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ABSTRACT
Proteinase-activated receptor-2 (PAR-2) is the second member of the new subfamily of
G-protein coupled receptors with a novel mode of mechanism of activation. As with

other family members, PAR-2 is activated through the proteolytic cleavage of the amino
terminal of the receptor, thus unmasking a tethered ligand which then binds to the
receptor causing intramolecular activation. Serine proteases such as trypsin and tryptase
serve as the predominant endogenous activators for PAR-2, whilst synthetic activating
peptides derived from the tethered ligand sequence are also able to stimulate receptor

activation without proteolysis.

The expression of PAR-2 has been detected in a variety of human tissues and receptor

activation has been shown to mediate diverse biological functions including haemostasis

and inflammation. However, the signalling mechanisms underlying PAR-2-induced
cellular effects remain largely undefined. Thus this study sought to determine the
signalling events following PAR-2 stimulation in NCTC-2544 skin cell line stably

expressing PAR-2 and normal human epidermal keratinocytes, in particular the

activation of NFkB. Initially PAR-2 was demonstrated to activate NFxB at the levels of

IkBa loss, p65 NF«kB phosphorylation, DNA binding and transcriptional activation.

PAR-2 was also found to stimulate the three major MAP kinases, namely ERK, p38

MAPK and JNK. In addition, this study has included the work to examine the effects of
putative PAR-2 inhibitors; K-14585 and ENMD-1068. K-14585 was a weak antagonist

in some assay systems but not others, whilst ENMD-1068 was inettective. The
intermediates upstream in the NFkB pathway stimulated by PAR-2 were assessed.
Phosphorylation of p65 NFkB was found to be dependent upon Gog1, PKC 1soforms,
calcium mobilisation and IKKp. Interestingly, the inhibition of Gagn activity did not

affect NFkB-DNA binding but partially suppressed NFxB-driven transcription. These

findings point to the differential regulations of these intermediary components on

different levels of NFxB activation mediated by PARQ.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 INTRODUCTION

In order to survive, an organism must be able to distinguish environmental changes and
react accordingly. To detect environmental factors, the organism must intercept signals

which might exist in diverse forms such as chemicals, light or sound. Therefore a

receptor serves as the communication channel between the cell and its surroundings,

enabling necessary internal adjustments.

1.1.1 The superfamily of G protein-coupled receptors (GPCRs)

Several families of membrane-bound receptor have been identified to date, including
ligand-gated ion channels (Colquhoun, 2006), kinase-linked receptors (Johnson &
Ingram, 2005) and cytokine receptors (Grotzinger, 2002). Amongst these, the most

common receptor family is the one comprising the guanosine-trisphosphate (GTP)-

binding protein (G-protein)-coupled receptors (GPCRs). Since the cloning of bovine
rhodopsin, more than 12000 GPCR sequences have been reported with ~600 GPCRs in
mammalian and accounting for ~2% of the human genome (Nathans & Hogness, 1983;

Hom et al., 2003).

All GPCRs have the common structure of 7 hydrophobic transmembrane helices
connected by 3 extracellular loops and 3 cytosolic loops (Baldwin, 1993). The GPCRs
bind a wide range of ligands such as bioorganic amines, neuropeptides and large
glycoprotein hormones to exert diverse physiological functions (Strader et al., 1994).
Thus it is not surprising that GPCRs serve as a primary target for pharmaceutical

development and therapeutic approaches.

Several classification systems have been employed to organize this superfamily
according to the ligand structure, sequence homology, and receptor function. One of the
most frequently used systems categorises both vertebrates and inverterbrates GPCRs
into classes A-F (Kolakowski, 1994). Human GPCRs have been grouped into classes A-

C, further divided into more than 50 subclasses. Generally, there is a substantial degree

of amino acid homology amongst members of the same subfamily, but little or no



sequence similarity is observed between subfamilies. Class A constitutes rhodopsin-like
GPCRs, represents the largest family and includes amine, peptide, prostanoid and
olfactory receptors. Class B, the secretin-like family, consists of calcitonin, glucagon,

and vasointestinal peptide receptors. Metabotropic glutamate, GABA and taste receptors
are amongst the members of Class C GPCRs. Class D and Class E which represent

fungal pheromone receptors and cAMP receptors respectively, and Class Z that
comprise bacteriorhodopsins, are non-mammalian receptors. In addition, the screening
of cDNA libraries has identified multiple sequences that contain 7 membrane-spanning
domains typical of a GPCR. These are termed orphan receptors as their respective

endogenous ligands have yet to be 1dentified (Parmentier ef al., 1995).

Another classification system categorises GPCRs into four groups on the basis of the

mode of ligand binding to the receptor (Ji et al., 1998). The first group includes
rhodopsin and biogenic amine receptors in which the ligand binds to the transmembrane
core of the receptor. Receptors which require both transmembrane region and exoloop as
binding sites for the short-peptide ligands are classified as the second group, examples
include formyl and angiotensin receptors. Alternatively, receptors for longer peptide
ligands such as calcitonin and vasointestinal peptide which bind to multiple contact sites

on both transmembrane core and exoloops of the receptor fall into the third group. The
fourth group of GPCRs are receptors that are activated by initial binding of the ligand at
the amino-terminal domain of the receptor followed by secondary contact of the amino-
terminal domain with exoloops. Examples of GPCRs in this group are neurotransmitter
receptors, glycoprotein hormone receptors, and a newly identified GPCR family termed

proteinase-activated receptors (PARS).

1.1.2 G proteins

Membrane-associated G proteins are heterotrimeric signalling components that consist
of three subunits, namely the a, B and y-subunits (reviewed in Hermans, 2003). The

Ga subunit contains the site for the binding of guanine-nucleotides, guanosine

diphosphate (GDP) and guanosine triphosphate (GTP) and exhibits intrinsic GTPase



activity. The G and Gy subunits, on the other hand, exist as a tightly bound dimer. The

terminology G proteins often refers to GPCR-bound G protein heterotrimers which are
also known as ‘large’ G proteins. There are also ‘small’ G proteins which exist as a

single subunit; such monomeric proteins for example p21™ are regularly classified as

GTPases 1n order to distinguish them from heterotrimeric G proteins (Bar-Sagi & Hall,
2000).

A wide range of heterogeneity for G protein subunits has been demonstrated (reviewed

in Hermans, 2003). To date, at least 23 types of Ga subunits derived from 17 different
genes have been reported, all of which are categorised into the four classes namely Ga,

Gaio, Gog1 and Goyzns. Similarly, 6 GB and 12 Gy subunits have been cloned and
identified, signifying the complexity and specificity of GPCR signalling paradigm.

In the inactive state, Ga interacts with the GBy complex in close proximity to the
GPCRs. Receptor activation causes conformational changes of the receptor domains

leading to association of GPCRs with distinct classes of G proteins. This promotes the
exchange of GDP for GTP on the Ga subunit, resulting in the dissociation of the
heterotrimeric component (Hamm, 1998). The freed GTP-bound Ga subunit and Gy

complex are able to interact with a diverse array of effector molecules, accounting for

the vast variety of GPCR signalling transduction (see Section 1.1.3). Termination of the

response occurs when GTP is hydrolysed to GDP, rendering the Ga subunit inactive and

resuming its association with Gy complex (Hamm, 1998).

1.1.3 The Roles of G proteins in GPCR Signalling Paradigm

Generally, each subtype of Ga subunit activates distinct effector signalling pathways
(reviewed in Milligan & Kostenis, 2006). Activation of Go, leads to adenylyl cyclase
stimulation and an increase in cyclic AMP (cAMP) production. In contrast, Go,

stimulation inhibits adenylyl cyclase, resulting in the reduction of cAMP synthesis
(Hurley, 1999). Activation of Goyy; results in the stimulation of phospholipase C



(PLC)-B, a key enzyme in phosphatidylinositol metabolism, to produce inositol
triphosphate (IP3) and diacyglycerol (DAG) (reviewed in Hubbard & Hepler, 2006). The
effector molecules of Gayz/13, however, are not as well characterised as other members

of Ga subunits, with the exception of small GTP-binding proteins such as p115RhoGEF
which are involved in the regulation of cytoskeleton (Riobo & Manning, 2005).

Whilst Ga subunits are known to selectively activate specific effector system, the Gy
complex was classically thought to act as an inhibitory component to prevent the
activation of Ga.. Recently it has become apparent that the G3 and Gy subunits can bind
to and modulate the activity of a variety of effector molecules including adenylyl
cyclase, PLCP, intermediary components of mitogen-activated protein kinases and PI3-
kinase (reviewed in Hur & Kim, 2002). Thus it appears that the G protein subunits can
contribute to dual intracellular signalling through a single heterotrimeric G protein, for
example, Goay,—mediated adenylyl cyclase activity and Gpy-dependent PLCJ
stimulation (Morris & Scarlata, 1997; Rhee & Bae, 1997).

1.1.4 Diversity and Complexity of GPCR Signalling
GPCR signalling is one of the most complex paradigms amongst cell surface receptors,

determined by the aforementioned large number of subtypes identified for each G

protein subunit. Various biochemical studies have indicated the specificities of certain
GB and Gy subtypes to interact with specific Ga subunits, giving rise to diverse yet
unique signal transduction pathways for each receptor (reviewed in Cabrera-Vera et al.,
2003). In addition, a large body of literature has indicated that a single GPCR 1s able to

functionally couple to more than one subtype of G protein; for instance the o,-

adrenergic receptor was reported to associate with both Gos and Ga; (Eason et al.,
1992). Moreover, there is also evidence of secondary regulation of effector molecules,
for example the activation of adenylyl cyclase by a Goa;-mediated protein kinase C

(PKC) pathway, further adding to the complexity of GPCR-mediated signalling (Hur &
Kim, 2002).



It has now emerged that GPCRs form dimers and/or oligomers in a manner similar to
other receptor families such as growth hormone receptors (reviewed in Hansen & Sheik,
2004; Terrillon & Bouvier, 2004). Such phenomenon has been regarded as a mode of
cross-talk between receptors and has great impact in various aspects including cell
surface expression, function and signalling specificities. Heterodimerisation of GPCRs
can occur between the same or different subtypes of receptor and could account for the
changes 1in signalling properties. For example, the k and 6 opioid receptor heterodimer

exhibits a discrete signalling profile compared to the individual receptors (Jordan &
Devi, 1999). Alternatively, the heterodimer formed between dopaminergic receptor and
somatostatin receptor has been shown to produce enhanced signalling to either receptor
agonist stimulation (Rocheville et al., 2000). Cross-talk between two different GPCRs at
the level of second messenger system has also been documented (Hur & Kim, 2002).

For instance, it has been shown that PLC-coupled P2Y, receptor selectively inhibited
B,—adrenergic receptor-stimulated cAMP production (Suh et al., 2001).

Activation of certain GPCRs can also lead to the stimulation of other signalling

components such as ion channels, mitogen-activated protein kinase (MAPK) cascades

and nuclear factor kappa B (NFxB) activation. For example, the 3,—adrenergic receptor
has been shown to be physically associated with the L-type calcium channel to modulate
its activity (Davare et al., 2001). The regulation of MAPK by GPCRs has been

extensively studied and will be further discussed in Section 1.3.2. However, little 1s
known about GPCR-induced activation of NFkB and this will be further elaborated 1n
Section 1.4.6. Notably, there is also increasing evidence showing G protein-independent
signal transduction induced by certain GPCRs such as metabotropic glumate receptors

(Heuss et al., 1999), M;-muscarinic and H;-histamine receptor (Mitchell et al., 1998).

Thus overall, the classical linear downstream signalling of GPCRs appears to be far

more complex than initially thought, involving both G protein-dependent and

independent transduction. The overall outcome of a particular GPCR stimulation will

thus reflect the sum of its diverse signalling cascades.



1.2 PROTEINASE-ACTIVATED RECEPTORS (PARs)

Proteases or peptidases are proteolytic enzymes that catalyse the hydrolysis of covalent

peptidic bonds, and their classical main actions were thought to be helping in food
digestion. To date there are ~ 700 proteases identified within the mammalian proteome;
which are currently categorised into five groups; metallo, serine, cysteine, threonine and
aspartyl (Rawlings et al., 2004). Such a nomenclature is derived on the basis of the
mechanism of peptide bond hydrolysis catalysed by the enzyme, i.e. for serine proteases,
the nucleophilic attack of the targeted peptidic bond is facilitated by a serine residue

within the active site of the enzyme.

The relative abundance of proteases has clearly indicated that they might not function
solely as digestive enzymes, but could be important mediators for regulating cellular
behaviour. In fact, early studies reported the effects of proteases in mediating cellular
responses dependent on their enzymatic properties (Sefton & Rubin, 1970; Pohjanpelto,
1977). Eventually this led to the discovery of the first protease-related receptor, termed
proteinase-activated receptor-1 (PAR-1) (Vu et al., 1991). Subsequently three subtypes
of this family receptor were identified, namely PAR-2, PAR-3 and PAR-4 (reviewed in
Macfarlane et al.,, 2001). Rather than being activated through a conventional ligand-
binding process, PARs were found to be stimulated by serine proteases through cleavage

of the receptor’s amino-terminal exodomain, leading to the unmasking of a new terminal

which then serves as a tethered ligand to effect intramolecular receptor activation (see
Figure 1.1). As PARs are activated by the endoproteolytic mechanism, the terminology
proteinase, which is often referred to as an endopeptidase, has been designated to
describe this novel group of receptors (Hollenberg & Compton, 2002). The family of
PARs belongs to the superfamily of GPCRs, and the endogenous serine proteinase
thrombin activates three of four PARs, namely PAR-1, PAR-3 and PAR-4 respectively,

whilst trypsin or other related proteinase, activates PAR-2.
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1.2.1 PAR-1, PAR-3 and PAR-4
Thrombin has been studied for decades for its role in blood clotting cascade. It was then

shown that in addition to its ability to activate platelet aggregation, thrombin also served

to elicit diverse biological responses (Barshavit & Wilner, 1986).

1.2.1.1 Discovery of PAR-1

The first proteinase-activated receptor, PAR-1, was discovered in 1991 when Coughlin
and colleagues isolated the complementary DNA (¢cDNA) encoding the human thrombin
receptor using an expression cloning approach (Vu et al., 1991). Messenger RNA
(mRNA) from HEL and Dami cells which were highly responsive to thrombin was

injected into Xenopus oocytes prelabelled with “°Ca**, and the responses were measured

as thrombin-stimulated *Ca®" release. The authors then constructed a cDNA library

using fractionated mRNA from Dami cells, with the cDNA being plated in 50 pools of
approximately 20,000 clones each. Thrombin-induced responses were assayed in
oocytes injected with cRNA transcribed from each pool and by subdividing the positive

pools progressively, a single cDNA encoding a thrombin receptor was eventually

1dentified.

Reverse-transcription polymerase chain reaction (RT-PCR) detected the mRNA
expression of this receptor in both platelets and vascular endothelial cells. Nucleotide

sequencing of this functional thrombin receptor uncovered a 3.5 kb insert, with an open
reading frame encoding a 425 amino acid protein. By utilising hydropathy analysis, the
inferred amino acid sequence of this receptor showed resemblance to the seven-
transmembrane-domain GPCRs. The extracellular amino-terminal of this thrombin
receptor, or PAR-1, was found to consist of 75 amino acids, including an anion-binding
site known as hirudin-like domain. A later study proposed that the receptor’s hirudin-
like domain induces a conformational change in thrombin’s active moiety to effect
receptor activation (Ishii ez al., 1995). Through the generation of receptor chimeras and

receptor point mutagenesis, the authors concluded that proteolytic cleavage of the

receptor amino-terminal caused by thrombin at LDPR*!/S*FLL was essential for



activation (see Figure 1.2). Thrombin was found to cleave at Arg’' of PAR-1 to expose
a tethered ligand which then binds intramolecularly to activate the receptor, representing
a novel mode of receptor activation for GPCR. Interestingly, synthetic peptides which

mimicked the newly exposed amino-terminal appeared to be able to stimulate the
receptor without the need for proteolysis, thus confirming the tethered ligand model of

activation for the receptor. A gene mapping study revealed that the human PAR-1 gene

was located in chromosomal region 5q13 (Bahou et al., 1993).

At the same time, similar findings were reported in another study in which a functional
hamster thrombin receptor was successfully cloned and expressed in Xenopus oocytes
(Rasmussen et al., 1991). The hamster thrombin receptor shared 79% amino acid
sequence 1dentity with the human thrombin receptor, and included a thrombin consensus

cleavage site and a negative charge cluster in the extracellular amino-terminal.

1.2.1.2 Pharmacology and structure-activity relationship (SAR) for PAR-1
activating peptides (APs)

Synthetic activating peptides (APs) which have an amino acid sequence that corresponds
to the tethered ligand, can cause receptor activation, thus by-passing the need for
receptor cleavage by enzyme (see Figure 1.1). The advantage of using APs i1n
experimental design is that the unspecific proteolytic actions of the enzyme on other
receptors can be excluded. In a series of studies based on the tethered ligand sequence of
PAR-1, SFLLRN, the structure-activity relationship (SAR) for PAR-1 APs were derived
and a series of moderate to high affinity agonist peptides were developed (Scarborough
et al., 1992; Nose et al., 1993, Feng et al., 1995). This approach was also facilitated by
the use of site-directed mutagenesis to identify amino acid residues essential for ligand
binding (Nanevicz et al., 1995). In addition, extracellular loop (ECL)-2 has been

identified as the important domain in binding of PAR-1 APs to the receptor (Lemer et
al., 1996).
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Generally, APs showed lower potency than thrombin in activating the receptor. One

possible explanation is that an enzyme molecule could activate several receptors.
Another postulation could be the conformational differences between the synthetic

peptide in solution and the tethered ligands that might account for the results observed.
Strikingly, a study has suggested distinct differences in the mechanisms of receptor

activation by APs and thrombin, in that deletion of residues 68-93 of PAR-1 completely
abolished PAR-1 AP-induced responses, but not that of thrombin (Blackhart et al.,
2000). This implies that APs might interact with different or additional site(s) on the

receptor.

To date, several groups have reported the generation of PAR-1 antagonists, for example
RWIJ-56110, RWJ-58259, SCH-79797 and SCH-203099 (Andrade-Gordon et al., 1999;
Andrade-Gordon et al., 2001; Ahn et al., 2000). RWJ-56110 and RWJ-58259 were

synthesized on the basis of the PAR-1 tethered ligand sequence, whereas SCH-79797
and SCH-203099 represent a novel class of non-peptide PAR-1 antagonist. By

employing both in vivo and in vitro approaches, these compounds have been shown to be
potent and selective PAR-1 blockers, with no effects on other PARs. The availability of

such potent and selective PAR-1 antagonists not only allows our understanding on PAR-

1-induced cellular effects to be advanced, but also provides potential therapeutic tools

for the study of disease states involving PAR-1 (see Section 1.2.1.5).

1.2.1.3 PAR-1 signalling
As with other GPCRs, the roles of different G-protein subunits in mediating cellular

signalling of PAR-1 have been implicated including Gogni, Goe and Gouyans

(Macfarlane ef al., 2001). In addition, lipid enzymes and protein kinases have also been

implicated as part of the PAR-1 signalling paradigm.
Stimulation of PAR-1 activates Gagy, leading to PLC-induced phosphoinositide

hydrolysis to produce IP; and DAG as well as subsequent calcium mobilization (Brass et

al., 1991, Hung et al., 1992a, Hung et al., 1992b). Ga, coupling represents the major
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pathway of PAR-1 signalling in platelet activation, as platelets derived from Gog-

deficent mice showed attenuated thrombin-induced aggregation (Offermanns et al.,
1997). In addition, Hung and colleagues have characterised the coupling of PAR-1 to
Gai, resulting in cAMP inhibition (Hung et al., 1992a). PAR-1 also couples to Gouyans
and it was shown that thrombin regulates endothelial barrier function and hyper-
permeability through the downstream effectors of Gazi13, pl115RhoGEF, RhoA and

Rho-associated coiled-coil forming kinase (ROCK) (Majumdar et al., 1999; Vouret-
Craviari et al., 1998; Carbajal et al., 2000, Nguyen et al., 2002). In addition to PLC,
PAR-1 has also been shown to stimulate phospholipase A; (PLA;) to release arachidonic

acid (Lan et al., 2001; Rickard & McHowat, 2002).

PAR-1 was one of the first GPCRs to be investigated for kinase signalling as its
endogenous activator, thrombin, is a well-known mitogen (Seuwen et al.,, 1990;
McNamara et al., 1993). Activation of MAPKs by PAR-1 was revealed when PAR-1 AP
was found to stimulate p21', the upstream activator of extracellular signal-regulated
kinase (ERK) cascade, shedding light on the role of PAR-1 in mitogenesis via the
tyrosine kinases pathway (Vancorven et al., 1993). Interestingly, ERK activation was
found to exhibit a biphasic profile, with the early phase being PTX-sensitive (Trejo et
al., 1996). Further studies reported that in various cell lines, PAR-1 was found to induce
the activation of ERK, c¢-Jun amino-terminal kinases (JNKs), p38 MAPK and NF«B via
multiple pathways which will be further discussed in Sections 1.3.2 and 1.4.0
(Madamanchi et al., 2001; Buresi et al., 2002; Sabri et al., 2000; Rahman et al., 2002;
Sabri et al., 2002; Wang et al., 2002; Tantivejkul et al., 2005).

1.2.1.4 Identification of additional PARs: PAR-3 and PAR-4
i) PAR-3
The potential for a second thrombin receptor was uncovered in studies using PAR-1

deletion mice (Connolly et al., 1996). Although fibroblasts derived from PAR-1

deficient mice failed to elicit response upon thrombin stimulation, platelet activation as

well as calcium mobilization induced by thrombin were analogous in both knockout and
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wild type mice, strongly suggesting the presence of a novel receptor activated by
thrombin other than PAR-1. This novel receptor, designated as PAR-3, was cloned by

Ishihara and colleagues, and was found to share 27% structural identity with PAR-1
(Ishihara et al., 1997).

PAR-3 was also found to share the same mechanism of activation as PAR-1, with
thrombin-mediated cleavage exposing a new amino-terminal, TFRGAP. Substitution of
Thr’ with Pro rendered the receptor inactive to thrombin stimulation, confirming that
the cleavage site lies at residues Lys-38/Thr-39 of PAR-3’s exodomain. As with PAR-1,
the amino-terminal of PAR-3 was found to encompass a hirudin-like domain and residue
Phe* of the tethered ligand domain was confirmed to be important in receptor

activation, as deletion of this residue resulted in diminished signalling responses

(Ishihara et al., 1997).

Amongst all the proteases tested, thrombin was the only serine protease capable of
activating PAR-3, having an ECsy of 0.2 nM, approximately twice as low as that
reported for PAR-1 (Ishihara et al.,, 1997). Surprisingly, unlike PAR-1, APs that mimic
the sequence of PAR-3 tethered ligand were found to be inactive even at concentrations
up to 100uM. Notably, recent studies have shown that APs derived from PAR-3 do not
act on the native receptor but instead possess agonistic actions on PAR-1 and PAR-2,

indicating high cross-reactivity of PAR activating peptides between each receptor
(Hansen et al., 2004; Kaufmann et al., 2005) (see Section 1.2.2.2).

The expression of PAR-3 was not confined to platelets, but was also detected in human
bone marrow and mouse splenic megakaryocytes (Ishihara et al., 1997, Schmudt et al.,
1998). Notably, flow cytometry revealed the relative expression of PAR-3 on platelet to
be only 10% of that for PAR-1, thus PAR-3 may be less significant in mediating platelet
activation (Schmidt et al., 1998). The PAR-3 gene was mapped to chromosome 5q13,

sharing a similar genomic localization with that of PAR-1 (Schmidt et al., 1998).
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ii) PAR-4

As outlined above, Connolly and co-workers demonstrated that PAR-1 played no role 1n
mediating mouse platelet activation; in fact such effects were thought to be mediated by
PAR-3 (Connolly et al., 1996). However, further study has revealed that in PAR-3
deficient platelets, whilst aggregation was delayed, maximal responses to thrombin were

still being obtained, highlighting an additional thrombin receptor in this context (Kahn et
al., 1998). This led to the discovery of the fourth member of the PAR family, PAR-4
(Kahn et al., 1998, Xu et al., 1998).

PAR-4 was found to share 33% overall sequence identity with other PARs (Xu et al,,
1998). Nevertheless, vast differences were observed in the extracellular amino-terminal,
intracellular carboxyl tail and ECL-2 of PAR-4 compared to other PAR family members
(Xu et al., 1998) and in contrast with PAR-1 and PAR-3, PAR-4 does not contain a

fibrinogen-binding exosite. Notably, PAR-4 was sensitive to both thrombin and trypsin,
with an ECsy of 5SnM for both agonists (Xu et al., 1998).

By utilising site-directed mutagenesis, the PAR-4 cleavage site was confirmed to lie at
Arg-47/Gly-48. As with PAR-1, GYPGQV, the AP derived from the putative tethered
ligand of PAR-4, was found to be functionally capable of activating the receptor, albeit
with a relatively low potency (ECsp = 100uM) (Xu et al., 1998). The synthetic peptide
AYPGKF which has multiple residue substitutions, including an alanine in place of the

glycine, was found to possess 10-fold higher potency than that of the parent peptide
(Farugi et al., 2000). Notably, substitution of Tyr* of the PAR-4 parent peptide with Phe
or para-Phe conferred PAR-1 activating ability to the AP, suggesting that the second

residue of the peptide sequence might play a critical role in determining receptor
selectivity (Farugi et al., 2000, Kahn et al., 1998). Recently, low potency antagonists
have also been developed for PAR-4 such as peptide mimetic trans-cinnamoyl-YPGKEF-
NH; (Hollenberg & Saifeddine, 2001), and novel cell-penetrating molecules known as
pepducins that disrupt the association of PAR-4 with downstream effectors (Covic et al.,

2002). However, a recent study has proposed that peptides derived from the PAR-4
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tethered ligand sequence might act on other non-PAR-4 receptors and thus the

specificity of these antagonists remains to be unequivocally established (Hollenberg et
al., 2004).

Northemn blot analysis revealed PAR-4 expression in lungs, pancreas, thyroid, testis and

small intestine (Xu et al., 1998). In addition, Xu and colleagues have mapped the PAR-4
gene to chromosomal region 19p12, not in accordance with other family of PARs. PAR-

4 has been shown to associate with G/ and Gy, proteins in various studies, nonetheless

the signalling paradigm for this receptor remains largely unknown (Faruqi ef al., 2000;
Momota et al., 2006).

1.2.1.5 Physiological roles of PAR-1, PAR-3 & PAR-4
With the discovery of PARs, it is now known that thrombin influences cellular

behaviour via PAR-1, PAR-3 or PAR-4, all of which are widely expressed. With the
design and synthesis of potent agonists and antagonists, the work to identify receptor

subtype-specific responses has been made plausible.

Although both PAR-1 and PAR-4 were found to be co-expressed in human platelets, the
action of thrombin in causing platelet aggregation has been shown to be predominantly

mediated by PAR-1 (Kahn et al., 1999). PAR-4 has a much lower affinity for thrombin
compared to that of PAR-1 and only responds to high concentration of the enzyme.

However PAR-4 has been implied in maintaining the sustained effect of thrombin,
thereby contributing to the late phase of platelet aggregation (Covic et al., 2000).
Interestingly, in murine platelets, thrombin only signals through PAR-4 despite the fact

that PAR-3 expression has also been detected, and the latter functions as the coactivator

for the former (see Section 1.2.2.6) (Nakanishi-Matsui et al., 2000).

In the vasculature, PAR-1 stimulation causes endothelium-dependent nitric oxide-
mediated vasorelaxation in vessels isolated from various species including human

pulmonary artery and rat aorta (Hamilton et al., 2001a; Magazine et al., 1996). In
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addition, PAR-1 can also signal to contract vascular smooth muscle in endothelium-
denuded preparations (Laniyonu & Hollenberg, 1995). Just recently, PAR-4 has been
shown to induce nitric oxide (NO) production in vascular endothelial cells, denoting a
possible role for this thrombin receptor subtype in mediating vasodilation (Momota et
al., 2006). The mitogenic effects of thrombin in endothelial and vascular smooth muscle

cells have been reported to be mediated by PAR-1 and PAR-4 (McNamara et al., 1993;
Mirza et al., 1996).

PAR-1 expression has been widely detected in the brain, denoting its vital roles 1n the

nervous system (Weinstein et al., 1995). Both PAR-1 and PAR-4 are responsible for
thrombin-induced [Ca®']; elevation in human astrocytomas, contributing to the
excitability and survival of the cells (Kaufmann et al., 2000). In addition, activation of

PAR-1 leads to morphological changes in neurons and astrocytes as well as shielding the

cells from environmental stresses (Jalink et al., 1994; Vaughan et al., 19935).

PAR-1 has a role in neurogenic inflammation, as intraplantar injection of PAR-1
agonists causes oedema of rat paw through the release of substance P from peripheral
afferent neurons (de Garavilla et al., 2001). Not only that, PAR-1 has been implicated in
hyperalgesia although the underlying mechanism has yet to be defined (Asfaha et al.,
2002). Notably, the ability of thrombin to induce leukocyte rolling and adherence was
found to be mediated solely via PAR-4 rather than PAR-1 as previously thought
(Vergnolle et al., 2002). PAR-4 has also been shown to have a proinflammatory role in a

rat paw oedema model and, unlike PAR-1, the underlying mechanism appears to be non-

neurogenic but possibly through neutrophil recruitment activation and the kalhikrein-

kinin system (Hollenberg et al., 2004, Houle et al., 2005).

In the gastrointestinal tract, PAR-1 has been shown to mediate ion transport, electrolyte

secretion, intestinal motility, contraction of longitudinal muscle and in contrast,

relaxation of colonic circular muscle (Buresi et al., 2002; Saifeddine et al., 1996; Mule

& Batti, 2002; Corvera et al., 1999). Altemnatively, PAR-4 is implicated in relaxing pre-
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contracted rat oesophagus, in contrary to PAR-1 which causes further contraction

(Kawabata et al., 2000b). Such findings highlighted the bi-functional roles of thrombin
in the same tissue, depending on the amount of enzyme available and the relative levels
of PAR-1 and PAR-4 expression.

The mitogenic property of thrombin is also exemplified via actions of PAR-1 on human
airway smooth muscle cells and keratinocytes which might contribute to pulmonary
fibrosis and wound healing respectively (Tran & Stewart, 2003; Howell er al., 2002;

Santulli et al., 1995). PAR-1 is also a potential oncogene as it is associated with

metastasis and invasion in a model of breast carcinoma xenograft (Even-Ram et al.,
1998; Boire et al., 2005).

Taken together, these studies suggest that the intricate and diverse biological effects of

thrombin can be mediated through individual or combinations of PAR-1, PAR-3 and

PAR-4 in a species and/or tissue-specific manner. The unavailability of an active PAR-3
synthetic ligand has left this thrombin receptor subtype less well characterised. Further

studies are needed to further elucidate the specific role of each receptor subtype 1n

mediating the wide array of thrombin-induced cellular effects.

1.2.2 PAR-2

1.2.2.1 Discovery of PAR-2
Another subtype of PAR which was discovered concomitantly with PAR-3 and PAR-4

was PAR-2. Through the work of screening a mouse genomic library with moderate

stringency using two oligonucleotides corresponding to regions of bovine substance K
receptor, a cosmid clone containing a 3.7-kb Pst I fragment was revealed (Nystedt et al.,
1994). Further work showed an open reading frame encoding a protein of 395 amino
acids. Similar to PAR-1, hydropathy analysis of the deduced protein sequence disclosed
seven transmembrane regions. Through a database search, it was found that this new

receptor, now termed PAR-2, was closely related to PAR-1, sharing a 30% sequence
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homology, despite little similarity in the amino-terminal and the intracellular carboxyl-

terminal sequences (Nystedt et al., 1994).

The PAR-2 amino-terminal was found to be 29 amino acids shorter than that of PAR-1,
without the presence of an anion-binding exosite which is thought to mediate high-

affinity thrombin-receptor activation (see Figure 1.2) (Nystedt et al., 1994). Notably,
from a PAR-1 and PAR-2 sequence alignment, ECL-2 was identified as a highly

conserved region, suggesting a common and important feature in PAR activation (see
Section 1.2.2.3). Mouse PAR-2 was found to share a similar mechanism of activation to
PAR-1, in that it was activated by proteolytic cleavage. It was then shown that PAR-2
remained relatively insensitive to thrombin but could be activated by trypsin and the
peptide derived from its amino-terminal, SLIGRL. Human PAR-2 which was revealed to

consist of 397 residues was then cloned and the deduced sequence was found to share
83% identity with the mouse isoform (Nystedt et al., 1995b, Bohm et al., 1996b). The
cleavage site of human PAR-2 was found to lie at SKGR**{S*’LIGKV, unmasking a
new terminus with SLIGKV as the putative tethered ligand sequence (Nystedt et al.,
1995b). The authors detected the location of human PAR-2 gene at chromosome 5q13,

the same region previously described for PAR-1 and PAR-3 (Nystedt et al., 1995b).
Northern blotting revealed the expression of PAR-2 to be in highly vascularised tissues,

such as stomach, pancreas, liver, kidney, small intestine and colon (Nystedt et al., 1994,
Nystedt et al., 1995b, Bohm et al., 1996b).

1.2.2.2 PAR-2 activating peptides (APs)
i) Structure-activity relationship (SAR) for PAR-2 agonists
A comprehensive understanding of SAR for PAR-2 APs is essential as 1t will form the

fundamental basis for the development of potent PAR-2 agonists to serve as
pharmacological tools. In addition, given that PAR-2 has been implicated 1n various
patho-physiological conditions (see Section 1.2.2.8), SAR for PAR-2 agonists will
facilitate the design of novel PAR-2 antagonists which might be therapeutically useful.
To date, multiple assays have been utilised to evaluate the SAR of PAR-2 agonist
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peptides including; stable PAR-2 expressing cell lines derived from Kirsten virus-
transformed rat kidney cells (KNRK) and NCTC-2544, Xenopus oocytes expressing
PAR-2, radioligand-binding, in vitro vascular tissue preparations and in vivo salivation

(Nystedt ef al., 1994; Blackhart et al., 1996; Al-Ani et al., 1999a; Al-Ani et al., 1999b;
Hollenberg et al., 1996, Kawabata et al., 2004).

Early SAR studies were based on the use of hexapeptide sequences SLIGKYV, the human
tethered ligand sequence, and the murine variant, SLIGRL. Notably, such short peptide
sequences appeared to be sufficient to activate the receptor. A disparity between the

human and murine i1soforms was observed within the extracellular amino-terminal,

SLIGKYV being less potent than SLIGRL (Nystedt et al., 1994; Nystedt et al., 1995a).

Trypsin was found to activate PAR-2 at a very low concentration, with an ECso of 1nM,
whilst SLIGKV and SLIGRL activate PAR-2 with micromolar concentrations, with
ECso of 12 uM and 5-6 pM respectively, showing that the peptides were less potent than
trypsin at human PAR-2 (Nystedt et al., 1994; Nystedt et al., 1995a; Maryanoff ef al.,

2001). Such a discrepancy in potency was also noted in parallel to that observed for

thrombin and APs acting at PAR-1 (discussed in Section 1.2.1.2).

Several groups have performed studies, including alanine scanning, to evaluate the
importance of each amino acid residue of the peptide sequences (Hollenberg et al., 1997;

Maryanoff et al., 2001, Al-Ani et al., 2004). Carboxy-terminal amidation of the peptides

increases the potency of the agonists compared to the non-amidated peptides, 1.e.
SLIGKV-OH vs SLIGKV-NH;. The role of the free amino group on the serine residue

has been explored by both acetylation and removal of this component from the peptide
sequence (Blackhart et al., 1996; Maryanoff et al., 2001, Santagada et al., 2002). The
acetylated peptide was shown to be Inactive, whereas the potency of the peptide lacking
the amino group was only reduced by 4 fold, indicating that the free amino group 1s not
absolutely crucial for agonist potency, but an amino-terminal amide is detrimental. In

general, several lines of evidence have supported the critical roles of Leu’, Ile’ and Arg’
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in PAR-2 peptide sequence in activating the receptor (Hollenberg et al., 1996;
Hollenberg et al., 1997).

Ferrell et al. has reported the synthesis of a more potent agonist peptide, 2-furoyl-
LIGKV-OH (2f-LIGKV-OH), in which the amino-terminal serine is replaced with a

furoyl group (Ferrell et al., 2003). By using multiple in vitro and in vivo assay systems,
2f-LIGRL-NH;, which has the incorporation of a 2-furoyl group into the amidated
mouse sequence, was found to be the most potent PAR-2 AP so far (Kawabata et al,,

2004). The authors also showed that the substitution of the amino-terminal serine with a
furoyl group rendered the peptide more resistant to aminopeptidase degradation. Similar
findings were reported independently by a different group in which another furoylated
compound, 2f-LIGRL-ornithine-NH;, was also found to exhibit high PAR-2 agonistic
activity (McGuire et al., 2004). Al-Ani et al. (1999b) has reported the generation of N-
trans-cinnamoyl-LIGRL-omithine-NH; that can be radiolabelled at the free ornithine
amino group with [3H]-propionic anhydride to function as a radioligand-binding probe.
To date the shortest functioning peptide reported for PAR-2 was shown to be the
dipeptidyl analogue derived from N"-benzoyl-R(NO,)-L-NH;, which possesses similar

potency to that of a full length AP, suggesting the potential development of a small
molecule as a PAR-2 AP (Santagada et al., 2002).

ii) Ligand cross-reactivity of PAR-2 with other PARs

One possible problem is the potential ligand cross-reactivity between the PAR family
members (Blackhart et al.,, 1996; Kawabata et al., 1999). Blackhart et al. (1996)
provided information that the PAR-1 AP, SFLLRNP-NH,, is capable of activating PAR-
2 with a similar potency to that of PAR-2 AP. Moreover, mercaptopropionyl-FChaCha-
RKDNPKY-NH,, a peptide previously described to act as a PAR-1 antagonist, was

found to exert full agonistic activity on PAR-2 (Kawabata et al., 1999). Additionally,
PAR-3-derived synthetic ligands were found to be able to stimulate PAR-2 in Jurkat T
cells (Hansen et al., 2004). These findings suggest that careful interpretation of data
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obtained with the synthetic ligands for PARs is required in order to provide a clearer

picture 1n this context.

iii) PAR-2 antagonists
Unlike PAR-1, relatively little information is available regarding a potent PAR-2

antagonist. An early study has described the ability of two peptides, LLRY-NH; and
LSIGRL-NH,, in antagonising the non-proteolytic agonistic action of trypsin on the
PAR-2 but not that of PAR-2 APs, revealing an as yet identified distinct mechanism(s)
of interaction between the tethered/soluble ligand and the receptor (Al-Ani et al.,

2002a). Together with the information obtained from receptor pharmacology (see

Section 1.2.2.3), these lines of evidence strongly suggest that the putative tethered ligand
and synthetic peptide may act on different docking sites of PAR-2, giving mse to

different degrees of receptor activation and distinct intracellular signalling mechanisms
(Al-Ant et al., 1999b; Al-Ani et al., 2002a; Al-Ani et al., 2002b).

A recent report has illustrated a novel compound, N'-3-methylbutyryl-N"-6-

aminohexanoyl-piperazine (ENMD-1068), as a PAR-2 antagonist (Kelso et al., 20006).
ENMD-1068 has been shown to inhibit calcium signalling induced by PAR-2 agonists in
vitro without any effects on that of PAR-1; nor platelet aggregation mediated by PAR-3
or PAR-4. In in vivo studies, although ENMD-1068 did not affect the knee joint swelling

mediated by thrombin; it significantly reduced the inflammatory responses in the model
of carrageenan/kaolin-induced arthritis. This suggests that ENMD-1068 might serve as a
potential target as an anti-arthritic therapy. However, the authors did not provide the
direct evidence of PAR-2 antagonism by this compound in vivo; whether or not this 1s
the exact underlying mechanism for the protective role of ENMD-1068 in this

autoimmune disease model remains to be investigated.

From these limited studies, it is clear that more work is needed in order to obtain a

comprehensive picture of PAR-2 peptide pharmacology. The observed ligand cross-

reactivity as well as the distinct interactions of the soluble peptide and the tethered
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ligand with the receptor have to be taken into account for the design and synthesis of

high affinity agonists and antagonists for PAR-2.

1.2.2.3 Receptor Pharmacology of PAR-2

The identification of specific receptor domain(s) involved in interacting with the
tethered ligand is essential for the understanding of the transmembrane signal
transduction mechanism. An early study highlighted the role of ECL-2 in governing
PAR-2 agonist activity using chimeric receptors in which the individual extracellular
domains were being substituted (Lemer et al., 1996). Further studies have pointed out
the roles of residues Pro-231/Glu-2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>