10 ± 0.00) compared to wild-type PAR4-YFP (-Arr-1 

Max. = 0.19 ± 0.01, -Arr-2 Max. = 0.25 ± 0.01) (Figure 4.6A & B, Table 4.6). 

Interestingly, Phe347Ala mutation yielded almost superimposable deficits in peptide-

stimulated -arrestin recruitment, when compared to Tyr340Ala mutation (Phe347Ala, -

Arr-1 Max. = 0.09 ± 0.00, -Arr-2 Max. = 0.09 ± 0.01) (Figure 4.6A & B, Table 4.6).  

Given the reduced recruitment observed with these mutations in response to peptide 

stimulation of the receptor, we next determined if there were any impacts on -arrestin 

recruitment to tethered ligand activation of PAR4 via thrombin cleavage. Similar to the 

decreases observed with peptide stimulation, -arrestin-1/-2 recruitment was significantly 

reduced in both PAR4Y340A-YFP (-Arr-1 Max. = 0.09 ± 0.00, -Arr-2 Max. = 0.09 ± 

0.00) and PAR4F347A-YFP (-Arr-1 Max. = 0.08 ± 0.00, -Arr-2 Max. = 0.09 ± 0.00) 

mutants compared to wild-type receptor (-Arr-1 Max. = 0.19 ± 0.01, -Arr-2 Max. = 

0.24 ± 0.01) when stimulated with thrombin (Figure 4.6C & D, Table 4.6).  

Given the significant reduction in -arrestin recruitment observed with both thrombin- 

and peptide-stimulated PAR4 containing these mutations, these data suggest that Tyr340 

and Phe347 are key residues in the TM7/Helix-8 interactions governing -arrestin 

recruitment. Further, given the almost superimposable reductions of both Tyr340Ala and 

Phe347Ala, these data implicate an interaction between these two residues as a part of the 

DPxxYx6F motif in PAR4 which is important for both G-protein activation and -arrestin 

recruitment. 
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Figure 4.6 PAR4 DPxxYx6F mutations, Tyr340Ala and Phe347Ala, are detrimental to 

-arrestin-1/-2 recruitment with either peptide- or enzyme-mediated activation of 

PAR4. -arrestin-1/-2 recruitment to PAR4 and PAR4 with DPxxYx6F residue 

mutations, Tyr340Ala or Phe347Ala, in response to peptide (A-B) or thrombin (C-D) 

stimulation. Recruitment of -arrestin-1 recruitment to wild-type and mutant PAR4 

receptors with either AYPGKF-NH2 (A) or thrombin (C) reveal that both Tyr340 and 

Phe347 are important residues for -arrestin recruitment. Further, -arrestin-2 recruitment 

was similarly reduced in response to peptide (B) or thrombin (D) stimulation. Nonlinear 

regression curve fits are shown (mean ± S.E.) for three independent experiments with 

triplicate data points for each concentration and receptor collected within each 

experiment. (n = 3) 
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Table 4.6 Summary table of -arrestin-1 and -2 recruitment, with wild-type or 

DPxxYx6F mutants (Tyr340Ala, Phe347Ala) mutations, in response to receptor 

activation with either peptide (AYPGKF-NH2) or thrombin-revealed tethered 

ligand. 

 AYPGKF-NH2 Thrombin 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

PAR4-YFP 0.19 ± 0.01 0.25 ± 0.01 0.19 ± 0.01 0.24 ± 0.01 

PAR4Y340A-YFP 0.09 ± 0.00* 0.10 ± 0.00* 0.09 ± 0.00* 0.08 ± 0.00* 

PAR4F347A-YFP 0.09 ± 0.00* 0.09 ± 0.01* 0.09 ± 0.00* 0.09 ± 0.00* 

Statistical analysis was conducted by two-tailed t-test on net BRET ratios on data for 

the highest concentration tested in the study (AYPGKF-NH2 300 µM, thrombin 10 

units/mL; mean ± S.E. shown). Statistical significance is shown (*p < 0.05 compared 

to wild-type). (n = 3) 
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4.3.7 Role for “complete” phosphorylation barcode motif and C-tail 

phosphorylation sites in differential recruitment of -arrestins 
to PAR4 dependent on either AYPGKF-NH2 or thrombin-
revealed tethered ligand. 

4.3.7.1 Phosphorylation Barcode 

A role for phosphorylation-dependent GPCR-mediated recruitment of -arrestins is well 

established (36, 37). The importance of phosphorylation codes/motifs in -arrestin 

binding and signalling has also been demonstrated for many GPCRs including the 2-

adrenergic receptor, rhodopsin receptor and vasopressin receptors (Table 4.7) (38–41). A 

so-called “complete” barcode motif, involves three phosphorylatable residues interspaced 

by two residues [Px(x)PxxP, wherein “P” denotes a phosphorylatable serine or threonine 

residue, and “x” denotes any other residue], which have been shown to be a key 

component of receptor C-tail/arrestin interaction (42). Additionally, partial barcode 

motifs have been identified wherein a phosphorylatable residue spot within the motif is 

occupied by another residue, frequently an acidic residue (42). Phosphorylation motifs in 

the PAR4 C-terminal tail were identified using the PhosCoFinder tool (42) which 

identified one complete motif and several partial motifs. We focused our study of barcode 

motifs in the PAR4 C-tail on the complete motif (Thr363/Ser366/Ser369, Table 4.7). -

arrestin recruitment was significantly reduced to PAR4T363A, S366A, S369A-YFP in response 

to AYPGKF-NH2 stimulation of the receptor (-Arr-1 Max. = 0.10 ± 0.01, -Arr-2 Max. 

= 0.18 ± 0.02; Figure 4.7A, Table 4.8) compared to wild-type receptor (-Arr-1 Max. = 

0.15 ± 0.01, -Arr-2 Max. = 0.26 ± 0.02; Figure 4.7A, Table 4.8). Interestingly, in 

response to thrombin stimulation only -arrestin-1 recruitment was decreased (Max. = 

0.07 ± 0.01) compared to wild-type receptor (Max. = 0.14 ± 0.01) (Figure 4.7B, Table 

4.8); while -arrestin-2 recruitment (Max. = 0.12 ± 0.02) was not statistically different 

than thrombin-stimulated recruitment to wild-type receptor (Max. = 0.17 ± 0.02) (Figure 

4.7B, Table 4.8).  

Further studies are needed to fully identify the role of phosphorylation barcodes in the C-

terminal tail of PAR4. However, our data reveal that the complete C-tail barcode motif 

Thr363/Ser366/Ser369 is involved in peptide-stimulated recruitment of -arrestin-1 and -2 to 
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PAR4 and thrombin-stimulated -arrestin-1 recruitment. Given that -arrestin-2 

recruitment following thrombin-activation of PAR4 was unaltered in the complete motif 

mutation, it does not appear that this motif is involved in thrombin-stimulated recruitment 

of -arrestin-2. Therefore, this could signal the presence of agonist-dependent differential 

regulation of -arrestin subtype recruitment to PAR4; however, a comprehensive 

mutational study of these motifs would need to be undertaken to determine agonist-

dependent interactions between arrestin subtypes and this motif to verify this interaction. 

4.3.7.2 Phosphorylation-site-null PAR4 C-tail 

Given that we do not observe a complete loss of -arrestin-1/-2 recruitment with the 

“complete” barcode motif mutation (Thr363Ala/Ser366Ala/Ser369Ala), we generated a 

mutant PAR4 receptor wherein all of the C-tail serine/threonine residues are mutated to 

alanine (PAR40P-YFP) to determine if there was any further loss of recruitment (Figure 

4.8). Recruitment of -arrestin-1 to PAR40P-YFP was significantly reduced compared to 

wild-type receptor, however, was not significantly more detrimental than the barcode 

motif mutation alone [AYPGKF-NH2 (-Arr-1 Max. = 0.11 ± 0.00; p = 0.70 compared to 

PAR4T363A/S366A/S369A-YFP); thrombin (-Arr-1 Max. = 0.08 ± 0.01; p = 0.35 compared to 

PAR4T363A/S366A/S369A-YFP] (Figure 4.9A-B, Table 4.8). Additionally, -arrestin-2 

recruitment in response to thrombin stimulation of PAR4 was significantly decreased 

compared to wild-type receptor, however, not more so than the barcode mutation alone 

(-Arr-2 Max. = 0.10 ± 0.00; p = 0.23 compared to PAR4T363A/S366A/S369A-YFP) (Figure 

4.9B, Table 4.8). Interestingly, we observed a further reduction of -arrestin-2 

recruitment to PAR4 in response to peptide stimulation in PAR40P-YFP compared to 

barcode motif mutation alone (-Arr-2 Max. = 0.10 ± 0.01; p = 0.01 compared to 

PAR4T363A/S366A/S369A-YFP). These data may therefore highlight a role for agonist-

dependent subtype selectivity, as was observed with the mutation of the complete 

phosphorylation barcode, as well as reveal residues involved in arrestin-subtype 

selectivity in the C-tail of PAR4. These data, however, should be carefully followed up 

with a further investigation of which residues may enable this effect. 
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Table 4.7 Phosphorylation barcodes of PAR4 and other common Class A GPCRs.† 

Receptor Rho V2R β2AR PAR4 

Res. ID 334 336 355 355 354 391 361 353 

 S T D D Y Q G A 

A V E E S G D G 

T S S S S T T F 

V K C C N V V Q 

-- -- T T G P A R 

S T T T N S S S 

K E A A T D K P 

T T S S G N A G 

E S S S E I S D 

T Q S S Q D A T 

S V L L S S E V 

Res. ID 343 345 365 365 364 401 371 364 

†Phosphorylation barcodes determined by the PhosCoFinder tool for rhodopsin (Rho), 

vasopressin (V2R), 2-adrenergic (2AR), and PAR4 receptors. Phosphorylation barcode 

residues are shown for “complete” (green) and “partial” (orange) motifs. 
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Figure 4.7 Mutation of PAR4 phosphorylation barcode significantly reduces -

arrestin-1/-2 recruitment to peptide-stimulated PAR4. -arrestin-1/-2 recruitment to 

PAR4 and PAR4 with complete phosphorylation barcode mutation, 

Thr363Ala/Ser366Ala/Ser369Ala, in response to peptide (A) or thrombin (B) stimulation. 

Recruitment of -arrestin-1/-2 recruitment to wild-type and mutant PAR4 receptor with 

AYPGKF-NH2 (A) reveals that the complete phosphorylation barcode is important for -

arrestin recruitment. Thrombin recruitment of -arrestin-1, but not -arrestin-2, 

recruitment to PAR4T363A/S366A/S369A-YFP receptor is significantly reduced (B). Nonlinear 

regression curve fits are shown (mean ± S.E.) for three independent experiments with 

triplicate data points for each concentration and receptor collected within each 

experiment. (n = 3-4) 
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Figure 4.8 Schematic of Helix-8 and C-tail of PAR4, with all modified residues of the 

PAR40P mutant receptor. Schematic of the C-tail of PAR4 with all mutated Ser/Thr 

residues (magenta) in the phosphorylation-site-null mutant PAR4 (PAR40P-YFP). 

Created with BioRender.com 
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Figure 4.9 Phosphorylation-site-null PAR4 C-tail significantly decreased -arrestin-

1/-2 recruitment to both peptide- and enzyme-activated PAR4. -arrestin-1/-2 

recruitment to PAR4 and PAR4 with all C-tail phosphorylation sites mutated to alanine 

(PAR40P-YFP) in response to peptide (A) or thrombin (B) stimulation. Recruitment of -

arrestin-1/-2 recruitment to wild-type and mutant PAR4 receptor with either AYPGKF-

NH2 (A) or thrombin (B) reveals that phosphorylation sites are important regulators of -

arrestin-1/-2 recruitment to activated PAR4. Nonlinear regression curve fits are shown 

(mean ± S.E.) for three independent experiments with triplicate data points for each 

concentration and receptor collected within each experiment. (n = 3) 
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Table 4.8 Summary table of -arrestin-1 and -2 recruitment, with wild-type or C-

tail phosphorylation residue mutations (PAR4T363A/S366A/S369A-YFP, PAR40P-YFP), in 

response to receptor activation with either peptide (AYPGKF-NH2) or thrombin-

revealed tethered ligand. 

 AYPGKF-NH2 Thrombin 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

-Arr-1 

Recruitment 

-Arr-2 

Recruitment 

PAR4-YFP 0.15 ± 0.01 0.26 ± 0.02 0.14 ± 0.01 0.17 ± 0.02 

PAR4T363A/S366A/S369A-

YFP 

0.10 ± 0.01* 0.18 ± 0.02* 0.07 ± 0.01* 0.12 ± 0.02 

 

PAR4-YFP 0.19 ± 0.01 0.27 ± 0.01 0.22 ± 0.01 0.27 ± 0.01* 

PAR40P-YFP 0.11 ± 0.00* 0.10 ± 0.01*‡ 0.08 ± 0.01* 0.10 ± 0.00* 

Statistical analysis was conducted by two-tailed t-test on net BRET ratios on data for 

the highest concentration tested in the study (AYPGKF-NH2 300 µM, thrombin 10 

units/mL; mean ± S.E. shown). Statistical significance is shown (*p < 0.05 compared 

to wild-type, ‡p < 0.05 compared to PAR4T363A/S366A/S369A-YFP). (n = 3-4) 
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4.3.8 Impact of phosphorylation mutations on PAR4-stimulated, 

Gq/11-stimulated calcium signalling. 

-arrestin-mediated desensitization of GPCR G-protein signalling is well-established 

(43–46). Within the PAR family of receptors, it has been demonstrated that PAR2 

phosphorylation is a requirement for -arrestin recruitment, ultimately leading to 

desensitization of the receptor (47, 48). In keeping with the well-established role of -

arrestins in GPCR desensitization, we previously demonstrated that of -arrestin-1/-2 

CRISPR/Cas9 knockout HEK-293 cells had both increased and prolonged calcium 

signalling following PAR2 stimulation (20). Previously, it was reported that 

serine/threonine C-tail mutations in PAR1 increased G-protein signalling, while 

analogous mutations to PAR4 had no impact on signalling (49). To determine if a similar 

mechanism of -arrestin-mediated receptor desensitization is acting on PAR4, we 

recorded calcium signalling in our two phosphorylation-site mutant receptors. We 

observed significant decreases in -arrestin-1/-2 recruitment to PAR4 phosphorylation 

site mutations, thus, we expected that if a similar mode of desensitization, as observed 

with PAR2, is present we should observe increased calcium signalling. 

PAR4T363A/S366A/S369A-YFP-mediated calcium signalling (EC50 = 14.0 ± 4.1 µM, Max. = 

23.7 ± 3.3%, Figure 4.10A) was not significantly different than wild-type PAR4-YFP 

receptor (EC50 = 21.1 ± 3.5 µM, Max. = 29.6 ± 1.0%; Figure 4.10A, Table 4.9) in 

response to AYPGKF-NH2 stimulation (EC50 p = 0.22; Max. p = 0.18). Similarly, the 

EC50 of thrombin-stimulated calcium signalling from PAR4T363A/S366A/S369A-YFP (EC50 = 

0.8 ± 0.2 units/mL) was also not significantly different than PAR4-YFP (EC50 = 0.5 ± 0.2 

units/mL, p = 0.53); however, maximal calcium signal was significantly reduced (Max. = 

14.8 ± 0.4%) compared to wild-type receptor (Max. = 17.8 ± 0.8%) (Figure 4.10C, Table 

4.9).  

When calcium signalling was recorded in the phosphorylation-site-null PAR40P-YFP 

receptor, neither peptide- (EC50 = 20.9 ± 15.3 µM, Max. = 10.9 ± 1.9%; Figure 4.10B, 

Table 4.9) nor thrombin-stimulated (EC50 = 1.4 ± 1.3 units/mL, Max. = 6.9 ± 1.6%; 

Figure 4.10D, Table 4.9) calcium signalling was different than PAR4-YFP (AYPGKF-

NH2 EC50 = 22.6 ± 15.5 µM, Max. = 0.4 ± 0.2%; thrombin EC50 = 0.4 ± 0.2 units/mL, 
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Max. = 10.2 ± 3.0%; Figure 4.10B & D, respectively; Table 4.9). Therefore, unlike PAR2 

which had significantly increased and prolonged calcium signalling in the absence of -

arrestins, removal of PAR4-phosphorylation sites, which reduced -arrestin recruitment, 

did not significantly increase calcium signalling. 
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Figure 4.10 Mutation of all possible phosphorylatable residues in the C-tail of PAR4 

is deleterious for Gq/11-stimulated calcium signalling. Calcium signalling from 

complete phosphorylation barcode mutant, PAR4T363A/S366A/S369A-YFP, is comparable to 

wild-type receptor response to both peptide-stimulation (AYPGKF-NH2) (A) and 

enzyme-cleavage (thrombin) (C). Phosphorylation-site-null PAR4 mutant, PAR0P-YFP, 

has decreased calcium signalling compared to wild-type receptor in response to 

stimulation with either AYPGKF-NH2 (B) or thrombin (D). Nonlinear regression curve 

fits are shown (mean ± S.E.) for three independent experiments. (n = 3-4) 
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Table 4.9 Summary table of calcium signalling in HEK-293 cells expressing wild-

type or phosphorylatable residue mutations in response to receptor activation with 

either peptide (AYPGKF-NH2) or thrombin-revealed tethered ligand. 

 AYPGKF-NH2 Thrombin 

Ca2+ EC50 

(µM) 

Ca2+ Max. 

(% A23187) 

Ca2+ EC50 

(units/mL) 

Ca2+ Max. 

(% A23187) 

PAR4-YFP 21.1 ± 3.5 29.6 ± 1.0  0.5 ± 0.2 17.8 ± 0.8 

PAR4T363A/S366A/S369A-

YFP 

14.0 ± 4.1 23.7 ± 3.3 0.8 ± 0.2 14.8 ± 0.4* 

 

PAR4-YFP 22.6 ± 15.5 20.1 ± 4.6  0.4 ± 0.2 10.2 ± 3.0 

PAR40P-YFP 20.9 ± 15.3 10.9 ± 1.9 1.4 ± 1.3 6.9 ± 1.6 

Statistical analysis for EC50 was conducted by sum of least squares analysis (Prism 

7). Statistical analysis for maximal calcium signal obtained was conducted by two-

tailed t-test on calcium signalling data (% A23187, 3 µM) collected for the highest 

concentration tested in the study (AYPGKF-NH2 300 µM, thrombin 10 units/mL; 

mean ± S.E. shown). Statistical significance is shown (*p < 0.05 compared to wild-

type). (n = 3-4) 
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4.4 Discussion 

Here, we examined residues found within the C-terminal tail, including Helix-8, as 

determinants of PAR4 coupling to two major signalling pathways – Gq/11 and -arrestin. 

We find that residues in the PAR4 Helix-8 (Lys350, Leu355, Phe356, Gln357) are necessary 

for appropriate calcium signalling and -arrestin-1/-2 recruitment. Additionally, we find 

that a TM7/Helix-8 interaction (Tyr340/Phe347) is important in receptor signalling activity. 

Additionally, we demonstrate that a phosphorylation barcode (Thr363/Ser366/Ser369) is 

crucial for -arrestin-1/-2 recruitment. Interestingly, we also observed key differences in 

the relative importance of these sites, dependent on whether PAR4 was activated by the 

proteolytically-revealed tethered ligand or through peptide stimulation. Thus, this study 

highlights the importance of Helix-8 and C-tail residues in PAR4 signalling as well as 

underscores the necessity to evaluate how the contributions of these residues differs 

dependent on the mode of receptor activation. 

Helix-8 R352AGLFQRS359 Motif 

The Helix-8 and C-terminal tail of GPCRs are key sites of recruitment, interaction, and 

activation of intracellular effectors, such as G-proteins and -arrestins. Structures of Gs-

, Gi-, Go-, and Gq-bound GPCRs have shown that residues within the Helix-8 of 

adenosine 2A (A2AR), 2AR, µ-opioid (MOR), adenosine A1 (A1R), serotonin 1B 

(5HT1BR), rhodopsin, and 5-HT2A receptors make contacts with the  and  (1 or 2) 

subunits of their respective G-proteins (50, 51). Additionally, studies of dopamine D1 

and D2 receptor Helix-8 chimeras have further shown that the Helix-8 is not involved in 

dopamine receptor G-protein selectivity; however, significantly reduce -arrestin-

mediated receptor desensitization (52). Previously, we demonstrated that deletion of 

similar eight amino acid sequence in the Helix-8 of PAR4 (R352AGLFQRS359) abrogates 

Gq/11-mediated calcium signalling and significantly decreased -arrestin-1/-2 

recruitment (22). In the current study observed that mutation of this entire sequence to 

alanine (PAR4R352-S359A-YFP) mimicked the abrogation of calcium signalling and reduced 

-arrestin recruitment previously reported. 



255 

 

Previously, residues within the PAR1 Helix-8 (S375SECQRYVYSILCC388) were shown 

to be necessary for Gq signalling. Specifically, mutation of hydrophilic residues 

(Gln379Ala/Arg380Ala) significantly reduced Gq-PLC--dependent inositol phosphate 

production by approximately 25% in response to both thrombin and peptide activation of 

PAR1 (53). When this mutation was combined with intracellular loop 1 mutant, 

Lys135Ala, a 40-50% reduction was observed in Gq-PLC- activity, highlighting the 

importance of an ICL1/Helix-8 activation motif in PAR1-mediated Gq activation (53). 

Mutational studies of the rhodopsin receptor revealed a different mechanism wherein 

Arg314/Asn315 mutation, located at analogous sites to PAR1 Gln379/Arg380 (8.51/8.52), had 

no impact on Gt activation; however, mutation of hydrophobic residues (Phe313, Met8.54) 

significantly reduced Gt activation (34, 54). Further, mutation of the analogous PAR1 

residues (Cys378, Val382) did not impact Gq-coupling which may suggest a role for 

Helix-8 in G-protein subtype selectivity (53). Similar to findings with rhodopsin, 

mutation of hydrophobic residues (Leu404, Phe408, and Phe412) in the Helix-8 of 

cannabinoid 1 receptor (CB1) is reported to decreased G-protein activation, while basic 

residue mutation had no effect (55). In the current study, we identified that the deleterious 

effects observed in our previous study are mediated by mutation of Leu355-Gln357, as both 

calcium signalling and -arrestin-1/-2 recruitment are significantly diminished from 

activated PAR4. Interestingly, we observed the effect of this mutation on both peptide- 

and enzyme-activated PAR4, revealing that these residues are key residues for G-protein 

activation and -arrestin recruitment, irrespective of the activating ligand. Therefore 

PAR4, like PAR1, may have a similar requirement of Helix-8 glutamine for efficacious 

and potent Gq activation. Like in CB1, mutation of leucine may remove a necessary 

hydrophobic residue for G-protein binding and activation (55). 

Following a similar strategy, we investigated -arrestin recruitment to the segmental 

mutations of the R352AGLFQRS359 motif. As we observed with calcium signalling, -

arrestin-1/-2 recruitment was significantly reduced with PAR4 Leu355-Gln357Ala mutation 

in response to both thrombin and peptide stimulation. Both peptide- and thrombin-

stimulated -arrestin-1 recruitment was decreased to PAR4 with Arg358-Ser359Ala 

mutation; however, only peptide-stimulated -arrestin-2 recruitment was diminished in 
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this mutant. Further, we observed a reduction in thrombin-stimulated -arrestin-2 

recruitment to PAR4 mutant with Arg352-Gly354Ala mutation. Interestingly, Arg352-

Gly354Ala mutation enhanced both -arrestin-1 and -2 recruitment following peptide 

stimulation. Thus, while the overall decrease observed with Leu355-Gln357Ala mutation 

may represent a more global phenotype, when considering this mutant also had decreased 

calcium signalling, there may be a role for other components of the R352AGLFQRS359 

motif in arrestin-subtype selectivity and agonist-dependent differences in modulation of 

-arrestin-1/-2 recruitment. Chimeric studies wherein the Helix-8 of dopamine D1 (D1R) 

and D2 (D2R) receptors revealed a role for Helix-8 in -arrestin-1/-2-mediated 

desensitization in D1R, but not D2R (52). When the D1R Helix-8 is replaced with the 

D2R Helix-8, -arrestin-1/2-mediated receptor desensitization was abolished. However, 

when the D2R Helix-8 is replaced with the D1R Helix-8 there was no significant -

arrestin-mediated desensitization, thus the D1R Helix-8 alone was not sufficient to trigger 

receptor desensitization (52). Therefore, the authors concluded that -arrestin-mediated 

desensitization involves the D1R Helix-8 in coordination with other D1R regions 

(phosphorylated C-tail), but not D2R which has other regions (large ICL3) that aid in -

arrestin desensitization (52, 56, 57). Additionally, the data suggest a role for Helix-8 

conformational dynamics in having a role in this interaction (52). Further, the Helix-8 of 

rhodopsin has been shown to mediate phosphate sensing through changes in 

conformational dynamics during the “pre-binding” state, where C-tail phosphorylated 

residues are not yet interacting with the polar core of visual arrestin (58). Therefore, our 

findings should be followed up with studies evaluating whether mutations perturb 

interactions of the PAR4 Helix-8 with -arrestins directly or whether mutations in Helix-

8 impact conformational dynamics of Helix-8 resulting in the diminished -arrestin 

recruitment observed. 

The Helix-8 of many GPCRs are known to interact with other regions of the GPCR to 

stabilize receptor conformations which are crucial to maintain both inactive and active 

conformations as well as mediate effector interaction (31, 53, 58). In our current 

investigation of the Helix-8 R352AGLFQRS359 sequence we have not evaluated the 
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potential loss of intramolecular contacts within the GPCR and thus more detailed 

investigations of the inter-domain interactions should be undertaken. 

Lysine 

The PAR4 C-tail contains two lysine residues – Lys350 in the Helix-8 and Lys367 distal to 

Helix-8. Mutation of Lys350 to alanine significantly decreased both peptide- and 

thrombin-stimulated calcium signalling and -arrestin-1/-2 recruitment. Interestingly, 

Lys367Ala mutation also significantly reduced peptide-stimulated calcium signalling from 

PAR4, however, not as significantly as Helix-8 Lys350Ala mutation and with no 

detrimental impact on peptide- or thrombin-stimulated -arrestin recruitment. While the 

mechanism underlying the contribution of Lys350 to Gαq/11 binding were not investigated 

in this study, there is a clear and supported role for charged Helix-8 lysine residue in 

direct Gαq/11 interaction demonstrated in other class A GPCRs. Mutational studies with 

the muscarinic 3 receptor (M3R) revealed lysine within the N-terminal domain of Helix-8 

made contacts with the α4/6 loop of Gαq/11 (30). Further, studies with µ-opioid receptor 

(µOR) implicate Helix-8 lysine as having decreased solvent accessibility upon G-protein 

binding following activation (28). Similar to our observations with PAR4 Lys350Ala 

mutation (8.53), Lys320Gln (8.52) mutation in MCH1R decreased MCH-stimulated, Gq-

mediated calcium mobilization (32). It is important to note that Helix-8 lysine mutations 

in several GPCRs, including the melanin-concentrating hormone (MCH) receptor 1 

(MCH1R) and bradykinin B2 receptor (B2R), result in reduced plasma membrane 

expression (32, 33). To ensure that reduction in calcium signalling is not due to poor 

membrane localization of lysine mutant PAR4 receptor, we confirmed by confocal 

microscopy that PAR4 Lys350Ala, Lys367Ala, and Lys350Ala/Lys367Ala double mutant all 

expressed appropriately on the cell membrane. 

As previously stated, mutation of Lys350 decreased both peptide- and thrombin-stimulated 

-arrestin-1/-2 recruitment, while Lys367Ala had no effect on agonist-stimulated 

recruitment. Additionally, combined mutation was no more detrimental than Lys350Ala 

mutation alone. Previous studies of the thyrotropin-releasing hormone (TRH) receptor 

(TRH1R) and B2R revealed that Helix-8 lysine residues were important in mediating 
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GRK interaction and C-tail phosphorylation of the receptors. Mutation of TRH1R Helix-8 

Lys326 was found to significantly reduce C-tail phosphorylation and receptor 

internalization, which could be partially overcome with overexpression of G-protein 

receptor kinase 2 (GRK2) (59). Similarly, Helix-8 lysine mutation to proline in B2R 

(Lys315/8.53; analogous to Lys350/8.53 residue in PAR4) decreased agonist-stimulated C-tail 

phosphorylation and agonist-dependent internalization, which could be recovered in part 

by overexpression of GRK2 or GRK3 (33). Thus, alterations in GRK-mediated receptor 

phosphorylation may be responsible for the reductions observed with Lys350 mutation and 

should be investigated in future studies.  

DPxxYx6F motif  

Many Class A GPCRs possess a canonical NPxxYX5,6F motif/domain, spanning TM7 

and Helix-8, including Asn7.49, Pro7.50, Tyr7.53, and Helix-8 Phe8.50. This motif is thought 

to be involved in stabilizing the inactive state of Class A GPCRs. In crystal structures of 

inactive state GPCRs, the side chain of Tyr7.53 points towards helices I, II, or VIII, 

whereas, structures of the active state have Tyr7.53 changing rotamer conformation to face 

the interior of the transmembrane bundle, pointing towards helices VI and III (60). 

Additionally, an inactive-state stabilizing water molecule network involving the TM7 

NPxxY, TM3 E/DRY, and TM6 WXPF/Y motifs may be partially constituted by Tyr7.53 

(35). Previous studies of rhodopsin and the 2-adrenergic receptor have demonstrated that 

mutations in this motif alter ligand affinity, receptor plasma membrane expression, G-

protein coupling, and interactions with small G-proteins, such as RhoA, dependent on the 

receptor studied (34, 61–63). In our mutational study, we observed a complete ablation of 

Gq/11 signalling with both Tyr340Ala and Phe347Ala mutations despite appropriate cell 

membrane localization (Supplementary Figure 4.1). Functional studies have highlighted 

that the absence of side-chain interaction between Tyr7.53 and Phe8.50 increases the 

population of active rhodopsin (Meta II state) with no concomitant increase in transducin 

(Gt) activation (34, 35). Further, these studies show that hydrophobic side chain 

interaction between Tyr7.53 and Phe8.50 constitutes a constraint that becomes necessarily 

perturbed during receptor interaction to allow for conformational rearrangement of Helix-

8 and G-protein binding (34, 35). Mutation of rhodopsin Helix-8 Phe313 (8.50) to alanine 
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caused a corresponding loss of 80-90% of Gt activation with rhodopsin (34, 64). 

Further, perturbation of this interaction, as well an interaction between TM3 3.46 and 

TM6 6.37 residues, enables Tyr7.53 to make a new contact with TM6 6.37 residue and 

form an interaction with the α5 helix of the G-protein, which has been demonstrated in 

five Class A GPCRs (rhodopsin, M2R, µOR, 2AR, and A2AR) (65). Mutation of Tyr7.53 

in the V2 vasopressin receptor (V2R ) significantly reduces the receptor-mediated 

activation of both Gs and Gq (65). While it is not possible in this study to resolve if a 

change in the active-state population of PAR4 or a perturbation in the conformational 

rearrangement of TM7/Helix-8 interaction is responsible for the loss of calcium 

signalling observed, it is clear that these residues have a role in Gq/11-mediated calcium 

signalling. 

In addition to abrogation of Gq/11-mediated calcium signalling, we observed significant 

decreases in both thrombin- and peptide-stimulated recruitment of -arrestin-1/-2 to 

PAR4 DPxxYx6F mutants, Tyr340Ala and Phe347Ala. The NPxxYx5,6F motif has been 

shown for several Class A GPCRs to be involved in interactions with -arrestins. 

Mutations of this motif are thought to perturb GRK interactions with the GPCR and thus 

decrease GRK-mediated phosphorylation (28–30). In studies of the 2-adrenergic 

receptor (2AR), mutation of TM7 Tyr326 (7.53) decreased GRK-mediated 

phosphorylation and receptor sequestration, which was reversible through overexpression 

of GRKs 2-6 (61, 66, 67). As we observed in the PAR4 Tyr340Ala and Phe347Ala 

mutations, -arrestin recruitment has also been reported to be significantly reduced in 

both 2AR and α1BAR receptors with TM7 Tyr7.53 mutations in (68). Whether changes in 

GRK-mediated receptor phosphorylation of PAR4 accounts for the reduction in -arrestin 

recruitment observed with Tyr340Ala and Phe347Ala mutations should be the focus of 

further study. 

Phosphorylation-site mutations 

A role for phosphorylation-dependent GPCR-mediated recruitment of -arrestins is well 

established (36, 37). The importance of a phosphorylation barcode motif in -arrestin 
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binding and signalling has also been demonstrated for many GPCRs including the 2-

adrenergic receptor, rhodopsin receptor, chemokine receptors 4 & 7, vasopressin, and 

angiotensin II receptor type 1 receptors (38–41). It has been reported that 52.3% of Class 

A GPCRs possess either a full or partial phosphorylation barcode (42). Class A GPCRs 

can be further divided into two “classes” (distinct from GPCR class; beta-arrestin-binding 

class shown as lowercase letters) based on their -arrestin-1 and -2 binding – “class a” 

GPCRs bind -arrestin-2 more tightly than -arrestin-1 (such as α1- and β2-adrenergic, 

μ-opioid, and dopamine D1A receptors), and “class b” GPCRs bind -arrestins-1/-2 as 

well as visual arrestin (e.g. angiotensin II type 1A receptor, neurotensin receptor 1, 

vasopressin-2 receptor, thyrotropin-releasing hormone receptor, and substance P 

receptor) (69). All “class a” -arrestin-binding GPCRs have, at most, one complete 

phosphorylation barcode (PxxPxxP, as previously defined) (42). Interestingly, our data 

consistently show more robust recruitment of -arrestin-2 versus -arrestin-1 and the 

PAR4 C-tail possesses only one complete phosphorylation barcode. Thus, PAR4 may be 

considered a “class a” -arrestin-binding GPCR. Further, when the complete 

phosphorylation barcode is mutated (Thr363Ala/Ser366Ala/Ser369Ala), we observe 

significantly reduced -arresin-1/-2 recruitment in response to peptide- and thrombin 

activation of the receptor compared to wild-type receptor. However, given that -arrestin 

recruitment still occurred, we examined -arrestin recruitment to a phosphorylation-site-

null PAR4 (PAR40P) to determine if recruitment was further reduced. While 

phosphorylation barcodes may play a role arrestin subtype-specificity and the recruitment 

of other downstream signalling partner (such as SNX27 for 2AR) and may be the only 

mediator of high-affinity -arrestin binding, other phosphorylated residues may be a part 

of -arrestin recruitment to activated GPCRs (38, 39, 42, 70). Interestingly, only peptide-

stimulated -arrestin-2 recruitment was further reduced compared to 

Thr363Ala/Ser366Ala/Ser369Ala mutation alone. Thus, these data support an important role 

for the complete phosphorylation barcode in -arrestin recruitment to activated PAR4, 

while other phosphorylatable residues likely to contribute less meaningfully to 

recruitment to PAR4. When we evaluate the impact of reduced -arrestin-1/-2 

recruitment to PAR4 on calcium signalling, we observed no significant differences in 
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agonist-stimulated calcium signalling compared to wild-type receptor. This is in contrast 

to what we have observed with PAR2-mediated signalling in -arrestin-deficient cells, 

wherein, maximal calcium signalling increases and demonstrates prolonged kinetics 

compared to -arrestin-1/-2-expressing cells (20). These data are in agreement with 

previously published mutational studies of serine/threonine residues in the PAR4 C-tail 

which had no effect on increasing PAR4 G-protein signalling (49). While -arrestin 

recruitment is reduced in the PAR4 phosphorylation barcode motif mutant, the level of 

recruitment may be sufficient to desensitize the calcium signalling pathway. 

Alternatively, there may be other mechanisms enabling PAR4 desensitization such as 

ubiquitination and internalization as observed with PAR1 and PAR2 (71). Given that 

PAR4, once cleaved, is irreversibly activated it follows that several mechanisms may be 

capable of receptor desensitization, however, a more thorough investigation of PAR4 

signal regulation will need to be undertaken to support this hypothesis. 

In some Class A GPCRs, Helix-8 and C-tail mutations analogous to those made in this 

study negatively impact cell surface expression. Mutation of Helix-8 lysine residues 

reduce membrane expression of both MCH1R and B2R (32, 33). Additionally, mutation 

of the highly-conserved NPxxYx5,6F motif in rhodopsin and 2AR significantly affect 

cell surface expression of these receptors (34, 61–63). Previously, we demonstrated that 

Helix-8 R352AGLFQRS359 deletion did not impact appropriate cell membrane localization 

of PAR4 (22). Further, studies wherein the C-tail of PAR4 from Helix-8 Lys350 (ΔK350) 

or distal Lys367 (ΔK350) are truncated have previously reported appropriate cell 

membrane expression and agonist-dependent internalization (72). In the current study, we 

assess cell surface expression of PAR4 mutants and observed no deficits in expression. In 

the current study we confirmed the Helix-8 R352AGLFQRS359 sequence and C-tail 

Lys350/Lys367 residues are not essential for appropriate membrane expression. 

Importantly, while we observed cell membrane expression of all mutant constructs 

studied, more thorough assessment of the impacts of these mutations on agonist-

stimulated internalization and trafficking, should be undertaken. In previous studies, a 

role for -arrestin-independent internalization of PAR4 has been reported (72, 73). In our 

hands, we find an essential role for -arrestin in PAR4 internalization, wherein 
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CRISPR/Cas9 knockout of -arrestin-1/-2 significantly reduces PAR4 internalization, 

which is rescued through reconstitution of -arrestins into the knockout cells (data not 

shown). Future studies could utilize C-tail mutants with decreased -arrestin recruitment 

described in this study to assist in dissecting the role of -arrestins in agonist-stimulated 

receptor internalization of PAR4. 

Together, the data herein begin to provide insights into the molecular mechanisms 

underscoring PAR4 Gαq/11 and -arrestin-1/-2 signalling and regulation. Further, these 

data highlight important divergences in the relative importance of Helix-8 and C-tail 

residues on PAR4 signalling, dependent on peptide- or enzyme-activation of PAR4. 

Further, unraveling the differential contributions of the residues in signalling and 

regulation downstream of either peptide activation or proteolytic cleavage provides 

insight into how these two different modes of activation may differentially regulate these 

interactions. Ultimately, understanding the molecular mechanisms governing effector 

interactions, signalling, and signal regulation at PAR4 provides novel insights into how 

this receptor functions and may aid in the development of novel therapeutics targeting 

PAR4.  
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4.6 Chapter 4 Supplementary Information 

 

Supplementary Figure 4.1 Confocal micrographs of PAR4-YFP and mutant 

receptor cellular expression. Confocal microscopy was employed to determine 

appropriate cell membrane expression of wild-type PAR4-YFP and mutant PAR4 
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constructs. We observed membrane expression with wild-type and all mutant PAR4 

receptor constructs. Scale bar is 20 µm. (n = 3) 
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Chapter 5  

5 Summary and Discussion 

5.1 Summary of Findings 

The overall objective of my thesis was to improve our understanding of the molecular 

determinants of PAR4 activation, signalling, and signal regulation to further support drug 

discovery efforts and our understanding of this non-canonically-activated Class A GPCR. 

Further, my thesis work explored the potential for biased agonism of PAR4 in modulating 

PAR4 signalling in the platelet context (1). Additionally, I investigated the role of various 

receptor domains (Helix-8, C-tail) in enzyme- and peptide-stimulated PAR2 and PAR4 

signalling and regulation to determine if some bias exists with canonical activators of 

PARs (2). First, I employed a structure activity relationship approach to determine what 

chemical and structural characteristics underscore activity of the PAR4 agonist peptide, 

AYPGKF-NH2. In chapter 2, I determined requirements for agonist peptide residues in 

activity at PAR4 including chemical characteristics (such as hydrophobicity, stericity, 

and side chain properties) (3). Additionally, SAR findings indicated a structural role for 

some residues (including Pro3) and thus prompted solution NMR studies to determine the 

structure of AYPGKF-NH2. In collaboration, I discovered two distinct structures of the 

AYPGKF-NH2 peptide, which constitute the first solved structures of a PAR-activating 

peptide. I also reported the first biased peptide ligands of the PAR4 receptor and 

demonstrated that biased agonism of PAR4 can be employed to modulate PAR4-

mediated platelet activation and aggregation. Having assessed molecular determinants of 

PAR4 activation and signalling from the extracellular surface of the receptor, I next 

turned to investigating the role of two important intracellular domains on effector 

interactions. PAR4 lacks some canonical residues and motifs that have been shown to be 

important in G-protein binding and -arrestin recruitment. PAR2 is activated similarly to 

PAR4 and signals through shared G-protein pathways, however, contains some of these 

more canonical residues, including a Helix-8 palmitoylated cysteine and C-tail 

serine/threonine residue clusters, that PAR4 lacks. In chapter 3, the importance of these 

G-protein and -arrestin interacting residues/motifs was explored with PAR2 as an 

important PAR comparator for additional studies with PAR4 (2). I investigated the 
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contribution of Helix-8 cysteine and C-tail serine/threonine residues and determined a 

role for the Helix-8 and C-tail residues in G-protein signalling and -arrestin recruitment. 

Interestingly, I also reported differential roles for these residues dependent on whether 

PAR2 was proteolytically-activated by trypsin or peptide activated. These data 

underscored the potential for differential and perhaps even biased signalling in PARs 

between their canonical protease, uncanonical proteases, and peptide or small molecule 

ligands. Thus, when investigating the role of Helix-8 and C-tail residues in PAR4 

signalling and regulation, I determined the contribution of these residues in both 

thrombin-cleaved and peptide-stimulated receptor. In previously published work we 

demonstrated a role for the Helix-8 in PAR4 signalling (4). Further, we demonstrated that 

PAR4-mediated platelet activation could be inhibited by a palmitoylated peptide 

mimicking a sequence of the PAR4 Helix-8 (4). In chapter 4, I reported a requirement for 

these Helix-8 residues and several others in both G-protein signalling and -arrestin 

recruitment. Further, I demonstrate an important role for a phosphorylation barcode in the 

PAR4 C-tail in mediating -arrestin recruitment to activated PAR4. Finally, I report 

differential roles of PAR4 Helix-8 and C-tail residues dependent on which mode of 

activation was employed (cleaved/thrombin-activated vs. uncleaved/peptide-stimulated) 

and the potential for some of these residues to contribute to effector subtype selectivity. 

PAR4 has been demonstrated to be a tractable and desirable receptor target for anti-

platelet therapeutics (4, 5). Ultimately, I predict that the data and analyses generated by 

this thesis work will provide the necessary foundation on which to build future drug 

discovery efforts with PAR4 in developing improved anti-platelet therapeutics and 

PAR4-targetting ligands, including biased ligands. Further, we and others have 

demonstrated that PAR4 is able to bind to several G-protein subtypes (Gq/11, G12/13, 

and Gi/o) although magnitude of these interactions and the potential interplay between 

these G-protein signalling pathways has been largely unexplored with PAR4 (3, 6–9). 

This thesis work demonstrates the necessity of evaluating all potential signalling and 

regulation consequences of ligands targeting PAR4 and PAR2. 
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5.1.1 Chapter 2 – Molecular basis for activation and biased 
signalling at the thrombin-activated GPCR Proteinase 
Activated Receptor-4 (PAR4) 

In chapter 2, I investigated the chemical and structural characteristics of peptide ligands 

for PAR4 to determine which characteristics enable activation of PAR4. Further, I sought 

to develop biased peptide ligands of PAR4 and to provide proof of concept experiments 

demonstrating the utility of biased agonism in PAR4-targeted anti-platelet therapeutics. 

Previously, it was reported that an amidated and modified peptide of the rat PAR4 

tethered ligand (GYPGKF), AYPGKF-NH2, had activity similar to the thrombin-revealed 

tethered ligand of human PAR4 (9). While this landmark study provided us the PAR4-

activitating peptide still used today, the study was limited by only investigating one G-

protein-coupled pathway downstream of PAR4 activation. In chapter 2, I used a library of 

peptides in a SAR study to determine the effect of single amino acid substitutions in this 

canonical peptide and evaluated Gq/11 signalling, -arrestin recruitment, and MAPK 

signalling (Figure 5.1); determined residues within the orthosteric binding site of PAR4 

using homology modelling of the receptor and in silico peptide docking studies; 

determined the structure of AYPGKF-NH2; and tested a subset of novel peptides in ex 

vivo platelet aggregation assays. 

In the first SAR, I sought to identify if any one residue in the canonical peptide was 

wholly or largely responsible for agonist activity at PAR4 by individual substitution of 

residues 2-6 of the peptide with alanine. I observed shifts in the potency of Gq/11-

mediated calcium signalling (except with AYPGAF-NH2) and decreases in -arrestin 

recruitment to PAR4 in all of the alanine substitutions made. Thus, I was able to 

determine that no one amino acid is wholly responsible for the activity observed at 

PAR4. 

In a follow-up SAR using D-isomer residue substitutions for positions 1-3, 5, and 6 

(glycine4 has no D-isomer), I identified that the backbone conformation of all residues 

within the peptide, with the exception of phenylalanine6, was critical to agonist activity in 

all pathways studied. Specifically, substitution of proline and tyrosine with their 

respective D-isomers (D-proline and D-tyrosine, respectively), was unable to stimulate 
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calcium signalling even at the highest concentrations tested. In a series of follow-up SAR 

studies evaluating each position and specifically modifying residue characteristics, we 

identified that unnatural amino acid substitution of proline with pipecolic acid, which is 

structurally similar to proline but has an increased steric bulk and backbone elongation 

provided by a six-membered ring, yielded modesty decreased efficacy and potency in 

calcium signalling and -arrestin recruitment, however, maintained agonist properties at 

PAR4. Interestingly, substitution with a largely analogous unnatural amino acid to 

pipecolic, nipecotic acid which changes the peptide backbone direction (relative to 

pipecolic acid and proline), significantly abolished agonist activity at PAR4. Similarly, 

elongation of the backbone in position 4 (glycine in the parental agonist peptide) reduced 

agonist activity at PAR4. 

Together, these data provided the impetus to explore solution NMR of AYPGKF-NH2 to 

determine if the hexapeptide adopts a structure. Interestingly, while a hexapeptide would 

not be predicted to adopt a defined structural conformation, I identified two distinct 

conformations adopted by AYPGKF-NH2, one in higher abundance (“major”) and one in 

lower abundance (“minor”). These structures are the first reported structures of a PAR 

agonist peptide and further, in concert with our SAR data, reveal that there may be a 

structural component to peptide activation of PAR4. Additional peptides have been 

analyzed with NMR, including peptides with pipecolic acid and nipecotic acid 

substitution, to further determine if either of the two conformations adopted by 

AYPGKF-NH2 is more analogous to the peptides with agonist activity or those without. 

These studies reveal a previously unanticipated role for ligand structure in activity at 

PAR4. Further, they highlight areas for further peptide modifications that would be 

tolerated structurally, or perhaps even to force a specific structure, in future drug 

discovery efforts with PAR4. 

In several previously published works, we have observed (by BRET) that -arrestin-1/-2 

recruitment to PAR4 does not saturate with the canonical activating peptide (3, 4, 8). In 

this study, we demonstrated that several of our novel peptide ligands [(N-Me-A)-

YPGKF-NH2, AYPG-(N-Me-K)-F-NH2, and AYPGK-(N-Me-F)-NH2] were able to 

recruit -arrestin-1/-2 to saturation. Further, two of these novel peptides [(N-Me-A)-
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YPGKF-NH2, AYPG-(N-Me-K)-F-NH2] did not stimulate a Gq/11-mediated calcium 

signalling and thus were determined to be -arrestin biased ligands. These -arrestin-

biased peptides are novel and exciting tool compounds with which to study the 

contributions of -arrestins-1/-2 signalling in various tissue and cell contexts, such as the 

platelet, to determine the role of these scaffolding and signalling proteins in the PAR4 

response. 

Finally, the SAR studies revealed that side chain modifications to Tyr2, Lys5, and Phe6 

are largely well-tolerated provided certain chemical characteristics (like backbone 

conformation) are maintained. In the original SAR study by Faruqi and colleagues, as 

well as in this study, it was observed that substitutions in Tyr2 and Phe6 have a 

requirement of being aromatic residues (3, 9). Modifications to the side chain of Lys5 are 

very well tolerated, however the side chain should remain positively charged. These 

findings together orient future drug discovery and SAR studies to residues within the 

PAR4 agonist peptide that are amenable to modification without sacrificing activity at the 

receptor. This amenability may be particularly useful in the generation of imaging agents 

as we have shown with collaborators for ligands of PAR2 and growth hormone 

secretagogue receptor 1a (GHSR1a) (10, 11). 

When evaluating the downstream signalling MAPK pathway, I determined that PAR4-

stimulated MAPK signalling is Gq/11 dependent using the selective inhibitor YM254890 

which abolished ERK phosphorylation. As expected, peptides which were unable to 

stimulate Gq/11 signalling were similarly unable to stimulate ERK phosphorylation. 

Unexpectedly, -arrestin biased compounds, that were also able to stimulate calcium 

signalling to varying degrees, dramatically increased ERK phosphorylation which may 

underscore a role for -arrestin-assisted ERK phosphorylation as has been observed in 

PAR4-stimulated Akt phosphorylation, as well as, PAR2-stimulated ERK 

phosphorylation following cleavage with Neutrophil Elastase or Cathepsin-S (4, 12). 

Following peptide SAR studies, I sought to identify residues within the PAR4 orthosteric 

binding site – where both tethered ligand and tethered ligand-mimicking peptides are 

expected to bind. Using homology modelling with the assistance of Dr. Peter B. 
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Stathopulos, I generated two homology models of PAR4 based on the known crystal 

structure coordinates of PAR1 and PAR2, which share high sequence identity with PAR4 

(41% by Phyre2 analysis) (13). These homology models were used as an input for 

iterative peptide docking with GalaxyPepDock (14). This study revealed 17 predicted 

sites of interaction between the agonist peptide and receptor through 10 different models. 

Since the pose adopted by peptide in each model was different, I quantified the number of 

times a particular interaction was predicted to occur. Using site-directed mutagenesis 

(SDM) I tested the impact of mutations to three of the most highly predicted sites (His229, 

Asp230, Gln242) and determined that Asp230, in ECL2, is an integral residue in both peptide 

and tethered ligand activation of PAR4. 

Finally, I evaluated the ability of some of the novel peptides uncovered by SAR to 

activate and aggregate platelets in an ex vivo platelet assay. Given the well-established 

role of PAR4-dependent calcium signalling in platelet activation I tested whether a 

peptide that was unable to stimulate calcium signalling but able to stimulate -arrestin 

would stimulate platelet aggregation (Figure 5.1) (15–17). I observed that AyPGKF-NH2, 

which was able to stimulate -arrestin recruitment but not calcium signalling, did not 

cause platelet aggregation. Thus, as a proof of concept, -arrestin biased ligands may be 

therapeutically beneficial as anti-platelet therapeutics. Further, the role of -arrestins in 

the PAR4-platelet signalling axis is poorly understood (4, 18). Using another type of -

arrestin-biased ligand, AYPGRF-NH2, that can equipotently signal calcium but has 

enhanced -arrestin recruitment compared to the parental agonist peptide, I demonstrated 

a distinct role for -arrestin signalling in PAR4-dependent platelet activation (Figure 

5.1). PAR4-stimulated platelet aggregation following AYPGRF-NH2 treatment enhanced 

platelet aggregation, beyond that typically observed with AYPGKF-NH2 stimulation, to 

levels comparable to thrombin stimulation. Thus, biased ligands of PAR4 are indeed 

useful for determining the contributions of varied signalling pathways downstream of 

PAR4, including the novel ligands presented in my thesis for studying -arrestins. 
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Figure 5.1 Summary of PAR4 signalling contributing to platelet activation and 

aggregation. PAR4 signalling contribution to PAR4-mediated platelet activation 

following stimulation with thrombin (pink), AYPGKF-NH2 (purple, triangle), or -

arrestin-biased peptides (orange, hexagon). Following stimulation with thrombin or 

peptide, PAR4 signals through Gq/11 and -arrestin which leads to platelet activation and 

aggregation. Application of -arrestin-biased ligand AYPGRF-NH2 enhances PAR4-

mediated platelet aggregation and ERK signalling, revealing a role for -arrestin-

dependent signalling in platelet activation and downstream PAR4 signalling. Application 

of -arrestin-biased peptide, AyPGKF-NH2, which does not stimulate Gq/11 signalling, 

effectively inhibits PAR4-mediated platelet activation. Created with BioRender.com 
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5.1.2 Chapter 3 – Role of the Helix-8 and C-terminal tail in 
regulating Proteinase Activated Receptor 2 (PAR2) 
signalling 

In chapter 3, I investigated the role of residues that are common to Class A GPCRs on the 

signalling and regulation of PAR2. PAR2 contains several such residues, including a 

Helix-8 cysteine and C-tail serine/threonine clusters, which PAR4 lacks (Figure 5.2). 

Given that PARs are non-canonically activated, I studied the role of these residues in 

PAR2 regulation as a PAR comparator to residues regulating signalling in PAR4 

(Chapter 4). I employed site-directed mutagenesis to create mutants to probe the impact 

of loss of these residues on signalling and regulation. Interestingly, few studies have 

probed whether these sites of regulation differ between enzyme- or peptide-activated 

receptor. Therefore, I evaluated impact of these mutations in both enzyme- and peptide-

stimulated PAR2. First, I evaluated the role of -arrestins on regulation of PAR2-

mediated calcium signalling. I determined that in the absence of -arrestins, through 

CRISPR/Cas9 knockout, PAR2-mediated calcium signalling was significantly increased 

in both maximal calcium signal and the duration of signalling in response to either trypsin 

cleavage or peptide stimulation of the receptor. Interestingly, I also observed an increase 

in Gq/11-dependent ERK phosphorylation in -arrestin-1/-2 knockout cells. Thus, -

arrestins are important for desensitizing the Gq/11 calcium and ERK signalling of PAR2. 

A role for Helix-8 cysteine palmitoylation has been demonstrated with a number of Class 

A GPCRs including PAR1, β2-adrenergic, M1 and M2 muscarinic acetylcholine, 

glucagon-like peptide-1 receptor, 5-hydroxytryptamine (1A) receptor, CCR2 receptors, 

and some odorant receptors (19–26). Like many of these GPCRs, it has been 

demonstrated that a cysteine in the Helix-8 of PAR2 undergoes palmitoylation, leading to 

insertion of the palmitoyl moiety into the cell membrane and subsequent stabilization of 

the Helix-8 (27, 28). Loss of Helix-8 Cys361 was determined to have an effect on both 

SLIGRL-NH2- and trypsin-stimulated calcium signalling. Thus, we showed that this 

Helix-8 residue, which undergoes palmitoylation, is necessary for appropriate PAR2-

mediated calcium signalling. SLIGRL-NH2-stimulated -arrestin-1/-2 recruitment was 

also significantly reduced to the Cys361Ala mutant, however, was only decreased in -
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arrestin-1 recruitment to trypsin-activated PAR2. This may represent some agonist-

dependent differences in the importance of this residue in -arrestin recruitment to PAR2 

(Figure 5.2). PAR4 lacks both Helix-8 cysteine and instead contains a glutamine residue 

which when mutated to cysteine leads to improved recruitment of -arrestins (4). 

The C-tail of PAR2 contains clusters of serine and threonine residues which have been 

shown to important sites of -arrestin recruitment following phosphorylation in many 

receptors including PAR2 (29–31). PAR4 lacks comparable clusters of serine and 

threonine residues in the C-tail. The PAR2 C-tail contains two serine/threonine clusters. 

To determine if each of these clusters contributes to -arrestin recruitment, and therefore 

regulation of PAR2 we generated mutants lacking portions of these residue clusters. 

Interestingly, mutation of a cluster of serine residues (Ser383-395Ala) significantly reduced 

-arresin-1 recruitment to trypsin-stimulated PAR2 but increased recruitment to peptide-

stimulated PAR2. Further, -arrestin-2 recruitment was unaffected in this mutant 

revealing subtype-selective role for these residues in PAR2--arrestin interaction. 

Mutation of a cluster of serine/threonine residues (Ser387-Thr392Ala) reduced -arrestin-1 

and -2 recruitment to peptide activated PAR2, however, only reduced recruitment of -

arrestin-1 to trypsin-stimulated PAR2. Combined mutation of both of these residue 

clusters decreased -arrestin-1 recruitment, independent of which agonist was used, 

however only decreased -arrestin-2 recruitment to peptide-stimulated PAR2. Thus, it is 

clear that additional residues must be involved in -arrestin-2 recruitment to trypsin-

stimulated PAR2 (Figure 5.2).  

In both of the individual cluster mutations, as well as the combined Ser/Thr mutations, 

calcium signalling was decreased. Interestingly, only combined mutation (Ser383-

385Ala/Ser387-Thr392Ala) resulted in increased ERK signalling. These data may indicate 

that despite the apparent decrease in β-arrestin recruitment to these mutants the quanta of 

β-arrestin recruited may be sufficient to inhibit Gαq/11-stimulated MAPK signalling or 

that the level of Gαq/11-activation downstream of mutant receptor activation is insufficient 

to lead to MAPK signalling at the concentrations evaluated. Alternatively, these data may 

illustrate a switch between -arrestin-dependent/G-protein-independent and G-protein-
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dependent/-arrestin-independent ERK phosphorylation, as has been observed with the 

2AR (32, 33). 

In this study, I uncovered evidence of agonist-dependent differential roles for C-tail 

residues. This necessarily prompts further study to determine what the molecular 

determinants of these differences are between enzyme-activated or peptide-stimulated 

PAR2. Further, I demonstrated that C-tail Ser/Thr clusters differentially regulate the 

recruitment of -arrestin-1 and -2, which has been shown with other GPCRs such as the 

2AR and V2R receptors (34–36). 
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Figure 5.2 Summary of residue contribution to PAR2-mediated calcium signalling 

and -arrestin-1/-2 recruitment. Residues studied (bold) are shown with their relative 

contribution to peptide- (A) and trypsin-stimulated (B) PAR2-mediated calcium 

signalling and -arrestin recruitment. Residues that decreased PAR2-mediated signalling 

and recruitment are shown in red, while residues that when mutated to alanine increased 

signalling are shown in green. Created with BioRender.com 
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5.1.3 Chapter 4 - Differential Role of Helix-8 and C-terminal Tail 
Residues in Signalling and Regulation of peptide- and 
thrombin-activated Proteinase Activated Receptor 4 (PAR4) 

In chapter 2, I determined molecular mechanisms of PAR4 activation. In chapter 3, I 

reported a role for canonical motifs in PAR2 signalling and regulation. In chapter 4, I 

turned my attention back to PAR4 and evaluated the contribution of various PAR4 Helix-

8 and C-tail on signalling and signalling regulation. Helix-8 and C-terminal tail residues 

have been shown for many Class A GPCRs to be involved in both interactions with -

arrestins and G-proteins and changes in the activation state of the GPCR (37–39). Given 

that PAR4 lacks certain canonical Class A GPCR residues, such as Helix-8 and C-tail 

serine/threonine clusters, we hypothesized that other residues must be responsible for 

mediating these effector interactions and signalling.  

Previously, we demonstrated that deletion of an eight amino acid motif within the PAR4 

Helix-8, R352AGLFQRS359, is necessary for Gαq/11-mediated calcium signalling and -

arrestin recruitment (4). Further, we demonstrated that a palmitoylated-peptide 

(pepducin) of this Helix-8 sequence (palmitoyl-RAGLFQRS-NH2) acts as an antagonist 

of Gαq/11-mediated calcium signalling and -arrestin recruitment, and further, inhibits 

PAR4-mediated Akt signalling and platelet aggregation (4). In chapter 4, I probed this 

sequence further through mutational studies to determine 1) if our the loss of function 

observed in R352AGLFQRS359 deletion is recapitulated through alanine mutation and, 2) 

if I could determine which residues in this sequence, if not all, are responsible for the loss 

of signalling we previously reported. First, I determined that mutation of 

R352AGLFQRS359Ala mirrored the loss of Gαq/11-mediated calcium signalling and -

arrestin recruitment to PAR4 that we observed in the previous deletional study. Further, I 

discovered that the loss of function could be recapitulated through mutation of Leu355-

Gln357 to alanine. This mutation leads to abrogation of calcium signalling as well as 

significantly decreases -arrestin recruitment in response to both peptide- and thrombin-

stimulated PAR4. Since I did not observe a total loss of -arrestin recruitment with this 

mutation, additional site-directed mutagenesis was done to determine the impact of lysine 
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residues, the DPxxYx6F motif, and serine/threonine phosphorylation-sites on -arrestin 

recruitment and G-protein signalling.  

In chapter 4, I report that Helix-8 Lys350 is necessary for both peptide- and thrombin-

stimulated calcium signalling and -arrestin recruitment. Previously published studies 

have shown a role for Helix-8 lysine residues mediating G-protein recruitment, 

interaction, and signalling with M3R, µOR, and MCH1R receptors (37, 39, 40). 

Additionally, experiments with thyrotropin-releasing hormone (TRH) receptor (TRH1R) 

and B2R have shown that Helix-8 lysine residues were important in mediating GRK 

interaction and C-tail phosphorylation of these receptors, and ultimately, -arrestin 

recruitment (41, 42). Further, I demonstrated that mutation of either Tyr340 (TM7) or 

Helix-8 Phe347 abolished calcium signalling and significantly reduced -arrestin 

recruitment to PAR4. These effects are likely mediated through a loss of interaction 

between Tyr7.53/Phe8.50, which has been demonstrated in a number of Class A GPCRs to 

be an important motif in activation and signalling (43, 44).  

A role for phosphorylation-dependent GPCR-mediated recruitment of -arrestins is well 

established (45, 46). As previously mentioned, the PAR4 C-tail lacks clusters of 

serine/threonine residues, common among Class A GPCRs, and PAR4 phosphorylation is 

nearly undetectable(47). Thus, I sought to determine a role for serine/threonine 

phosphorylation-sites in PAR4 signalling and regulation. I determined that a so-called 

“phosphorylation barcode” motif in the PAR4 C-tail is necessary for both peptide- and 

thrombin-simulated -arrestin-1/-2 recruitment. Given that I still observed some -

arrestin recruitment following mutation of the barcode motif, I generated a PAR4 

receptor that lacks serine/threonine residues. Interestingly, these additional mutations 

only further decreased peptide-stimulated -arrestin-2 recruitment, which may indicate a 

role for these sites in arrestin subtype-selectivity. Finally, unlike what I observed with 

mutation of phosphorylation sites in PAR2 (Chapter 3), I report no significant increase in 

calcium signalling in either the phosphorylation barcode mutant PAR4 or the complete C-

tail serine/threonine-alanine mutant PAR4. These data are consistent with previously 

published reports that mutation of serine/phosphorylation sites does not increase PAR4-

mediated signalling (47). 
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This summary provided highlights the major sites important in signalling and signal 

regulation, however, the data are more nuanced and have revealed both agonist- and 

subtype-dependent roles for Helix-8 and C-tail residues in PAR4. Thus, I have been able 

to generate a “thumbprint” of residues important in peptide- (Figure 5.3A) versus 

enzyme-stimulated (Figure 5.3B) PAR4, as well as, a role for various residues in -

arrestin-1 versus -2 recruitment.  
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Figure 5.3 Summary of residue contributions to PAR4 peptide- and thrombin-

stimulated calcium signalling and -arrestin recruitment. Residues studied (bold) are 

shown with their relative contribution to peptide- (A) and thrombin-stimulated (B) 

PAR4-mediated calcium signalling and -arrestin recruitment. Residue size is increased 

with magnitude of detriment from mutation to alanine. Residues that decreased signalling 

and recruitment are shown in red, while residues that when mutated to alanine increased 

signalling are shown in green. Created with BioRender.com 
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5.2 Clinical Significance 

Despite promising advances in therapeutically targeting PAR4 as an anti-platelet target, 

there remains the question of whether a complete inhibition of PAR4 will also lead to 

deleterious side effects as observed with the PAR1 anti-platelet therapeutic voropaxar. 

PAR4 can activate multiple signalling pathways through coupling to Gq/11, G12/13, and 

-arrestin (4, 8, 48). Throughout this thesis, I demonstrate that different pathways can be 

regulated by ligands, which opens up the possibility to selectively probe which pathways 

are deleterious and avoiding activating those as a target for therapy. PAR4 signalling, 

through biased agonism, is of great interest and a viable strategy for obtaining 

therapeutically superior drugs to target PAR4. Modern drug discovery efforts rely on 

inputs from both the extracellular, ligand-binding surface of the receptor, as well as, a 

detailed understanding of receptor signalling and regulation. To address the dearth of this 

information with PAR4, this thesis furthers our knowledge of PAR4 agonism and 

presents the first evidence of biased agonism and its potential relevance with PAR4 

therapeutics. These novel peptides for PAR4 enable dissection of -arrestin signalling 

contributions in physiologically relevant systems, such as platelets. Further, I established 

unique residues involved in PAR4 Gq/11-mediated calcium signalling and -arrestin 

recruitment. Finally, this thesis demonstrates the necessity of evaluating signalling and 

regulation of PAR4 downstream of PAR4 agonists and antagonists, beyond the classical 

focus of Gq/11 coupling and signalling. 

5.3 Limitations and Future Directions 

While this thesis makes significant contributions to our understanding of the molecular 

mechanisms of PAR4 activation and signal, there are a few notable limitations to the 

studies presented. First, most experiments were conducted in HEK-293 cells with 

overexpression of PAR2 or PAR4. HEK-293 cells are utilized as a cell system in many 

GPCR pharmacology studies, as they are very amenable to transfection and contain many 

of the necessary signalling effectors GPCRs signal to (49, 50). For these reasons, we 

chose HEK-293 cells for our pharmacology studies. HEK-293 cells are not a 

physiologically relevant cell line, especially since they do not endogenously express 
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PAR4, therefore we have shown in both platelet and vascular smooth muscle cells that 

our findings in HEK-293 cells are consistent with our findings in physiologically-relevant 

systems (3, 8). Future studies should endeavor to recapitulate the pharmacology studies 

conducted throughout with lead compounds in additional physiologically relevant 

systems. Additionally, overexpression of proteins provides an excellent opportunity to 

study signalling, however, may not be representative of the signal magnitude and utility 

of activating compounds in physiological systems.  

PAR4 signals to several G-protein subtypes including Gαq/11, Gα12/13, and has even been 

shown to couple Gαi/o in some cellular contexts (3, 6, 7, 51–53). The studies presented 

primarily assess the impact of novel peptides or mutations on Gαq/11-mediated signalling 

and -arrestin recruitment, therefore, additional studies evaluating some of PAR4’s other 

G-protein signalling pathways is warranted. Until recently, the lab did not possess an 

adequate means to directly assess activation of Gα12/13. In May of 2020, an open-source 

biosensor BRET platform, called TRUPATH, was released. This platform enables 

evaluation of 15 G-protein subtypes (54). Our laboratory obtained this biosensor platform 

and begun experiments assessing the impact of PAR4 Helix-8 and C-tail mutations on 

these additional G-protein subtypes. These ongoing and future studies will be informative 

to determine whether the novel biased peptides presented herein are also G-protein biased 

for additional subtypes. Further, mutational studies with additional G-protein subtypes 

may reveal novel roles for the Helix-8 and C-tail domains between subtypes. 

In this thesis I have demonstrated the potential for biased ligands of PAR4 in modulating 

signalling with therapeutic intention. While these foundational studies have been very 

informative, further SAR is necessary to optimize biased signalling and enhance affinity 

for the receptor. Future studies should assess combination substitutions in the PAR4 

agonist peptide that may improve the pharmacological profile of the ligands presented 

herein. For therapeutic purposes, a peptide ligand of PAR4 is an unlikely goal. Therefore, 

using the chemical and structural determinants for agonism discussed in this thesis, in 

combination with homology modelling, database screening for novel PAR4-targetting 

small molecules capable of biasing PAR4 signalling should be undertaken. 
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6 Appendices 

Appendix 1 Analytical RP-HPLC UV detection chromatograms of synthesized 

peptides (Chapter 2). Purity of all peptides are > 95% as determined by analytical RP-

HPLC UV detection (see traces below). 

Ac-AYPGKF-NH2: 

tR = 10.50 min; gradient = 10% to 50% (solvent A in solvent B, 0 to 10 min) 

 

AAPGKF-NH2: 

tR = 8.08 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 36	

Compound 6: Ac-AYPGKF-NH2 

HPLC: 

 
ESI-MS:  

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

MLF-02-06-04-qcfr5and6-10to50-Agilent 2: Diode Array 
Range: 1.028e+110.50

1.42
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AYAGKF-NH2:  

tR = 9.14 min; gradient = 10% to 60% (solvent A in solvent B, 0 to 10 min) 

 

AYPAKF-NH2: 

tR = 10.53 min; gradient = 10% to 50% (solvent A in solvent B, 0 to 10 min) 

 

AYPGAF-NH2: 

tR = 10.83 min; gradient = 10% to 50% (solvent A in solvent B, 0 to 10 min) 

 
  

	 32	

Compound 2: AYAGKF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

1.6e+1

1.8e+1

MLF-02-02-01-qc-10to60-Agilent 2: Diode Array 
Range: 2.026e+19.14

	 33	

Compound 3: AYPAKF-NH2 

HPLC: 

 
ESI-MS: 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

-2.0e-1

0.0

2.0e-1

4.0e-1

6.0e-1

8.0e-1

1.0

1.2

1.4

1.6

1.8

2.0

2.2

MLF-03-07-01-qcfr1,2,3-10to50-Agilent 2: Diode Array 
Range: 2.41210.53

1.42
1.65

	 34	

 

Compound 4: AYPGAF-NH2 

HPLC: 

 
ESI-MS: 

 
 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0e-1

1.0

1.5

2.0

2.5

3.0

MLF-02-04-01-qcfr456and12-10to50-Agilent 2: Diode Array 
Range: 4.10610.83

1.44

1.67
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AYPGKA-NH2: 

tR = 9.71 min; gradient = 5% to 30% (solvent A in solvent B, 0 to 10 min) 

 

aYPGKF-NH2: 

tR = 10.06 min; gradient = 10% to 50% (solvent A in solvent B, 0 to 10 min) 

 

AyPGKF-NH2: 

tR = 9.49 min; gradient = 15% to 50% (solvent A in solvent B, 0 to 10 min) 

 
  

	 35	

Compound 5: AYPGKA-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0e-1

1.0

1.5

2.0

2.5

3.0

MLF-02-05-01qcfr11to17-05to30-Agilent 2: Diode Array 
Range: 3.649.71

1.49

	 37	

Compound 7: aYPGKF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

MLF-03-01-02-qcfr7to11-10to50-Agilent 2: Diode Array 
Range: 1.324e+110.06

	 38	

Compound 8: AyPGKF-NH2 

HPLC: 

 
ESI-MS:  

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

MLF-03-02-02-qcfr8o10-15to50-Agilent 2: Diode Array 
Range: 1.012e+19.49
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AYPGkF-NH2: 

tR = 9.17 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AYPGKf-NH2: 

tR = 9.04 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 

Aib-YPGKF-NH2: 

tR = 9.35 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 41	

Compound 11: AYPGkF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

MLF-03-05-01-qcfr7to9-10to70-Agilent 2: Diode Array 
Range: 1.081e+19.17

	 42	

Compound 12: AYPGKf-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

1.0e+1

MLF-03-06-01-qcfr33to35-10to70-Agilent 2: Diode Array 
Range: 1.119e+19.04

	 43	

Compound 13: Aib-YPGKF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

1.0e+1

MLF-04-01-06-qcfr7to9-10o70-Agilent 2: Diode Array 
Range: 1.141e+19.35
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Sar-YPGKF-NH2: 

tR = 9.23 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 

Inp-YPGKF-NH2: 

tR = 9.26 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 

betaAla-YPGKF-NH2: 

tR = 9.34 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 50	

Compound 20: Sar-YPGKF-NH2 
HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.5

5.0

7.5

1.0e+1

1.25e+1

1.5e+1

1.75e+1

2.0e+1

2.25e+1

2.5e+1

2.75e+1

3.0e+1

MLF-05-01-05-qcfr7to10-10to70-Agilent 2: Diode Array 
Range: 3.097e+19.23

8.78

	 44	

Compound 14: Inp-YPGKF-NH2 

HPLC: 

 
ESI-MS:  

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

1.6e+1

1.8e+1

MLF-04-02-01-qcfr7to10-10to70-Agilent 2: Diode Array 
Range: 2.04e+19.26

	 45	

Compound 15: betaAla-YPGKF-NH2 
HPLC:  

 
ESI-MS:  
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A-Tyr(Me)-PGKF-NH2: 

tR = 9.57 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

A-F(4-fluoro)-PGKF-NH2: 

tR = 9.63 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AY-Pip-GKF-NH2: 

tR = 9.25 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 46	

Compound 16: A-OMeTyr-PGKF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

MLF-04-04-03-qcfr4to7-13to70-Agilent 2: Diode Array 
Range: 6.6629.57

1.38

	 51	

Compound 21: A-fluoroF-PGKF-NH2 

HPLC: 

 
ESI-MS:  

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

MLF-05-02-02-qcfr12to15-13to70-Agilent 2: Diode Array 
Range: 8.0489.63

1.39

	 52	

Compound 22: AY-Pip-GKF-NH2 

HPLC:  

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

MLF-05-03-01-qcfr9to12-13to70-Agilent 2: Diode Array 
Range: 1.799e+19.25
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AY-Nip-GKF-NH2: 

tR = 8.77 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AYP-Sar-KF-NH2: 

tR = 9.56 min; gradient = 10% to 60% (solvent A in solvent B, 0 to 10 min) 

 

AYP-betaAla-KF-NH2: 

tR = 9.38 min; gradient = 10% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 53	

Compound 23: AY-Nip-GKF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

1.6e+1

1.8e+1

MLF-05-04-01-qcfr8to12-13to70-Agilent 2: Diode Array 
Range: 1.827e+18.77

	 54	

Compound 24: AYP-Sar-KF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

1.0e+1

1.1e+1

1.2e+1

1.3e+1

1.4e+1

1.5e+1

MLF-05-05-01-qcfr7to12-10to60-Agilent 2: Diode Array 
Range: 1.614e+19.56

	 47	

Compound 17: AYP-betaAla-KF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

1.6e+1

1.8e+1

MLF-04-05-01-qcfr6to10-10to70-Agilent 2: Diode Array 
Range: 1.929e+19.38
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AYPGK-1Nal-NH2: 

tR = 9.71 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AYPGK-2Nal-NH2: 

tR = 9.72 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AYPGK-F(4-fluoro)-NH2: 

tR = 8.91 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

	 48	

Compound 18: AYPGK-1Nal-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0

1.0e+1

1.5e+1

2.0e+1

2.5e+1

3.0e+1

3.5e+1

MLF-04-06-02-qcfr6to9-13to70-Agilent 2: Diode Array 
Range: 3.802e+19.71

	 49	

Compound 19: AYPGK-2Nal-NH2 

HPLC: 

 
ESI-MS:  

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

5.0

1.0e+1

1.5e+1

2.0e+1

2.5e+1

3.0e+1

3.5e+1

MLF-04-07-02-qcfr6to9-13to70-Agilent 2: Diode Array 
Range: 3.986e+19.72

	 55	

Compound 25: AYPGK-fluoroF-NH2 

HPLC: 

 
ESI-MS: 

 
 

 

 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

MLF-05-06-01-qcfr8to11-13to70-Agilent 2: Diode Array 
Range: 9.2548.91
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AYPGK-F(4-Me)-NH2: 

tR = 9.32 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

AYpGKF-NH2: 

tR = 9.02 min; gradient = 12% to 75% (solvent A in solvent B, 0 to 10 min) 

 

AYPGK-(N-Me-F)-NH2: 

tR = 8.73 min; gradient = 12% to 80% (solvent A in solvent B, 0 to 10 min) 

 
  

	 56	

Compound 26: AYPGK-methylF-NH2 

HPLC: 

 
ESI-MS:  

 
	
 

Default file

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

1.2e+1

1.4e+1

MLF-05-07-01-qcfr6to9-13to70-Agilent 2: Diode Array 
Range: 1.824e+19.32

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

JCL-01-34-qcf3-6-12to75-Agilent 2: Diode Array 
Range: 1.27e+19.02

1.46

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

5.0e-1

1.0

1.5

2.0

2.5

3.0

3.5

JCL-01-39-qcf17-19-12to80-Agilent 2: Diode Array 
Range: 4.5478.73

1.35
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AYPG-(Nα-Me-K)-F-NH2: 
tR = 8.33 min; gradient = 15% to 70% (solvent A in solvent B, 0 to 10 min) 

 

A-(N-Me-Y)-PGKF-NH2: 

tR = 8.74 min; gradient = 12% to 70% (solvent A in solvent B, 0 to 10 min 

 

(N-Me-A)-YPGKF-NH2: 

tR = 8.88 min; gradient = 12% to 70% (solvent A in solvent B, 0 to 10 min) 

 
  

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

5.0e-1

1.0

1.5

2.0

2.5

3.0

JCL-01-40-qcf12-18-15to70-Agilent 2: Diode Array 
Range: 4.0378.33

1.40

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

JCL-01-41-qcf17-25-12to70-Agilent 2: Diode Array 
Range: 6.6198.74

1.39

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

5.0e-1

1.0

1.5

JCL-01-42-qcf10-16-12to70-Agilent 2: Diode Array 
Range: 2.4538.88

1.351.59
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VYPGKF-NH2: 

tR = 8.90 min; gradient = 12% to 70% (solvent A in solvent B, 0 to 10 min)  

 

(N-Me-S)-YPGKF-NH2: 

tR = 9.00 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min) 

 

Nle-YPGKF-NH2: 

tR = 8.88 min; gradient = 15% to 70% (solvent A in solvent B, 0 to 10 min)  

 
  

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

JCL-01-43-qcf5-8-12to70-Agilent 2: Diode Array 
Range: 1.166e+18.90

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

JCL-01-44-qcf6-9-13to70-Agilent 2: Diode Array 
Range: 1.034e+19.00

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

6.0

JCL-01-46-qcf4-9-15to70-Agilent 2: Diode Array 
Range: 7.4848.88
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AYPGRF-NH2: 

tR = 8.73 min; gradient = 13% to 70% (solvent A in solvent B, 0 to 10 min)  

 

AYPGOF-NH2: 

tR = 9.16 min; gradient = 12% to 80% (solvent A in solvent B, 0 to 10 min)  

 

AYPG-Cit-F-NH2: 

tR = 8.82 min; gradient = 13% to 80% (solvent A in solvent B, 0 to 10 min)  

 
  

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

JCL-01-47-qcf7-15-13to70-Agilent 2: Diode Array 
Range: 6.048.73

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

JCL-01-48-qcf5-8-12to80-Agilent 2: Diode Array 
Range: 5.1589.16

1.41

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

2.0

4.0

6.0

8.0

1.0e+1

JCL-01-49-qcf4-6-13to80-Agilent 2: Diode Array 
Range: 1.348e+18.82
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AYPG-(Nε-Me-K)-F-NH2: 

tR = 8.74 min; gradient = 12% to 70% (solvent A in solvent B, 0 to 10 min)  

 

AYPGKY-NH2: 

tR = 8.88 min; gradient = 8% to 80% (solvent A in solvent B, 0 to 10 min)  

 
  

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

1.0

2.0

3.0

4.0

5.0

JCL-01-50-qcf16-22-12to70-Agilent 2: Diode Array 
Range: 6.3318.74

1.38

Default file

Time
0.00 2.00 4.00 6.00 8.00 10.00

A
U

0.0

5.0

1.0e+1

1.5e+1

2.0e+1

2.5e+1

JCL-01-51-qcf10-12-8to80-Agilent 2: Diode Array 
Range: 2.587e+18.88
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Appendix 2 Curriculum Vitae 

EDUCATION 

PhD Physiology and Pharmacology (2020), University of Western Ontario  

BSc. Honours Medical Science (Honours, 2015), Brock University 

Diploma in Music and Musical Theory (2009), Faith College International 

PUBLICATIONS 

Thibeault, P. E., and Ramachandran, R. (2020) Biased signalling in platelet G-protein‐

coupled receptors. Can. J. Physiol. Pharmacol. 10.1139/cjpp-2020-0149 

Thibeault, P. E., and Ramachandran, R. (2020) Role of the Helix-8 and C-Terminal Tail 

in Regulating Proteinase Activated Receptor 2 Signaling. ACS Pharmacol. Transl. Sci. 

10.1021/acsptsci.0c00039 

Vanderboor, C. M.1, Thibeault, P. E.1, Nixon, K. C., Gros, R., Kramer, J. M., and 

Ramachandran, R. (2020) Proteinase-Activated Receptor 4 (PAR4) Activation Triggers 

Cell Membrane Blebbing through RhoA and β-arrestin. Mol. Pharmacol. 

10.1124/mol.119.118232 (1co-first author) 

Thibeault, P. E., LeSarge, J. C., Arends, D., Fernandes, M., Chidiac, P., Stathopulos, P. 

B., Luyt, L. G., and Ramachandran, R. (2019) Molecular basis for activation and biased 

signalling at the thrombin-activated GPCR Proteinase Activated Receptor-4 (PAR4). J. 

Biol. Chem. 10.1074/jbc.RA119.011461 

Lalonde, T., Hou, J., Thibeault, P. E., Milne, M., Dhanvantari, S., Ramachandran, R., & 

Luyt, L. G. (2019). Single amino acid replacement in G-7039 leads to a 70-fold increase 

in binding towards GHS-R1a. ChemMedchem, doi:10.1002/cmdc.201900466 

LeSarge, J. C., Thibeault, P., Milne, M., Ramachandran, R., & Luyt, L. G. (2019). High 

affinity fluorescent probe for proteinase-activated receptor 2 (PAR2). ACS Medicinal 

Chemistry Letters, 10(7), 1045-1050. doi:10.1021/acsmedchemlett.9b00094 
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Ramachandran, R., Mihara, K., Thibeault, P., Vanderboor, C. M., Petri, B., Saifeddine, 

M., Bouvier, M., & Hollenberg, M. D. (2017). Targeting a proteinase-activated receptor 4 

(PAR4) carboxyl terminal motif to regulate platelet function. Molecular Pharmacology, 

91(4), 287-295. doi:10.1124/mol.116.106526 

PUBLICATIONS - ACADEMIC SCHOLARSHIP 

Thibeault, P. E., Hollenberg, M. D., & Ramachandran, R. (2020). Proteinase Activated 

Receptors. Encyclopedia of Biological Chemistry, 3rd Edition 

Thibeault, P. (2018). Promoting Active Learning in Physiology Lectures Through 

Student Response Systems: To Click or Not to Click. Teaching Innovation Projects, 8(1). 

https://doi.org/10.5206/tips.v8i1.6220 

GRANTS AND AWARDS 

 Canadian Society of Pharmacology and Therapeutics/American Society of 

Pharmacology and Experimental Therapeutics inaugural travel award ($1600, June 

2020) 

 George W. Stavraky Teaching Award ($1,900; October 2019) 

 Canadian Society of Pharmacology and Therapeutics Travel award ($350; June 

2019) 

 Queen Elizabeth II, Ontario Graduate Scholarship ($15,000; 2019-2020) 

 Hari and Gudrun Sharma Graduate Award ($1900; October 2018) 

 Poster award - Basic and Clinical Pharmacology ($200; October 2018) 

 World Congress of Pharmacology conference bursary for oral presenters (50,000 

JPY; July 2018) 

 American Society of Pharmacology and Experimental Therapeutics Trainee Travel 

Award ($3000 USD; July 2018)  

 K.M. Piafsky Trainee Presentation Award ($400; May 2018) 

 Canadian Society of Pharmacology and Therapeutics Travel award ($350; May 

2018) 

 Peter Dresel Trainee Presentation Award ($400; May 2017) 

 Canadian Society of Pharmacology and Therapeutics Travel award ($450; May 

2017) 

 Queen Elizabeth II, Ontario Graduate Scholarship ($15,000; 2017-2018) 

 Western Graduate Research Scholarship (2015-Present) 
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TEACHING EXPERIENCE 

Teaching Assistant Roles 

 MEDSCIEN 4931G, Summer 2020 – Selected Topics in Medical Sciences (online) 

 PHYS 1020, Fall/Winter 2019-2020 – Human Physiology (blended) 

 MEDSCIEN 4931G, Summer 2019 – Selected Topics in Medical Sciences (online) 

 PHYS 1020, Fall/Winter 2018-2019 – Human Physiology (blended) 

 MEDSCIEN 4931G, Summer 2018 – Selected Topics in Medical Sciences (online) 

 PHYS 1020, Fall/Winter 2017-2018 – Human Physiology (blended) 

 MEDSCIEN 4931G, Summer 2017 – Selected Topics in Medical Sciences (online) 

 PHYS 1020, Fall/Winter 2016-2017 – Human Physiology (blended) 

 PHYS 3130Z, Fall/Winter 2015-2016 – Physiology Laboratory 

Assessment-Only Roles 

[MEDICINE, Undergraduate Medical Education; second number denotes medical school 

year (i.e. 51xx, year 1; 52xx, year 2, etc.); typical enrollment 170 students]  

 MEDICINE 5402, Summer 2020 – Integration and Transition 

 MEDICINE 5250, Fall/Winter 2019-2020 – Medical Ethics 

 MEDICINE 5210S, Fall/Winter 2019-2020 – Key Topics in Family Medicine 

 MEDICINE 5402, Fall/Winter 2019-2020 – Integration and Transition 

 MEDICINE 5210S, Fall/Winter 2018-2019 – Key Topics in Family Medicine 

 MEDICINE 5250, Fall/Winter 2018-2019 – Medical Ethics 

 MEDICINE 5402, Fall/Winter 2018-2019 – Integration and Transition 

 MEDICINE 5210S Fall/Winter 2017-2018 – Key Topics in Family Medicine 

 MEDICINE 5250 Fall/Winter 2017-2018 – Medical Ethics 

 MEDICINE 5151 Fall/Winter 2016-2017 – Social Medicine 

 MEDICINE 5475 Fall/Winter 2015-2016 – Clinical Clerkship 

 MEDICINE Principals of Medicine I 

LEADERSHIP EXPERIENCE  

Chair, Grad Club Committee, Society of Graduate Students                    2018-2020 

Research Committee, Graduate Student Representative          2017-2020 

Society of Graduate Students, Physiology & Pharmacology Councillor       2018-2020 

Chair, Financial Assistance Committee, PSAC 610                      2018-2020 

Member, Grad Club Committee, Society of Graduate Students             2016-2018 

Brock University Student Administrative Council, Councillor F.A.H.S.        2014-2015 
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PRESENTATIONS 

 National Conference: “Functional role of C-terminal tail and Helix-8 residues on 

signalling and regulation of the thrombin-activated GPCR, Proteinase Activated 

Receptor 4 (PAR4)” (virtual poster), “Canadian Society of Pharmacology and 

Therapeutics Annual Meeting”. June 10-12, 2020 

 International Conference: “Molecular Basis for Activation and Biased Signalling at 

the Platelet Thrombin Receptor Proteinase Activated Receptor-4 (PAR4) (poster), 

“20th Annual Great Lakes GPCR Retreat”, Bromont, QC, Canada. September 26-28, 

2019 

 National Conference: “Proteinase Activated Receptor 4 (PAR4) agonist peptide 

structure and dynamics elucidated by solution NMR and computational simulations” 

(poster), “Canadian Society of Pharmacology and Therapeutics Annual Meeting”, 

Calgary, Alberta, Canada. June 12-14, 2019 

 International Conference: “Determination of the Proteinase Activated Receptor 4 

(PAR4) agonist binding site through in-silico modeling and site directed mutagenesis.” 

(Invited oral presentation and poster), “19th Annual Great Lakes GPCR Retreat”, 

Detroit, Michigan, USA. October 25-27, 2018 

 International Conference: “Insights into Proteinase Activated Receptor 4 (PAR4) 

Trafficking, Signalling, and Biased Agonism” (Invited oral presentation), “World 

Congress of Pharmacology”, Kyoto, Japan. July 1-6, 2018 

 National Conference: “Insights into Proteinase Activated Receptor 4 (PAR4) 

Trafficking and Biased Agonism” (Invited oral presentation and poster), “Joint Annual 

Meeting of the Canadian Society of Pharmacology and Therapeutics (CSPT), The 

Canadian Society of Pharmaceutical Sciences (CSPS), and Canadian Chapter of the 

Controlled Release Society (CC-CRS)”, Toronto, ON, Canada. May 22-25, 2018 

 International Conference: “Proteinase Activated Receptor 4 (PAR4) Biased Agonism” 

(poster), “18th Annual Great Lakes GPCR Retreat “, Ottawa, ON, Canada. October 19-

21, 2017 

 Departmental research focus group “Proteinase Activated Receptor 4 (PAR4): 

Characterizing a non-canonical GPCR” (invited oral presentation), Cardiovascular 

Journal Club, London, ON, Canada. September 27, 2017 

 National Conference: “Role of the C-terminal tail in regulating Proteinase Activated 

Receptor (PAR)-2 signalling” (poster), “Canadian Society of Pharmacology and 

Therapeutics Annual Meeting”, Halifax, N.S., Canada. June 14-16, 2017 

 Local Conference: “Proteinase Activated Receptor 4 (PAR4) Internalization and 

Trafficking” (platform presentation), London Health Research Day, London, Ontario, 

March 28, 2017 

 International Conference: “Internalization and Trafficking of Proteinase Activated 

Receptor 4 (PAR4) by clathrin-mediated endocytosis” (poster), “Pharmacology 2016”, 

London, England, U.K. December 13-15, 2016 
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 Institutional Conference: “Proteinase Activated Receptor 4 (PAR4) Internalization-

Role for C-terminal tail motifs and beta-arrestin recruitment” (poster), PHYS/PHARM 

Research Day, London, ON, Canada. November 1, 2016 

 International Conference: “Proteinase Activated Receptor 4 (PAR4) Internalization-

Role for C-terminal tail motifs and beta-arrestin recruitment” (poster), “17th Annual 

Great Lakes GPCR Retreat”, Chicago, IL, USA. October 13-16, 2016 

 Local Conference: “Investigating the role of Beta-arrestin1/2 in Proteinase Activated 

Receptor 4 (PAR4) Internalization” (Top 100 poster), London Health Research Day, 

London, ON, Canada. March 29, 2016 

CONFERENCE ATTENDANCE 

 Annual Meeting 2020, Canadian Society of Pharmacology and Therapeutics, Virtual 

 Great Lakes G-protein coupled receptor Retreat 2019, Bromont, QC., Canada 

 Annual Meeting 2019, Canadian Society of Pharmacology and Therapeutics, Calgary, 

AB., Canada 

 London Health Research Institute- Research Day 2019 (judge) 

 Great Lakes G-protein coupled receptor Retreat 2018, Detroit, MI., U.S.A 

 World Congress of Pharmacology 2016, Kyoto, Japan 

 CSPT, CSPS, and CC-CRS Joint Annual Meeting 2018, Toronto, ON, Canada 

 London Health Research Institute- Research Day 2018 (judge) 

 Great Lakes G-protein coupled receptor Retreat 2017, Ottawa, ON., Canada 

 Annual Meeting 2017, Canadian Society of Pharmacology and Therapeutics, Halifax, 

Canada 

 London Health Research Institute- Research Day 2017 

 Pharmacology 2016, British Pharmacological Society, London, England, U.K. 

 Great Lakes G-protein coupled receptor Retreat 2016, Chicago, IL., U.S.A. 

 London Health Research Institute- Research Day 2016 

 Great Lakes G-Protein Coupled Receptor Retreat 2015, Mono, ON., CAN. 

PROFESSIONAL DEVELOPMENT 

 Certificate in Undergraduate Teaching and Learning (University of Western Ontario) 

 Graduate Program Review (Microbiology and Immunology)- Invited graduate 

member 


	Molecular Mechanisms Regulating the Platelet Thrombin Receptor PAR4
	Recommended Citation

	ETD word template

