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ABSTRACT

Protei nase-activated receptors (PARs) are anovel family of G-protein coupled receptors
(GPCRs) that mediate many of the diverse biological effects of proteinases on target
cells. N-linked glycosylation is a common post-translational modification in the GPCR
superfamily that enables the cell to regulate protein function without recourse to the
genome. Previous pharmacological studies have found that activation of hPAR, by mast
cell tryptase can be regulated by receptor N-terminal glycosylation. However, the role
of N-linked glycosylation in regulating the expression and function of other PARs is not
known.

We assessed the role of N-linked glycosylation and sialylation in regulating cell surface
expression and proteinase activation/disarming of hPAR;. Wild-type hPAR; and a panel
of glycosylation-deficient mutant receptors were permanently expressed in the Kirsten
virus sarcoma transformed rat kidney epithelia (KNRK) cell line. Western blot analysis
revealed that hPAR; is a heavily glycosylated and sialylated receptor and N-linked
glycosylation occurs at all five consensus sites of hPAR; in KNRK cells, namely, Asn®,
Asn®?, Asn™, Asn®® and Asn®. Flow cytometry and confocal microscopy analysis
reveadled that removal of N-linked glycosylation sequons at these positions blocked
hPAR; cell surface expression to varying degrees, and indicated that glycosylation at al
sites is required for optimal cell surface expression of hPAR;. Remova of dl
glycosylation sequons resulted in near total retention of the receptor within the cytosol.
Calcium signalling assays revealed that (with the exception of N62QN75Q) no
significant changes in receptor sensitivity to thrombin, trypsin and TFLLR-NH, were
observed for the glycosylation mutant receptors when compared to wt-hPAR;.
Interestingly, N62QN75Q displayed significantly reduced sensitivity to trypsin, but not
thrombin and TFLLR-NH, compared to wt-hPAR;. Further experiments revealed that
hPAR;N62QN75Q was strikingly more susceptible to be disarmed by trypsin,
thermolysin, proteinase 3 and el astase but not cathepsin G.

We next assessed hPAR,; which has a putative N-linked glycosylation site in close
proximity to the putative cleavage/activation site. Western blot analysis revealed that
hPAR, is N-linked glycosylated, and is also heavily siaylated. Flow cytometry and
confocal microscopy analysis revealed that glycosylation and siaylation are required
but not essential for hPAR, receptor cell surface expression. Intracellular calcium
signaling experiments showed that wt-hPAR, triggers a robust calcium signal following
treatment with either the PARs;-AP AYPGQV-NH; (100 puM) or thrombin (5 nM).
However, hPAR4(N20Q) failed to signal to either AYPGQV-NH; or thrombin at the
same concentrations. In addition, siaylation appeared to have no significant effect on
cacium signaling. MAPK signaling experiments indicated that the glycosylation
mutant hPAR4(N20Q) triggered the ERK pathway, whilst wt-hPAR, mainly triggered
the p38 pathway. This is the first demonstration of N-linked glycosylation of a GPCR
regulating signalling in this way.

In summary, this thesis has highlighted the importance of N-linked glycosylation and
siaylation in regulating hPAR; and hPAR, expression and signalling. More specifically
we have shown that N-linked glycosylation of PARSs plays a vital role in regulating the
susceptibility to proteinase disarming of the receptor and the signalling pathway
triggered by the receptor.
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1. GENERAL INTRODUCTION

1.1 G-PROTEIN COUPLED RECEPTORS

1.1.1 The superfamily of G-protein coupled receptors

Cell surface receptors serve as communication channels between cells and their
surroundings, enabling an organism to distinguish environmental changes and react
accordingly in order to survive. The largest family of cell surface receptorsistermed G-
protein coupled receptor (GPCR). All GPCRs have a structure of seven hydrophobic
transmembrane helices including three extracellular loops, three cytosolic loops, an
extracellular N-terminal domain and a cytosolic C-terminal tail (Gether, 2000; Drake et
al., 2006; Oldham & Hamm, 2008). Ligand binding to the extracellular ligand binding
site results in the coupling of a GPCR to a trimeric signal-transducing G protein
complex, and this consequently activates different downstream molecules resulting in
the generation of an intracellular second messenger and coupling to intracellular
effector systems (Cabrera-Vera et al., 2003; Wettschureck & Offermanns, 2005).

Severd classification systems have been applied to organize this superfamily according
to the ligand structure, sequence homology, and receptor function. One of the most
widely used systems categorises GPCRs into class A-F by Kolakowski on the basis of
their structural homology, functional similarity, and genetic characteristics (K olakowski,
1994; Gether, 2000). Human GPCRs have been grouped into classes A-C. There is a
high amino acid homology between members of the same subfamily, but little or no
sequence similarity is observed between subfamilies.

Class A, the rhodopsin-like family, represents the largest subgroup of GPCRs and
includes receptors for many neuropeptides, most neurotransmitters (such as dopamine
and serotonin) and glycoprotein hormones (Oldham & Hamm, 2008). This family is
characterised structurally by a short extracellular N-terminal tail, several highly

1



conserved amino acids and a disulphide bridge that connects the first and second
extracellular loops and a potentially palmitoylated cysteine in the carboxy-terminal tail
causing formation of a putative fourth intracellular loop (Gether, 2000; Oldham &
Hamm, 2008). A typical example of this group is the rhodopsin receptor (Oldham &
Hamm, 2008).

Class B, the secretin-like family, is characterised by a relatively long N-terminal
domain containing several cysteines which form a network of disulphide bridges
(potentialy within the receptor or with adjacent receptors) (Gether, 2000; Oldham &
Hamm, 2008). Similar to class A, receptors in this class contain a disulfide bridge
connecting extracellular loop (ECL) 2 and 3 (Gether, 2000). However, class B lacks the
palmitoylation site and contains conserved amino acids specific to this group (Gether,
2000). The class B consists of calcitonin, glucagon, and vasointestinal peptide receptors.
Class C, the metabotropic glutamate family, is characterised by a very short and highly
conserved third intracellular loop, and a very long extracellular tail (~600 amino acid)
which contain the ligand-binding site and a long carboxyl tail (Gether, 2000). The class
C receptors do not have any of the key features characterizing class A and B receptors
(Gether, 2000). Metabotropic glutamate, GABA and taste receptors are amongst the
members of Class C GPCRs.

Classes D, E and F represent fungal pheromone receptors, cCAMP receptors, and

Frizzled/Smoothened receptors respectively.

1.1.2 G proteinsand therolein GPCR signalling paradigm

Guanine nucleotide binding proteins (G proteins) are a family of heterotrimeric proteins
that transduce extracellular signals received by a GPCR to intracellular effectors

(Oldham & Hamm, 2008). Moreover, membrane-associated G proteins are vital in



determining the specificity and temporal characteristics of the cellular responses to
signals (Hamm, 1998).

G proteins are made up of three subunits: a, B, and y-subunits (Hamm, 1998; Cabrera-
Vera et al., 2003; Oldham & Hamm, 2008). According to current knowledge, at least 16
genes encode for mammalian G protein a-subunits, 5 genes encode for 3-subunits, and
12 genes encode for y-subunits (Downes & Gautam, 1999; Cabrera-Vera et al., 2003;
Oldham & Hamm, 2008).

Ga-subunits contain two domains. a GTPase domain involved in binding and
hydrolyzing GTP and a unique helica domain that buries the GTP in the core of the
protein (Oldham & Hamm, 2008). The GTPase domain contains the site for the binding
of guanine-nucleotides, guanosine diphosphate (GDP) and guanosine triphosphate (GTP)
and exhibits intrinsic GTPase activity (Cabrera-Vera et al., 2003). The helical domain
may play a role in directing specificity of receptor- and effector-G protein coupling
(Cabrera-Vera et al., 2003). Classically, G proteins are divided into four families Gaiyo,
Gas, Goga1, and Gaugz, based on Go-subunits sequence homology, gene structure, and
regulation of specific effectors (Cabrera-Vera et al., 2003; Oldham & Hamm, 2008).
The G and Gy subunits form a tightly linked functional dimmer (By-complex), and it is
not dissociable except by denaturation (Hamm, 1998). The PBy-complex binds to a
hydrophobic pocket present in Go-GDP, and aso the By-complex freed from the a-
subunits is known to regulate various effectors (Cabrera-Vera et al., 2003;

Wettschureck & Offermanns, 2005).
In the inactive heterotrimeric state, GDP is bound to the Ga-subunit. The interaction of
ligand with its cell surface receptor causes conformational changes of the receptor

domains leading to association of GPCRs with G proteins (Cabrera-Vera et al., 2003).

G proteins are activated by receptor-catalyzed guanine nucleotide exchange resulting in



GTP binding to a subunit, and GTP binding leads to dissociation of Ga-GTP from Gfy-
complex and from the receptor. After the Ga-GTP has dissociated from the GRRy-dimer,
Ga then directly interacts with effector proteins to continue the signaling cascade
(Cabrera-Vera et al., 2003). Both Ga-subunit and GBy-complex are able to regulate
downstream cellular effectors including phospholipases, adenylyl cyclase, and ion
channels (Cabrera-Vera et al., 2003; Oldham & Hamm, 2008). Termination of the
response occurs when GTP is hydrolysed to GDP, which inactivates o subunit and
drives reassociation of the heterotrimer (Hamm, 1998; Cabrera-Vera et al., 2003).

GPCR signalling is one of the most complex paradigms amongst cell surface receptors,
determined by the large number of subtypes identified for each G protein subunits. In
addition, most GPCRs are able to activate more than one G protein subtype, thus one
single GPCR is able to functionally couple to more than one subtype of G protein
resulting in the activation of several signal transduction cascades (Wettschureck &

Offermanns, 2005).



1.2 PROTEINASE-ACTIVATED RECEPTORS

Proteinase activated receptors (PARS) are a group of class A GPCR (rhodopsin family)
and play important roles in hemostasis and thrombosis, as well as in inflammatory and
proliferative responses triggered by tissue injury (Macfarlane et al., 2001; Traynelis &
Trejo, 2007). PARSs have seven transmembrane domains, three intracellular 1oops and
three extracellular loops, an extracellular N-terminus and an intracellular C-terminal tail
(Macfarlane et al., 2001; Hollenberg & Compton, 2002) (Figure 1.1). PARs are
characterised by their unique mechanism of activation (Vu et al., 1991a; Macfarlane et
al., 2001; Hollenberg & Compton, 2002). Unlike most other GPCRSs, which require
exogenous agonist binding to specific sites on the receptor, PARs are a unique class of
GPCRs carrying their own ligand, which remain cryptic until unmasked by proteolytic
cleavage. Rather than being activated through a conventional ligand-binding process,
PARSs can be stimulated by serine proteases through cleavage of the receptor N-terminal
extracellular domain, which releases a new amino terminus sequence that acts as a
tethered ligand (TL) by binding intramolecularly to the receptor to trigger
transmembrane signaling (Figure 1.2) (Macfarlane et al., 2001; Cirino & Vergnolle,
2006). Interestingly, short synthetic peptides, based on the proteolytically revealed
tethered ligand sequences, are capable of binding to PARs and mimic the actions of
agonistic proteinases (Vu et al., 1991a; Nystedt et al., 1995; Hollenberg, 2005a). There
are four PARs encoded in the mammalian genome, namely PAR;, PAR;, PAR;3, and

PAR, respectively (O'Brien et al., 2001; Traynelis & Tregjo, 2007).



Proteinase cleavage site

v Hirudin-like binding site
PAR;  ESKATNATLDPR SFLLRN PN DKYEPFWEDEEKNES
PAR, GTNRSSKGR SLIGKV DG Conserved ECL-2
PAR; NDTNNLAKPTLPIK TFRGAP PNS FEEEP FSALE

PAR, LPAPR GYPGQV CANDSDTLELPDSS

PAR; QTIQVPGLNITTCHDVLNETLLEG

. Tethered ligand

ECL- Extracellular loop

ICL- Intracellular loop

Intracellular
C-terminal
sequence

Figure 1.1 Classical PAR structural features. The proteinase cleaves and activates
PAR at the specific site (black arrow), unmasking a cryptic N-termina sequence
“tethered ligand” of the receptor (blue). Hirudin-like binding domain sequences for

PAR, QTIFIPALNITTCHDVLPEQLLVG

. PAR; QEYYLVQPDITTCHDVHNTCESS
N-Terminus
PAR, QTFRLARSDRVLCHDALPLDAQAS

\ ECL-2 ECL-3

C-Terminus

PAR; SECQRYVYSILCCKESSDPSSYNSSGQLMASKMDTCSSNLNNSOYKKLLT
PAR, SHDFRDHAKNALLCRSVRTVKQMQVSLTSKKHSRKSSSYSSSSTTVKTSY
PAR; SKTRNHSTAYLTK

PAR, SAEFRDKVRAGLFQRSPGDTVASKASAEGGSRGMGTHSSLLQ

PAR; and PAR; are presented in purple. [Adapted from (Steinhoff et al., 2005)]
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Figure 1.2 Mechanism of PAR activation. (A) and (B) illustrate the receptor
activation by proteolysis cleavage. (C) shows the binding of an activating peptide to the
receptor. [Adapted from (Hollenberg & Compton, 2002; Ossovskaya & Bunnett, 2004)]



1.2.1 Discovery of the PAR family

The searches for a thrombin receptor led to the discovery of the first proteinase-
activated receptor (PAR;); PAR; was initialy cloned by two laboratories using RNA
derived from thrombin-responsive cells of human and hamsters in oocytes from
Xenopus (Rasmussen et al., 1991; Vu et al., 1991a). In contrast to PAR;, PAR, was
identified serendipitously through screening a mouse genomic library using degenerate
primers to the second and sixth transmembrane domains of the bovine neurokinin 2
receptor, and later the authors further reported the cloning of PAR, (Nystedt et al., 1994,
Nystedt et al., 1995a; Nystedt et al., 1995b; Ossovskaya & Bunnett, 2004). In addition,
hPAR, was also cloned by another group shortly afterwards (Bohm et al., 1996). PAR;
was identified as a second thrombin receptor when gene ablation studies showed that
platelets from the PAR; knockout mice remained responsive to thrombin, whereas
responses to PAR;-AP (agonist peptide) were not detectable (Connolly et al., 1996).
Subsequently a rat PAR3 was first cloned out using degenerate primers to conserved
domains of PAR; and PAR; to screen RNA from rat platelets and then employed the
sequence obtained to identify hPAR; and mPAR3; cDNA clones from commercially
available cDNA libraries through PCR and hybridisation assays (Ishihara et al., 1997).
The fourth family member PAR; was identified by two different laboratories
independently through DNA sequence database searches using conserved domains of
the other three previously cloned PARs, both groups identified expressed sequence tags
(ESTs) with considerable homology to the known PARs (Xu et al., 1998; Kahn et al.,
1998b). There may be genes for additional PAR family members, but so far none have
been identified (O'Brien et al., 2001).

To date the genes encoding four family members have been identified in humans and

mice: in humans PAR;, PAR; and PAR; are tightly clustered at chromosome 5q13,



while PAR; is located separately at 19p12 (Xu et al., 1998; Kahn et al., 19984); in mice
PAR1, PAR; and PAR; are in a cluster that maps to 13d2 and PAR;, is located at
8b3(Kahn et al., 1998a). The PAR; gene encodes a 425 amino acid and 430 amino acid
protein in humans and mice respectively (Vu et al., 1991a). hPAR, encodes a protein of
397 residues with the typica characteristics of a GPCR and with ~30% amino acid
identity to human PAR; (Nystedt et al., 1994; Ossovskaya & Bunnett, 2004). hPAR3 is
revealed to be made up of 374 amino acids and shares ~28% sequence homology to
human PAR; and PAR; (Ishihara et al., 1997; Ossovskaya & Bunnett, 2004). The
hPAR,; cDNA sequence encodes a 385 amino acid protein and is ~33% homologous to
the other human PARs, but with some distinct differences in the amino and carboxy-
terminal domains (Xu et al., 1998; Ossovskaya & Bunnett, 2004). PAR;, PAR; and
PAR, are thrombin receptors. PAR, was activated by trypsin, mast cell tryptase and

factor Xabut not thrombin (Steinhoff et al., 2005).

1.2.2 PAR activation

Unlike other GPCRs, PARs have a distinct mode of activation. It is well known that
most GPCRs agonists are small hydrophilic molecules, which are soluble in the
extracellular fluid (Dery et al., 1998). These agonists can activate their respective
receptors by binding reversibly to extracellular and transmembrane domains of the
receptor to initiate the cellular responses (Wettschureck & Offermanns, 2005). On the
other hand, PARs can be regarded as GPCRs carrying their own ligand. In the presence
of an activating protease (i.e. thrombin for PAR;, PAR3; and PARy; trypsin for PARy)
the N-termina peptide bond of the intact receptor is cleaved at a specific point
unmasking a new N-terminus of the TL sequence, which subsequently binds to the

conserved regions in the ECL2 of the cleaved receptor causing receptor activation and



initiating signal transduction (Figure 1.1, Figure 1.2 (A) and (B)) (Hollenberg &
Compton, 2002; Traynelis & Tregjo, 2007). The resulting N-terminal fragment of the
receptor has no known function (Macfarlane et al., 2001; Hollenberg & Compton, 2002;
Ossovskaya & Bunnett, 2004).

PAR activation was ascribed exclusively to the family of serine proteases (i.e. thrombin
and trypsin). However, recent findings have shown that enzymes of the coagulation
system, trypsin of pancreatic and extrapancreatic origin and mast cell tryptase may also
be the activating proteases for PARs (Macfarlane et al., 2001; Sokolova & Reiser,
2007). Thrombin activates PAR;, PAR3; and PAR,, but not PAR; (Cirino & Vergnolle,
2006). Trypsin activates PAR;, PAR, and PAR,. The coagulation factors Xa and Vlla
when complexed with tissue factor can activate both PAR; and PAR;, whereas factor
Xa aone can activate PAR; and PAR; (Cirino & Vergnolle, 2006). The activated
protein C (APC) has been shown to activate PAR; and PAR; (Hirano, 2007). In addition,
plasmin and cathepsin G can activate PAR; and PAR, (Hirano, 2007). Although PAR;
was originaly believed to be a receptor activated by trypsin and mast cell tryptase
(Nystedt et al., 1994; Molino et al., 1997a), a number of endogenous and exogenous
proteinases such as kallikreins and mite allergens are now known to stimulate PAR; as
well (Ossovskaya & Bunnett, 2004; Hollenberg, 2005a; Oikonomopoulou et al., 2006a;
Oikonomopoulou et al., 2006b). Apart from proteases, PARS can also be activated by
short synthetic peptides (5-6 amino acids), derived from the proteolytically revealed
tethered ligand (Vu et al., 1991a; Scarborough et al., 1992) (Figure 1.2 (A) and (C)).
This was first described for PAR;, and a series of structure-activity studies identified
severa high-affinity peptide agonists or antagonists (McIntosh et al., 2007). A similar
strategy has been employed and the peptide tools for other PARS were aso reported. To

date, the PAR activating peptides (PAR-APs) are available for PAR;, PAR; and PARy,

10



but some of them may have cross-reactivity between receptors and species (Blackhart et
al., 1996; Hollenberg et al., 1997; Mclintosh et al., 2007). However there is no specific
activating peptide for PAR3 (Hansen et al., 2004; Kaufmann et al., 2005; MclIntosh et

al., 2007).

1221 PAR;

The activation mechanism of PAR; has been well established. The extracellular N-
terminus domain of PAR; contains a thrombin cleavage recognition and cleavage site
(LDPR* S*FLLRN, where { denotes cleavage) and immediately downstream is
situated a highly acidic region reminiscent of the leech anticoagulant hirudin
(D>'KY EPFWEDEE) which can bind to an anion binding site on thrombin and could
serve to temporarily concentrate thrombin at the receptor surface (Vu et al., 1991a;
Ossovskaya & Bunnett, 2004). Vu et al. also demonstrated the importance of the
cleavage recognition sequence by domain swap experiments where replacement of the
LDPR with the sequence DDDK, the recognition site for the protease enterokinase,
abolished thrombin responses and made the receptor susceptible to enterokinase
activation (Vu et al., 1991b). In addition deletion of the hirudin like domain (residues
51-63) dramatically reduced the potency of thrombin activation of PAR; (Vu et al.,
1991b). A later study suggested that the receptor’'s hirudin like domain induces a
conformational change in thrombin’s active moiety to effect receptor activation (Ishii et
al., 1995). Thus, it was proposed that thrombin interacts with PAR; through the
sequence LDPR and DKY EPFWEDEE and cleaves the receptor at the LDPR*{ S* site
to activate the receptor (Ossovskaya & Bunnett, 2004). Previous studies ultilizing
domain swap experiments in xenopus PAR; and hPAR; have reveaed a critica role for

the ECL2 in conferring TL binding specificity (Gerszten et al., 1994; Lerner et al., 1996)
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and further experiments identified the region encompassing residues 259-262 and to a
lesser extent residues 82-90 as conferring the hPAR; TL recognition specificity
(Nanevicz et al., 1995; Nanevicz et al., 1996). Therefore, the interaction between the
TL and ECL2 was critical for signaling.

The activating peptide for PAR; (PAR;-AP) ranging from 5-14 amino acids in length
was derived from the PAR; tethered ligand sequence in different species. The activating
peptide for hPAR; was shown to be SFLLRN, but this peptide is not specific for hPAR;
as it displayed cross-reactivity with hPAR; (Blackhart et al., 1996). Substitution of the
first serine residue with a threonine, similar to the xenopus TL, giving the AP TFLLRN-
NH, made it highly specific to PAR; (Hollenberg et al., 1997). It is interesting to note
that PAR;-AP generally show lower potency than thrombin in activating the receptor.
One previous study showed that the deletion of residues 68-93 of PAR; completely
abolished PAR; AP-induced responses, but not that of thrombin, thus the author
suggested that APs might interact with different or additional sites on PAR; (Blackhart

et al., 2000).

1.2.2.2 PAR>

The N-terminus extracellular domain of PAR; consists of 46 residues and contains a
putative trypsin cleavage recognition sequence (SKGR*\ S®LIGKV) (Ossovskaya &
Bunnett, 2004). Mutation of the cleavage site prevents trypsin cleavage and activation
of PAR; (Ossovskaya & Bunnett, 2004). PAR,-AP corresponding to the TL domain
(SLIGKYV) directly activates PAR, without the requirement for hydrolysis by trypsin
(Ossovskaya & Bunnett, 2004; Mcintosh et al., 2007). An N-linked glycosylation siteis
present in the N-terminus of PAR; and regulates signalling by tryptase but not trypsin or

PAR,-AP (Compton et al., 2002b), which indicates a role of post-trandational
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modification in conferring protease specificity to the receptor. Interestingly, the TL
domain of signaling-defective cleaved PAR; can transactivate PAR, in human
endothelia cells, but this mechanism is less efficient than intramolecular activation of

the same receptor (Arora et al., 2007).

1.2.2.3 PAR3

The N-terminus extracellular domain of PAR; contains a putative thrombin cleavage
site (LPIK®J T*FRGAFP), and a hirudin-like site (FEEFP) that is distal to the thrombin
cleavage site (Ossovskaya & Bunnett, 2004). Mutation of the thrombin cleavage site
prevents thrombin cleavage and activation of PAR3; (Ossovskaya & Bunnett, 2004). In
addition, PAR; is efficiently cleaved by thrombin but does not appear to signa on its
own (Arora et al., 2007). However, in distinct contrast to PAR;, PAR, and PAR,, N-
terminal TL derived peptides for PAR; do not activate PAR3; (Ossovskaya & Bunnett,

2004; Mclntosh et al., 2007).

1.2.24 PARy

By utilising site-directed mutagenesis, the N-termina cleavage site of PARy
(R |G™YPGQV) was confirmed to be cleaved by both trypsin and thrombin with an
ECs of 5 nM for both agonists (Xu et al., 1998). Mutation of the cleavage site prevents
activation of PAR, by thrombin and trypsin, but not by the synthetic peptide; thus this
confirms the importance of proteolytic cleavage for receptor activation (Ossovskaya &
Bunnett, 2004). Interestingly, there is crosstalk between different PARs (Arora et al.,
2007). No specific thrombin binding sites are seen on PAR,, and thrombin activates
PAR, with a potency that is 50-fold less than for activation of PAR; (Ossovskaya &

Bunnett, 2004). PAR; and PAR; are the functional thrombin receptors in human
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platelets, whereas PAR; and PAR, together mediate thrombin signalling in mouse
platelets (Arora et al., 2007). The neutrophil granular protease cathepsin G can also
activate PAR, resulting in platelet aggregation and Ca** signalling in fibroblasts
transfected with PAR; (Sambrano et al., 2000). FXa and trypsinogen IV were aso
shown to activate PAR, (Camerer et al., 2000; Cottrell et al., 2004). Similar to PAR;,
PAR, was shown to be activated by synthetic activating peptides derived from the
proteolytically revealed TL sequence GYPGQV, abeit with a relatively low potency
(ECso = 100 pM) (Xu et al., 1998; MclIntosh et al., 2007). Later another synthetic
peptide GYPGKF was generated from mPAR; (Kahn et al., 1998b). Recently,
AYPGKF which has an aanine in place of the glycine was found to possess over 10-

fold greater potency than GY PGKF (Farugi et al., 2000).

1.2.3 PAR signalling

Once activated, PARs undergo conformational changes that facilitate coupling to
heterotrimeric G proteins, and lead to the activation of phosphoinositide 3 kinase,
phospholipase C isoforms, smal G protein Rho, an increase of cytosolic Ca®*
concentration and activation of mitogen-activated protein kinase (MAPK) cascades that
finally lead to various cellular responses (Sokolova & Reiser, 2007). The signalling
events triggered by PAR activation are unique for cell types and PAR subtypes
(Sokolova & Reiser, 2007). Linkage of a PAR to a particular signaling pathway

depends largely on the interactions formed by the receptor C-terminal and G-proteins.

1.2.3.1PAR;
A considerable amount of work has been done to investigate the signalling of PAR;,

considerably more than that of the other three PARs. PAR; is shown to couple with
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multiple G-proteins, and interactions with Gag11, Goijo and Gaaznz Subtypes (Macfarlane
et al., 2001) leading to intracellular Ca®* mobilization, activation of MAPK, RhoGEF-
mediated Rho and Rac signalling and other effectors to promotes diverse cellular
responses (Traynelis & Trejo, 2007). In addition, lipid enzyme and protein kinases have
also been implicated as part of the PAR; signalling paradigm. Coupling of PAR; to
Gogn leads to PLC-induced phosphoinositide hydrolysis producing 1P3 and
diacylglycerol (DAG) as well as subsequent calcium mobilization, protein kinase C
(PKC) and MAP kinases activation (Arora et al., 2007). This represents the major PAR;
signaling pathway in platelet activation (Offermanns et al., 1997). The interaction
between PAR; and a Goy11 Was aso reported in astrocytes (Wang et al., 2002) and
indicated in astrocytoma cells (LaMorte et al., 1993). In addition PAR; signalling
through Gagi11 was shown through the use of G-protein specific antibodies which
inhibited PAR; mediated calcium signalling in CCL-39 fibroblast cells (Baffy et al.,
1994) and through co-immunoprecipitation of Gag1a with PAR; (Ogino et al., 1996).
The PAR; interaction with Ga; has been revealed in multiple cell systems including
HEL cells (Brass et al., 1991), osteosarcoma cells (Babich et al., 1990), vascular
smooth muscle cells (Kanthou et al., 1996), fibroblasts (Hung et al., 1992a), platelets
(Kim et al., 2002), astrocytes (Wang et al., 2002) and endothelial cells (Vanhauwe et al.,
2002). Hung et al. reported that the coupling of PAR; to Go; resulted in cCAMP
inhibition (Hung et al., 1992b). In addition, Voss et al. reported that PAR; couples to
Gaijoin human platelets and activates phosoinositide-3 kinase (P13K) regulating platelet
aggregation (Voss et al., 2007). PAR; also couples to Ga,213 and it was shown from the
studies on thrombin stimulated platelets (Offermanns et al., 1994) and astocytoma cells
(Aragay et al., 1995; Post et al., 1996). G213 binds RhoGEFs, which activate small G-

proteins such as Rho (Arora et al., 2007).
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1.2.3.2 PAR;

Compared to PAR;, considerably less is known about PAR,-mediated signaling.
Numerous studies show that PAR; activation leads to increased second messenger
responses suggesting the coupling of PAR; to Gy11, Gaio and perhaps Giznz (Traynelis
& Trego, 2007). After the activation PAR; binds to arrestin and then internalized, and
the interaction of the internalized PAR, with arrestin is thought to sustain ERK-1/2

signalling in the cytoplasm independently of G-protein activation (Arora et al., 2007).

1.2.3.3PARzand PAR,

PAR; was reported to couple to Gog11 and Goiziz but not Gaij, at least in fibroblasts
(Arora et al., 2007). However, PAR; has not been shown to signal through G proteins so
far (Arora et al., 2007; Traynelis & Tregjo, 2007).

Apart from signalling through intracellular Ca®* mobilization, it is now known that
PARs are associated with MAP Kinases cascade activation to modulate cell growth and
differentiation (Hur & Kim, 2002). To date, five distinct subfamilies of MAP kinase
have been reported in the mammalian, namely extracellular signal-regulated kinase
(ERK)-1 and 2, c-Jun amino-terminal kinases (JNKs), p38 MAP kinase, ERK-3/4, and
ERK-5 or big MAP kinase-1 (BMK-1) (Pearson et al., 2001).

ERK-1/2: ERK-1/2 are also known as the classical mitogen kinases and represent the
first and best studied cascade amongst all MAPK (Pearson et al., 2001). ERK-1/2 are
proteins of 42 and 44 kDa respectively. The ERK pathway is well-known for its role as
the key regulator for cell survival and proliferation (Kohno & Pouyssegur, 2003).

p38 MAP kinase: p38 isoforms, the second mammalian stress-activated MAP kinase

subfamily, are strongly activated by physical and chemical stress stimuli, UV radiation,
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and cytokines for example TNFa and IL-1, but minimally affected by mitogenic stimuli
(Chen et al., 2001). Signalling through p38 is linked to cell differentiation and apoptosis.
PAR, signalling has been reported to activate calcium signalling in different cell system
(Kahn et al., 1998; Xu et al., 1998; Camerer et al., 2002) and MAPK signalling in
vascular smooth muscle cells (Bretschneider et al., 2001). A previous study reported
that PAR, were involved in Src dependant p38 phosphorylation and activation of ERK
and PLC in cardiomyocytes derived from PAR; knockout mice (Sabri et al., 2003). A
recent study has also reported PAR, activation via the p38 MAPK pathway in
endothelial cells (Fujiwara et al., 2005). Chapter 5 of this thesis will focus mainly on

ERK-1/2 and p38 MAP kinase.

1.2.4 Termination of PAR signalling

In theory, while PARs are activated, the resulting TL remains bound to the receptor, the
activation state of the PAR therefore would be expected to elicit a continuous signalling
event and would be irreversible. However, this does not appear to be the case. PAR
mediated responses are seen to be transient in nature with rapid desensitization and
receptor internalisation that tightly regulates PAR signalling (Macfarlane et al., 2001;
Hollenberg & Compton, 2002; Sokolova & Reiser, 2007). Various studies have reported
that sequences within the intracellular receptor domains, especially the C-terminal tail,
regulate receptor desensitisation and internaisation (Macfarlane et al., 2001,
Hollenberg & Compton, 2002; Trejo, 2003). Desensitization of activated GPCR
signalling responses are initiated by G protein-coupled receptor kinases (GRKS)
(Krupnick & Benovic, 1998; Moore et al., 2007) and/or Protein Kinase C (PKC)
(Krupnick & Benovic, 1998). The GRKs or PKCs hind to, and rapidly phosphorylate

the receptor typicaly within the C-termina domain (Krupnick & Benovic, 1998). The
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phosphorylated receptor then attracts p-arrestin binding resulting in uncoupling the
receptor from the G-protein and also blocking of further G protein-initiated signalling
(Lohse et al., 1990; Attramadal et al., 1992). Arrestins also interact with clathrin and the
clathrin adaptor protein-2 (AP2) to facilicate GPCR internalization (Traynelis & Trego,
2007). Once desensitised the receptors are internalised and directed to lysosomes for
degradation. So far, receptor desensitisation and internalisation mechanisms have been
best studied for PAR; and to a lesser extent for PAR, and PAR,, with aimost nothing

known about PARs.

1.2.5 Physiological roles of PARs and diseases

The tissue distribution of the four PAR family members have been studied by a number
of approaches intensively and are mostly complete for PAR; and PAR;, however, the
expression patterns of PAR3 and PAR, are less well characterized, and rely mainly upon
analyses of mMRNA expression (O'Brien et al., 2001).

PAR; distribution in the different organ systems is quite astounding. To date, PAR; has
been detected in a variety of tissues including platelets, endothelia cells; fibroblasts;
monocytes, T cells positive for CD 8, CD 16, and either CD 56 or CD 57; natural killer
(NK) cells; CD 34" hematopoietic progenitor cells; dental pulp cells; smooth muscle
cells (SMC); epithelial cells; neurons; glia cells; mast cells; and certain tumor cell lines
(Steinhoff et al., 2005).

PAR; has been widely expressed in brain, lia (DRG), eye, airway, heart, Gl tract,
pancreas, the colon, kidney, bladder, liver, prostate, ovary, testes, and skin, and is found
in various cell types such as keratinocytes, epithelial cells, endothelial cells, SMC,
osteoblasts, as well as immune cells such as T cells, neutrophils, mast cells, or

eosinophils (Steinhoff et al., 2005; Mcintosh et al., 2007). Investigations of PAR;
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functionality in these various systems are till ongoing; however the unique tissue
distribution of PAR, suggests a possible role in disease states, particularly those in
relation to inflammation and immunity (McIntosh et al., 2007). For example, PAR; is
upregulated during inflammation and activation of PAR; leads to chronic inflammation
and arthritis (McIntosh et al., 2007). So far, PAR; and PAR; appear as potential new
therapeutic targets for the treatment of chronic inflammation. In addition, further studies
have documented a role for PAR; in tissue oedema (Vergnolle, 1999), granulocyte
infiltration (Vergnolle, 1999; Cenac et al., 2002), vascular permeability (Kawabata et
al., 1998), and vessel relaxation (Glusa et al., 1997).

PAR3 has been detected in human bone marrow, heart, brain, placenta, liver, pancreas,
thymus, small intestine, stomach, lymph nodes, and trachea, although the cell types
remain to be identified (Steinhoff et al., 2005). In mouse, PAR;3 is found to be expressed
in megakaryocytes and platelets, among other cell types (Steinhoff et al., 2005).
However, no expression of the receptor on human platel ets was observed, which differs
from that observed with the murine receptor. Interestingly, Ishihara et al. reported that
there is species specific variation in PAR;z function (Ishihara et al., 1997).

PAR, has been identified and cloned from human, mouse and rat tissues: hPAR4
(human PAR,) is widely expressed in brain, testes, placenta, lung, liver, pancreas,
thyroid, skeletal muscle, and small intestine (Steinhoff et al., 2005). PAR; mRNA has
also been detected in human platelets (Xu et al., 1998). rPAR, (rat PARy) is expressed
in esophagus, stomach, duodenum, jejunum, distal colon, spleen, and brain (Steinhoff et
al., 2005).

Since the discovery of PARs, a wide range of physiological and pathophysiological
events have been attributed to PAR mediated cellular effects. The specifics of their

involvement in these processes however still remain unclear. PARs are present in many
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cell types, with partially overlapping tissue expression patterns. The complex interplay
between PARs, multiple proteinases, proteinase inhibitors and other molecules (i.e.
glycosylation) that may be present in different organ systems, and under different
pathological conditions, make the understanding of PAR mediated events a complex
exercise (Hollenberg, 1996; Ossovskaya & Bunnett, 2004; Steinhoff et al., 2005).
However, the main interesting and of particular importance to this study is hPAR; and
hPAR,;. Thus, a more extensive discussion of these thrombin receptors in the

relationship with diseases will be informed as followed.

1.2.5.1 Cardiovascular system

PAR:; (Vu et al., 1991a; McNamara et al., 1993; D'Andrea et al., 1998), PAR;
(Bretschneider et al., 2003) (Schmidt et al., 1998) and PAR, (Bretschneider et al., 2001;
Fujiwara et al., 2005) are expressed by multiple cells in the cardiovascular and
circulatory system, including the circulating cells as well as the vascular endothelial and
smooth muscle cells. Human platelets express PAR; and PAR, (Kahn et al., 1999)
while murine platelets express PAR3; and PAR, (Kahn et al., 1998b).

It is now known that thrombin influences cellular behaviour via PAR;, PAR; or PARy,.
Previous studies reported that thrombin is a major stimulator of platelets resulting in a
cascade of effects culminating in platelet aggregation both in vivo and in vitro (Hung et
al., 1992b). Both PAR; and PAR, were found to be co-expressed in human platelets,
however, the action of thrombin in causing platelet aggregation has been shown to be
predominantly mediated by PAR; (Kahn et al., 1999). The fact that PAR;-blocking
antibodies inhibited human platelet activation at low concentrations of thrombin but not
high (Brass et al., 1992; Hung et al., 1992b) suggested that although PAR; is important

in platelet aggregation it is not the only receptor involved. Indeed, PAR, was found to
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have much lower affinity for thrombin compared to that of PAR; and only responds to
high concentrations of thrombin. PAR,4 has been implicated in maintaining the sustained
effect of thrombin, thereby contributing to the late phase of platelet aggregation (Covic
et al., 2000). In mouse, PAR; instead of PAR; plays an important role in platelet
aggregation (Ishihara et al., 1997). Similar to PAR; in humans, PAR3 blocking
antibodies were reported to block mouse platelet activation at low concentrations of
thrombin but not high (Ishihara et al., 1998). In addition, PAR3; knockout mice showed
reduced platelet aggregation at low concentrations of thrombin, but not high (Kahn et
al., 1998). Therefore PAR; is essential for low concentrations of thrombin induced
platelet activation, but rely on PAR, as a second receptor for platelet aggregation at high
thrombin concentrations (Kahn et al., 1999). In addition, it has also been suggested that
PAR; may be involved in responding to proteinases other than thrombin, and hPAR,
activation by the neutrophil proteinase cathepsin G has been revealed (Sambrano et al.,
2000).

In vasculature, PAR; activation causes endothelium-dependent nitric oxide mediated
vasorelaxtion in vessels isolated from various species including the human pulmonary
artery (Hamilton et al., 2001), porcine coronary artery (Hamilton & Cocks, 2000), rat
aorta (Magazine et al., 1996), internal mammary arteries (Ballerio et al., 2007), as well
as in a few smaller vessels such as the human and porcine intramyocardial arteries
(Hamilton et al., 2002). Recently PAR, has been reported to induce nitric oxide (NO)
production in vascular endothelial cells, denoting a possible role in mediating
vasodilation (Momota et al., 2006).

PAR; and PAR, have been implicated in mediating vascular inflammatory responses as
the increased expression of proteinases from inflammatory cells and the coagulation

cascade might serve to activate these receptors. Activation of PAR; through intraplantar
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injection of PAR;-AP in rat paw caused oedema and the authors suggested that this
effect was partly due to PAR; mediated plasma extravasation to tissue (Vergnolle et al.,
1999). The involvement of PAR, in inflammatory responses was also reveaed through
observations in-vivo that thrombin and PAR4-AP, but not PAR;-AP induced |leukocyte
rolling in rat mesenteric venules (Vergnolle et al., 2002). In addition PAR, activation
has also been implicated in vascular smooth muscle proliferation (Bretschneider et al.,

2001).

1.2.5.2 Respiratory system

PAR expression is detectable throughout the respiratory system and all evidence
gathered thus far point towards critical roles in pulmonary physiology and pathology.
So far PAR; has been identified expressed on numerous airway associated cell lines
including pulmonary fibroblasts (Trejo et al., 1996; Chambers et al., 1998) and
epithelia cells (Asokananthan et al., 2002a), endothelial cells (D'Andrea et al., 1998;
Kataoka et al., 2003) as well as smooth muscle cells (Lan et al., 2000; Walker et al.,
2005). Signaling through PARs is also aided in part by the expression of a large
number of potential PAR agonists in the airways including trypsin (Cocks et al., 1999),
mast cell tryptase (Molino et al., 1997), neutrophil proteinases (Uehara et al., 2003),
and alergens (Asokananthan et al., 2002b). PAR, expression appears to be limited to
respiratory epithelial (Shimizu et al., 2000; Asokananthan et al., 2002a), endothelial
(Kataoka et al., 2003) and smooth muscle cells (Lan et al., 2000). Additionally al PARs
are shown on arway epithelial and smooth muscles cells by immunohistochemical
staining using receptor specific antibodies (Knight et al., 2001).

An important function of PARs in the respiratory system involves mediation of airway

tone through regulating contraction or relaxation of smooth muscle cells (Lan et al.,
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2002). The mitogenic property of thrombin is exemplified via activation of PAR; on
human airway smooth muscle cells (Tran & Stewart, 2003; Walker et al., 2005). Work
further supporting the importance of PAR; in the pulmonary fibrotic response has been
carried out in rats using bleomycin-induced pulmonary fibrosis (Howell et al., 2001;
Howell et al., 2002). PAR; expression is significantly increased in a bleomycin induced
model of pulmonary fibrosis, and use of thrombin inhibitors reduced CTGF gene
expression and collagen accumulation (Howell et al., 2001; Howell et al., 2002).
Activation of PAR; in human airway epithelial cells by Pen C13, an immunodominant
mold allergen, was shown to result in IL-8 production, indicating an important role in

the pathogenesis of this form of asthma (Chiu et al., 2007).

1.2.5.3 Gastrointestinal system

PARs, expressed in a wide variety of cells in the gastrointestinal tract with a weak
detection in the stomach, but strong expression in the colon and the small intestine, are
considered as an “emergency” mechanism highly relevant into the contex of innate
immunity (Vergnolle, 2008). It is well established that PAR; has been located on
endothelial cells (Vergnolle et al., 2004), epithelia cells (Bures et al., 2001; Bures et
al., 2002), smooth muscle cells (Kawabata et al., 2004), myofibroblasts (Seymour et al.,
2003) and on enteric neurons (Corvera et al., 1997). PAR, is highly expressed in the
small intestine and the colon with expression indicated on gastric smooth muscle cells
(Hollenberg et al., 1999) and epithelial cells (Mule et al., 2004).

Of dl the body systems, the gastrointestinal tract is the most exposed to proteinases.
Thus, expression and function of PARsmay be especially relevant in the gastrointestinal
system. To date, PAR; has been shown to mediate ion transport, electrolyte secretion,

intestinal motility, increased permeability, apoptosis, contraction of longitudinal muscle
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and in contrast, relaxation of colonic circular muscle (Saifeddine et al., 1996; Corvera et
al., 1999; Bures et al., 2002; Mule et al., 2002; Vergnolle, 2005). In addition, PAR; is
also involved in maintenance of mucosal integrity and/or pathogenesis of mucosal
inflammation/injury throughout the Gl tract including the oesophagus (Ossovskaya &
Bunnett, 2004). PAR; may play dua roles in the development of intestinal
inflammation as they are pro- and anti- inflammatory. PAR, isinvolved in relaxing pre-
contracted rat oesophagus, in contrary to PAR; which causes further contraction
(Kawabata et al., 2000a). Furthermore, PAR, does not appear to play significant rolesin
Gl exocrine secretion. Unlike PAR;, PAR; and PAR, are not involved in the regulation
of salivary or pancreatic exocrine secretion (Nguyen et al., 1999; Kawabata et al.,
2000b; Kawabata et al., 2000c). It is known that PAR;, PAR; and PAR, are al
expressed on intestinal smooth muscle and the activation of these receptors can alter the
gastrointestinal motility (Vergnolle, 2005). Recently, Lee et al. reported that PAR; and
PAR, but not PAR, activation causes contraction in the human and guinea-pig
galbladders and may play important roles in the control of gallbladder motility (Lee &
Huang, 2007). The authors suggested that PAR; or PAR; agonists may be of potential

therapeutic value in gallstone disease (Lee & Huang, 2007).

1.2.5.4 Renal system

In normal human kidney tissue PAR; has been shown to be present in endothelial,
mesangial and epithelial cells (Grandaliano et al., 2000) and primary human renal
carcinoma cells (Kaufmann et al., 2002). It was reported that in fibrin associated kidney
diseases such as crescentic glomerular nephritis and thrombotic microangiopathy there
was a reduced cellular PAR; expression within the glomerular lesions (Xu et al., 1995).

Later, PAR; activation was shown to result in enhanced glomerular crescent formation,
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T cell and macrophage infiltration, fibrin deposition, and elevated serum creatinine in a
murine model of crescentic glomerular nephritis (Cunningham et al., 2000), which
clearly highlighting the involvement of PAR; in the pathogenesis of crescentic
glomerular nephritis. In addition, PAR; has also been shown to play a role in rena

haemodynamics (Gui et al., 2003).

1.2.5.5 Nervous system

PAR; expression has further been revealed in human astrocytoma cells (Grishina et al.,
2005) and periphera nervous system cells (Noorbakhsh et al., 2003). PAR, expression
has also been reported in human astrocytes (Kaufmann et al., 2000). Both PAR; and
PAR, are reported to be activated by thrombin in human astrocytomas, contributing to
the excitability and survival of the cells (Kaufman & Fuchs, 2000). Activation of PAR;
leads to morphological changes and proliferation in neurons and astrocytes
(Noorbakhsh et al., 2003; Nicole et al., 2005). A later study reported that the activation
of PAR; also involved in the astrocyte proliferation disorder (Nicole et al., 2005). The
activation of PAR; by thrombin was also shown to protect neuronal cell and astrocytes
from hypoglycaemia or oxidative stress induced cell death (Vaughan et al., 1995). More
recently PAR; has also been shown to play arole in HIV associated neurodegenerative
disorders (Boven et al., 2003; Ishida et al., 2006). Ishida et al. aso reported that PAR;
Is up-regulated in Parkinson disease effected brain tissue (Ishida et al., 2006), and
further provides a thrombin mediated protective pre-conditioning against Parkinson
disease related behavioural deficits (Cannon et al., 2006). Olianas et al. reported that
PAR; is also expressed in rat olfactory neurons and addition of the thrombin resulted in
a rapid neurite retraction suggesting a role of PAR; in neuritogenesis (Olianas et al.,

2007).
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1.2.5.6 Immune system

PAR expression has been revealed on many immune cells. It is well established that
activation of PARs can influence monocyte motility and chemotaxis, modulate
pleiotropic cytokine responses, contribute to mononuclear cell proliferation, and induce
apoptosis in various immune cells (Steinhoff et al., 2005). Expression of PAR; has been
detected on macrophages and monocytes (Colognato et al., 2003) as well as mast cells
(D'Andrea et al., 2000). In addition, T cells (Mari et al., 1996) and Jurkat-T leukemic
cells (Bar-Shavit et al., 2002) have been shown to illicit responses to low-levels of
thrombin suggesting these cells may express PAR;. Expression of PAR; has been
reported on leukocytes (Vergnolle et al., 2002). Thrombin mediated PAR activation in
the immune system are primarily concerned with chemotaxis and the release of
cytokines from inflammatory cell lines.

PAR; has arole in neurogenic inflammation, for example intraplantar injection of PAR;
agonists causes oedema of rat paw through the release of substance P from peripheral
afferent neurons (de Garavilla et al., 2001). In addition PAR; has been implicated in
hyperalgesia (Asfaha et al., 2002). Previous studies have demonstrated that PAR; can
play both anti-flammatory and proinflammatory roles in different models of
inflammatory bowel disease (Shpacovitch et al., 2007). PAR, and PAR; play important
roles in modulation of leukocyte motility in vivo (Shpacovitch et al., 2007). PAR4 has
been shown to have a proinflammatory role in rat raw oedema, and the underlying
mechanism appears to be non-neurogenic possibly through neutrophil recruitment
activation and the kallikreinkinin system (Hollenberg et al., 2004; Houle et al., 2005).
To date, in vitro studies have reported that the effects of PAR activation on human
innate immune cells are mainly associated with activation of PAR; or PAR,. and very

little is known about the potentia role of PAR, in mediating inflammation in vivo
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(Shpacovitch et a., 2007). The activation of PAR affects the main functions of innate
immune cells, such as motility, adhesion, and secretion of inflammatory mediators
(Shpacovitch et al., 2007). Therefore, PARs may serve as idea therapeutic targets for

inflammatory, infections, or autoimmune diseases (Shpacovitch et al., 2007).

1.2.5.7 Others

Coagulant proteases and PARs have been implicated in several types of malignant
cancer (Arora et al., 2007). PAR; is reported to be a potential oncogene, for example it
is associated with metastasis and invasion in breast carcinoma xenograft (Boire et al.,
2005). In addition, activation of PAR; induced proliferation of colon cancer cells
implicate that PAR; should be considered as grown factors and potential actors of

mitogenic and metastatic evens (Darmoul et al., 2003; Vergnolle, 2005).
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1.3 PROTEINASESRELATED TO PAR SIGNALLING

The term proteinase is used as a synonym word for endopeptidase. Peptidases comprise
of two groups of enzymes endopeptidases and exopeptidases. The name peptidase was
first proposed by the International Union of Biochemistry and Molecular Biology
(ITUBMB) (1984) to describe the same group of enzymes that catalyse the hydrolysis of
covaent peptidic bonds, and the widely used term protease is synonymous with
peptidase.

Proteinases can be classified into four distinct classes by the biochemica catalytic
mechanisms: Serine proteinases, metalloproteinases, cysteine proteinases, and aspartic
proteinases (Owen & Campbell, 1999). Serine proteinases and metalloproteinases are
most active at neutral pH and play major roles in degradation of extracellular proteins;
however, the aspartic and cysteine proteinases have acidic pH optima and play a vital
role inintracellular protein digestion within the lysosomes (Owen & Campbell, 1999).
Serine proteinases are the largest class of mammalian proteinases and are also the main
focus of this project. Serine proteinases have a catalytically essential serine residue at
the active site. Their activity depends on three residues Aspl02, Hiss7, and Ser195
(chymotrypsinogen numbering), which form the catalytic triad and are essential in the
catalytic process (Owen & Campbell, 1999). In addition to their role in protein
degradation, certain serine proteinases can also signal directly to cells by cleaving PARs.
The best example of this is thrombin, a serine proteinase generated by the coagulation
cascade, which has direct PAR;-mediated effects on platelets, endothelia cells, immune
cells, fibroblasts, myocytes, astrocytes and neurons (Schmidlin & Bunnett, 2001).

A number of mechanisms have been proposed as to how proteinases are capable of
modulating various cellular responses. Proteinases have been shown to act as signalling

molecules that are able to send specific signals to cells through the activation of PARs
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(Schmidlin & Bunnett, 2001; Traynelis & Trejo, 2007). It has been hypothesized that
PARs may be activated and attenuated by more than one proteinase. Any proteinase that
cleaves the correct peptide bond within the N-terminus of a PAR may be able to expose
the tethered ligand domain that binds onto the extracellular 1oop Il of the receptor to
initiate signalling (O'Brien et al., 2001). Conversely, proteinases can aso disarm the
PARs by amputating the tethered ligand domain from the receptor (O'Brien et al., 2001).
For example, PAR; can be activated by thrombin but disarmed by neutrophil
proteinases such as cathepsin G (Molino et al., 1995), elastase and proteinase 3
(Renesto et al., 1997). Proteinases can aso selectively activate one PAR, whilst
selectively disarming another; or will activate/disarm the same receptor depending on
the proteinase concentration. An example of this is the ability of cathepsin G to
simultaneously disarm PAR; and activate PAR4; on human platelets (Sambrano et al.,
2000).

The physiological and pathophysiological processes resulting from proteinase mediated
signalling events are therefore a product of that proteinase’s effect on all the PARs

expressed in the particular tissue environment where it is present.

1.3.1 Thrombin

The name thrombin derives from ‘thrombus as it plays a key role in the blood
coagulation. Thrombin is synonymous with factor I1a which is the last protease capable
of producing a thrombus or blood clot in the coagulation cascade (Barrett et al., 1998;
Coughlin, 2000). Its other aternative name is fibrinogenase as thrombin cleaves
fibrinogen to yield fibrin monomers (the fibrous matrix of blood clots). Thrombin is
derived from its proenzyme or zymogen form (prothrombin or coagulation factor I1)

through cleavage by factor Xa in the presence of the cofactor Va, Ca** and a
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phospholipid surface (Krishnaswamy et al., 1993). Thrombin was identified as a
trypsin-like member of the chymotrypsin family of serine proteases produced at sites of
vessdl injury or tissue damage. Therefore the structure and catalytic mechanism of
thrombin is similar to trypsin, it has a positively charged amino acid at the P1 position
of the scissile bond (nomenclature of Schechter and Berger, where substrate residues are
numbered from the scissile P1-P1' bond toward the N- and C-termini, respectively)
(Schechter & Berger, 1967; Huntington, 2005).

Thrombin has been the target of intense study since its discovery in the 19th century
(Huntington, 2005). Many studies demonstrated that thrombin has diverse effects on
cells (Barrett et al., 1998). It is now clear that thrombin (i) isamajor player in the early
steps of blood coagulation, (ii) is a significant contributor to the ‘thrombin burst’
through positive feedback mechanisms, (iii) functions to stabilize clots and participates
in attenuating its own procoagulant activity (Mann et al., 2003; Huntington, 2005).
Furthermore, one of the most important actions of thrombin is that it cleaves and
activates protease-activated receptors (PARs) 1, 3 and 4 (Ofosu, 2003). Thrombin
cleaves hPAR; between Argdl and Ser42 to expose tethered ligand SFLLRN and
initiate signalling; hPAR3 aso contains the thrombin binding sites; however, hPAR,
lacks such sites and thus responds only to higher concentration of thrombin (Schmidlin

& Bunnett, 2001).
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1.3.2Trypsin

Trypsin is often referred to as a proteolytic enzyme or proteinase, which is produced in
the pancreas in an inactive form, trypsinogen (Barrett et al., 1998; Dery et al., 1998;
Paszcuk et al., 2008). Trypsinogen is secreted by exocrine cells of the pancreas and
released into the lumen of the small intestine (Vergnolle, 2008). From there, it is then
transported to the duodenum, where it catal yses the digestion of proteins to polypeptides
and amino acids, and it is an essential food-digestive enzyme (Hirota et al., 2006;
Paszcuk et al., 2008).

Classically, trypsin is one of three principa digestive proteinases, the other two being
pepsin and chymotrypsin. Trypsin is remarkably similar in chemical composition and in
structure to chymotrypsin. Both enzymes also appear to have similar mechanisms of
action; residues of histidine and serine are found in the active sites of both (Barrett et al .,
1998). The chief difference between these two molecules seems to bein their specificity,
that is, each is active only against the peptide bonds in proteins that have carboxyl
groups donated by certain amino acids. For trypsin these amino acids are arginine and
lysine, for chymotrypsin they are tyrosine, phenylaanine, tryptophan, methionine, and
leucine (Barrett et al., 1998). Trypsin can be inactivated or inhibited by a number of
specific or non-specific protease inhibitors, many of them belonging to the serpine
family (Barrett et al., 1998; Hirota et al., 2006). Soya bean trypsin inhibitor (ST1) isthe
most widely used trypsin inhibitor in biotechnological applications. Chemists have
made good use of this fact. For instance, trypsin is used (i) in biotechnological
applications, especialy in the cultivation of mammalian cells, (ii) as a protein degrading
enzyme in the processing of non-trypsin sensitive biopolymers, (iii) in formalin-fixed,
paraffin-embedded immunohistochemical procedures (Barrett et al., 1998). In humans,

trypsin is associated with many disorders, for example (i) imbalances in regulation of
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trypsin cause imbalances in insulin, (ii) imbalances in other regions of the body of
trypsin and trypsin-like proteins are thought to play a role in emphysema, asthma,
arthritis, skin disorders, and cancerous tumour growth (Ossovskaya & Bunnett, 2004;
Arora et al., 2007; Mclntosh et al., 2007).

In addition, proteases such as thrombin and trypsin are known to activate PARs, and
thereby exert cellular effects such as platelet aggregation, endothelium-dependent
relaxation and myometrial contraction (Dery et al., 1998; Hamilton et al., 1999;
Nakayama et al., 2001; Shintani et al., 2001). PAR;, PAR; and PAR, can be activated
by trypsin (Dery et al., 1998; Cocks & Moffatt, 2000; Macfarlane et al., 2001).
However since trypsin cleaves at three different points in the PAR; N-terminus (41-42,
and preferentially 70-71 and 82-83) (Nakayama et al., 2004) at low concentrations (< 40
nM) it will disarm PAR;, whereas higher concentrations will activate the receptor
(Kawabata et al., 1999). Interestingly, the activation of PAR; by trypsin appears cell-
type-specific. One study reported that PAR; was cleaved and disabled by trypsin on
platelets (Ofosu et al., 1998). Furthermore, trypsin has also been reported to disarm
PAR; in endothelial cells (Nakayama et al., 2003; Nakayama et al., 2004). This
differential activation/disarming indicate that perhaps there exist other factors

influencing trypsin activation or disarming of PAR;.

1.3.3 Thermolysin

Thermolysin, the prototype of the M4 family of zinc metalloproteases, is a 34.6 kDa
proteolytic enzyme secreted by the gram-positive thermophilic bacteria Bacillus
thermoproteolyticus (Endo, 1962; De Kreij A, 2000). Thermolysin cleaves peptides and
proteins at the N-terminal side of the hydrophobic residues leucine (Leu), isoleucine

(Ile), phenylaanine (Phe) and valine (Val) (Barrett et al., 1998).
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Thermolysin is widely used in protein chemistry as a nonspecific protease to obtain
sequence or conformational data (Barrett et al., 1998). Recently, lots of studies reported
that this M4 family comprises of several proteases generated by bacteria involved in
lung pathology. Molla et al. reported that thermolysin is an inflammatory bacterial
protease which increases vascular permeability (Molla et al., 1987). Dery et al. reported
that in insect SF9 cells thermolysin cleaves PAR; within the tethered ligand domain
(SFLLR) at Phe®-Leu* and Leu*-Leu™, suggesting that thermolysin terminates
signaling by destroying the PAR; tethered ligand (Dery et al., 1998). In addition,
thermolysin is reported to disarm PAR; and PAR; in porcine coronary endothelial cells
(Hamilton et al., 1999). Furthermore, thermolysin has shown different sensitivity
towards activating or disarming PAR; in different human epithelia cell types (Ubl et al.,

2002).

1.3.4 Neutrophil serine proteases

Recruitment of neutrophils to the site of inflammation is essential for host defence
against infection (Pham, 2006). For example neutrophils can migrate from blood vessel
lumen into the lung interstitium and airway lumen during infection and inflammation,
and they play an important role in host defence against infection, but may also cause
tissue injury (Hiemstra et al., 1998; Wiedow & Meyer-Hoffert, 2005). Neutrophil
granulocytes are generated in the bone marrow, and then circulate to the bloodstream
(Savill et al., 1989; Hiemstra et al., 1998). They adhere to the endothelium and migrate
to the infected site where they engulf and degrade microorganisms using a combination
of oxidative and non-oxidative mechanisms (Faurschou & Borregaard, 2003; Pham,
2006). Neutrophils contain at least four types of granules including azurophil granules,

specific granules, gelatinase granules and secretory granules (Pham, 2006). The
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azurophil granules, also called primary granules, are defined by their high content of
myel operoxidase (MPO), bactericidal permeability-increasing protein, defensins and a
family of structurally related serine proteases — neutrophil elastase, cathepsin G, and
proteinase 3 in high concentration around 1pg enzyme per cell (Wiedow et al., 1996;
Pham, 2006). Once released, neutrophil serine proteases potentially are fully activated

because they can function optimally in a neutral environment

1.3.4.1Elastase

Polymorphonuclear leukocyte elastase or neutrophil elastase was first identified in 1968
by Janoff & Scherer (Janoff & Scherer, 1968). The term elastase (ELA) describes an
enzyme capable of the proteolytic release of soluble peptides from insoluble elastin, and
such activity is essential for defining a proteinase as an elastase (Janoff & Scherer,
1968). ELA is a 30 kDa glycoprotein, containing 20% of neutral sugars with only a
small amount of sialic acid. ELA belongs to the chymotrypsin family of serine
proteinases, and it is formed of a single polypeptide chain of 218 amino acid residues
and four disulfide bridges (Barrett et al., 1998). ELA is highly cationic, with a strongly
basic isoelectric point (pH 10-11), and it cleaves bonds that are carboxytermina to
small hydrophobic residues (particularly bonds having valine at the P1 position) (Owen

& Campbell, 1999).

1.3.4.2 Cathepsin G

The name cathepsin G (CG) was given by Starkey & Barrett in 1976 (Starkey & Barrett,
1976). CG isatypical chymotrypsin family member, and it isa 28.5 kDa cationic serine
proteinase that shares 37% sequence homology with ELA (Barrett et al., 1998). It

consists of a 235-residue polypeptide chain that has one potential N-linked



glycosylation site and three disulfides (Salvesen et al., 1987). It has a chymotrypsin-like
catalytic activity, in that it preferentially cleaves peptide bonds that are carboxy-
terminal to bulky aliphatic or aromatic residues (particularly bonds having
phenylalanine at the P1 position). Interestingly, a recent study reported that CG activity

can be inhibited by lactoferrin (He et al., 2003).

1.3.4.3 Proteinase 3

Proteinase 3 (PR3), aso termed p29b or myeloblastin, is a neutral serine proteinase
mainly stored in the azurophilic granules of neutrophils and the granules of monocytes
(Baggiolini et al., 1978; Kao et al., 1988; Bories et al., 1989; Rao et al., 19914). PR3
was originally identified by Baggiolini et al. as an a-naphthyl acetate esterase present in
azurophilic granules of human PMNL (Baggiolini et al., 1978). In 1990 Campanelli and
colleagues reported that a ~29 kDa gene product termed p29b generated from human
bone marrow, and subsequently named it as proteinase 3 (Campanelli et al., 1990). The
authors also pointed out that PR3 is more abundant in neutrophils than elastase and has
a similar proteolytic profile and specific activity (Campanelli et al., 1990). One year
later, Rao et al. reported that the molecular mass of PR3 is 26.8 kDa (Rao et al., 1991a).
PR3 is a cationic serine proteinase that consists of 222 amino acids plus two
carbohydrate chains at N-linked glycosylation sites (Barrett et al., 1998). PR3 shows
extensive N-terminal sequence similarity to proteinases of the trypsin superfamily with
strongest homology to human ELA and CG (Kao et al., 1988; Rao et al., 1991q).
Moreover, there is a striking homology between the amino acid sequence of the putative
activation site of PR3 and that of ELA (Rao et al., 19914). Thus, this proteinase has an
elastaste-like specificity for small aiphatic residues (Ala, Val, Ser, Met) at the P1 and

Pl dites, especialy PR3 prefers either adanine or vaine a the P1 site (Rao et al.,
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19914). PR3 was originally described as a protein that hydrolyzes elastin (a major
structural protein of the lung) with an efficiency equivalent to that of ELA (Kao et al.,
1988). Recently, it has been shown that PR3 exhibits various biological functions
including enhancement of TNF-a and IL-1B release from human monocytic cell lines
(Coeshott et al., 1999), production of IL-8 and monocyte chemoattractant protein-1
(MCP-1) by human endothelial cells (Berger et al., 1996). PR3 also participates in the
killing of microorganisms (Campanelli et al., 1990). PR3 is a mgjor target antigen of
anti-neutrophil cytoplasmic antibodies in Wegener’s granulomatosis (van der Geld et al.,
2001). PR3 can also cause extensive tissue damage and emphysema after intratracheal

ingtillation into hamsters (Rao et al., 1991a).

1.3.4.4 Neutrophil serine proteinases and PARs

PAR; has been reported to be disarmed by neutrophil proteinases such as cathepsin G,
elastase and proteinase 3 (Renesto et al., 1997). However, cathepsin G was also
reported to activate murine fibroblasts transfected with hPAR; (Shpacovitch et al.,
2007). In addition, elastase and cathepsin G have both been shown to inactivate PAR;
by cleaving amino terminal domains distinct from the activation site, rendering the
receptors unresponsive to the activating proteinases in both transfected cells and
bronchial fibroblasts (Dulon et al., 2003; Ramachandran et al., 2007). Despite the
suggestions that cathepsin G and proteinase 3 disarm PAR;, they were also reported to
activate PAR; in human gingival fibroblasts (Loew et al., 2000; Shpacovitch et al.,
2007). Cathepsin G has also been shown to abolish signalling by thrombin in PARs
transfected cells (Cumashi et al., 2001). Cathepsin G is reported to activate PAR, in
receptor-transfected fibroblasts, PARs-expressing oocytes, and human platelets

(Shpacovitch et al., 2007). One possible explanation for such contradictory results could
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be due to variations in PAR glycosylation and the subsequent availability of different
receptor cleavage sites (Loew et al., 2000; Shpacovitch et al., 2007). Thus further
investigation is required to address the complexities of cathepsin G, proteinase 3 and

elastase in PAR signalling.

1.3.5 Plasmin

Plasminogen is the zymogen of the serine protease plasmin, and it is synthesized in the
liver and present at micromolar concentrations in human plasma and extracellular fluids
(Barrett et al., 1998; Judex & Mueller, 2005). The mature human plasminogen consists
of 791 amino acid resides in a single polypeptide chain, and plasmin is a two-chain
serine protease (Barrett et al., 1998). Plasmin cleaves its substrates at lysine and
arginine residues, with specificity similar to that of thrombin (Barrett et al., 1998). Most
of the enzymatic activities of plasmin can also be catalyzed to some degree by other
closely related enzymes, such as trypsin, or enzymes of the coagulation or fibrinolysis
systems (Barrett et al., 1998).

Plasmin is one of the important enzymes present in blood, and it degrades many blood
plasma proteins, such as fibrin clots (Barrett et al., 1998; Judex & Mueller, 2005).
Plasmin plays a key role in blood clot lysis, and its major physiological substrates are
fibrinogen and fibrin (Barrett et al., 1998). Deficiency in plasmin may lead to
thrombosis, as clots are not degraded adequately. The plasmin system plays many
important roles in physiology and pathophysiology. Apart from clot lysis, plasmin has
also been implicated in fibrinolysis, wound healing, adipose tissue development, and
tumor invasion and metastasis (Judex & Mueller, 2005).

Interestingly, plasmin can activate/disarm PARs. For example, plasmin was reported to

activate PAR; in fibroblasts and induce the PAR-mediated transcription of motility
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factors (Pendurthi et al., 2002). However, Kuliopulos et al. showed that plasmin has a
low affinity for the traditional thrombin cleavage site on PAR; and a higher affinity for
a cleavage site that is further downstream; in effect, plasmin is more likely to make
PAR; refractory to further thrombin stimulation than to stimulate calcium mobilization
(Kuliopulos et al., 1999). In addition, plasmin was aso reported to be capable of

inducing platel et activation through activation of PAR, (Quinton et al., 2004).

1.3.6 Tryptase

Initialy a trypsin-like protease was detected in mast cells by Glenner & Cohen (1960)
using histochemical substrates, and this protease was subsequently named as tryptase by
Lagunoff & Benditt (1963) (Barrett et al., 1998). The name tryptase is now almost
exclusively used to refer to mast cell serine proteases with trypsin-like specificities.
Mast cell tryptase is mainly stored in the dense cytoplasmic granules of mast cells and
accounts for 23% of the total cellular protein of human mast cells (Schwartz et al.,
1981). The release of tryptase from the secretory granules is a characteristic feature of
mast cell degranulation. One previous study reported that tryptase is a tetrameric neutral
serine protease with a molecular weight of approximately 130 kDa, and the genes
encoding mast cell tryptase are located on the short arm of chromosome 16 (Payne &
Kam, 2004). In addition tryptase was reported to be highly heterogeneous in size,
charge and activity, for example, tryptase purified from lung and skin with different
molecular masses ranging from 29 to 40 kDa (Peng et al., 2003). The authors suggested
that the variable degrees of glycosylation of tryptase in different tissue may be a major
contributor to the size and charge heterogeneity (Peng et al., 2003).

Mast cell tryptase has become a useful marker for mast cell activation. It is well known

that mast cells play a central role in inflammatory and immediate alergic reactions in
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airways, and tryptase is a pathological mediator of numerous allergic and inflammatory
conditions (such as asthma, rhinitis) (Berger et al., 2003; Bradding et al., 2006;
Sokolova & Reiser, 2007). Interestingly, mast cells have also been implicated as having
pivota roles in arthritis, and tryptase was reported to stimulate histamine release from
synovia cells (He et al., 2001). In addition, a recent finding suggested that tryptase
stimulates 1L-8-dependent neutrophil chemotactic activity from endothelial cells and
could be important in stimulating leucocyte accumulation following mast cell activation
(Compton et al., 2000b). Severa previous studies suggested that the tryptase inhibitors
would be suitable as a novel treatment for arthritis, bronchial asthma and other
inflammatory and allergic conditions of the airways (He et al., 2001; Sheth et al., 2003;
He et al., 2004).

Interestingly, tryptase activation of PAR, has been demonstrated in a variety of cell
types including cultured HUVEC (Human Umbilical Vein Endothelia Cells), rat
colonic myocytes, keratinocytes and guinea-pig myenteric neurons, human arway
smooth muscle cells (Corvera et al., 1997; Molino et al., 1997a; Schechter et al., 1998;
Berger et al., 2001). However, some reports (Molino et al., 1997a; Schechter et al.,
1998; Corvera et al., 1999; Alm et al., 2000), but not others (Corvera et al., 1997
Steinhoff et al., 2000), have indicated that tryptase appears to behave as a partial agonist
compared to trypsin for activating PAR,, implying that PAR; activation by tryptase may
be influenced by other factors. Furthermore, one recent study also reported that
glycosylation of PAR, could provide novel mechanisms for regulating receptor

activation by tryptase and possibly other proteases (Compton et al., 2001).
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1.3.7 Chymase

The name chymase was first proposed by Lagunoff & Benditt (1963) to denote an
enzyme similar to pancreatic chymotrypsin, previously detected in mast cells (Barrett et
al., 1998). In more recent usage, the term chymase refers to a group of chymotryptic
serine proteases expressed in mast cell secretory granules (Barrett et al., 1998).
Chymase is a monomeric serine protease with a molecular weight of 30 kDa and is
found exclusively in the MCrc subpopulation of mast cells (Barrett et al., 1998). This
protease is stored in the same granules as tryptase and is either bound to heparin or
chondroitin E (Barrett et al., 1998). Human chymase exists in at least two distinct but
similar forms, and the differences in affinity for heparin and distribution in skin, heart,
and other tissues could have important consequences for enzyme function (McEuen et
al., 1998). Chymase can be inhibited by the circulating serine protease inhibitors such
as ap-antichymotrypsin, a;-proteinase inhibitor and a,-macroglobulin (Schechter et al.,
1989). Inhibitors of chymase can be potent mast cell stabilizers, particularly in the skin
(He et al., 1999). A previous study reported that chymase could contribute to increases
in microvascular permeability following mast cell degranulation in allergic disease (He
& Walls, 19984). In addition, counting chymase-positive (MCrc-type) mast cells in
tumor stroma was suggested to be a good prognosis predictor for LBACs (localized
bronchioloalveolar carcinomas), especially Noguchi type-C tumors (Nagata et al., 2003).
Chymases can activate angiotensin | and Il and thus are involved in hypertension and
atherosclerosis (Caughey, 2007). Chymase was reported to disasrm PAR; in dermal
fibroblasts (Schechter et al., 1998). Chymase might also modulate cell function via

other PARs, but direct evidence for thisis still lacking (Shpacovitch et al., 2007).
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1.4 POST-TRANSLATIONAL MODIFICATIONS OF PARs

Post-trandlational modification means the chemical modification of a protein after its
trandation. There are a number of different post-trandational modifications including
glycosylation, phosphorylation, methylation and acylation. Among these one of the
most common post-translational modifications that many GPCRs are known to undergo
is glycosylation (He et al., 2002). It iswell known that GPCR contain at |east one site of
glycosylation in the N-terminal domain, although some exceptions exist (A, adenosine
receptor lacks N-termina sites but has glycosylation sites in ECL2) (Wheatley &
Hawtin, 1999). Glycosylation is the process which involves the addition of saccharides
to proteins or lipids, and the majority of proteins synthesized in the rough endoplasmic
reticulum undergo glycosylation (Kornfeld & Kornfeld, 1985b). This processis the first
of four principal modification steps in the synthesis of membrane proteins and secretory
proteins. Characteristically, glycosylation can occur via N, or O linkages: N-linked
glycosylation to the amide nitrogen of asparagine side chains and O-linked
glycosylation to the hydroxy oxygen of serine and threonine side chains. N-linked
glycosylation is extremely common and nearly two-thirds of the sequences stored in
SWISS-PROT contain the potential N-glycosylation consensus sequon, Asn-X-Ser/Thr
(where X can be any amino acid except proline) (Apweiler et al., 1999) and are
therefore potentially glycosylated. However, O-linked glycosylation, unlike N-linked
glycosylation, appears to have no consensus sequence (Apweliler et al., 1999). Since N-
linked glycosylation of GPCR is the focus of this thesis, we will focus on this in the

following sections.
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1.4.1 N-linked glycosylation

N-linked glycosylation, which adds oligosaccharides to the nitrogen in the side-chain
amide of asparagines residues (Opdenakker et al., 1993; Wheatley & Hawtin, 1999),
requires the asparagines in a consensus sequence of Asn-X-Ser/Thr, where X can be any
amino acid except proline, although not all asparagines possessing the glycosylation
sequon are glycosylated in a given protein (Kornfeld & Kornfeld, 1985b; Wheatley &
Hawtin, 1999). In addition, the Asn-X-Thr/Ser acceptor site must be correctly orientated
and accessible for glycosylation to occur (Wheatley & Hawtin, 1999). Furthermore, not
all consensus sites are actually glycosylated as the oligosaccharide is trimmed and
elaborated during moving through the endoplasmic reticulum (ER) and the Golgi

apparatus (Wheatley & Hawtin, 1999).

1.4.1.1 Diver se N-linked glycans have a common core structure

Oligosaccharides exist in three categories termed high-mannose, complex and hybrid
(Wheatley & Hawtin, 1999). In mature glycoproteins N-linked glycan moieties are
structurally diverse. However, when initially added in the ER to growing nascent
polypeptides, these glycans share a common core structure which is homogeneous and
relatively simple (Figure 1.3) (Helenius & Aebi, 2001). This core oligosaccharide (core
glycan) remains fairly consistent among eukaryotes and consists of three glucoses, nine
mannoses and two N-acetyl-glucosamines (GlcsMangGIcNAC,-) (Figure 1.4) (Helenius

& Aebi, 2001, 2004).
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Figure 1.3 N-linked core oligosaccharide. The core glycan (GlcsMangGICNAC,-) has
14 saccharides. 3 glucoses (red triangles), 9 mannoses (green circles), and 2 N-
acetylglucosamines (purple square). N-linked glycans are added to nascent proteins in
the lumen of the rough ER as “core oligosaccharides’ that have the structure shown.
These are bound to the polypeptide chain through an N-glycosidic bond with the side
chain of an asparagine that is part of the Asn-X-Ser/Thr consensus sequence.

1.4.1.2 The biosynthesis of N-linked glycansin ER

Classically, the biosynthesis of N-linked glycosylation begins with transferring the core
glycan from the lipid carrier onto the nascent protein by oligosaccharyltransferase in the
ER (Whesatley & Hawtin, 1999) (Figure 1.3, 1.4).

Firstly, biosynthesis of the core glycan, which occurs on both sides of the ER membrane,
starts by addition of monosaccharides to a lipid carrier (dolichol-pyrophosphate) by
monosaccharyltransferases (Helenius & Aebi, 2001). Seven sugars are first added to the

dolichol pyrophosphate lipid carrier by specific glycosyltransferases on the cytosolic
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surface (Burda et al., 1999). Once the seven sugar chain has been added to dolichol
pyrophosphate, the chain is then translocated to the lumen side of the ER by
heptasaccharide flippase enzymes (Helenius & Aebi, 2002) (Figure 1.4). Whether
facing the lumen or the cytosol, each individual glycosyltransferase displays strong
preference towards a single oligosaccharide substrate (Burda et al., 1999). Tunicamycin
can inhibit this first step of the pathway by inhibiting the transfer of N-
acetylglucosamine to dolichol pyrophosphate thereby effectively blocking the whole N-
glycosylation process (Tkacz & Lampen, 1975; Elbein, 1984). Therefore, tunicamycin
is often applied to prevent N-glycosylation of recombinant receptors expressed by cells
in culture (Wheatley & Hawtin, 1999).

The next step is the addition of the remaining seven oligosaccharides, the last being the
addition of a termina «-1,2 linked glucose residue which acts as an indicator for
efficient recognition by the oligosaccharyltransferase (OST) (Figure 1.4) (Burda & Aebi,
1998; Helenius & Aebi, 2004). It is known that OST scans the emerging polypeptide for
glycosylation sequons (Asn-X-Ser/Thr) and attaches the compl eted core oligosaccharide
from the dolichylpyrophosphate carrier to a growing nascent polypeptide chain, which
is coupled through an N-glycosidic bond to the side chain nitrogen of the Asn residue
(Helenius & Aebi, 2004). The transfer of a glycan to the side chain of the Asn requires
formation of a loop in the polypeptide so that the hydroxyl groups of Ser or Thr can
contact the Asn amide and render it more nucleophilic (Helenius & Aebi, 2004). This
explains why the middle residue X in the sequon cannot be a proline; proline prevents
the folding of the growing peptide into a loop thus preventing the third amino acid in
the sequon (serine or threonine) contacting the asparagines to cause it to become more
hydrophilic and thus more reactive (Helenius & Aebi, 2004). Several factors can control

the attachment of oligosaccharides to potential glycosylation sites, including the number



and location of potential glycosylation sites in the protein, and the cell specific
expression of glycotransferases, which enzymatically modify the glycan chains once
they are attached to the protein core (Opdenakker et al., 1993; Harduin-Lepers et al.,
2001).

Immediately after coupling to the polypeptide chain, the last two termina glucose
residues are removed by glycosydases | and Il (Helenius & Aebi, 2001). The removal of
glucose serves as a quality control for proper folding of these glycoproteins and their
readiness for transit to the Golgi apparatus (Hebert et al., 2005). After the correctly
folded protein is generated and the final glucose residue removed, a series of
mannosidases then start to cleave one or al of the al1,2 bound mannoses (Kornfeld &

Kornfeld, 1985a).

1.4.1.3 The processing of N-linked glycansin the Golgi complex

After the glycoprotein moves to the Golgi complex, the glycan chains undergo further
trimming of mannoses before further extension of the glycan branches in the lumenal
side of Golgi, and subsequently development of the diversity of glycans begins (Figure
1.4) (Hossler et al., 2007). The Golgi apparatus consists of stacks of membranous
compartments including cis, medial, trans, and TGN (trans-Golgi network) cisternae,
interestingly these cisternae are not biochemically homogeneous (Hossler et al., 2007).
After the glycoprotein enters the cis golgi lumen it proceeds through the golgi apparatus
passing through the medial golgi and into the trans golgi. While these secretory
glycoproteins travel through these Golgi compartments the glycan extension reactions
are catalyzed by varying compositions of glycosylation enzymes in each compartment.
For example, on its journey the addition of sugars to the different positions of that

extending glycan is catalyzed by a number of different glycosyltransferases, ea’ch
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adding a particular monosaccharide through a specific glycosidic bond (Kornfeld &
Kornfeld, 1985b; Hossler et al., 2007). The Golgi contains a diverse range of
glycosyltransferases, which can add a wide range of saccharide moieties to the
developing N-linked glycan. Thus N-linked glycan microheterogeneity arises through
enzyme processing in the Golgi apparatus (Hossler et al., 2007). Furthermore, these
intermediate glycans along the biosynthetic pathway in the Golgi have more than one
available reaction site, either on the same or different sugar moieties, for receiving a
monosaccharide (Hossler et al., 2007). Most glycans consist of bi-antennary structures,
however tri-antennary and tetra antennary occur often, and five or more branches do
occur. The final addition of a galactose and sialic acid residue to the terminal sugar of
each branch occurs in the trans golgi and the reactions are cataysed by

gal actosyltransferase and sialyltransferase respectively (Figure 1.4).
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Figure 1.4 Biosynthesis of the N-linked glycan. Synthesis starts by the addition of
sugars onto dolichylphosphate (in the cytosol), which is then flipped over into the
lumen of the endoplasmic reticulum (ER), and then the core glycan
(GlcsMangGICcNAC,-) is generated. The glycan is then transferred to the nascent,
growing polypeptide. Sugars are trimmed off, and the polypeptide is then correctly
folded before being moved to the Golgi complex. The glycoprotein goes through a
series of further modifications, ending with the capping of the oligosaccharide branches
with sidlic acid and fucose in the Golgi. (Helenius & Aebi, 2001)
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1.4.2 Salic Acid

The term sialic acid encompasses a large family of acidic 9-carbon sugars, which are
typically located at the terminal positions of a variety of glycoconjugates (Lehmann et
al., 2006). One member of this family, N-acetylneuraminic acid (NeuSAc), is the form
that is most commonly found in mammalian glycoconjugates, which is a nine-carbon
sugar acid formed by condensation of pyruvate with N-acetylmannosamine (Drickamer,
2006). In the nucleus, NeuSAc are converted to CMP-NeubAc by CMP-NeuSAc
synthetase, and then transported to the trans golgi where it becomes a substrate for the
siayltransferases, and subsequently attached to the terminal oligosaccharide chain of
glycoproteins (Munster-Kuhnel et al., 2004). These residues are most typically linked
via a(2-3) and a(2-6) to galactose (or lactose), as well as a(2-8) and a(2-9) linkages in
homopolymers of NeuSAc (polysiaic acid) (Angata & Fukuda, 2003; Ressa & Linhardt,
2004).

Sialic acids of cell surface glycoproteins and glycolipids play a pivotal role in the
structure and function of animal tissues. Sialic acid has been implicated in a number of
disease states including cystic fibrosis and tumours (Kube et al., 2001; Malykh et al.,
2001). In addition, many pathological microbes employ sialic acids to promote infection.
For example, some viruses can utilize hemagglutinin (a siaic acid binding lectin) or
neuraminidase (an enzyme that cleaves sidic acid) to gain entry into a cell promoting
infection (Ressa & Linhardt, 2004).

The pattern of cell surface sialylation is species and tissue-specific, is highly regulated
during embryonic development, and changes with stages of differentiation. A mutant
Pro5 cell line derived from Chinese Hamster Ovary cell (CHO) has been developed; this
mutant cell line, Lec2 (ATCC Number: CRL-1736), is deficient in CMP-sidic acid

transport and therefore glycoproteins synthesised in this cell line are not sialylidated.
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This cell line is therefore a useful tool to determine whether sialic acid is important in
glycoprotein function or trafficking (Compton et al., 2002b). Indeed, Compton et al.
reported that hPAR, N-linked glycosylation and sialylation regulates receptor
expression and/or signalling (Compton et al., 2002b). Another useful tool for studying
the effect of sialic acid on proteins is the enzyme neuraminidase. Neuraminidase is a
carbohydrase or glycosidase enzyme which was first discovered in the influenza virus,

and it cleaves the terminal sialic acid residues from glycoconjugates (Gottschalk, 1958).

1.4.3 N-linked glycosylation and glycoprotein

The importance of N-linked glycosylation for expression and function has been studied
for many GPCRs, however, the role of the N-glycosylation is somewhat variable. In
general, N-linked glycosylation is believed to play a major role in facilitating protein
folding, protein stability and protection from proteolysis, intracellular trafficking,
secretion, and cell surface expression (Opdenakker et al., 1993; Helenius, 1994). In
addition, glycosylation may be important for maintaining a protein’s correct
conformation, enzymatic acitivity, and other structura functions (Opdenakker et al.,
1993; Imperidi & Rickert, 1995).

It is becoming apparent that N-linked glycans play awide variety of roles during protein
folding both in vitro and in vivo. Newly synthesised proteins begin folding immediately
upon entry to the ER. By binding to the chaperone proteins, the glycoproteins cannot be
prematurely exported from the ER, and are allowed to complete their correct folding
process (Hammond et al., 1994; Ellgaard & Helenius, 2003). If proteins are till
misfolded after glycans are added, they are not allowed to leave the ER, instead they are
degraded (Ellgaard & Helenius, 2003). Current understanding suggests that the presence

of a glycan can induce rigidity in a protein structure possibly by restricting freedom of
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mobility of the peptide chain (Ellgaard & Helenius, 2003). The high incidence of
glycosylation occurring at crucial locations on the protein could provide evidence in

favour of arolefor N-linked glycosylation in protein folding (Petrescu et al., 2004).

1.4.4 N-linked glycosylation and PARSs

It is now clear that hPAR; contains a total of five potential N-linked glycosylation
sequons (Figure 1.5 (A), Table 1.1)(Compton, 2003). Two sequons are located within
ECL2 (N?0%172%2 N?PE20T21) and three are located on the receptor N-terminus
(N®AFTH NO?ERS® NKS™). Interestingly, (N*A®*T®) is located at the N-
terminal of the cleavage/activation site (LDPR*/S*FLLR) and the remaining two
(NE®Ss™ N™K™S") are at the C-termina of the cleavage-activation site. hPAR,
possesses two glycosylated N-linked glycosylation sequons (Figure 1.5 (B), Table
1.1)(Compton, 2003): one lies on the receptor N-terminus ( N*°R*S* ) which is very
close to the putative cleavage/activation site, and the second one is located on ECL2
(N?21?22T?24 ) The glycosylation status of either hPAR; or hPAR; had not been
previously addressed when this thesis project started. According to the derived amino
acid sequence analysis hPAR; possesses three putative N-linked glycosylation sequons:
two on the receptor N-terminus (N*D?°T?" and N¥A%T3%) the former being located
near the putative cleavage/activation site. The third N-linked glycosylation sequon lies
on ECL3 (N*¥!N*2T3%) (Figure 1.5 (C), Table 1.1) (Compton, 2003). hPAR, only
possesses one putative N-linked glycosylation site, located on the receptor N-terminus
(N**D°'S®) and within the putative cleavage/activation site (Compton, 2003). (Figure

1.5 (D), Table 1.1).
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(A)PAR; (B) PAR;

(D)PAR,

(C)PAR;

Figure 1.5 Representative models of the N-linked glycosylation in PARs. (A) PARy,
(B) PAR, (C) PAR3, and (D) PAR, indicating the approximate location of putative N-
linked glycosylation sites for each PAR. [Adapted from (Compton, 2003)]

PAR: PAR; PARs PARq

N-terminus N®A®TS  NPR¥S® NZD®TZ  NDFS®

NO2ESSH NE2ABSTH

N 75K 76 577
ECL1 - _ _ )
ECL2 N 250| 251T252 N 222| 223T224 _ B

N 259 E260-|-261
ECL3 - - N33\ 322T333

Table 1.1 Putative N-linked glycosylation sequons and their amino acid position in
PARSs. Single letter is used for amino acids. ECL, extracellular loop. [Adapted from

(Compton, 2003)]
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The importance of N-linked glycosylation for receptor expression and function has been
studied for many GPCRs. Most of the GPCRs have relatively short extracel lular amino-
terminals with one or more putative glycosylation sequons, but the role of N-
glycosylation is somewhat variable. Some studies using site-directed mutagenesis or
treatment with tunicamycin have revealed that impaired glycosylation does (Rands et al.,
1990; Goke et al., 1994; Kaushal et al., 1994; Davidson et al., 1995; Garcia Rodriguez
et al., 1995; Couvineau et al., 1996; Ray et al., 1998; Walsh et al., 1998; Ho et al., 1999;
Jayadev et al., 1999; Pang et al., 1999; Nagayama et al., 2000) or does not (van Koppen
& Nathanson, 1990; Fukushima et al., 1995; Unson et al., 1995; Bisello et al., 1996;
Innamorati et al., 1996; Kimura et al., 1997) affect receptor expression and/or function.

Given that PARs are members of GPCRs and activated by a novel proteolytic
mechanism, glycosylation may also play acritical role in PAR expression and function.
Each PAR possesses a different number of putative N-linked glycosylation sites
implying that there is potentialy differential glycosylation across the PAR family
(Compton, 2003). Interestingly, each of the four PAR family members has one putative
N-linked glycosylation site in their N-terminus, which is close to the putative
cleavage/activation site. Placing a negatively charged oligosaccharide chain in this
region of the receptor may be critical for proteinase recognition and receptor signaling.
Indeed, this has been shown to be true for PAR, (Compton et al., 2002b). Previous
pharmacological studies found that activation of hPAR; by mast cell tryptase can be
regulated by receptor N-terminal glycosylation (Compton et al., 2002b). Compton et al.
showed that tryptase activation of PAR; could be unmasked in cells that were initially
unresponsive cells by: 1) pretreating the cells with the sialidase, neuraminidase, 2)
pretreating the cells with tunicamycin, and 3) expressing a mutant PAR, receptor

(hPAR2N30A) devoid of the N-terminal N-linked glycosylation site (Compton et al.,
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2001; Compton et al., 2002b). These results pointed to arole for N-linked glycosylation
on the receptor N-terminus, but more specifically, siaylation, in regulating tryptase
activation of PAR, (Compton et al., 2002b).

However the role of N-linked glycosylation in regulating PAR; and PAR, cell surface
expression and function has not yet been determined. One previous study reported that
pharmacological inhibition of glycosylation caused a marked reduction in PAR; cell
surface expression in human T-lymphoblastoid cells (Vouret-Craviari et al., 1995). The
specific glycosylation sites, which mediate this function, are unknown and the
importance of these sites in regulating proteinase signalling and cell surface expression
remain unknown. Therefore, a systematic study is required to explore the role of each
glycosylation site in regulating hPAR; and hPAR, cell surface expression and receptor

function.
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1.5HYPOTHESISOF THISPROJECT

The major hypothesis of this study is that “ N-linked glycosylation and sialylation may

regulate hPAR; and hPAR, cell surface expression and signalling.”

1.6 AIMS

In order to test this hypothesis the specific ams of this study were to determine:

1) Therole of N-linked glycosylation and sialylation in regulating hPAR; cell

surface expression and signalling.

2) Whether N-linked glycosylation regul ates proteinase disarming of hPAR;.

3) Therole of N-linked glycosylation and sidylation in regulating hPAR, cell

surface expression and signalling.



2. MATERIALSAND GENERAL METHODS

The methods described in this chapter are those which are common to all chapters.
Techniques which were specific to an individual chapter are described in full in the

methods section of that particular chapter.

21 MATERIALSAND REAGENTS

Dulbecco’'s modified Eagle's medium (DMEM), sodium pyruvate, antibiotic-
antimycotic (penicillin G sodium, streptomycin sulfate, and amphotericin B), heat
inactivated foetal calf serum (FCS), trypsin EDTA, enzyme-free cell dissociation buffer,
geneticin (G418), Opti-MEM media and Lipofectamine 2000, dNTPs and Oligo(dT)12.18
primer, Accuprime DNA polymerase were al purchased from Invitrogen (Life
Technologies Inc. Paisey, UK). Primers were designed “in-house’ and purchased from
MWG-biotech (Ebersberg, Germany) and Sigma-Genosys (Pampisford, Cambridgeshire,
UK). PCR purification kits, Gel extraction kits, RNeasy RNA isolation kits, Omniscript
RT-PCR kits, and plasmid isolation kits were all bought from Qiagen (Crawley, West
Sussex, UK). Tag DNA polymerase was obtained from New England Biolabs (Hitchin,
Herfordshire, UK). XL 1-Blue supercompetent cells and the QuikChange® site-directed
mutagenesis kit were purchased from Stratagene® Europe (Amsterdam, NL). The rapid
DNA ligation kit was bought from Roche (Lewes, East Sussex, UK). All restriction
enzymes were purchased from New England Biolabs (Hitchin, Hertfordshire, UK).
Fluo-3 acetoxymethyl ester was purchased from Cambridge Biolabs (Cambridge, UK).
All PAR-APs were synthesized by the Peptide Synthesis Facility, University of Calgary,
Alberta, Canada or purchased from Peptides International (Kentucky, USA). Enhanced
yellow florescent protein (eY FP) was obtained from BD Biosciences (Alto, USA). The

murine anti-HA.11 monoclonal antibody was obtained from Covance, UK. The
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ProFound HA.11 immunoprecipitation Kit, Restore™ Western Blot Stripping Buffer,
M-Per mammalian protein extraction reagent were purchased from PIERCE (PIERCE,
Cheshire, UK). The enhanced chemiluminescence (ECL) western blotting detection
reagents and analysis system and anti-murine horseradish peroxidase conjugated
secondary antibody were obtained from Amersham Biosciences, Buckinghamshire, UK.
The polyvinylidene fluoride (PVDF) transfer membrane was bought from Amersham
Pharmacia Biotech. AF1 regent was purchased from CITIFLUOR (CITIFLUOR,
London, UK).

All other chemicals and reagents were purchased from Sigma-Aldrich (Poole, Dorset,

UK) unless otherwise stated.

2.2PCR

2.2.1 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) amplification and the detection of target genes were
performed by using 1 pl of sample cDNA and the specific oligonucleotide primers.
Water blanks were included in al assays to ensure that there was no genomic DNA
contamination in the reagents. Each PCR was carried out in atotal volume of 50 ul and
consisted of 2 ug of sample cDNA, 5 pl of 10x PCR running buffer, 0.2 mM dNTPs, 1
U of Tag polymerase, 20 pmol forward primers and 20 pmol reverse primers, and
DEPC water. The PCR reactions were cycled on a Primus96 thermocycler (MWG
biotech) (Table 2.1). The PCR samples were analysed by electrophoretic separation on a
1.3% agarose gel at 160 V for 30 min and visualised by ethidium bromide under

ultraviolet light.
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Process Temperature Time Number of Cycles
Initial denaturation 95°C 2min 1lcycle
DNA denaturation 94°C 30 sec
Primer annealingto DNA | 50°C-60°C 30 sec

25-35 cycles
Template extension 72°C 60-90 sec
Final extension 72°C 10 min 1cycle

Table 2.1 Cycle conditionsfor PCR reaction.

2.2.2 Site-directed mutagenesis

Site-directed mutagenesis to create the glycosylation-defective cDNA constructs was
performed by using a QuikChange™ site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. Briefly, a pair of complementary primers
with 25-45 bases long was designed for each mutagenesis, and the mutation to change
asparagine to glutamine was placed in the middle of the primers. The primer aso had a
minimum GC content of 40% and started and finished with a G or a C. The reaction was
amplified using Pfu DNA polymerase (2.5 U/ ul) and parental cDNA with these primers
for 16 cyclesin a DNA thermal cycler (Techne-Techgene FTGENE2D), and run as per
the stragene Quick Change site-directed mutagenesis kit instructions (Table 2.2, 2.3). In
order to remove the parental cDNA, 1 ul of Dpnl restriction enzyme (10 U/ul) was
applied to each sample. The samples were then incubated at 37°C for 1 h before the

bacterial transformation.
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Reagent Volume
10X reaction buffer 50ul
dNTPs mix 1.0ul

oligonucleotide primer # 1
oligonucleotide primer # 2
Pfu Turbo DNA polymer ase
cDNA template

DEPC H,0O

1.0 pl (125 ng)
1.0 ul (125 ng)
1.0l (25 V)
1.0 pl (50 ng)

40 pl

Table2.2 Thereagentsused for site-directed mutagenesis PCR.

Segment Cycles Temperature | Time
1 1 95°C 30 sec
2 16 95°C 30 sec
55°C 1min
68°C 2 min/kb of plasmid length

Table 2.3 Thecycling parametersfor site-directed mutagenesis PCR.

2.3 Ligation

After being generated by PCR amplification, the cDNA was then subcloned into the
expressing vector by using the rapid ligation kit. The generation of the construct was
confirmed by DNA sequencing anaysis (MWG). Briefly, the ligation reaction
contained 10 pl of 2 x ligation buffer, 1 pl of linearised vector (with the engineered
restriction sites cleaved), 6 il of cDNA (with the engineered restriction sites cleaved), 1
pl of DNA ligase and 2 ul of DEPC water to make afinal volume of 20 ul. The reaction

was incubated at RT for 5 min. For the negative control, an identical reaction was set up

with the of DEPC water in place of the cDNA.
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2.4 Bacterial transfor mation

The bacterial transformations were carried out as per standard transformation protocol
provided by Promega. For each transformation, 50 ul of competent E.coli cells (XL1-
Blue) were prepared by being thawed on ice (4°C), and then added with 1.7 ul of 10%
B-Mercaptoethanol (B-ME). Cells were then gently agitated by tapping the tube every
two minutes for atotal of 10 min. 7 ul of sample vector DNA was then added to the (3-
ME treated E.coli, swirled and incubated on ice for 30 min. An extra transformation
using 30 ng of pcDNA3.1 (-) was carried out as a control. The cells were then heat
shocked at 42°C for 45 seconds before placing back onto ice for a further two minutes.
500 ul of LB broth (pre-heated to 42°C) was then added to the cells before incubation at
37°C, with shaking at 200 rpm for 60 min. Transformants were then selected via plating
250 ul of transformation reaction mixture onto LB agar plates containing ampicillin
(100 pg/ml) and incubated at 37°C overnight along with the transformation control.

Single colonies from the transformed E.coli master plate were randomly picked and
incubated with 5 ml of LB broth media containing ampicillin (100 ug/ml) in a shaking
incubator at 37°C overnight to allow the colonies to grow. The transformed E.coli

master plates were stored at 4°C.
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2.5 Isolation of plasmid from transfor med colonies

Plasmid DNA was extracted from the expanded colonies using a QIAgen Miniprep Kit
as per the manufacturer’ s instructions. In order to check if individua purified plasmids
contained the insert sequence, a restriction digest reaction was performed. The
restriction digest reaction was carried out by incubating 5 ul of the plasmid DNA, 2 ul
of 10x buffer (NEB), 2 ul of BSA (100 ug/ml), 10 ul of DEPC water, 0.5 ul of
restriction enzyme A and 0.5 ul of restriction enzyme B at a temperature appropriate for
the restriction enzymes used. Following the restriction digest each sample was run on a
1.3% agarose gel in order to identify colonies that possessed the insert. The DNA
concentration and purity were then assessed using a Genequant spectrophotometer and

an aliquot of sample was sent to MWG Biotech for insert sequencing using a T7 primer.

2.6 Preparation of expressing cell lines

2.6.1 Céll culture

Kirsten virus sarcoma transformed rat kidney epithelia cells (KNRK, American Tissue
Type Culture Collection, Bethesda, MD, U.S.A.) were cultured routinely in DMEM
complete growth medium (containing DMEM with 10% (v/v) FCS, 2 mM L-glutamine
and 1% penicillin/streptomycin, 100 uM sodium pyruvate). The CHO fibroblast cell
lines, Pro5 and Lec2 (American Tissue Type Culture Collection, Bethesda, MD, U.S.A)
were grown in a-MEM complete growth medium (containing o-MEM with 10% (v/v)
FCS, 2 mM L-glutamine and 1% penicillin/streptomycin, 100 uM sodium pyruvate).
All cell lines were incubated at 37°C in a humidified atmosphere containing 5% CO,
and 95% air. The cultures were supplemented approximately every 48 h with fresh

growth medium.
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2.6.2 Céell harvesting

To detach the cells from the flask, al media was aspirated from the flask and the cells
were washed in 5 ml PBS. 5 ml cell dissociation buffer (non-enzymatic) was applied to
the flask and incubated at 37°C for 3 min until the cells were detached. A light
microscope was used to inspect for complete cell detachment. Fresh medium (5 ml) was
added as soon as the cells had detached. The cell suspension was collected and
centrifuged for approximately 5 min at 3000 g in a sterilized tube. The supernatant was

discarded before the cell pellet was resuspended in 5 ml of fresh complete medium.

2.6.3 Transfection

Heterologous expression of receptor was carried out by using the LipofectAMINE®
method, according to the manufacturer's protocol (Invitrogen).

Firstly, cells in 65 mm Petri dishes were grown to 50-70% confluence. Then 4 ml of
Opti-Mem medium was applied to the cells after the normal growth medium had been
removed. Secondly, two Falcon 5 ml polystyrene round bottom tubes (labelled ‘1" and
‘2") were prepared, and 1ml of Opti-Mem medium was added into each tube. 5 ug
receptor expression vector was added into tube 1, and 20 pl lipofectAMINE was added
into tube 2. After incubation in RT for 15 min, the contents of tube 2 were poured
directly into the tube 1. The mixture was then vortexed for 4 sec and incubated for 15
min in RT. Finadly, the mixture was applied to the cells after the 4 ml Opti-Mem
medium had been discarded. Following 24 h incubation, the mixture medium was
removed and 5 ml fresh complete growth medium was added. The cells were then
incubated for a further 24 h before being grown in selection medium (G418 0.6 mg/ml,

containing fresh complete growth medium) for 2 weeks.
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2.6.4 Single cell cloning

In order to obtain a cell line with optimum receptor expression, a single cell cloning
procedure was carried out. Briefly, the transfected cells were counted using a
haemocytometer and then diluted into 5 cells per ml in the selection medium, and then
200 pl of this diluted suspension was plated into each well of a 96 well plate. Once
colonies of cells became visible in the wells (normally after 2 weeks), only the cells that
contained one visible colony were selected and transferred to 25 cm? flasks containing
5 ml of selection medium. These cells were left growing to reach confluence before
intracellular calcium signalling (See Method: 2.7) measurements and FACS (See
Method: 2.8) were performed in order to identify cells expressing functiona receptor.
Once a clone had been identified, this clone was taken through a second and third round
of single cell cloning to ensure that the fina set of clones were derived from a single

cell.

2.6.5 Storage of frozen cell lines

The clone showing the highest level of receptor cell surface expression above control
was selected as the expressing clone for all future analysis and passaged up into larger
flasks before being frozen down in FCS with 10% DMSO in liquid nitrogen creating

cell stocks.

2.7 Intracdlular calcium mobilisation assay

Cacium signaling was performed using methods based on those by Compton et al
(Compton et al., 2000a). Cells at desired confluence were washed and harvested with
PBS (without calcium or magnesium). Cells were pelleted and resuspended in 1 ml of

normal culture medium containing 0.25 mM sulphinpyrazone and 25 ug of Fluo-3 AM
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in DMF (N,N-Dimethylformamide). The cells were then incubated at room temperature
for 25 min whilst gently shaking, to alow the fluorescent probe to be taken up by the
cells. The cells were then washed by centrifugation to remove excess Fluo-3 AM and
resuspended in calcium assay buffer (CAB) (20 mM HEPES, 150 mM NaCl, 3 mM KClI,
10 mM Glucose, 250 uM Sulphinpyrazone, 280 mM calcium chloride, pH 7.4). The cell
suspension was then aliquoted in 100 pl amounts into Ca®* assay cuvettes prepared
containing a magnetic flea and 940 pul of CAB. Increasesin intracellular calcium levels
were measured at room temperature using a fluorospectrometer (Photon Technology
International). The fluorospectrometer was set to emit an excitation wavelength of 480
nm and record light emitted with a wavelength of 530 nm. Each cuvette contained 2 ml
of suspended cells in CAB and a small magnetic flea to keep the cells suspended and
mix any reagents added. Concentration-effect curves were constructed for each test
agonist by adding increasing concentrations of the agonist to separate cell-containing
cuvettes in half log increments. The increase in fluorescence measured at 530 nm was
expressed as a percentage of the maximum fluorescence signal after the addition of 2

uM calcium ionophore (A23187).

2.8 Flow cytometry analysis

Harvested cells from T25 flasks were resuspended in 300 ul of ice-cold PBS (1x).
Primary antibody (e.g. ATAP-2 antibody [1 in 1000=1 pg/mi] for PAR;) was then
added, and the samples incubated on ice for 60 min with gentle swirling at 15 min
intervals. 1 ml of ice-cold PBS (1x) was then added to each sample before
centrifugation at 3000 g for 5 min at 4°C. The supernatant was then disposed of, and
cell pellets were resuspended in 300 ul of ice-cold PBS (1x). Secondary antibody (e.g.

fluorescein isothiocyanate (FITC) labelled goat anti-mouse IgG [1 in 100=0.1 pg/mi])
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was applied to each sample and then incubated on ice for 45 min, swirling at 15 min
intervals. Following a final wash in ice cold PBS, cells were resuspended in 300 ul of
PBS and analysed on a Beckton Dickinson flow cytometer. Untransfected KNRK parent

cellsand pcDNA3.1 expressing KNRK cells (EV) were employed as a control.

2.9 Confocal microscopy analysis

Cells were plated onto a 65 mm diameter Petri dish containing coverslips and grown in
geneticin selection medium to reach the desired confluence. The cells were rinsed twice
with PBS, fixed for 15 min at RT with freshly prepared 3% formaldehyde in PBS, and
washed twice with PBS again. The cells were then permeabilized with PBS containing
0.2% triton X-100 for 10 min at RT, and washed again. For the staining of nuclear DNA,
Propidium lodide Solution (1:3000) was applied to the cells for 1 min. Finaly, the
coverslips were washed with PBS and mounted in a drop of anti-fade AF1 reagent and
fixed to dides. The cells were visualised by a Nikon Eclipse (TE2000-E) microscope

with a BioRad Radiance 2100 scanning system and lasers.

2.10 Whole cell extracts and immunoprecipitation

Cells were seeded into 25 cm? culture flasks and allowed to reach over 90% confluence.
Cells were then harvested, pelleted by centrifugation at 2,500 x g for 5 min and lysed by
adding 500 pl M-PER Reagent before shaking the mixture gently at RT for 10 min. Cell
debris was removed by centrifugation at 13200 g for 20 min at 4 °C.

HA1l1 tagged PARs were immunoprecipitated using a ProFound HA1l

immunoprecipitation kit as per the manufacturer’s protocol.



2.11 Western blot analysis

Proteins were separated in 10% SDS polyacrylamide gels (Table 2.4), and the gel was
run in a vertical gel electrophoresis unit in electrode buffer consisting of 29 mM tris
base, 192 mM glycine and 0.1% (w/v) SDS. Enough electrode buffer was poured into
the central buffer well so that the buffer was levelled with the top of the gels, and the
remaining buffer was poured into the outer buffer dam ensuring that the bottom of the
gels were submerged in buffer. Precision Plus Protein™ Dual color standards (BIO-
RAD) were used as size markers on the gels. Electrophoresis was carried out at 40 mA

for approximately 3 h at RT, or until the blue dye had run to the bottom of the gel.

Stacking Gel 10% SDS polyacrylamide gel
5.5% Acrylamide 10% Acrylamide
12.6% Stacking gel buffer 0.5 M trisHCI | 25% Resolving gel buffer 1.5 M tris HCI
pH 6.8 pH 8.8
0.1% SDS 0.1% SDS
0.06% Amonia persul phate 0.05% Amonia persul phate
0.14% TEMED 0.05% TEMED
Deionised water Deionised water

Table 2.4 Chemicals used for preparation of the SDS polyacrylamide gel.

The proteins on the gel were electrotransferred to a polyvinylidene fluoride (PVDF)
transfer membrane (Amersham Pharmacia Biotech) by using an electro transfer module
in a Scie-Plus modular electrophoresis system. Briefly, the gel was placed on the top of
a membrane, sandwiched in a cassette. Cassettes were placed in a BioRad Transblot
cell containing western transfer buffer (29 mM Tris, 192 mM glycine, 20% methanol).
Transfer of the proteins to the hybridization membrane was carried out at 40 mA for one
and half hours at RT. Membranes were then incubated with 4% non-fat powdered milk
in PBS containing 0.1% Tween-20 for 1 h a RT to block the non-specific binding.

Membranes were washed briefly in PBS/0.1% Tween-20, and then incubated with the
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primary antibody (in PBS/0.1% Tween-20 containing 2% non-fat milk) at 4°C
overnight. Following 4 washes with PBS/0.1% Tween-20 for 15 min, membranes were
incubated with peroxidase-conjugated anti-mouse secondary antibody (1:4000) diluted
in 2% non-fat powdered milk (in PBS/0.1% Tween-20) for 1 h a RT. Membranes were
then washed for 1 h with 4 changes of wash buffer (PBS/0.1%Tween-20).

Developing was achieved by using an enhanced chemiluminescence solution (ECL
western blotting detection reagents and anaysis system, Amersham Biosciences)
according to manufacturer’s instructions. Briefly, ECL reagents A and B mixture were
applied to the protein binding surface and incubated at RT for 1 min. Excess reagent
was then removed and the membrane photographed using a UV P Laboratory Products
Epichem Il Darkroom setup to measure chemiluminescence. Bands were visualized
using Lab Works Image Acquisition & Analysis software. Pictures were taken every 5

min for 20 min, and the picture depicting bands most clearly was chosen.

2.12 Calculations and statistical analysis

Calculations were carried out using Microsoft Excel, and graphs were produced using
Prism Graphpad Version 4. Statistical tests were carried out depending on the specifics
of the datasets to be compared. When a comparison of two cell lines subjected to the
same treatment were compared, and a paired student’s t test was adopted. When
comparison of a group of cell lines subjected to the same treatment was performed the
one-way ANOVA (Tukey's Multiple Comparison Test) was applied where significant
differences were indicated. In order to assess the changes over a period of time using a
specific treatment or to assess a change over a concentration range between two

different cell lines two-way ANOV A tables were adopted.
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3.1 Introduction

hPAR; contains a total of five predicted sites for N-linked glycosylation, three sequons
are located on the receptor N-terminus (N*A¥T¥ | N®E®s* and N"K"°S"™) and two
are located within extracellular loop 2 (ECL2; N**1®T% and N*E*°T%%Y) (Figure
3.1.1) (Compton, 2003). Two previous studies have shown by western blot analysis that
the MW of hPAR;, expressed in HEK 293 or COS cells, ranges from approximately 34—
100 kDa (Vouret-Craviari et al., 1995; Kuliopulos et al., 1999). Furthermore,
deglycosylation of hPAR; with N-glycosidase F (PNGaseF) decreased the molecular
mass of hPAR; to approximately 36-43 kDa, which is similar to the predicted MW of
hPAR; calculated on the basis of the amino acid sequence alone (Vouret-Craviari et al.,
1995). These findings are in agreement with Kuliopulos et al. who observed that hPAR;
expressed in yeast (glycosylation of proteins does not occur in yeast) migrates as a
protein with a molecular mass comparable to that of N-glycosidase-F-treated PAR;
expressed in mammalian cells (Kuliopulos et al., 1999). These results indicate that the
additional mass of the mature receptor may be due to glycosylation and that most, if not
all, of the glycosylation is N-linked.

Interestingly, there appears to be cell-type specific N-linked glycosylation of PAR;, as
PAR; expressed in platel ets migrates as a homogenous species with an apparent MW of
75 kDa, in contrast with PAR; expressed in HEL and COS cells, where the receptor is
heterogeneously glycosylated, resulting in receptor species ranging in apparent MW
from 34-100 kDa (Kuliopulos et al., 1999). In addition Bolton et al. also reported that
hPAR; expressed in human eosinophils migrates at approximately 80kDa (Bolton et al.,

2003). In contrast, Brass and colleagues found that PAR; expressed in platelets, HEL

67



cells, CHRF-288 cells, and HUVECS migrated as a single species with an apparent MW
of 66 kDa (Brass et al., 1992).

Importantly, a preliminary report has demonstrated that tunicamycin dramatically
reduces the cell surface expression of hPAR; in T lymphoblastoid cells (Tordai et al.,
1995). Thus, glycosylation may play an important role in the cell surface expression of
PAR;1, athough this has not been proved directly. In addition, one of the early
functiona studies demonstrated that thrombin activation and plasmin inactivation of
hPAR; are little affected by receptor glycosylation (Kuliopulos et al., 1999).
Nevertheless, a detailed molecular study investigating the role of glycosylation in
regulating receptor expression and signalling has yet to be performed. Therefore, this
chapter explores the role of glycosylation and sialylation in regulating hPAR; cell

surface expression and receptor signalling.
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Figure 3.1.1 Representative model of hPAR; displaying the potential N-linked
glycosylation sequons. hPAR; contains five potential N-linked glycosylation sequons.
Three sequons are located on the receptor N-terminus (N*A%®T3 N®E®s™ N™K °5™)
and two are located within extracellular loop 2 (ECL2; N#|724 N®EZ0T26h) | Of
the sequons a the N-terminus, one (N*A®*T3) is located N-termina of the
cleavage/activation site (R*/S™FLLR) and the remaining two (N®E®S*, N™K°s™)
are located downstream of the cleavage/activation site. The disulphide bridge is shown
by the two cysteines (C-C). Amino acid numbering is for hPAR;. [Adapted from
(Compton, 2003)]
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3.2 Materialsand M ethods

3.2.1 Materials

Wt-hPAR; (POMC-M1-hPAR;-HA.11 in pcDNA3.1) and the hPAR;-eYFF cDNA
(Appendix D) were supplied by Dr. S. J. Compton. Anti-PAR; ATAP-2 monoclonal
antibody was purchased from Zymed Laboratories Inc. (San Francisco, USA). M2

antibody was bought from Sigma-Aldrich (Poole, Dorset, UK)

3.22 Generation of Glycosylation-deficient hPAR/hPAR.eYFP

Constructs and Permanently Expressing Cell Lines

Initially the hPAR;-eY FP cDNA was digested and ligated into pcDNA3.1. Briefly, the
restriction digest reaction was carried out by incubating 15 ul of hPAR;-eY FP cDNA, 2
ul of 10xbuffer (2), 2 ul of BSA (100 pg/ml), 0.5 wl of Xhol (2000 U/ul) and 0.5 pl of
BamHI (2000 U/ul) at 37°C overnight. After gel purification, the Xhol-hPAR;-HA.11-
eYFP-BamHI cDNA was ligated between the Xhol and the BamHI site of the
pcDNA3.1 vector to generate the wt-hPAR;E (POMC-M1-hPAR;-HA.11-eYFP in
pcDNA3.1). E.Cali are transformed by the delivery of the ligation DNA sample,
subsequently amplified, screened and purified as described in chapter 2 sections 2.4 and
2.5.

The oligonucleotides listed in Table 3.2.1 were designed to replace the asparagine (N)

residues a positions Asn®, Asn®?, Asn”, Asn®®, and Asn®®

with glutamine (Q)
residues. All site-directed mutants listed in Table 3.2.3 were generated using the
QuickChange® site-directed mutagenesis kit which was carried out as described in

chapter 2 section 2.2.2. Single-site mutants were first constructed (Table 3.2.3). In order

to elucidate the cumulative effects of a lack of glycosylation at multiple sites, four
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receptors with multiple glycosylation mutations (N62QN75Q, N35QN620QN75Q,
N250QN259Q, and N35-259Q) were constructed. The N62QN75Q mutant cDNA was
generated using two rounds of site-directed mutagenesis PCR: the first with N75Q
mutagenic primers, the second with N62Q mutagenic primers. N250QN259Q cDNA
contruct was also generated by two rounds of site-directed mutagenesis PCR: the first
with N250Q mutagenic primers and the second with N259Q mutagenic primers.
N350QN62QN75Q cDNA construct was generated by employing a third round of site-
directed mutagenesis PCR on the N62QN75Q cDNA construct using the N35Q
mutagenic primers. N35-259Q cDNA construct was generated on N35QN62QN75Q
cDNA by employing another two rounds of site-directed mutagenesis PCR: the first
with N250Q mutagenic primers, the second with N259Q mutagenic primers. The same
principle was also applied to al the hPAR.eYFP (hPAR.E) glycosylation-deficient
mutants listed in Table 3.2.3 except for the hPAR;N35-259QeYFP (N35-259QE)
mutant.

N35-2590QhPAR;-HA.11-eY FP cDNA was constructed by attaching eY FP to the end of
N35-2590QhPAR;-HA.11 using overlapping PCR as described in chapter 2 section 2.2.1.
The primers used in the PCR reactions are listed in Table 3.2.2. Briefly, the N35-
2590QhPAR;-HA.11 segment was generated from N35-259QhPAR;-HA.11 in
pcDNA3.1 using the T7 forward primer and the HA.11 reverse primer by PCR, which
amplified through 17 cycles of denaturation at 95°C for 15 sec, annealing at 50°C for 30
sec, and extension for 1 min and 30 sec at 68°C. HA.11-eYFP was amplified from
PEY FP vector (Clontech) using a HA.11-eYFP forward primer and a BamHI-eY FP
reverse primer. Finaly, HA.11-eY FP was fused to the end of hPAR;N35-259Q-HA.11
to generate N35-259QhPAR;-HA.11-eYFP cDNA using T7 forward primer and

BamHI-eY FP reverse primer by overlapping PCR. The conditions for the overlapping

71



PCR were as follows: 15 sec at 95°C, 30 sec at 50°C, and 2 min 30 sec at 68°C for 17
cycles. A restriction digest reaction was performed to N35-2590QhPAR;-HA.11-eY FP
cDNA in order to ligate it into pcDNA3.1. Briefly, the restriction digest reaction was
carried out by incubating 15 pul of N35-2590QhPAR;-HA.11-eY FP PCR sample, 2 pl of
10xbuffer (2), 2 ul of BSA (100 pug/ml), 0.5 pl of Xhol (2000 U/ul) and 0.5 pl of
BamHI (2000 U/ul) at 37°C overnight. After gel purification, the digested construct was
ligated between the Xhol and the BamHI site of the pcDNAS3.1 vector. The N35-
2590QhPAR;-HA.11-eYFP in pcDNA3.1 was subsequently amplified and purified as
described in chapter 2 sections 2.4, 2.5, and then sequenced by MWG to confirm the
engineered mutations.

All the permanently expressing wild-type and mutant PAR,/PAR:eY FP receptor cell
lines were generated and cultured as described in chapter 2 section 2.6. The clones
showing the highest level of expression were selected by 1) calcium signalling assay
using PAR;-AP TFLLR-NH; (100 uM) as agonist and 2) FACS analysis using anti-
PAR; ATAP-2 monaoclonal antibody. KNRK cells at 90%-100% confluence and CHO

cells at 40% confluence were used for al of the following experiments.
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Primer Sequences

N35Q 5 GGG ATCTAAGGT GGCTTGTGT TGCTTTTGATTC 3
5 GAA TCA AAA GCA ACA CAA GCCACCTTA GAT CccC 3
N62Q 5 GT TAACCCACTTTCTIGTTTCTCCTCATCC 3
5 G GAT GAG GAG AAA CAA GAA AGT GGG TTA AC 3

N75Q GAGGACT GCT TTT ITG GAT GGA GACTAA ATC
GA TTA GTCTCCATC CAA AAA AGCAGT CCT C

5 3
5 3
N250Q 5 CA GGT AGT GAT ITTG GAG CCC GGG CAC 3
5 3
5 3

GTG CCC GGG CTCCAA ATCACT ACCTG
GAG CAGGGT TTCTTG GAG CACATCATG
5 CAT GAT GTGCTC CAA GAAACCCTGCTC 3

N259Q

Table 3.2.1 The oligonucleotides used in the site-directed mutagenesis for the

generation of the hPAR; glycosylation-deficient mutants.

Primer Sequences
T7 5 TAATACGACTCA CTATAGGG 3

forward

HA.11 5 GGC ATA ATC GGG AACATCATA GGG 3
Reverse

HA.11-

eYFP 5 CCCTAT GAT GTT CCC GAT TAT GCCATG GTGAGC AAG GGC 3
forward
BamHI -

eYFP 5 GGG CCCGGA TCCTTACTT GTA CAGCTCGTCCAT 3
reverse

Table3.2.2 Primersused in PCR for generation of hPAR1(N35-259Q)eY FP cDNA.
hPAR;(N35-259Q)eY FP: Xhol-POM C-M 1-hPAR;N35QN62QN75QN250QN259Q-
HA.11-eY FP-BamHI.
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hPAR; mutant KNRK cell line Consensus sequence(s) disrupted
hPAR;(N35Q) Asn-35

hPAR;(N62Q) Asn-62

hPAR;(N75Q) Asn-75

hPAR;(N250Q) Asn-250

hPAR;(N259Q) Asn-259

hPAR;(N62QN75Q) Asn-62 and Asn-75

hPAR;(N35QN62QN75Q) Asn-35, Asn-62 and Asn-75
hPAR;(N250QN259Q) Asn-250 and Asn-259

hPAR;(N35-259Q) Asn-35, Asn-62, Asn-75, Asn-250 and Asn-259
hPAR;(N62Q)eYFP Asn-62

hPAR;(N62QN75Q)eY FP Asn-62 and Asn-75
hPAR;(N35QN62QN75Q)eY FP Asn-35, Asn-62 and Asn-75
hPAR;(N250QN259Q)eY FP Asn-250 and Asn-259

hPAR;(N35-259Q)eY FP Asn-35, Asn-62, Asn-75, Asn-250 and Asn-259

Table 3.2.3 Table showing the PAR:/PAR:eYFP glycosylation-deficient mutant
KNRK cells generated for this study. The mutants were named with an N followed by
anumber relating to the relative position of the potential glycosylation siteand a Q.
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3.2.3 Flow Cytometry Analysis
Flow cytometry analysis (FACS) was performed as described in chapter 2 section 2.8 in

order to compare the differences in cell surface expression between wild type and
glycosylation-deficient mutant hPAR; cell lines. The anti-PAR; ATAP-2 monoclona
antibody [1 pg/ml] was used as the primary antibody. FITC labelled goat anti-mouse
1gG [0.1 pg/ml] was applied as the secondary antibody. The data was expressed as the
median fluorescence of positive minus the median fluorescence of the EV (pcDNA3.1
transfected KNRK) cells.

To ensure any functional differences in responses detected between wt-hPAR; and
glycosylation-deficient mutant hPAR; cell lines were due to the glycosylation mutation,
FACS analysis for matching cell surface expression between glycosylation-deficient
mutant hPAR; and wt-hPAR; in different time point (day 1, day2, day 3, day 4, day 5,
day6) was performed. The following protocol was carried out using KNRK cells stably
expressing wt-hPAR; and hPAR; glycosylation-deficient mutant receptors. Control EV
cells at ~90% confluence in a T75 were aso used to establish baseline. Briefly, each
cell line was grown in a T75 flask until ~100% confluent. The wt-hPAR; cells were
split equally into 5 T75 flasks, and hPAR; glycosylation-deficient mutant cells were
split equally into 3 T75 flasks. FACS analysis was subsequently carried out as described

above.

3.2.4 Confocal Microscopy Analysis

For the wt-hPAR;eY FP and mutant cell lines, the light emitted by the eY FP (530 nm)
fused to the receptor was used to assess receptor expression. Confocal microscopy

analysis was performed as described in chapter 2 section 2.9.
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3.2.5 Western Blot Analysis

3.2.5.1 Crude Membrane Preparation

Cells were seeded into 175 cm? flasks and grown until over 90% confluent. The cells
were washed with ice-cold PBS and then incubated for 30 sec in ice-cold deionised
water before 8 ml of ice-cold membrane buffer (tris base 5 mM, EDTA 0.5 mM,
leupeptin 1 pg/ml, soybean trypsin inhibitor (ST1) 1 pg/ml and orthovanadate 1 mM,
pH 7.5) was applied to the cells. The swollen cells were harvested using a cell scraper
and transferred to a 15 ml pre-chilled centrifuge tube before incubation on ice for 30
min with vortexing every 10 min. The cell suspension was then centrifuged at 500 g for
10 min at 4°C. The supernatant was transferred to 1.5 ml centrifuged tubes and the
pellet containing the nuclear fraction was discarded. The supernatant was centrifuged at
13,200 g for 45 min a 4°C. The supernatant was discarded and the pellet was
resuspended in 100 pl of membrane buffer. Crude membrane preparations were stored

at -80°C until required.

3.2.5.2 Generation of Whole Cell Lysates with Laemmli’s Sample Buffer

Cells were seeded into 25 cm? culture flasks and allowed to reach over 90% confluence.
Cells were then harvested, pelleted by centrifugation at 2,500 g for 5 min and lysed by
adding 500 pl Laemmli’s sample buffer [2% SDS, 10% glycerol, 50mM Tris-HCI (pH
6.8), 5 mM EDTA, 0.008% bromophenol blue, 0.5% B-Mercaptotheanol]. The cell
lysates were then transferred into 1.5 ml Eppendorf tubes and centrifuged at 13,200 g
for 10 min at 4°C. The supernatants were then recovered and samples were boiled for 5

min before being resolved on a 10% SDS gel.
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3.2.5.3 Immunopr ecipitation
Immunoprecipitation of wt-hPAR; and wt-hPAR;eYFP from KNRK, Pro5 and Lec2
cells and glycosylation-deficient mutants of hPAR; from KNRK cells via the HA.11

epitope tag was carried out as described in chapter 2 section 2.10.

3.2.5.4 Western Blot Analysis

Protein samples were separated on a 10% SDS/PAGE gel before transferring to Hybond
C PVDF membrane. The membrane was incubated primarily with the murine anti-
HA.11 monoclona antibody [1 ug/ml] in PBS (0.1% Tween-20), 2% non-fat milk at
4°C overnight. The membrane was then incubated with goat anti-mouse HRP [0.25
ug/ml] in PBS (0.1% Tween-20), 2% non-fat milk for 60 min at RT before analysis by
using the ECL detection system. Blots were then stripped at RT for 20 min in Western
Blot Stripping Buffer (PIERCE), and then incubated with the anti-eY FP antibody [0.5
ug/ml] in PBS (0.1% Tween-20), 2% non-fat milk at 4°C overnight. Preliminary
experiments confirmed that the stripping agent had removed the magjority of the primary
and secondary antibody (data not shown). After incubating with goat anti-mouse HRP
[0.25 ug/ml] in PBS (0.1% Tween-20), 2% non-fat milk for 60 min at RT, and the
receptor was visualized by using the ECL detection system as described in chapter 2

section 2.11.

3.2.5.5 Optimisation
A secondary antibody titration was performed in order to maximise protein visualisation
and eliminate non-specific antibody binding. In addition, primary antibodies (i) anti-

HA.11 monoclonal antibody (1:500, 1:1000, 1:2000, and 1:4000), (ii) eYFP antibody
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(1:2000), (iii) ATAP-2 antibody (1:1000), and (iiii) M2 antibody (1:1000) were applied

in order to produce the best visualisation.

3.2.6 Calcium Signalling Assay

Calcium signalling studies were performed based on the methods described in chapter 2

section 2.7. Briefly, cells were loaded with the calcium binding probe Fluo-3 and

increases in intracellular calcium were detected using a fluorospectrometer with an

excitation wavelength of 480 nm and a detector set to measure at a wavelength of 530

nm. Concentration-effect curves were constructed for TFLLR-NH,, thrombin and

trypsin by adding increasing concentrations of the agonist to separate cell containing

cuvettesin half log increments.

Example pattern:
1 Ca”" ionophore (A23187)
2 Agonist
3 Agonist
4 Agonist
5 Agonist
6 Agonist
7 Agonist
8  C&* ionophore (A23187)
9 Agonist
10  Agonist
11  Agonist
12 Agonist
13  Agonist

78

2uM
300 xM
100 xM
30 xM
10 xM
3 xM
1xM
2uM
1xM
3xM
10 xM
30 xM

100 xM



14  Agonist 300 xM

15  Ca*" ionophore (A23187) 2 uM
“X” is either nanomolar, micromolar or millimolar.
Responses were calculated for each cuvette by subtracting the baseline fluorescence for
the cuvette (prior to agonist addition) from the cuvettes peak fluorescence (post addition
of agonist). The average for each agonist concentration was then expressed as a
percentage of the A23187 mean response (maximum obtainable response) and plotted
versus agonist concentration, using Prism Graphpad 4, to give the agonist concentration

effect curve.
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3.3 Results

3.3.1 N-linked Glycosylation Regulates hPAR; Cell Surface Expression

Cell surface expression of the wt and mutant receptor cell lines were analysed by flow
cytometry analysis and confocal microscopy. FACS analysis demonstrated that
removing any of the glycosylation sequons resulted in a significant decrease (p<0.001)
in receptor cell surface expression (Figure 3.3.1). The N35Q mutant displayed the
greatest cell surface expression [percentage relative to wt-hPAR; £ SEM: 55 + 4 %
(n=3)] compared to the other mutant cell lines. The single mutation cell line N250Q
displayed the lowest expression [percentage relative to wt-hPAR; = SEM: 10.5+ 0.7 %
(n=3) respectively] when compared to the other single mutants N35Q, N62Q, N75Q and
N259Q [percentage relative to wt-hPAR; £ SEM: 55 + 4 %; 26 + 3 %; 13 + 1.5 % and
26 + 3 % (n=3) respectively]. Mutating both glycosylation sequons on ECL2
(N2500QN259Q) resulted in near total loss of cell surface expression [percentage relative
to wt-hPAR; £ SE.M: 61 % (n=3)]. In contrast removing al glycosylation sequons on
the N-terminus (N35QN62QN75Q) still resulted in nearly 50% cell surface expression
compared to wt-hPAR; expression [percentage relative to wt-hPAR; = SEM: 44.7 £ 1 %
(n=3)]. Removing al glycosylation sequons (N35Q-259Q) resulted in a receptor that
was expressed at a similar level to the N250QN259Q mutant [percentage relative to wi-
hPAR; + SEM: 6 + 1 % (n=3)].

Confocal microscopy was performed to determine whether the loss of cell surface
expression of mutant receptors resulted in the increased retention of receptor within the
cytosol (Figure 3.3.2). Anaysis of eYFP tagged hPAR; localisation in permeabilized
cells by confocal microscopy demonstrated that all hPARZE types (wt-hPAR.eY FP and
glycosylation-deficient mutant hPAR:eY FP) with the exception of N35-259QhPAR;E

were expressed on the cell surface, however, different levels of membrane localisation
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and cytosolic retention were observed (Figure 3.3.2). There was no detectable
fluorescence (eY FP signalling) observed in EV cells (pcDNA3.1-KNRK) (Figure 3.3.2
(A)). Wt-hPAR,E displayed strong cell membrane expression with little receptor
observed in the cytoplasm (Figure 3.3.2 (B)). Removal of sequon Asn® in the receptor
N-terminus resulted in the appearance of receptor within the cytosol (Figure 3.3.2 (C)).
Removal of both sequons after the tethered ligand of PAR; resulted in alarge amount of
receptor being found in the cytosol (Figure 3.3.2 (D)). The relative intensity of the
membrane localisation appeared to be reduced significantly in  the
N250QN259QhPARE and N35-259QhPAR;E mutants when compared with wit-
hPAR,E (Compare Figure (E) & (F) with (B)). The N35-259QhPAR;E mutant showed
a dramatic lost of cell surface expression with the highest level of receptor cytosolic

retention (Figure 3.3.2 (F)).
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Figure 3.3.1 Cell-surface expression of the wt-hPAR; and glycosylation-deficient
mutant hPAR; receptor cell lines. Cells at approx 90% confluence were harvested and
incubated with the ATAP-2 antibody before incubation with an anti-mouse FITC-
conjugated antibody. Cell surface expression was assessed by FACS analysis. Results
are expressed as a percentage of the median fluorescence obtained with wt-hPAR; cells.
The bars represent mean £+ SEM of measurements for three independent experiments.
The overall comparsion showed that there were significant differences between 10
groups (p<0.0001). Tukey's Multiple Comparison Test indicated that the cell-surface
expression of al the mutant receptors were significant different from wt-hPAR;
(p<0.001).
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Figure 3.3.2 Confocal microscopy for wt-hPAR;:eYFP and glycosylation-deficient
mutants in KNRK cells. Confocal microscopy images were produced by growing
eYFP tagged PAR; expressing KNRK cels on coverdips before fixing and
permeabilising. Cells were stained with propidium iodide prior to visualising. eYFP is
visualised here in green and propidium iodide in red. |: cell surface expression, I1:
internal receptor expression. (A): EV, (B): wt-hPAR:E, (C): N35QhPARE, (D):
N62QN75QhPAR;E, (E): N250N259QhPAR;E, (F): N35-259QhPAR;E. The images

are representative for four independent experiments.
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3.3.2hPAR;isan N-linked Glycosylated Receptor

Obtaining western blot data for the hPAR; glycosylation mutants proved extremely
troublesome and a considerable amount of time was expended attempting to obtain
successful western blots, thisis discussed in detail within the discussion.

Western blot analysis of membrane preparations was performed for wild-type and
glycosylation-deficient mutant PAR;. We were unsuccessful in obtaining western blot
data for non-eYFP tagged wt-PAR; and glycosylation mutants regardless of which
method we employed to prepare the protein sample (data not shown, please refer to
discussion for detailed information), even though our positive control (PAR;) worked
well. We suspected that the HA.11 epitope tag may have been proteol ytically removed,
so we fused eY FP to the C-terminal tail of PAR;, and performed western blot analysis
on whole cell lysates (Figure 3.3.3).

Western blot analysis of whole cell lysates (Laemmli’s sample buffer) of wt-hPAR:E
and non-glycosylation N35-259QhPAR;E KNRK transfected cells was performed with
the use of the eYFP antibody or the monoclonal HA.11 antibody (Figure 3.3.3). Wit-
hPAR;E migrated as multiple bands from approx ~25 kDa up to ~220 kDa, with the
majority of the receptor being observed from ~75 kDato ~220 kDa. A number of minor
bands that may represent either eYFP protein or proteolytic degradation products of
hPAR; were routinely observed in the 25-37 kDa range. There was only one band at
~31 kDa observed for the non-glycosylated mutant N35-259QhPAR;E. In EV cells, no
bands were detected, confirming the specificity of the antibody used.

Western blot anaysis of immunoprecipitated wild-type and glycosylation-deficient
mutant PAR; in KNRK via HA.11 epitope was performed in order to establish the
degree of glycosylation associated with each glycosylation sequon within the receptor
Figure 3.3.4 shows that al of the glycosylation-deficient mutant receptors displayed
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different degrees of loss in molecular mass. No bands were detected in EV transfected
KNKR cells (Figure 3.3.4 (A)). The molecular mass of N62QhPAR;E ranged from ~37
kDa to ~250 kDa, with the majority of the receptor being observed from ~75 kDa to
~220 kDa (Figure 3.3.4 C). Thisis a similar pattern to that of WT-hPAR:E (Figure 3.3.4
B). N62QN75QhPAR;E migrated from 37-120 kDa, with the mgjority of the receptor
being observed from ~75 kDato ~120 kDa (Figure 3.3.4 D). N35QN62QN75QhPAR;E
migrated with a molecular mass at 37-200 kDa, with the majority of the receptor being
observed from ~70 kDa to ~200 kDa (Figure 3.3.4 E). Only one band migrated at ~37
kDa for both N250QN259Q hPAR;:E (Figure 3.3.4 F) and N35-259QhPAR;E (Figure
3.34 G). A number of minor bands that may represent either eYFP protein or

proteol ytic degradation products of hPAR; were routinely observed around the ~37 kDa.
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Figure 3.3.3 Western blot analysis for PAR;. Wt-hPAR;E and non-glycosylated
mutant N35-2590QhPAR;E KNRK transfected cells whole cell lysates were separated by
10% SDS/PAGE, and Western blot analysis was conducted with the use of the eYFP
antibody and the monoclonal HA.11 antibody. GD indicates glycosylated dimer; GM,

glycosylated monomer. Results are representative of three separate experiments.
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Figure 3.3.4 Blot for wt-hPAR;E and glycosylation-deficient mutant hPARE.

Immunoprecipitates from KNRK cell lines expressing HA.11-tagged hPAR; ablated of
the potential N-linked glycosylation sequons were analysed by SDS/PAGE (10% gel)
and immunoblotted using HA.11 monoclonal antibody. (A): EV, (B): WT-hPAR;E, (C):
N62QhPAR.E, (D): N62QN75QhPAR.E, (E): N35QN62QN75QhPAR.E, (F):
N250N259QhPAR:E, (G): N35-259QhPAR:E. GD indicates glycosylated dimmer;
NGD, nonglycosylated dimmer; GM, glycosylated monomer; NGM, nonglycosylated or
minimally glycosylated monomer. M.M., molecular mass. Results are representative of

three separate experiments.
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3.3.3 Pharmacological Characterization of hPAR;

To investigate whether glycosylation at individual asparagine residues had a role in
hPAR; function, in terms of calcium signalling, we constructed concentration-effect
curves for the selective PAR;-AP TFLLR-NH>, thrombin and trypsin for wt-hPAR; and
the glycosylation mutant receptors. ECsg values of wt-hPAR; and mutant receptors for
the different agonists are displayed in Table 3.3.5. The greatest shift in ECsy was
observed for N62QN75QhPAR; where TFLLR-NH>, thrombin and trypsin all displayed
a greater ECs, value. Concentration effect curves for N35QhPAR; shown in Figure
3.3.6. N35Q hPAR; concentration effect curves were compared with wt-hPAR; (day 4)
since they displayed similar cell surface expression (p>0.05) (Figure 3.3.6 (A)).
TFLLR-NH, displayed negligible difference (p>0.05) in activating N35QhPAR; when
compared with wt-hPAR; (day4) and inducing calcium signalling from 3 uM to 100 uM
(Figure 3.3.6 (B)). For wt-hPAR; (day4) and N35QhPAR; thrombin stimulated a
calcium response from 0.05 nM to 5 nM. The maximal response to thrombin was higher
for wt than for N35Q (approx. 45 + 2 % of A23187 and 30 £ 1.5 % of A23187
respectively) (Figure 3.3.6 (C)). Trypsin displayed signaficant differences (p<0.05) in
activating N35QhPAR; when compared with wt-hPAR; (day4) and inducing calcium
signaling from 3 nM to 316 nM (Figure 3.3.6 (D)). For N62QhPAR; (Figure 3.3.7),
N75QhPAR; (Figure 3.3.8) and N259QhPAR; (Figure 3.3.9), no observable changes in
receptor function were observed for TFLLR-NH,, thrombin or trypsin when compared
with their matched wt-hPAR; cell line. The cell surface expression level of
N250QhPAR; mutant was below 10% compared to that of wt-hPAR1, however, there
was still a detectable calcium signa to TFLLR-NH; (100 uM) or thrombin (5 nM)

(data not shown).
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For the double mutant N62QN75QhPAR; significant differences in responsiveness to
agonists were observed (Figure 3.3.10). N62QN75QhPAR; concentration effect curves
were compared with wt-hPAR; (day 5) since they displayed similar cell surface
expression (p>0.05) (Figure 3.3.10 (A)). TFLLR-NH,, displayed a slight rightward shift
in activating N62QN75QhPAR; compared with wt-hPAR; (day 5), stimulating a
cacium signa at 3-100 uM for WT-hPAR; and 10-100 uM for N62QN75QhPAR;
respectively, but achieved the same maximum response of 42 + 1.5 % of A23187 at 100
UM in both cell lines (Figure 3.3.10 (B)). For N62QN75QhPAR; and wt-hPAR; (day 5),
thrombin induced a calcium signal from 0.05 nM to 5 nM (Figure 3.3.10 (C)). However,
the magnitude of the responses to thrombin in N62QN75QhPAR; was smaller than
those obtained for wt-hPAR; (25 £ 2.5 % of A23187 and 35 + 2 % of A23187
respectively). The ECso value for thrombin in N62QN75QhPAR; was 0.4 nM and for
wt-hPAR; (day 5) was 0.1 nM. Interestingly, the N62QN75QhPAR; displayed reduced
sensitivity towards trypsin compared to wt-hPAR; (day5), and the maximal response
achieved was only 14% of A23187 compared to 32 = 3 % of A23187 for the wt-hPAR;
(day 5) (Figure 3.3.10 (D)). In addition, the ECsy, value for trypsin in
N620QN75QhPAR; was greater than wt-hPAR; (day 5) (42 nM and 26 nM respectively).

Finally, chalenging non-glycosylated N35-259QhPAR; cells with either TFLLR-NH,
(100 pM) or thrombin (5nM) resulted in small but detectable increases in calcium
signalling, and subsequent treatment with A23187 (2 uM) resulted in a robust calcium

response (Figure 3.3.11).
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ECx
Cdl lines TFLLR-NH, | Thrombin Trypsin
(M) (nM) (nM)
WT
(day4) 17 0.14 33
N35Q 16 0.2 43
WT
(day5) 22 0.1 26
N62QN75Q 52 0.4 42
N259Q 16 0.1 90
WT
(day6) 27 0.2 39
N62Q 29 0.4 43
N75Q 31 0.2 41

Table 3.3.5 ECy values for wt and glycosylation-deficient mutant hPAR; KNRK

cellsand their respective matching wt-hPAR; agonist concentration effect curves.
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Figure 3.3.6 Cell surface expression and calcium signalling analysis of wt-hPAR;
and N35Q. (A) Comparison of wt-hPAR; (KNRK-wt-hPAR; cell line: High-WT, WT
(day 4)) and N35Q cell-surface expression. Cells at approx 90% confluence were
harvested and incubated with the ATAP2 antibody before incubation with an anti-
mouse FITC-conjugated antibody. Cell surface expression was assessed by FACS
analysis. Results are expressed as a percentage of the median fluorescence obtained
with High-wt-hPAR; cells. The bars represent mean + SEM of measurements for three
independent experiments. (B), (C), and (D) Calcium signalling assay for wt-hPAR; and
glycosylation mutant N35Q in response to thrombin, trypsin, and TFLLR-NH,. Results
are expressed as the + SEM of at least four independent experiments.
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Figure 3.3.7 Cell surface expression and calcium signalling analysis of Low-WT
(WT day 6) and N62Q. (A) Comparison of KNRK-wt-hPAR; (Low-WT, WT day 6)
and glycosylation-deficient mutant N62Q cell-surface expression. Cells at approx 90%
the ATAP2 antibody before incubation

confluence were harvested and incubated with

with an anti-mouse FITC-conjugated antibody. Cell surface expression was assessed by
FACS anaysis. Results are expressed as a percentage of the median fluorescence
obtained with High-wt-hPAR; cells. The bars represent mean + SEM of measurements
for three independent experiments. (B), (C), and (D) Cacium signalling in the Low-WT
PAR;-AP (TFLLR-NH,), thrombin and
+ SEM of at least three independent

and glycosylation mutant N62Q in response to
trypsin. Results are expressed as the means

experiments.
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Figure 3.3.8 Cell surface expression and calcium signalling analysis of Low-WT
(day 6) and N75Q. (A) Comparison of KNRK-wt-hPAR; (Low-WT, WT day 6) and
glycosylation-deficient mutant N75Q cell-surface expression. Cells at approx 90%
confluence were harvested and incubated with the ATAP-2 antibody before incubation
with an anti-mouse FITC-conjugated antibody. Cell surface expression was assessed by
FACS anaysis. Results are expressed as a percentage of the median fluorescence
obtained with High-wt-hPAR; cells. The bars represent mean £ SEM of measurements
for three independent experiments. (B), (C), and (D) Calcium signalling in the Low-WT
and glycosylation mutant N75Q in response to PAR;-AP (TFLLR-NH,), thrombin and
trypsin. Results are expressed as the mean £+ SEM of at least four independent

experiments.
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Figure 3.3.9 Cell surface expression and calcium signalling analysis of WT (day 5)
and N259Q. (A) Comparison of KNRK-wt-hPAR; (WT day 5) and glycosylation-
deficient mutant N259Q cell-surface expression. Cells at approx 90% confluence were
harvested and incubated with the ATAP2 antibody before incubation with an anti-
mouse FITC-conjugated antibody. Cell surface expression was assessed by FACS
analysis. Results are expressed as a percentage of the median fluorescence obtained
with High-wt-hPAR; cells. The bars represent mean £ SEM of measurements for three
independent experiments. (B), (C), (D) Cacium signaling in the WT (day 5) and
glycosylation mutant N259Q in response to PAR;-AP (TFLLR-NH;), thrombin and
trypsin. Results are expressed as the means £+ SEM of at least four independent

experiments.
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Figure 3.3.10 Cell surface expression and calcium signalling analysis of WT (day 5)
and N62QN75Q. (A) Comparison of KNRK-wt-hPAR; (WT day 5) and glycosylation-
deficient mutant N62QN75Q cell-surface expression. Cells at approx 90% confluence
were harvested and incubated with the ATAP-2 antibody before incubation with an anti-
mouse FITC-conjugated antibody. Cell surface expression was assessed by FACS
analysis. Results are expressed as a percentage of the median fluorescence obtained
with High-wt-hPAR; cells. The bars represent mean + SEM of measurements for three
independent experiments. (B), (C), (D) Calcium signaling in the WT (day 5) and
glycosylation mutant N62QN75Q in response to PAR;-AP (TFLLR-NH), thrombin
and trypsin. Results are expressed as the means + SEM of at least four independent
experiments.
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Figure 3.3.11 N35-259QhPAR;E calcium signalling. (A) N35-2590QhPAR;E (KNRK-
hPAR;N35-259QeY FP) responses to PAR;-AP TFLLR-NH, and A23187. (B) N35-
2590QhPAR;E responses to thrombin, PAR;-AP TFLLR-NH, and A23187. An increase
in fluorescence (Eszp) monitored by fluorescence spectrophotometry is indicative of
calcium mobilization. Cells were loaded with Fluo-3 (22 uM) prior to incubation for 25
minutes at RT. Functiona hPAR; activity was assessed by treating cells with the
hPAR;-AP TFLLR-NH; (100 pM) and thrombin (5 nM). Cell loading/viability was
assessed by addition of A23187 (calcium ionophore, 2 uM). Arrows indicate when test

agonists were added. Data shown is representative of three independent experiments.
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3.3.4 TheRole of Sialylation in Regulating PAR; Expression

To assess the role of siaylation in regulating PAR; expression and function, we
transfected Pro5 and Lec2 cells with wt-hPAR4E. The latter cells are unable to attach
sialic acid to any of its glycoproteins (Compton et al., 2002b). Receptor expression was
assessed by flow cytometry and confocal microscopy. Flow cytometry data showed that
both wt-hPAR; E transfected Pro5 (Figure 3.3.12 (A)) and Lec2 (Figure 3.3.12 (B)) cells
show significant rightward shift in fluorescence when compared to control CHO cells.
Receptor global expression levels between hPARZE transfected Pro5 and Lec2 cells
demonstrate that the cell lines displayed similar receptor expression (Figure 3.3.12 (C)).
Confocal images of wt-hPARiE permanently expressed in Pro5 and Lec2 cells are
shown in Figure 3.3.13. In Pro5 cells PAR; was seen to be distributed throughout the
cell in what are assumed to be vesicles in the cytoplasm. PAR; was aso visible at the
cell membrane in Pro5 cells (Figure 3.3.13 (A), (B) and (C)). In Lec2 cells PAR;
localisation was different with larger vesicles of receptor observed. Less membrane

expression was apparent compared to Pro5 PAR; (Figure 3.3.13 (D), (E) and (F)).
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Figure 3.3.12 Flow cytometry analysisfor wt-hPAR:eYFP in CHO cell lines.

Flow cytometry analysis for (A): Pro5 and Pro5-PARZE; (B): Lec2 and Lec2-PAR;E.
(C): Bar graph showing relative receptor expression between Pro5-PARE and Lec2-
PAR.E cdl lines. Cells were washed in PBS, and 10,000 cells were analyzed for
fluorescence (FL1-H) by flow cytometry. The results are representative of three separate

experiments.
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Figure 3.3.13 Confocal microscopy for wt-hPAR:eYFP in CHO cells. Confocal
microscopy images of Pro5-PARE ((A), (B) and (C)) and Lec2-PAR;:E ((D), (E) and
(F)) were produced by growing cells on coverdips before fixing and permeabilising.
Cells were stained with propidium iodide prior to visualising. eY FP is visualised herein
green and propidium iodide in red. I: cell surface expression, Il: interna receptor

expression. The results are representative of three separate experiments.
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3.35hPAR; isa Sialylated Receptor

To determine the contribution of sialic acid to the molecular mass of hPAR; we
performed western blot analysis for Pro5-PAR;E aongside the Lec2-PAR;E (Figure
3.3.14). No bands were detected in the non-transfected Lec2 and Pro5 whole cell lysates.
Pro5-PAR;E migrated as multiple bands ranging from 25-197 kDa, with the majority of
the receptor being observed between approx. 75-197 kDa. Two bands were routinely
observed between the 25-37 kDa range in both of Pro5-PARE and Lec2-PAR:E. The
molecular mass of Lec2-PAR;E ranged from ~25 kDa to ~150 kDa (including two
bands observed between 25-37 kDa range, and another 2 clear bands observed approx.

at ~70 kDaand ~150 kDa).
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Figure 3.3.14 Western blot analysis of Pro5-PARiE and Lec2-PARiE. Protein
samples were immunoprecipitated by HA11 immunoprecipitation and were anaysed by
SDS/PAGE (10% gel) and immunoblotted using a monoclonal HA.11 antibody. PRO5-
PAR1, PAR; protein from Pro5-PAR:E cells, LEC2-PAR;, PAR; protein from Lec2-
PAR:E céls, PRO5, protein sample from non-transfected Pro5 cells; LEC2, protein
sample from non-transfected Lec2 cells;, M indicated nonglycosylated or minimally

glycosylated monomer; D, PAR; dimer. M.M., molecular mass.
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3.3.6 The Effect of Salylation in Regulating PAR; Function

For the Pro5 cell line, TFLLR-NH, induced a calcium signa from 1 uM to 100 uM
with an ECsg value of 8.5 uM (Figure 3.3.15 (A)). For Lec2 cells TFLLR-NH; induced
a calcium signal from 10 uM to 100 uM with an ECsy value of 35 pM. The maximal
response achieved for TFLLR-NH, was 44 + 6 % of A23187 for Pro5, and 18 + 1 % of
A23187 for Lec2 cells (Figure 3.3.15 (A)).

The TFLLR-NH, concentration-effect curve (Figure 3.3.15 (B)) for Pro5-PAR,E and
Lec2-PAR;E showed that the TFLLR-NH initiated a calcium signal from 1 uM to 100
MM and 3 uM to 100 uM with an ECs vaue of 1.5 uM and 9.8 UM respectively. The
maximum response achieved was 47 + 1 % of A23187 for Pro5-PAR:E and 26 + 2 % of
A23187 for Lec2-PAR;E.

For the Pro5 cell line, thrombin stimulated a calcium signal from 0.05 nM to 5 nM with
amaximal response 42 + 1.7 % of A23187 (Figure 3.3.15 (C)). For Lec2 cells thrombin
stimulated a calcium signal from 0.15 nM to 5 nM with a maximal response approx. 27
+ 2 % of A23187 (Figure 3.3.15 (C)). The ECso vaue for thrombin was 0.05 nM for
Pro5 cellsand 0.11 nM for Lec2 cells.

For the Pro5-PAR;E cell line, thrombin stimulated a calcium signal from 0.05 nM to 5
nM with a maximal response approx. 50 + 6.4 % of A23187 for Pro5-PAR;E (Figure
3.3.15 (D)). For Lec2-PAR;ZE thrombin stimulated a calcium signal from 0.15 nM to 5
nM with a maximal response approx. 26 + 1.5 % of A23187 respectively (Figure 3.3.15
(D)). The ECsg; value for thrombin is 0.05 nM for Pro5-PAR;E cells and 0.12 nM for

Lec2-PAR:E.
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Figure 3.3.15 hPAR; agonist concentration-effect curves in untransfected and
PAR; transfected Pro5 and Lec2 cells. (A) TFLLR-NH, concentration effect curves
for Pro5 and Lec2 cells; (B) TFLLR-NH, concentration effect curves for Pro5-PAR:E
and Lec2-PAR;E cdlls. (C) Thrombin concentration effect curves for Pro5 and Lec2
cells; (D) Thrombin concentration effect curves for Pro5-PARE and Lec2-PAR;E cells.
The results are expressed as the mean + SEM of three separate experiments each

performed in duplicate.
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3.4 Discussion

In this study, we adopted molecular and biochemical approaches to e ucidate the roles
of N-linked glycosylation on the function and expression of hPAR;. Our data suggests
that hPAR; is a heavily glycosylated receptor and that N-linked glycosylation probably
occurs at all five consensus sites of hPAR; in KNRK cells, namely, Asn®®, Asn®?, Asn™,
Asn®™®, and Asn®™®. Removing N-linked glycosylation sequons at these positions
blocked hPAR; cell surface expression to varying degrees, and indicated that
glycosylation at al sitesis required for optimal cell surface expression of hPAR;. With
the exception of N62QN75Q no significant changes in receptor sensitivity to thrombin,
trypsin and TFLLR-NH; were observed when assessed by calcium signaling.
Interestingly, N62QN75Q displayed significantly reduced sensitivity to trypsin, but not
thrombin and TFLLR-NH,.

We first utilised FACS and confocal microscopy to assess the expression level and the
cellular distribution of wt-hPAR; and the glycosylation-deficient mutants cell lines.
Disrupting the glycosylation sites by mutagenesis, individually and in combination,
allowed us to probe the function of glycosylation at each locus and within each
extracellular domain. In order to select the highest expression clone for each mutant, we
performed over two separate transfections for each mutant. Of the mutants that
possessed single site mutations within the N-terminus, N75Q displayed the lowest level
of cell surface expression when compared to N35Q and N62Q. However, FACS and
confocal microscopy data also reveaed that there were still high levels of cell surface
expression of hPAR; when removing all glycosylation sequons after the tethered ligand
(N62QN75Q) or removing al glycosylation sequons on the N-terminus

(N35QN62QN75Q). Therefore, the decrease in the cell surface expression of N75Q is
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not due to removing glycosylation. In addition, N250Q displayed the lowest level of cell
surface expression of hPAR; among all the single glycosylation mutants. Furthermore,
FACS data aso indicated that removing all glycosylation sequons on ECL2 resulted in
similar levels of receptor expression to the mutant where all glycosylation sequons had
been deleted. Interestingly, Compton’s PAR; glycosylation study also reported similar
results (Compton et al., 2002b). Thus, we conclude that N-linked glycosylation in the
N-terminus of hPAR; facilitates, but is not essentia for, cell surface expression of
hPAR;. Moreover, N-linked glycosylation on ECL2 of hPAR,, especialy Asn®®, may
play an important role in cell surface expression of the receptor. However ECL2 is
extremely sensitive to mutations and a previous study has demonstrated that mutating
residues in and around the glycosylation sequon in ECL2 of PAR, probably alters
receptor structure and that function is compromised (Compton et al., 2002b). Thus, it is
hard to determine whether this lack of receptor cell surface expression is aresult of loss
of glycosylation at the Asn*® site leading to improper folding and hence retention at the
ER or golgi apparatus. In that case it would appear that glycosylation at multiple sites
on hPAR; plays an important role in regulating its cell surface expression. The effect of
N-linked glycosylation was aso reported to facilitate cell surface expression in other
receptors, for example, Shen et al. also reported that the total mass of N-linked
glycosylations is critical for the efficient folding and optimal expression of functional
folate receptor o and B (FR-o and FR-B) (Shen et al., 1997). Fan et al. aso
demonstrated that N-linked glycosylation is required for norma expression of the
human calcium receptor (hCaR) at the cell surface (Fan et al., 1997). Furthermore,
another study reported that at least three specific sites of N-linked glycosylation in

hCaR iscritical for cell surface expression (Ray et al., 1998).
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We initialy attempted to visualize HA.11 tagged hPAR; by western blot analysis of
membrane preparations using the anti-HA.11 monoclona antibody. However, it was not
possible to identify the receptor clearly due to the multiple bands in non-transfected, as
well as receptor-transfected preparations. Therefore, we optimized the experimental
conditions by changing the secondary antibody dilution from 1 in 1000 to 1 in 4000.
However, we were unable to detect PAR; protein, even when cells from up to four 175
cm® flasks were used. Confocal microscopy analysis indicated that the receptors,
especially glycosylation-deficient mutants, were not only expressed on the plasma
membrane but also in the cytosol. We then collected the whole cell lysates by using
Laemmli’s sample buffer or sample buffer from PIERCE; however, there was till little
or no staining. We then hypothesised that (i) HA.11 antibody may not be the best
antibody to visualise the receptor properly athough the specificity of the antibody was
well demonstrated by Compton et al (Compton et al., 2002b), or (ii) there might be not
enough receptors in the whole cell lysates. We then performed western blot analysis
with (i) ATAP-2 antibody, and (ii)) M2 antibody since these antibodies recognise
epitopes on the receptor N-terminus compared to HA.11, which is on the receptor C-
terminus. However, the ATAP-2 antibody, and the M2 antibody even following
immunoprecipitation using the M2 antibody all failed to generate any meaningful data.
We then attempted to immunoprecipitate PAR; using the HA.11 immunoprecipitation
kit. In addition, we prepared HA.11 epitope-tagged wt-hPAR, sample along with HA.11
epitope-tagged wt-hPAR;. Wt-hPAR; was clearly identified but not the hPAR;, thus we
concluded that the HA.11 epitope of wt-hPAR; might be amputated from the receptor,
thereby disabling the ability of the HA.11 antibody to recognise PAR;.

In separate experiments (Chapter 5) we had successfully detected hPAR4YFP in

KNRK cells by western blotting. We thus, hypothesised that fusing eY FP to the tail of
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hPAR; may aid us in isolating the receptor because the presence of the eYFP protein
may sterically hinder any proteolytic activity that may have been removing the HA.11
tag. Indeed the wt-hPAR;-eYFP (wt-hPAR:E) was successfully identified by western
blot analysis. We first collected the whole cell lysates by using Laemmli’s sample
buffer, the wt-hPAR,E can be identified clearly by the anti-eY FP antibody or anti-
HA.11 monoclonal antibody. However, in the non-glycosylation mutant N35-
2590QhPAR;E sample lane, only one single band could be visualised which was also
observed in the same position in the wt-hPARE lane. Also the density of this band was
very faint when compared with the wt-hPAR;E band and might be due to low levels of
N35-2590QhPAR;E protein, Indeed FACS and confocal microscopy data showed that
this non-glcosylation mutant N35-259QhPAR;E receptor can be seen mainly in the
cytosol with very low levels of fluorescence signal. Finally, we prepared eY FP tagged
wt and glycosylation mutant samples using immunoprecipitations of the receptor whole

cell lysates viaHA.11 epitope tag.

It is well known that the molecular mass of wt-hPAR;, based on its amino acid
sequence, is predicted to be approximately ~47 kDa and the molecular mass of eYFP
protein is ~31 kDa. Therefore, our PAR; fused with eYFP protein should migrate
around the 70-80 kDa range. We proposed that in the wt-hPAR;E the band around ~75
kDa may represent an unglycosylated monomer of PAR;; the bands around 80-130 kDa
may represent a glycosylated monomer of PAR;; and the bands around 150-220 kDa
may represent glycosylated and unglycosylated dimers of PAR;. When removing all
three glycosylation sites (Asn®, Asn®?, Asn”) in the N-terminus of the receptor, the
banding pattern changed: the bands around ~180 kDa may still represent the
glycosylated dimer of PAR;; and the band at ~75 kDa may represent an unglycosylated

monomer of PAR;. When removing glycosylation sites Asn® and Asn’, the bands
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around ~120 kDa may represent a glycosylated monomer of PAR;. It is known that N-
linked glycosylation has been shown to be important for normal protein folding and
stability. One previous study indicated that some N-glycans of Hepatitis C virus (HCV)
envelope glycoproteins play a major role in protein folding (Goffard et al., 2005).
Mochizuki et al. reported that at least two N-linked glycans are required for the bile salt
export pump (Bsep) protein stability, intracellular trafficking, and function inthe apical
membrane in MDCK Il cells (Mochizuki et al., 2007). We aso observed from the
western blots that removal of N-linked glycosylation from the ECL2 (Asn®°, Asn®®) or
removal of all N-linked glycosylation from the receptor resulted in only a single band
being visualised which is aso observed routinely in the same position from the rest
hPAR;E. This may represent either eY FP protein or proteol ytic degradation products of
hPAR;. Taken together these results indicated removal of glycosylation from the ECL2
may result in incorrect folding of receptors and probable degradation. We therefore
suggest that N-glycosylation of PAR;, especially glycosylation sites from the ECL2 of
PAR; (Asn® and Asn®®), plays an important role in receptor stability. Overall, these
data established that N-linked glycosylation has an important role in PAR; expression,
and/or stability of the receptor, at the plasma membrane. However, further studies are
needed to clarify the precise role of N-linked glycosylation in the above-mentioned

glycoprotein biosynthetic processes.

In order to establish the role of glycosylation in regulating receptor function, agonist
concentration effect curves were produced for all the glycosylation-deficient hPAR; cell
lines and their respective wt-hPAR; cell line to evaluate the coupling of the mutant
receptors to calcium. No significant change in receptor function was observed for all
mutant cell lines compared with wt cells that demonstrate a comparable cell-surface

expression. Therefore PAR; coupling to calcium signalling appears not to be affected by
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a lack of glycosylation on the receptor. Even the N35-N259Q mutant receptor still
displayed a detectable calcium signa towards TFLLR-NH, and thrombin thus adding
strength to this conclusion. Interestingly, the selective and significant decrease in
potency of trypsin towards N62QN75Q suggested that this proteinase may be disarming
this receptor to a greater degree to that of wt-hPAR; and this is explored in greater
detail in the next chapter.

We finally assessed whether PAR; is sialylated and the role that sialylation may play in
regulating PAR; expression and function. We expressed the wt-hPAR;E in Pro5 and
Lec2 cells. The Pro5 cell line is the parent clone for the Lec2 cell line. The Lec2 cell
line displays a substantial loss in an ability to attach sialic acid to the terminal positions
on oligosaccharides. FACS and confocal imaging data revealed that removing
siaylation appeared to lower the expression of PAR;. Indeed, Pro5 and Lec2 cells
constitutively express PAR; and the agonist concentration effect curves for Lec2 cells
displayed lower maximal obtainable signals. However, we did not assess PAR;
expression on Pro5 and Lec2 cells, but one would assume that transcription and
trandation of PAR; within these cloned cell lines would be similar. Thus meaningful
data was not readily obtained from these experiments. Western blot analysis of wt-
PAR:E in Lec2 cells had a molecular mass that was up to ~47 kDa lower than that
observed for wt-PARE expressed in the Pro5 cells. Presumably this significant loss of
~47 kDa is due to the loss of receptor-associated sidic acid, and we can therefore
conclude that PAR; in CHO cells, at least, isa heavily siaylated receptor.

In summary, we show that PAR; is heavily glycosylated and siaylated and that this

glycosylation regulates cell surface expression but not coupling to calcium.
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4.1 Introduction

PAR; can be activated and attenuated by more than one proteinase (Molino et al., 1995;
O'Brien et al., 2001). Any proteinase that cleaves the correct peptide bond within the N-
terminus of PAR; may be able to expose the tethered ligand and then initiate
intracellular signaling to provoke a cellular response, for example, thrombin cleaves
PAR; between Arg* and Ser*? to expose a new N-terminal tethered ligand domain
(Figure 4.1.1) (Vu et al., 1991a; Dery et al., 1998; O'Brien et al., 2001). Conversely,
proteinases can also disarm these receptors by proteolytically removing the tethered
ligand domain altogether from the receptor (e.g., cathepsin G cleaves hPAR; between
Phe> and Trp> removing the tethered ligand domain) (Molino et al., 1995; O'Brien et
al., 2001). Such disarmed receptors remain at the cell surface and are no longer
available for activation by their respective activating proteinases, but can be activated
by PAR;-APTFLLR-NH, (Nakayama et al., 2003).

In addition to thrombin, hPAR; can aso be activated by trypsin (Vu et al., 1991a;
Vouret-Craviari et al., 1995; Loew et al., 2000; Macfarlane et al., 2001), granzyme A
(Suidan et al., 1994), factor Xa (Molino et al., 1997b), and el astase (Suzuki et al., 2005).
On the other hand, PAR; signalling to thrombin can be abolished by prior exposure of
cellsto trypsin (Loew et al., 2000; Nakayama et al., 2003), chymase (Schechter et al.,
1998), thermolysin (Chen et al., 1996; Dery et al., 1998; Ubl et al., 2000), cathepsin G
(Molino et al., 1995; Renesto et al., 1997), elastase (Renesto et al., 1997) and
proteinase 3 (Renesto et al., 1997). Interestingly, some of these proteinases can cleave
PAR; both at the activation site and at other disabling sites. For example, trypsin has
been found to both activate and disarm PAR; in different cell types (Dery et al., 1998;
Kawabata et al., 1999; Loew et al., 2000; Macfarlane et al., 2001; Nakayama et al.,
2003; Nakayama et al., 2004). Plasmin has been reported to be able to activate and
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disarm PAR; (Vouret-Craviari et al., 1995; Kimura et al., 1996; Parry et al., 1996;
Pendurthi et al., 2002). Cathepsin G has been reported to activate murine fibroblasts
transfected with hPAR;, but not PAR; naturally expressed by human platelets
(Sambrano et al., 2000; Shpacovitch et al., 2007). Elastase has also been reported to
activate and disarm PAR; in a number of different cell systems (Renesto et al., 1997;
Loew et al., 2000; Suzuki et al., 2005).

PARj1, downstream of the tethered ligand, possesses two N-linked glycosylation sequons
Asn®? and Asn” which are located along the N-terminus in a domain where disarming
proteinases may target. Previously work demonstrated that elastase, cathepsin G and
proteinase 3 target specific sites which are close proximally to these glycosylation
sequons (Figure 4.1.1) (Molino et al., 1995; Renesto et al., 1997). We hypothesize that
glycosylation a Asn® and Asn”™ may regulate proteinases disarming of PAR;.
Therefore, the aims of this chapter were: 1) to assess the ability of a number of
proteinases to disarm the wt and glycosylation deficient hPAR;, and 2) to determine

which sequon is important for proteinase disarming.
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Figure 4.1.1 Potential cleavage sites of the extracellular N-terminus of hPAR; by
proteinases. The red arrows indicate the preferential cleavage site for each proteinase.
TH, thrombin; TRY, trypsin; THE, thermolysin; PR3, proteinase 3; CG, cathepsin G;
ELA, eastase. [Adapted from (Molino et al., 1995; Renesto et al., 1997; Loew et al.,

2000; Sokolova & Reiser, 2007)].
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4.2 Materialsand M ethods

4.2.1 Materials

Thermolysin and neuraminidase were supplied by Cabiochem, UK. Human leukocyte
elastase and cathepsin-G were purchased from Elastin Products (Elastin Products
Company, Inc. Missouri, USA). Proteinase 3 was obtained from Athens Research &

Technology (Athens Research & Technology, Inc. Athens, Greece).

4.2.2 Generation of N62QN75QeYFP Cell Lines with Cathepsin G and

Proteinase 3 Cleavage Sites I ndividually Removed

Site-directed mutagenesis was performed on N62QN75QeYFP (POMC-M1-
hPAR;(N62QN75Q)-HA.11-eYFP in pcDNA3.1) cDNA as described in chapter 2
section 2.2.2. Briefly, alanine mutations were created at amino acid positions F>° and
W for the CG mutant (POMC-M1- hPARING62QN75QF55AW56A-HA.11-eYFP in
pcDNA3.1) or V? and S® for the PR3 mutat (POMC-M1-
hPAR;N62QN75QV72AS73A-HA .11-eYFP in pcDNA3.1) to generate A®A® or
A"A" respectively (Figure 4.1.1). The primer sets are listed in Table 4.2.1. The
resulting cDNA constructs were subsequently amplified, screened and purified as
described in chapter 2 sections 2.4 and 2.5, and then sequenced to confirm the
engineered mutations by MWG biotech (Milton Keynes, UK) using the MWG T7
primer. The permanently receptor expressing cell lines (in KRNK cells) were generated
and cultured as described in chapter 2 section 2.6. The cell line showing the highest
level of expression above control EV cells screened by FACS analysis was selected for

all future experiments.
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Primers Sequences

5 GAATACAGATTAGCCGCCATCCAAAAAAGC 3
VI2ASI3A | 5 GCTTTTTTGGATGGCGGCTAATCTGTATTC 3

5 TAAATATGAACCAGCAGCGGAGGATGAGGAG 3
FS5AWS6A | 5 CTCCTCATCCTCCGCTGCTGGTTCATATTTA 3

Table 4.2.1 The oligonucleotides used for site-directed mutagenesis to generate the
hPAR; CG mutant and the PR3 mutant.

4.2.3 Calcium Signalling Assay

The calcium signalling assay was performed as described in chapter 2 section 2.7.
Functional receptor activity was assessed by chalenging cells with the PAR;-AP
TFLLR-NH; (100 uM) and thrombin (5 nM).

To assess wWhether a test proteinase was amputating the tethered ligand from the receptor
(disarming), cells were first challenged by addition of the test proteinase. Successful
amputation of the tethered ligand was then monitored by a subsequent application of
thrombin (5 nM), and finally followed by the addition of the PAR;-AP TFLLR-NH,
(100 uM). The calcium signal in response to the PAR; agonist proteinase will be
ablated if the tethered ligand has been removed from the receptor by the test proteinase.
To demonstrate that the disarmed PAR; is still functional and present at the cell surface,
the PAR;-AP TFLLR-NH, is applied. A calcium signa triggered by the PAR;-AP is
indicative of a functional PAR; at the cell surface, which is unresponsive to the PAR;

agonist proteinase.
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4.3 Results

4.3.1 Removal of N-linked glycosylation Asn® and Asn” from hPAR;

enhancesthe ability of trypsin to disarm the receptor

Having found that trypsin shows reduced activity towards hPAR;(N62QN75Q) by the
calcium assay in Chapter 3, we then explored the ability of trypsin to disarm wt-hPAR;
day5, hPAR;(N62QN75Q), hPAR;(N62Q) and hPARy(N75Q).

Figure 4.3.1 shows the TFLLR-NH, (100 uM) responses following trypsin (3, 10, 30,
100, 300 nM) and then thrombin (5 nM) challenge in wt-hPAR; and its glycosylation
mutant hPAR1(N62QN75Q) cells (ie. trypsin then thrombin and then TFLLR-NH,). For
wt-hPAR; the TFLLR-NH; responses remained same after challenging the cells with
trypsin from 3-300 nM (Figure 4.3.1). Challenging the hPAR;(N62QN75Q) cells with 3
nM trypsin followed by 5 nM thrombin, and then 100 pM TFLLR-NH>, triggered a
calcium signal that was similar to that seen for wt-hPAR; cells (Figure 4.3.1). However,
a robust increase in the magnitude of TFLLR-NH, triggered calcium signal was
observed after challenging the hPAR;(N62QN75Q) cells with 300 nM trypsin, which
was over 4-fold greater than that observed for wt-hPAR; cells (p<0.05) (Figure 4.3.1).
We next assessed whether glycosylation at Asn®® or Asn” is responsible for regulating
trypsin disarming of hPAR; (Figure 4.3.2). Challenging hPAR;(N62Q) cells with 5 nM
thrombin (TH) or 100 uM TFLLR-NH, (TF) resulted in a calcium response of 61.4 +
6.7 % of A23187 and 62 £+ 6.9 % of A23187 respectively (Figure 4.3.2 (A)).
Challenging hPAR;(N62Q) cells with 100 nM trypsin (TRY) resulted in an observable
calcium signal (32 = 8 % of A23187) (Figure 4.3.2 (A)). Addition of TH following
TRY addition resulted in a marked reduction (p< 0.001) in the calcium response to TH
compared with the response obtained with TH added alone (7.8 £ 1 % of A23187 vs.
61.4 + 6.7 % of A23187) (Figure 4.3.2 (A)). Addition of TF following the addition of
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TRY and TH resulted in a response that was dlightly increased (p>0.05) in magnitude
compared to the response obtained to TF following just TH addition (17.5 + 3.6 % of
A23187 vs. 9 £ 3 % of A23187), but was significantly reduced (p< 0.001) compared
with the response of TF added alone (17.5 + 3.6 % of A23187 vs. 62 £ 6.9 % of A23187)
(Figure 4.3.2 (A)).

Chalenging hPAR1(N75Q) cells with TRY only resulted in a response 8 = 1 % of
A23187 (Figure 4.3.2 (B)). Chalenging hPAR;(N75Q) cells with TF or TH aone
resulted in a calcium response of 27 £ 2 % of A23187 and 12 £ 0.7 % of A23187
respectively (Figure 4.3.2 (B)). Addition of TF following TH addition resulted in a
calcium response 12 + 1.7 % of A23187 (Figure 4.3.2 (B)). Addition of TH following
addition of TRY resulted in no calcium response (Figure 4.3.2 (B)). Finally, challenging
the cells with TF following TRY and TH addition triggered a calcium response 21 +
2.7 % of A23187, which was of comparable (p>0.05) magnitude to the response

obtained with TF alone (Figure 4.3.2 (B)).
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Figure 4.3.1 Analysis of trypsin disarming in wt-hPAR; and hPAR1(N62QN75Q).
100 uM TFLLR-NH, (TF) responses following trypsin then 5 nM thrombin (TH)
challenge in wt-hPAR; and hPAR;(N62QN75Q) transfected KNRK cells. Cells were
loaded with Fluo-3 (22 uM) for 25 minutes at RT. Cell loading/viability was assessed
by addition of A23187 (calcium ionophore, 2 uM). An increase in fluorescence (Esso)
monitored by fluorescence spectrophotometry is indicative of calcium mobilisation.

The data sets are expressed as mean + SEM from three separate experiments.
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Figure 4.3.2 Analysis of trypsin disarming in hPAR;(N62Q) and hPAR1(N75Q). (A)
hPAR;(N62Q) and (B) hPAR;(N75Q) transfected KNRK cells calcium signalling
response following the addition of 100 nM trypsin (TRY) 5 nM thrombin (TH) and 100
UM TFLLR-NH; (TF). Cells were loaded with Fluo-3 (22 uM) for 25 minutes at RT.
Cdl loading/viability was assessed by addition of A23187 (calcium ionophore, 2 uM).
An increase in fluorescence (Esz) monitored by fluorescence spectrophotometry is
indicative of calcium mobilization. The data sets are expressed as mean + SEM from

three separate experiments.
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4.3.2 Thermolysin, elastase and proteinase 3, but not cathepsin G

displayed enhanced ability to disarm hPAR;(N62QN75Q)

We next assessed the ability of severa proteinases to activate or disarm wt-hPAR; and
hPAR;(N62QN75Q) using the calcium signalling assay.

For hPAR1(N62QN75Q) and wt-hPAR; (day5) significant differences (p< 0.0001) in
responses to 5 nM thrombin following the addition of thermolysin at different
concentrations were observed (Figure 4.3.3). The thrombin response curve after adding
thermolysin at increasing concentration for hPAR;(N62QN75Q) shifted 30-fold to the
left when compared to wt-hPAR;. For hPAR;(N62QN75Q) the calcium signalling
response to thrombin started to decrease after application of thermolysin at 3 nM (~80%
of control thrombin response). The thrombin triggered calcium response was totally
ablated after challenging hPAR(N62QN75Q) with 300 nM thermolysin (Figure 4.3.3
closed squares). However, for wt-hPAR; the thrombin triggered calcium responses
remained elevated at thermolysin concentrations up to 30 nM. The calcium signalling
response to thrombin started to decrease following 100 nM thermolysin addition (~80%
of thrombin control). The thrombin triggered calcium response in wt-hPAR; was totally
ablated after addition of 1000 nM thermolysin.

For hPAR1(N62QN75Q) and wt-hPAR; (day5) significant differences (p< 0.0001) in
responses to 5 nM thrombin following the addition of elastase at different
concentrations were observed (Figure 4.3.4). For wt-hPAR; no changes were observed
in thrombin triggered calcium responses after the addition of 1 nM elastase, and the
thrombin triggered calcium response was totally ablated after addition of 15 nM elastase
(Figure 4.3.4). The thrombin response curve for hPAR;(N62QN75Q) shifted left half a
log when compared to wt-hPAR;. For hPAR;(N62QN75Q) the calcium signalling

response to thrombin started to decrease after challenging the cells with 1 nM elastase
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(~80% of control thrombin response). The thrombin triggered calcium response was
totally ablated after challenging cellswith 5 nM elastase (Figure 4.3.4).

For hPAR1(N62QN75Q) and wt-hPAR; (day5) no significant differences (p>0.05) in
responses to 5 nM thrombin following the addition of cathepsin G from 10 nM to 300
nM were observed (Figure 4.3.5). The thrombin triggered calcium response was totally
ablated after addition of 300 nM cathepsin G for both hPAR;(N62QN75Q) and wt-
hPAR;.

For hPAR1(N62QN75Q) and wt-hPAR; (day5) significant differences (p< 0.0001) in
responses to 5 nM thrombin following the addition proteinase 3 were observed (Figure
4.3.6). For wt-hPAR; no changes were observed in the thrombin triggered calcium
response following the addition of 1000 nM of proteinase 3. In contrast, significant
decreases in the response to thrombin were observed in hPAR;(N62QN75Q) following
the addition of proteinase 3 from 1 nM to 1000 nM. The thrombin triggered calcium

signal response was totally abolished after the addition of 1000 nM proteinase 3.
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Figure 4.3.3 Analysis of thrombin-induced calcium signalling following
thermolysin challenge in wt-hPAR; (day 5) and the glycosylation mutant
hPAR1(N62QN75Q). Cells were loaded with Fluo-3 (22 uM) for 25 minutes at RT
before stimulated by the addition of thermolysin, and then further challenged with
thrombin (5 nM). Cell loading/viability was assessed by addition of A23187 (calcium
ionophore, 2 pM). An increase in fluorescence (Essg) monitored by fluorescence
spectrophotometry is indicative of calcium mobilisation. Results are expressed as mean

+ SEM from at |east three independent experiments.
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Figure 4.3.4 Analysis of thrombin-induced calcium signalling following elastase
challenge in wt-hPAR; (day 5) and the glycosylation mutant hPAR;(N62QN75Q).
Cellswere loaded with Fluo-3 (22 uM) for 25 minutes at RT before being challenged by
the addition of elastase, and then further chalenged with thrombin (5 nM). Cell
loading/viability was assessed by addition of A23187 (calcium ionophore, 2 uM). An
increase in fluorescence (Essz) monitored by fluorescence spectrophotometry is
indicative of calcium mobilisation. Results are expressed as mean £ SEM from at |east

two independent experiments.
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Figure 4.3.5 Analysis of thrombin-induced calcium signalling following cathepsin
G challengein wt-hPAR; (day 5) and the glycosylation mutant hPAR1(N62QN75Q).
Cells were loaded with Fluo-3 (22 uM) for 25 minutes at RT before being challenged by
the addition of cathepsin G, and then further challenged with thrombin (5 nM). Cell
loading/viability was assessed by addition of A23187 (calcium ionophore, 2 uM). An
increase in fluorescence (Essz) monitored by fluorescence spectrophotometry is
indicative of calcium mobilisation. Results are expressed as mean + SEM from at |east

two independent experiments.
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Figure 4.3.6 Analysis of thrombin-induced calcium signalling following proteinase
3 challengein wt-hPAR; (day 5) and the glycosylation mutant hPAR;(N62QN75Q).
Cells were loaded with Fluo-3 (22 uM) for 25 minutes at RT before being challenged by
the addition of proteinase 3 and then further challenged with thrombin (5 nM). Cell
loading/viability was assessed by addition of A23187 (calcium ionophore, 2 uM). An
increase in fluorescence (Essz) monitored by fluorescence spectrophotometry is
indicative of calcium mobilisation. Results are expressed as mean + SEM from at |east

three independent experiments.
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4.3.3 Thermolysin, elastase, cathepsin G and protenase 3 mainly

disarm hPAR(N75Q)

The ability of thermolysin and three neutrophil serine proteinases (elastase, cathepsin G
and proteinase 3) to activate/disarm hPAR1(N62Q) and hPAR:1(N75Q) was investigated
(Figure 4.3.7).

Challenging hPAR1(N62Q) cellswith 5 nM thrombin (TH) or 100 uM TFLLR-NH; (TF)
resulted in a calcium response of 64.7 + 7 % of A23187 and 67.8 £ 5 % of A23187
respectively (Figure 4.3.7 (A)). In addition, addition of TF following TH addition
resulted in a calcium response of 9 + 3 % of A23187 (Figure 4.3.7 (A)). Addition of 50
nM thermolysin (THE) had no observable effect on calcium signalling in hPAR1(N62Q).
Addition of TH following THE addition resulted in a calcium response at 53.5 + 4.6%
of A23187 which is comparable to that obtained with TH added alone (64.7 + 7 % of
A23187). Addition of TF following the addition of THE and TH resulted in a similar
calcium response to the response obtained with TF following just TH addition (13.6 +
4 % of A23187 and 9 £ 3 % of A23187 respectively) (Figure 4.3.7 (A)). Addition of 1.5
nM elastase (ELA) had no observable effect on calcium signaling in hPAR1(N62Q)
cells (Figure 4.3.7 (A)). Addition of TH following ELA addition resulted in a calcium
response 49 + 3.5 % of A23187. Addition of TF following the addition of ELA and TH
resulted in a similar calcium response to the TF response obtained following just TH
addition 12 = 1 % of A23187 and 9 + 3 % of A23187 respectively) (Figure 4.3.7 (A)).
Addition of 100 nM cathepsin G (CG) had no observable effect on calcium signalling in
hPAR;(N62Q) cells (Figure 4.3.7 (A)). After chalenging hPAR;(N62Q) cells with CG,
addition of TH resulted in a small decrease in the calcium response compared to that
obtained with TH added aone (39 £ 3.8 % of A23187 and 64.7 + 7 % of A23187

respectively). Addition of TF following the addition of THE and TH triggered a calcium
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response at 16 + 6 % of A23187 that was dightly larger than that obtained with TF
following TH addition (9 + 3 % of A23187) (Figure 4.3.7 (A)). Addition of 300 nM
proteinase 3 (PR3) had no observable effect on calcium signalling in hPAR1(N62Q)
cells. Addition of TH following PR3 addition resulted in a calcium response 67 £ 6.7 %
of A23187 which is comparable to that obtained when TH was added alone (64.7 £ 7 %
of A23187). Addition of TF following the addition of PR3 and TH resulted in a calcium
response similar to that obtained with TF following TH addition (11.6 + 4 % of A23187
and 9 + 3 % of A23187 respectively) (Figure 4.3.7 (A)).

Challenging hPAR(N75Q) cells with TH or TF resulted in a calcium response 12 +
0.7 % of A23187 and 27 £ 2 % of A23187 respectively. In addition, addition of TF
following TH addition resulted in a calcium response 13.6 + 1 % of A23187 (Figure
4.3.7 (B)). No observable calcium response was detected after challenging
hPAR;(N75Q) cells with THE. After chalenging hPAR;(N75Q) cells with THE,
addition of TH resulted in a calcium response which was comparable to that obtained to
TH aone (10 + 1 % of A23187 and 12 = 0.7 % of A23187 respectively), and finaly
challenging the cells with TF triggered a calcium response 21 + 2 % of A23187 (Figure
4.3.7 (B)). No observable cacium response was detected after challenging
hPAR;(N75Q) cells with ELA or with TH following the addition of ELA. In addition,
the response to TF following ELA and TH addition was the same as that obtained with
TFaone (28 £ 1 % of A23187 vs. 27 + 2 % of A23187) (Figure 4.3.7 (B)).

Addition of CG had no observable effect on calcium signalling in hPAR;(N75Q) cells.
Challenging cells with TH following the addition of CG resulted in a calcium response
10 + 1 % of A23187 which was comparable to that obtained with TH alone (12 + 0.7 %
of A23187). Addition of TF following the addition of CG and TH triggered a calcium

response which was of similar magnitude to that obtained with TF following TH
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addition (17 £ 1 % and 13.6 + 1 % of A23187 respectively) (Figure 4.3.7 (B)). Addition
of PR3 had no observable effect on calcium signalling in hPAR(N75Q) cells (Figure
4.3.7 (B)). Addition of TH following challenging hPAR(N75Q) cells with PR3 resulted
in avery small decrease in calcium response compared to that obtained with TH aone
(10 £ 0.5 % of A23187 and 12 + 0.7 % of A23187 respectively). Finally challenging the
cellswith TF following PR3 and TH addition triggered a calcium response 20.5 + 0.5 %

of A23187 (Figure 4.3.7 (B)).

127



(A) 1001

{ N62Q

~—~ 804

o T
2

< T

S us
S 404
& ]

o

O 204 i

; i

Responseto: TH TF TF THE TH TF ELA TH TF CG TH TF PR3 TH TF

After adding: - - TH - THE THE - ELA ELA - CG CG - PR3 PR3
TH TH TH TH

(B) 91 N75Q

304

il

Responseto: TH TF TF THE TH TF ELA TH TF CG TH TF PR3 TH TF

ca®" (% of A23187)

After adding: - - - THE THE - ELA ELA - CG CG - PR3 PR3
TH TH TH TH

Figure 4.3.7 Analysis of hPAR31(N62Q) and hPAR;(N75Q) calcium signalling
following proteinase stimuli. (A) hPAR1(N62Q) and (B) hPAR(N75Q) cells were
loaded with Fluo-3 (22 uM) for 25 minutes at RT before being stimulated by the
addition of either 50 nM thermolysin (THE), 1.5 nM elastase (ELA), 100 nM cathepsin
G (CG), or 300 nM proteinase 3 (PR3) and then challenged with 5 nM thrombin (TH),
followed by 100 uM TFLLR-NH, (TF). Cell loading/viability was assessed by addition
of A23187 (calcium ionophore, 2uM). An increase in fluorescence (Eszp) monitored by
fluorescence spectrophotometry is indicative of calcium mobilization. Results are

expressed as the mean + SEM of at least three independent experiments.
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4.3.4 Molecular evidence that cathepsin G and proteinase 3 are
disarming hPAR;(N62QN75Q)

Addition of 100 nM cathepsin G (CG) to hPAR(N62QN75Q) cells before the addition
of 5 nM thrombin (TH) markedly reduced (p< 0.001) the response to TH compared with
the response obtained with TH added alone (11 + 2 % of A23187 and 30 £ 5 % of
A23187 respectively) (Figure 4.3.8 (A)). In contrast, prior addition of cathepsin G failed
to reduce the thrombin calcium signal in CG mutant cells when compared to the control
(32.5 + 8 % of A23187 and 36.5 + 8 % of A23187 respectively) (p>0.05) (Figure 4.3.8
(A)).

No observable calcium response to TH was observed when 300 nM PR3 had been
added to the hPAR1(N62QN75Q) cells prior to TH chalenge (Figure 4.3.8 (B)). In
contrast, prior addition of PR3 failed to reduce the thrombin calcium signal in the PR3
mutant cells, when compared to the response obtained with TH added alone (13 + 2 %

of A23187 and 12.33 = 2.5 % of A23187 respectively) (p>0.05) (Figure 4.3.8 (B)).
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Figure 4.3.8 Molecular evidence that cathepsin G and proteinase 3 are disarming
hPAR1(N62QN75Q). (A) CG mutant and (B) PR3 mutant cells were loaded with Fluo-
3 (22 uM) for 25 minutes at RT before the addition of test agents. Cell loading/viability
was assessed by addition of A23187 (calcium ionophore, 2 uUM). An increase in
fluorescence (Eszp) monitored by fluorescence spectrophotometry is indicative of
calcium mobilisation. TH, 5nM thrombin; CG, 100 nM cathepsin G; PR3, 300 nM
proteinase 3. Results are expressed as the mean + SEM of at least two independent

experiments.
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4.4 Discussion

In this chapter, we reported for the first time that glycosylation (especially Asn”) in the
N-terminus of hPAR; downstream of the tethered ligand regulates receptor disarming to
trypsin, thermolysin and the neutrophil proteinases elastase and proteinase 3, but not
cathepsin G.

Having found that trypsin shows reduced activity towards hPAR1(N62QN75Q) when
compared to wt-hPAR; in Chapter 3, we explored the ability of trypsin to disarm these
receptors. Our data revealed that trypsin disarms and activates hPAR;(N62QN75Q) and
hPAR;(N75Q), whilst mainly activating wt-hPAR; and hPAR;(N62Q). The most
critical observation which supports this conclusion is that not only did trypsin trigger a
calcium response in all PAR; types but the response to PAR;-AP remained largely
intact after the addition of trypsin and thrombin in the hPAR;(N62QN75Q) and
hPAR;(N75Q) cdl lines. Trypsin can activate PAR; by cleaving at the activating
cleavage site Arg™-Ser* to expose the tethered ligand (Loew et al., 2000; Macfarlane et
al., 2001; Sokolova & Reiser, 2007). Moreover, trypsin has also been reported to cleave
PAR; a residues Arg®-Leu™ and Lys®*-GIn® which amputates the tethered ligand from
receptor (Loew et al., 2000). Furthermore these residues are suggested to be cleaved by
trypsin much faster than the residues Arg*-Ser** (Nakayama et al., 2003). Given that
these two potential trypsin cleavage sites are located close to Asn™, it is not surprising
that in the N62QN75Q and N75Q mutants trypsin can gain easy access to these
cleavage sites and therefore disarm these mutant receptors. In contrast, when PAR; is
fully glycosylated at Asn™ these cleavage sites are subsequently shielded by the
attached oligosaccharide and thus trypsin disarms wt-hPAR; less efficiently.
Interestingly, Nakayama's previous study reported that 100 nM trypsin cleaved PAR;

but did not activate it in HUVEC cells, thus suggesting receptor disarming (Nakayama
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et al., 2003). We therefore assume that the glycosylation status of PAR; in HUVEC
cells must be different to our PAR;-KNRK system. Indeed, Brass and colleagues
reported that PAR; expressed in HUVECS, platelets, and HEL cells migrated as a
homogenous species with an apparent mass of 66 kDa (Brass et al., 1992). This
molecular mass is considerably below that reported in other cell systems, including ours,
and suggests that PAR; is not so heavily glycosylated in these cell types. Therefore we
suggest that the Asn®® and Asn” might not be fully glycosylated in HUVECs and
therefore these potential trypsin cleavage sites around Asn’ are more readily available
for trypsin cleavage, and subsequent disarms.

Our data aso reveaed that thermolysin disarms hPAR;(N62QN75Q) with 30 fold better
efficiency than wt-hPAR;. One previous study in insect SF9 cells reported that
thermolysin may represent an important mechanism of rapid receptor deactivation of the
human thrombin receptor (Chen et al., 1996). Furthermore, like us, one previous study
for PAR; in astrocytes found that treatment with thermolysin generated a thrombin-
insensitive receptor, whereas the response to the activating peptide was not affected
(Ubl et al., 2000). In the literature, it is well established that the predicted thermolysin
cleavage sites in PAR; are within the tethered ligand domain (SFLLR) at Phe®-Leu™
and Leu*-Leu™, suggesting that thermolysin would be expected to remove the
exodomain of PAR; and destroy the tethered ligand and thus disarm the receptor (Dery
et al., 1998; Hamilton et al., 1999). Interestingly, in our study system, removing both of
the glycosylation sequons (Asn®® and Asn”™) resulted in a receptor that was more
efficiently disarmed by thermolysin, whereas removal of glycosylation of Asn®®sequon
from the receptor had no observable effect on thermolysin disarming. However the
N75Q receptor did display increased disarming compared to wt-hPAR;, thus suggesting

that this sequon regulates PAR; disarming by thermolysin. Therefore, we predict that
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apart from the well established cleavage sites, there might be some other thermolysin
cleavage sites in the N-terminus of PAR; especialy in the region of the glycosylation
site Asn”. In theory, the bacteria thermolysin cleaves peptide bonds amino-terminally
to the hydrophobic residues leucine and isoleucine, with some specificity for
phenylalanine and valine (Hamilton et al., 1999). Therefore we suggest that Leu’-
Val"?in PAR; may aso be a potentia thermolysin cleavage site, and it is very close to
Asn’ site. When amputating the Asn’ glycosylation this potential thermolysin cleavage
site (Leu™ -Va "?) will be more readily available for thermolysin cleavage.

We have shown that the neutrophil proteinases elastase, cathepsin G and proteinase 3 do
not activate PAR; in our KNRK cel system, but rather disarm the receptor.
Interestingly, Molino and colleagues also reported that cathepsin G can block the
response of platelets and endothelial cells to thrombin (Molino et al., 1995). In addition,
like us, Renesto and co-workers reported that elastase, cathepsin G and proteinase 3 can
cleave and inactivate PAR; in platelets and human endothelial cells (Renesto et al.,
1997). In contrast, Suzuki and colleagues reported that elastase can activate PAR; in
human lung epithelial cells and also mentioned that proteolytic cleavage of PAR; by
elastase might activate or inactivate the receptor depending on the site of cleavage
(Suzuki et al., 2005). The authors also suggested that the extent of glycosylation of the
receptor could influence the site and extent of cleavage of the receptor (Suzuki et al.,
2005). In our current study, we note that elastase disarms hPAR(N62QN75Q) better
than wt-hPAR; at the same concentration, and 1.5 nM elastase disarms hPAR;(N75Q),
but not hPAR;(N62Q). Renesto and colleagues mass spectrometry study indicated that
dlastase cleaves the N-terminus of hPAR; at Va™-Ser™ and Ile™-Asn™ which are
located after the tethered ligand (Renesto et al., 1997). Furthermore, Loew et al.

reported that elastase cleaved the PAR; exodomain at Ala®-Thr¥’, Va™-Ser™® and
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Ala®-Phe®” sites with preferentia cleavage at VVal"?, which would disable the receptor
(Loew et al., 2000). Therefore after amputating the Asn” glycosylation, the potential
cleavage sites Val >-Ser”® might be more easily accessible for elastase cleavage.

Since cathepsin G (CG) has been reported to have both activating and disarming actions
on PARs (Molino et al., 1995; Renesto et al., 1997; Sambrano et al., 2000;
Ramachandran et al., 2007), we tested the role of N-terminal glycosylation of hPAR; in
regulating this proteinase. We have demonstrated that CG could clearly disarm
hPAR;(N62QN75Q) and wt-hPAR;, preventing activation by thrombin, but not by the
PAR:-AP TFLLR-NH,. In addition, our data also revealed that CG at 100 nM disarms
hPAR;(N62Q) and hPAR1(N75Q). Like us others have aso reported that CG at 30nM
could disarm PAR; (Ramachandran et al., 2007). Molino et al. reported that in addition
to the Arg*-Ser” site, CG cleaves PAR; at Phe®-Leu™ and Phe®-Trp® removing the
tethered ligand and rendering the receptor unresponsive to thrombin (Molino et al.,
1995). In 1997 Renesto and colleagues’ mass spectrometry study indicated that CG
cleaves PAR; on platelets and endothelia cells downstream of the thrombin cleavage
site at Phe®-Trp> and Tyr®®-Arg” (Renesto et al., 1997). Thus we then concluded that
CG might have four potential cleavage sites in the N-terminus of hPAR; (Arg™-Ser®,
Phe®*-Leu™, Phe®-Trp®, and Tyr*®®-Arg™). Furthermore, Loew et al. kinetic analyses
showed that the preferential CG cleavage site for PAR; is Phe™-Trp® site (Loew et al.,
2000). Moreover, our finding with the CG mutant is in accord with previous report that
has demonstrated that Phe®-Trp™ is the main region cleaved within the receptor N-
terminus by cathepsin G (Molino et al., 1995). Also, we have reported from Chapter 3
that Asn® seems not actually heavily glycosylated in our KNRK system. Therefore we
suggest that PAR; glycosylation have no observable effect in regulating cathepsin G

sensitivity towards PAR;.
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Finally, we assessed proteinase 3 (PR3) inhibition of thrombin-induced Ca**
mobilization in wt-hPAR;, hPAR;(N62QN75Q), hPAR(N62Q) and hPAR:(N75Q).
Our data revealed that 300 nM PR3 disarms hPAR1(N62QN75Q) but not wt-hPAR;,
hPAR1(N62Q) or hPAR;(N75Q). It is well estabilished that PR3 has an elastase-like
specificity for Ala, Ser, and Val at the P1 site (Rao et al., 1991a). One previous study on
human oral epithelial cells also pointed out that PR3 can rapidly cleave PAR; between
Arg and Ser and relatively inefficiently cleave between Lys and Val (Uehara et al.,
2002). Furthermore, PR3 cleaved the peptide corresponding to the N-terminus of PAR;
at Arg®-Ser® indicating that site of the PAR; is structurally accessible by PR3 (Uehara
et al., 2002). Interestingly, one previous study on synthetic peptides reported that the
cleavage site for PR3 in N-terminus of PAR; is Val">-Ser™® (Renesto et al., 1997). In
addition, Loew and colleagues kinetic analysis on the N-terminus domain of PAR;
showed that PR3 early cleavage sites for PAR; are Ala®*-Thr¥’, Pro®-Asn®, val"-Ser”,
Ala®-Ser®®, and the late cleavage site is Pro™-Phe™ (Loew et al., 2000). Furthermore,
Sokolova et al. suggested in recent reviews that PR3 cleaves human PAR; a Ala®-
Thr¥” and Val’>-Ser™® (Sokolova & Reiser, 2007). Although there are differences,
previous studies have agreed that the Va *-Ser” might be the earliest cleavage site for
PR3. We therefore atered that site by creating a mutation AA™ in our
hPAR1(N62QN75Q) (named PR3 mutant), and indeed the PR3 almost immediately lost
the ability to disarm the mutant receptor. As mentioned by Loew et al. there exists alate
cleavage site between Pro®*-Phe™, we therefore suggest that apart from the Val"-Ser”
cleavage site there might exist relatively inefficient later cleavage events between Pro™-
Phe>, and possibly at Pro*®-Asn* (Loew et al., 2000). Thus there might be a possibility
that if we expose PAR; with PR3 for a greater length of time, PR3 might disarm wit-

hPAR;. Indeed, we did notice that this phenomenon happened casualy when we
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accidently pre-incubated PAR; with PR3 for more than 3 min (data not shown). We
have shown that in wt-hPAR; cells, PR3 does not disarm the receptor immediately
(within 1 min), however, after the amputation of the glycosylation in Asn® and Asn”
PR3 immediately disarmed the glycosylation mutant receptor and inhibited thrombin-
induced Ca" mobilization. We therefore suggest that glycosylation at Asn®® and Asn”
together regulate hPAR; signalling to proteinase 3.

Interestingly Compton’s previous study reported that sialylation regulates hPAR;
signalling to tryptase (Compton et al., 2002b). After removing the sialysation from the
receptor, the receptor becomes increasingly sensitive towards tryptase activation.
Therefore it will be of great interest to assess whether siaylation plays an important role

in regulating hPAR; signalling to proteinases studied in this chapter in the future work.
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5.1 Introduction

According to the derived amino acid sequence, hPAR, possesses only one putative N-
linked glycosylation site (N**D*'S®) which is located on the receptor N-terminus
downstream of the tethered ligand (Figure 5.1.1) (Compton, 2003). A previous study
has reported that PAR, runs higher than its predicted molecular mass when assessed by
western blot analysis (Shapiro et al., 2000). Bolton and colleagues have reported that
PAR, expressed in human eosinophils and mononuclear cells migrates as two bands,
one at ~80 kDa and the other one at ~40 kDa; the authors also suggested, but did not
prove, that the apparent higher MW may be a result of differentia glycosylation
(Bolton et al., 2003). During the course of this thesis Leger and co-workers
demonstrated that (i) wt-PAR, migrates with a molecular mass from 32-81 kDa; (ii)
PNGase-F treated wt-PAR, runs with a molecular weight from 32-70 kDa, and (iii) the
mutant N56S also ran between 32-70 kDa (Leger et al., 2006). In addition, the authors
showed that PAR, undergoes homologous dimerisation and heterologous dimerisation
with PAR;. Glycosylation was not involved in homologous PAR, dimerisation since the
glycosylation mutant was also found to dimerise (Leger et al., 2006). Although PAR4
has been demonstrated to be glycosylated, there currently exists no information on the
role of N-linked glycosylation or receptor siaylation in regulating PAR4 signaling.
Therefore, in this chapter we sought to 1) establish whether PAR; is glycosylated, and 2)
explore the role of glycosylation and sialylation in regulating hPAR, cell surface

expression and receptor signalling.
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Figure 5.1.1 Representative model of hPAR, displaying the potential N-linked
glycosylation site. hPAR, contains one potential N-linked glycosylation sequon
(N*°D°’S*®), which is located near the cleavage/activation site (RYG) and tethered
ligand (GY PGQV) of the receptor. [Adapted from (Compton, 2003)]
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5.2 Materialsand M ethods

5.2.1 Materials

Monoclonal anti-AU1 antibody was obtained from COVANCE (California, USA).
Anti-PAR, polyclonal antibody was purchased from Santa Cruz Biotech (Santa Cruz,
CA). PNGaseF was purchased from New England Biolabs (Herts, UK.). Phospho-
p44/42 MAP kinase (Thr202/Tyr204) antibody, p44/42 MAP kinase antibody, phospho-
p38-MAPK antibody and p38-MAPK antibody were purchased from Cell Signaling
Technology, Inc. through New England Biolabs (Herts, UK.). Restore™ Western Blot
stripping buffer was bought from PIERCE (Northumberland, UK). PCR primers were

designed in house and made by MWG Biotech (Milton Keynes, UK).

5.2.2 Generation of hPAR, Expressing Cell Line

hPAR; (POMC-AU1-hPAR4-HA.11 in pcDNAS3 (Figure 5.2.1)) was supplied by Dr
Compton. hPAR, was transfected into KNRK cells cultured as described in chapter 2
section 2.6.3. Following single cell cloning (as described in chapter 2 section 2.6.4)
cells expressing hPAR, were selected by calcium signalling assay using PAR4-AP

AYPGQV-NH; (100 uM), or by FACS using anti-AU1 or anti-PAR, antibody.

5.2.3 Generation of wt-hPAR; and hPAR4(N20Q) Constructs and
Expressing Cell Lines

Construction of hPAR4-eYFP (POMC-AU1-hPAR4-HA.11-eYFP) was essentially
performed by fusing hPAR;-HA.11 (POMC-AU1-hPAR4-HA.11) and HA.11-eY FP by

overlapping PCR. The PCR amplifications were carried out as described in chapter 2

section 2.2.1. Briefly, hPARs-HA.11 cDNA was generated from hPAR, (POMC-AU1-
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hPAR;-HA.11 in pcDNA3) expression vector using the Hindl11-POMC forward primer
and the HA.11-PAR, reverse primer (Table 5.2.1), and PCR amplified through 25
cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and extension
for 2 min at 68°C. HA.11-eY FP was amplified from pEY FP vector (Clontech) using a
HA.11-eYFP forward primer and an eYFP reverse primer (see Table 5.2.1). The
reaction was amplified through 35 cycles of denaturation at 94°C for 30 sec, annealing
at 55°C for 30 sec, and extension for 2 min at 68°C. HA.11-eY FP was then fused to
hPAR;-HA.11 to generate hPAR4-eY FP cDNA by overlapping PCR using the HindlI1-
POMC forward primer and the eY FP reverse primer, amplifying through 25 cycles of
denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and extension for 2 min
and 30 sec at 68°C. A restriction digest reaction was performed on hPAR4-HA.11-eY FP
PCR purified product in order to clone into pcDNA3. Briefly, the restriction digest
reaction was carried out by incubating 10 ul of DEPC water, 5 ul of POMC-AU1-
hPAR;-HA.11-eYFP PCR product, 2 ul of 10xbuffer (2), 2 ul of BSA (100 ug/ml), 0.5
ul of Xhol (2000 U/ul) and 0.5 ul of Hindlll (2000 U/ul) at 37°C for overnight. After
gel purification, the Hindl11-POMC-AU1-hPAR4-HA.11-eY FP-Xhol cDNA was ligated
between the Hindl Il and the Xhol sites of the pcDNA3 vector. The wt-hPAR, (POMC-
AU1-hPARs-HA.11-eYFP in pcDNA3) expression vector was subsequently amplified
and purified, and the colonies containing the hPAR4-eY FP insert were selected and sent
to MWG biotech (Milton Keynes, UK) for sequencing using MWG T7 and SP6 primers
as described in chapter 2 sections 2.4, 2.5.

For site directed mutatgenesis protocols oligonucleotides (Table 5.2.2) were designed to
replace the asparagine (N) residue at position 20 in our hPAR, reading frame with a
glutamine (Q) residue to generate hPAR4(N20Q) expression vector (Figure 5.2.1). The
site-directed mutagenesis assays were conducted using the QuickChange® site-directed
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mutagenesis kit (Stratagene) as described in chapter 2 section 2.2.2. The resulting
cDNA constructs were subsequently amplified, screened and purified as described in
chapter 2 sections 2.4, 2.5, and then sequenced to confirm the engineered mutations by
MWG biotech (Milton Keynes, UK) using the MWG T7 and SP6 primers.

The permanently expressing wt-hPAR;-KNRK (WT) and hPAR4(N20Q)-KNRK
(N20Q), wt-hPAR4-Pro5 (Pro5-hPAR,) and wt-hPARs-Lec2 (Lec2-hPARy) cell lines
were generated and cultured as described in chapter 2 section 2.6. The clone showing
the highest level of expression above control EV cells in FACS analysis was selected
for future experiments. KNRK cells at 90%-100% confluence and CHO cells at 40%

confluence were used for experiments.
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Primer Sequence
HA.11-eYFP

forward 5 -CCCTATGATGTTCCCGATTATGCCATGGTGAGCAAGGGC-3

eYFP
reverse 5 -GGGCCCCTCGAGTTACTTGTACAGCTCGTCCAT-3
HindlII-POMC

forward 5 -GATCGAAGCTTAGCATGCCGAGATCGTGCTGC-3

HA.11-PAR,
5 -GGCATAATCGGGAACATCATAGGG-3’
Reverse

Table 5.2.1 Primers used in the PCR reactions for the generation of hPAR4-eYFP
cDNA.

Primer Sequence
N20Q

forward 5'-GCCAAGTCTGTGCCCAAGACAGTGACACCCTG-3
N20Q

reverse 5 -CAGGGTGTCACTGTCTITGGGCACAGACTTGGC-3

Table 5.2.2 The oligonucleotides used in the site-directed mutagenesis for the
generation of hPAR4(N20Q).
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Figure 5.2.1 Representative model of POM C-AU1-hPAR4-HA.11-eYFP in pcDNA3
(named: wt-hPARj,). In our PAR, model, the potential N-linked glycosylation sequon
is N®D?S*? and is located close to the tethered ligand (GYPGQV). Pro-
opiomelanocortin (POMC) signa peptide and AUL (DTYRY ) epitope tag were fused
to the N-terminus of hPAR,. The enhanced yellow fluorescent protein (eYFP) and the
haemagglutinin epitope (YPYDVPDYA) were fused to the C-termina tail of hPAR,.
The disulphide bridge is shown by the two cysteines (C-C). The POMC signal peptide
enabled efficient expression of PAR,, whilst the AU1 and HA.11epitope tags facilitated

isolation and detection of the receptor.

143



5.2.4 Transient Transfection

Wt-hPAR, was transfected into 60% confluent parent KNRK, Hela, and COS7 cells in
T25 flasks under sterile conditions. The transient transfection was performed using the
same transfection method as that described in chapter 2 section 2.6.3, except cells were
grown in DMEM complete growth medium for 48-72 h following transfection. Cells
were analysed for receptor expression by FACS analysis between 48 and 72 h post-

transfection.

5.2.5 Flow Cytometry and Confocal Microscopy Analysis

For the WT and N20Q cédll lines, the light emitted by the eY FP (530 nm) fused to the
receptor was used to assess receptor global expression. Ten thousand cells were
analysed by FACS (chapter 2 section 2.8). Confocal microscopy analysis was

performed as described in chapter 2 section 2.9.

5.2.6 Western Blot Analysis

Immunoprecipitation of wt-hPAR, from KNRK, Pro5 and Lec2 cells and hPAR4(N20Q)
from KNRK cells via the HA.11 epitope tag was carried out as described in chapter 2
section 2.10. To assess the degree of N-linked glycosylation of hPAR;,,
immunoprecipitated wt-hPAR; from KNRK was incubated with 2 pl PNGaseF
(500,000 U/ml) at 37 °C for 1 h. Samples were then separated on a 10% SDS/PAGE gel
before transfer to Hybond C PVDF membrane. The membrane was incubated with the
murine anti-HA.11 monoclonal antibody [1 pg/ml] in PBS (0.1% Tween-20) 2% non-
fat milk at 4°C overnight. The membrane was then incubated with goat anti-mouse HRP
[0.25 ug/ml] in PBS (0.1% Tween-20) with 2% non-fat milk for 60 min at RT before

analysis using the ECL detection system. Blots were then stripped at RT for 20 min in
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Western Blot Stripping Buffer (PIERCE), and then incubated with the anti-eYFP
antibody [0.5 pg/ml] in PBS (0.1% Tween-20) 2% non-fat milk at 4°C overnight.
Preliminary experiments confirmed that the stripping agent had removed the mgjority of
the primary & secondary antibody. After incubating with goat anti-mouse HRP [0.25
ug/ml] in PBS (0.1% Tween-20) containing 2% non-fat milk for 60 min at RT, the
hPAR, receptor was visualized by using the ECL detection system as described in

chapter 2 section 2.11.

5.2.7 Calcium Signalling Assay

The calcium signalling assay was performed essentialy as described in chapter 2
section 2.7. Functional hPAR, activity was assessed by treating cells with the PARs-AP
AYPGQV-NH; (100 uM) and thrombin (5 nM). In order to remove endogenous PAR;
activity in CHO cells the hPAR;-AP TFLLR-NH; (100 uM) was added to the cells prior

to the addition of PAR4-AP.

5.2.8 MAP Kinase Signalling Analysis

WT and N20Q cells were seeded into 6-well plates and grown to over 90% confluence.
Cells were then quiesced for 24 h in DMEM serum-free medium (DMEM with 2 mM
L-glutamine and 1% penicillin/streptomycin, 100 uM sodium pyruvate). Cells were
then challenged with the PAR4-AP AY PGQV-NH, (100 uM) at different time points (5,
10, 20, 30 and 60 min) before the reaction was stopped and cells lysed by replacing the
buffer with 0.3 ml of Laemmli’s sample buffer [2% SDS, 10% glycerol, 50mM Tris-
HCI (pH 6.8), 5 mM EDTA, 0.008% bromophenol blue, 0.5% B-Mercaptotheanol]. The

cell lysates were then transferred into 1.5 ml Eppendorf tubes and centrifuged at 13200
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g for 10 min at 4°C. The supernatants were then recovered and samples were boiled for
5 min before being resolved on a10% SDS gel.

Activation of ERK and p38-MAPK was monitored by immunoblot analysis with
antibodies for phosphorylated (activated) signalling protein. Immunaoblotting with equal
amounts of sample protein (25 ul/well) loaded in each well was carried out as described
in chapter 2 section 2.11. Briefly, membranes were incubated with anti-phosphorylated
antibody [1 pug/ml] in 5% BSA, PBS (0.1% Tween 20) overnight at 4°C, and then
incubated with the secondary antibody donkey anti-rabbit 1IgG HRP-linked antibody [1
pug/ml] for 60 min in PBS (0.1% Tween 20) 2% non-fat milk at RT for 60 min. In all
experiments, blots were stripped at 37°C for 2 h in Western Blot Stripping Buffer
(PIERCE) after the phosphorylated signalling blot assay and re-probed with antibodies

[1 ng/ml] for visualizing the total protein to confirm equal protein loading.
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5.3 Results

5.3.1 Generation of Functional Cell Linesfor hPAR,

Weinitially attempted to transfect and express hPAR, in the KNRK cell line. Functional
hPAR; expressing cells (hPARs;-KNRK) were assessed by (i) measuring agonist
triggered increases in intracellular calcium levels, and (ii) FACS anaysis by staining
with anti-AU1 FITC antibody. However, the calcium signalling experiments with
hPAR;-KNRK cells failed to demonstrate any appreciable activation of PAR, following
the addition of the PAR4-AP AYPGQV-NH, (100 uM) (data not shown). FACS data
from the first round of hPARs-KNRK single cell cloning also faled to show any
differences in fluorescence compared to EV cells (data not shown). Thus, we decided to

fuse eY FP protein to the tail of hPAR, to help usidentify positive clones.

5.3.2 Generation of wt-hPAR,; and hPAR4(N20Q) constructs and
Expressing Cell Lines

Since PAR; was proving problematic to express, we attached enhanced yellow
fluorescent protein (eYFP) to the c-termina tail of the receptor (Figure 5.2.1) in the
hope that positive clones would be easier to select by FACS (we have termed the eY FP
tagged hPAR, as wt-hPARy). The wt-hPAR, and hPAR4(N20Q) cDNA constructs were
successfully generated. Automated DNA sequencing confirmed the presence of the
desired mutation (data not shown).

In order to determine the best cell line for expressing hPAR,, we selected Hela, COS7
and KNRK cdll lines for transient transfection of wt-hPAR,, and assayed for receptor
expression by FACS analysis using eY FP as a fluorescence signal. Unfortunately, wt-
hPAR, transfected Hela cells died of bacterial infection (data not shown). FACs data

obtained from wt-hPAR, transfected COS7 and KNRK (Figure 5.3.1) showed that there
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was a bigger rightward shift between the negative control cells and WT transfected cells
in the KNRK cell line than in the COS7 cdll line. Therefore WT and N20Q permanently
expressing KNRK cell lines were successfully generated. Pro5-hPAR, and Lec2-hPAR,
were aso produced in order to study the effect of sialic acid on receptor expression and

function.

5.3.3 N20Q Displays Diminished Cell Surface Expression and Partial

Cytosolic Retention

Two wt-hPAR, transfected KNRK cell lines were successfully generated (high-wt &
medium-wt) (Figure 5.3.2). The N20Q displayed similar global expression to the
medium-wt (p>0.05) (Figure 5.3.2 (B) and (C)), and both displayed significantly less
expression compared to high-wt [percentage relative to high-wt £ SE.M: 30.7 £ 1 %
(n=6) for medium-wt and 30.4 + 3 % (n=6) for N20Q respectively].

Anaysis of hPAR, localization by confocal microscopy demonstrated that all PAR,
expressing cell types were expressed on the cell membrane (Figure 5.3.3 (B), (C) and
(D)), whilst there was no specific fluorescence (eYFP signalling) observed in EV
(Figure 5.3.3 (A)). However, the relative florescence intensity of the receptor at the cell
surface appeared to be reduced in N20Q when compared with high-wt and medium-wt.
Furthermore, N20Q was also observed in the cytoplasm to a greater degree than that

observed in wt-hPAR, (Figure 5.3.3 compare (B) & (C) with (D)).
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Figure 5.3.1 Flow cytometry analysis of wt-hPAR, transiently transfected into
KNRK and COS7 cells. (A) COS7 and (B) KNRK cells were transfected with wit-
hPAR,, and then cultured for 72 hours in norma growth medium. Cells were washed,
and analyzed for fluorescence (FL1-H) by flow cytometry.
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Figure 5.3.2 Flow cytometry analysis for wt-hPAR,; and hPAR4(N20Q) KNRK
expressing cdl lines. (A): Flow cytometry analysis for EV, high-wt and N20Q. (B):
Flow cytometry analysis to compare medium-wt and N20Q receptor expression. Cells
were washed in PBS, and analyzed for fluorescence (FL1-H) by flow cytometry. The
results are representative of three separate experiments. (C): Bar graph showing relative
receptor expression for N20Q, high-wt and medium-wt cell lines. Results are expressed

as the mean £ SEM of six separate experiments.
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Figure 5.3.3 Removal of the glycosylation sequon in hPAR, results in partial
retention of the receptor within the cytosol. Confocal microscopy images for (A) EV,
(B) High-wt, (C) Medium-wt, (D) N20Q. Cells were grown on glass coverdlips before
fixing and permeabilising. Cells were stained with propidium iodide prior to visualising.
eYFPisvisualised herein green and propidium iodidein red. |: Cell surface expression;
[1: internal receptor expression. The results are representative of four separate

experiments.
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5.3.4 hPAR, isa Glycosylated Receptor

Western blot analysis of immunoprecipitated wt-hPAR, using either the HA.11
antibody or the eYFP antibody demonstrated that wt-hPAR, runs as multiple bands
ranging from 35-106 kDa (Figure 5.3.4 (A)). Severa bands could be identified ranging
from ~35 kDato ~45 kDa, 2 clear bands at ~65 kDa and ~68 kDa, and 2 bands observed
at ~89 kDa and ~106 kDa. The glycosylation mutant hPAR4(N20Q) also ran as multiple
bands but only ranging from ~35 kDa to ~85 kDa (Figure 5.3.4 (A)). In addition, there
was only one band at ~65 kDa and 2 bands at ~79 kDa and ~85 kDa. When treated with
PNGaseF, wt-hPAR, ran at a lower molecular mass, with bands ranging from 79-85
kDa, compared to untreated wt-hPAR,;, but similar to that observed for the

hPAR4(N20Q) (Figure 5.3.4 (B)). No bands were detected in EV céll line.
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Figure 5.3.4 Western blot analysis of wt-hPAR4and hPAR4(N20Q) in KNRK cells.
(A): Blotsfor EV, WT and N20Q. (B): Blots for WT, and PNGaseF (NGF) treated WT.
Immunoprecipitated hPAR, protein was incubated with PNGaseF for 1 hour at 37°C.
Immunoprecipitated proteins were resolved by SDS-PAGE before immunoblotting with
either the monoclonal HA.11 antibody or the eY FP antibody. EV, protein sample from
pcDNA3 transfected KNRK cells; WT, protein sample from wt-hPAR, transfected
KNRK cédlls; N20Q, protein sample from hPAR4(N20Q) transfected KNRK cells.
WT+NGF, protein sample from PNGaseF treated wt-hPAR, transfected KNRK cells.
GD indicates glycosylated dimer; NGD, nonglycosylated dimer; GM, glycosylated
monomer; NGM, nonglycosylated or minimaly glycosylated monomer. M.M.,

molecular mass.
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5.3.5 hPAR, Couples Weakly to Calcium in KNRK Cell Line

The functionality of wt-hPAR4 and N20Q was initially assessed by measuring agonist-
triggered increases in intracellular calcium levels. The KNRK parent cell line was
initially tested for the presence of functional hPAR, (Figure 5.3.5 (A)). Challenging
KNRK parent cells with 100 uM of the selective PARs,-AP, AYPGQV-NH, resulted in
no calcium signa (Figure 5.3.5 (A)). However, subsequent treatment with A23187 (2
uM) did induce a robust calcium response. In high-wt cells cacium signal was
generated when AYPGQV-NH; (100 uM) was added (Figure 5.3.5 (B)). Addition of
A23187 (2 uM) following the AY PGQV-NH, challenging to high-wt cells aso resulted
in arobust increase in fluorescence. No calcium signal was observed when challenging
medium-wt cells with AYPGQV-NH, (100 uM), although subsequent treatment with
A23187 (2 uM) did induce a robust calcium response (Figure 5.3.5 (C)). N20Q cells
displayed no calcium signal after the addition of AYPGQV-NH, (100 uM) (Figure 5.3.5
(D)). Subsequent treatment of N20Q with A23187 (2 uM) did induce a robust calcium

response.
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Figure 5.3.5 Representative traces of PARs;-AP AYPGQV-NH, triggered calcium
responses in wt-hPAR, and hPAR4(N20Q) transfected KNRK cells. AYPGQV-NH;
(100 uM) triggered calcium response for (A): KNRK, (B): High-wt, (C): Medium-wt,
and (D): N20Q. An increase in fluorescence (Esz) monitored by fluorescence
spectrophotometry is indicative of calcium mobilization. Cells were loaded with Fluo-3
(22 uM) for 25 minutes at RT before functional hPAR, activity was assessed by treating
cells with the hPARs-AP AYPGQV-NH,. Cedl loading/viability was assessed by
addition of A23187 (calcium ionophore, 2 puM). Arrows indicate when test agonists
were added. Data shown is representative of three independent experiments.

155



5.3.6 Glycosylation of hPAR, Inversely Regulates Coupling to ERK

and p38 MAPK Signalling Pathways

In order to characterise the effect of N-linked glycosylation on PAR; MAPK signalling,
PARs-AP AYPGQV-NH; (100 uM) triggered p38 and ERK MAPK activation time

courses for WT (high-wt) and N20Q were produced (Figure 5.3.6 and 5.3.7).

Activation of WT and N20Q with AYPGQV-NH; resulted in the phosphorylation of
p38 MAPK but with dramatic differences (p<0.0001) in the magnitude of the responses
between the two receptors when analysed using a two-way ANOVA table (Figure 5.3.6).
AYPGQV-NH; triggered phosphorylation of p38 MAPK in WT cells with maximal
activation observed at 5 min (14 *= 6 fold of control), which declined thereafter but
remained elevated up to the 60 min time point tested (Figure 5.3.6). AYPGQV-NH, aso
triggered phosphorylation of p38 MAPK in N20Q cells with maxima activation
observed at 5 min (2 £ 0.7 fold of control). However the magnitude of response was far
smaller than that seen for WT (2 £ 0.7 vs. 14 + 6 fold above control for N20Q and WT
respectively). In the AYPGQV-NH, treated N20Q cells p38 MAPK phosphorylation
levels remained elevated up to 30 min post agonist challenge and declined to almost

near basal level by the 60 min time point tested (Figure 5.3.6).

The effect of PARs-AP AYPGQV-NH; (100 uM) stimulation on the phosphorylation of
ERK (p42/44 MAPK) for WT and N20Q cell lines was a so investigated (Figure 5.3.7).
Activation of WT and N20Q with AYPGQV-NH; both resulted in the phosphorylation
of ERK but with striking differences (p=0.0016) in the magnitude of the response when
analysed by two-way ANOVA table (Figure 5.3.7). Activation of WT with AYPGQV -

NH, stimulated phosphorylation of ERK (1.3 £ 0.1 fold of control) at 5 min time point,
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which fluctuated thereafter but till remained elevated up to the 30 min time point (1.5 +
0.3 fold of control) (Figure 5.3.7). ERK phosphorylation levels declined to basal levels
by the 60 min time point. AY PGQV-NH,, also triggered phosphorylation of ERK (1.9 +
0.1 fold of control) at the 5 min time point in N20Q cells, however the ERK
phosphorylation levels increased thereafter up to the 60 min time point tested (3 + 0.6

fold of control) (Figure 5.3.7).
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Figure 5.3.6 WT and N20Q mediated phosphorylation of p38 MAPK in KNRK
cells. (A): Representative blots of WT and N20Q stimulated phosphorylation of p38
MAPK. Cells were rendered quiescent for 24 hours prior to stimulation with 100 uM
AYPGQV-NH; for the times indicated. Whole cell lysates were prepared and assayed
by western blotting. Blots shown are a representative of three separate experiments.
Gels were probed with anti-phosphorylated p38 antibody and then re-probed with anti-
total p38 antibody. WT, wt-hPAR, transfected KNRK cell line; N20Q, hPAR4(N20Q)
transfected KNRK cdll line; p-p38, phosphorylated p38. (B): Blots were quantified by
densitometry and expressed as mean + SEM (fold stimulation).
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Figure 5.3.7 WT and N20Q mediated phosphorylation of p42/44 MAPK in KNRK
cells. (A): Representative blots of WT and N20Q stimulated phosphorylation of p42/44
MAPK. Cells were rendered quiescent for 24 hours prior to stimulation with 100 uM
AYPGQV-NH; for the times indicated. Whole cell lysates were prepared and assayed
by western blotting. Blots shown are a representative of three separate experiments.
Gels were probed with anti-phosphorylated p42/44 antibody and then re-probed with
anti-total p42/44 antibody. WT, wt-hPAR, transfected KNRK cell line; N20Q,
hPAR4(N20Q) transfected KNRK cell line; p-p42/44, phosphorylated p42/44. (B): Blots
were quantified by densitometry and expressed as mean £ SEM (fold stimulation).
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5.3.7 The Effect of Salylation on hPAR4 Expression and Cellular

Distribution

Expression of wt-hPAR, in Pro5 and Lec2 cell was initialy assessed by FACS. Both
Pro5-PAR, (wt-hPAR, transfected Pro5 cells) and Lec2-PAR, (Wt-hPAR, transfected
Lec2 cells) cell lines show significant rightward shifts in fluorescence when compared
to untransfected Pro5 and Lec2 cells respectively (Figure 5.3.8 (A), and (B)). Lec2-
PAR, showed no significant differences in receptor global expression when compared
with Pro5-PAR, (p=0.3598) (Figure 5.3.8 (C)).

Anaysis of eYFP tagged hPAR, localization in permeabilized cells by confocal
microscopy demonstrated that Pro5-PAR,; was expressed predominantly on the cell
surface, although some receptor expression could be detected throughout the cytosol as
well (Figure 5.3.9). However, the relative fluorescence intensity of the receptor
appeared to be reduced in Lec2-PAR, when compared with Pro5-PAR,. Furthermore,
Lec2-PAR, was observed increasingly inside the cells compared to Pro5-PAR, cells

(Figure 5.3.9).
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Figure 5.3.8 Flow cytometry analysis for wt-hPAR, in Pro5 and Lec2 cell lines.
Flow cytometry analysis for (A): Pro5 and Pro5-PAR,, and (B): Lec2 and Lec2- PAR;.
Cells were washed in PBS, and analyzed for fluorescence (FL1-H) by flow cytometry.
The results are representative of three separate experiments. (C): Bar graph showing
relative receptor expression between Pro5-PAR, and Lec2-PAR, cell lines. Results are

expressed as the mean + SEM of two separate experiments.
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Figure 5.3.9 Confocal microscopy analysis for wt-PAR, transfected Pro5 and Lec2
cells. Confocal microscopy images for (A) Pro5-PAR,; and (B) Lec2-PAR; were
produced by growing the cells on coverdips before fixing and permeabilising. Cells
were stained with propidium iodide prior to visualising. eYFP is visuaised here in
green and propidium iodide in red. |: Cell surface expression; Il: internal receptor

expression. The results are representative of three separate experiments.

162



5.3.8 hPAR, isa Sialylated Receptor

To determine the contribution of siaic acid to the molecular mass of hPAR4, western
blot analysis for Pro5-PAR; and Lec2-PAR,; were performed. Results are shown in
Figure 5.3.10. Pro5-PAR; migrated as several bands observed from 35-106 kDa
including severa bands ranging from ~35 kDa to ~45 kDa, 2 clear bands at ~65 kDa
and ~68 kDa, and multiple bands observed approx. from ~89 kDa to ~106 kDa. Lec2-
PAR, exhibited a lower molecular mass ranging from approx ~35 kDa to ~94 kDa
including several bands at ~35 kDato ~45 kDa, 2 clear bands at ~65 kDa and ~68 kDa,
and multiple bands observed approx. from ~79 kDa up to ~94 kDa. No bands were

detected in the non-transfected Lec2 or Pro5 cells.
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Figure 5.3.10 Western blot analysis of Pro5-PAR, and Lec2-PAR,. Protein samples
were immunoprecipitated by HA.11 immunoprecipitation and were resolved by
SDS/PAGE (10% gel) and immunoblotted using either eY FP antibody or a monoclonal
HA.11 antibody. GD indicates glycosylated dimmer; NSD, non-siaylated glycosylated
dimmer; NGD, nonglycosylated dimmer; GM, glycosylated monomer; NGM,
nonglycosylated or minimally glycosylated monomer. M.M., molecular mass. The

results are representative of three separate experiments.
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5.3.9 The Effect of Salylation on PAR4 Calcium Signalling

The functionality of PAR, in Pro5 and Lec2 cells was assessed by measuring agonist-
triggered increases in intracel lular calcium levels (Figure 5.3.11). Pro5-PAR, and Lec2-
PAR, all displayed a rapid and robust increase in fluorescence levels following
stimulation with the PARs-AP AYPGQV-NH; (100 puM) (approximately ~90% and
~60% of A23187 respectively) (Figure 5.3.11 (A), (C)). Challenging Pro5-PAR, with
TFLLR-NH; (100 uM) resulted in a robust increase in fluorescence (approximately
~70% of A23187); further treatment with TFLLR-NH, (100 uM) resulted in small
increase in fluorescence (approximately under ~5% of A23187). Addition of thrombin
(5 nM) following both additions of TFLLR-NH, also resulted in a robust increase in
fluorescence (approximately ~70% of A23187) (Figure 5.3.11 (B)). Challenging Lec2-
PAR; with TFLLR-NH; (100 uM) resulted in a robust increase in fluorescence
(approximately ~50% of A23187); when the cells were stimulated twice with TFLLR-
NH, (100 puM), no second fluorescence signal was observed following the first
application. Subsequent treatment with thrombin (5 nM) resulted in arobust increase in

fluorescence (approximately over ~50% of A23187 response) (Figure 5.3.11 (D)).
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Figure 5.3.11 Representative traces of calcium signalling assay for Pro5-PARand
Lec2-PAR,. (A) Pro5-PAR, responses to PARs;-AP AYPGQV-NH, (100 pM); (B)
Pro5-PAR, responses to PAR;-AP TFLLR-NH; (100 uM) then thrombin (5 nM); (C)
Lec2-PAR; responses to PARs;-AP AYPGQV-NH; (100 uM); (D) Lec2-PAR,
responses to PAR;-AP TFLLR-NH; (100 uM) then thrombin (5 nM). An increase in
fluorescence (Eszp) monitored by fluorescence spectrophotometry is indicative of
calcium mobilization. Cells were loaded with Fluo-3 (22 uM) incubating for 25 minutes
at RT. Functional hPAR, activity was assessed by treating cells with the hPAR4,-AP
AYPGQV-NH; or thrombin (5 nM). Cell loading/viability was assessed by addition of
A23187 (2 uM). Arrows indicate when test agonists were added. Data shown is
representative of three independent experiments.
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5.4 Discussion

The data presented in this chapter provides convincing evidence that hPAR, is an N-
linked glycosylated receptor which is also heavily siadylated. We show that N-linked
glycosylation and sialylation is required but not essential for hPAR, cell surface
expression. Finally and most importantly, we show for the first time that the signalling
pathways activated by a GPCR can be modulated by N-linked glycosylation.

Initialy, we attempted to express hPAR; (POMC-AU1-hPAR,~HA.11 in pcDNA3) in
the KNRK cell line as we have successfully transfected and expressed hPAR; in this
cell system (Chapter 3). However, we were unable to select the KNRK-hPAR,
expressing cell line efficiently, because (i) our anti-AUl antibody and anti-PAR4
antibody failed to detect the receptor by FACS analysis, and (ii) no calcium signalling
response was detected after stimulation with the PAR,-AP AYPGQV-NH; (100 uM) in
a least 60 single cell clones (3 repeats of transfection) by calcium signalling assay
screening. We then assumed that hPAR4 might not be expressed as well as hPAR; in
KRNK cells, and that we needed a rapid and more efficient method to screen for
positive hPAR,; expressing cell lines. We therefore attached enhanced yellow
fluorencent protin (eYFP: can be detected easily by FACS analysis when expressed
along with the receptor in the cells) to the c-terminal of hPAR,. In order to assess the
best cell system for expressing hPAR,, we performed transient transfection of wt-
hPAR, (POMC-AU1-hPARs~HA.11-eYFP in pcDNA3) into the KNRK, COS-7, and
Hela cell lines. Wt-hPAR, transfected Hela cells died after 24 h of transfection. KNRK
and COS-7 cell lines both showed good expression levels of PAR,. However, the wt-
hPAR, transfected COS7 cells grew slower and displayed more cell death when
compared with KNRK transfected wt-hPAR,. We therefore generated high-wt, medium-

wt and glycosylation-deficient mutant N20Q cell linesin KNRK cells.
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We utilised FACS and confocal microscopy to assess the expression levels and the
cellular distribution of wt-hPAR, and glycosylation-deficient mutant hPAR4(N20Q) in
KNRK cell lines. Confocal imaging revealed that both wt-hPAR; and N20Q were
expressed at the cell surface along with some internal localization; however, N20Q
displayed dimished cell surface expression and partial cytosolic retention (presumably
in golgi apparatus and ER) when compared to wt-hPAR,. Moreover, N20Q still alowed
effective cell surface expression which only was slightly reduced compared to medium-
wt. The reduced cell surface expression suggests the existence of improper folding of
the receptors (Karnik et al., 1988; Karnik & Khorana, 1990). Therefore, glycosylation
may play an important role in the correct folding of the receptor and is required but is
not essential for cell-surface expression. Interestingly, a previous study using FACS
analysis and immunocytochemistry also demonstrated that N-linked glycosylation
facilitates, but is not essential for, cell-surface expression of hPAR, (Compton €t al.,
2002b).

To provide evidence that hPAR, is N-linked glycosylated we treated wt-hPAR, with
PNGaseF. Indeed the drop in MW of PNGaseF treated wt-hPAR,4 and non-treated N20Q
provided clear evidence that wt-hPAR,is N-linked glycosylated. Since PNGaseF treated
wt-hPAR, displayed a similar molecular weight of 35-85 kDato that of N20Q, and that
wt-hPAR, ran with a molecular mass from 35-106 kDa, we conclude that approximately
~21 kDa of the molecular mass of hPAR, can be attributed to N-linked glycosylation.
The molecular mass of eYFP is predicted to be ~31 kDa according to the amino acid
sequence. We predict that the bands around 89-106 kDa may represent a glycosylated
dimer of hPAR; the multiple bands at approx. ~85 kDa and ~79 kDa may represent an
unglycosylated dimer of hPAR,; whilst the band at ~68 kDa might be a glycosylated

monomer of hPARy; the band at ~65 kDa might be an unglycosylated monomer of
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hPAR,. During the course of this Thesis Leger reported that PAR, was glycosylated by
two approaches (Leger et al., 2006). Firstly, they demonstrated by western blotting that
wt-PAR, expressed in COS7 cells migrated with a molecular mass ranging from 32 kDa
to 81 kDa, which included 2 bands at 32-35 kDa, severa bands around 60-64 kDa, and
aband at 81kDa. Treatment with PNGaseF reduced the molecular weight of wt-PAR, to
32-70 kDa, which included 2 bands at 32-35 kDa and a band migrated at ~70 kDa.
Secondly, they constructed a glycosylation-deficient mutant N56S which migrated with
exactly the same pattern as the PNGaseF treated wt-PAR,, and addition of the PNGaseF
did not further reduce the molecular mass of the N56S mutant. Thus they, like us,
provided convincing evidence that N56 is the sole site of N-linked glycosylation in
PAR;. The banding pattern of PAR, was described in detail: bands at 32-35 kDa were
predicted to be the nonglycosylated monomer; bands around 60-64 kDa stand for the
non-glycosylated dimer; the band at ~70 kDa is the heterogeneously glycosylated PAR,
dimer; the band at ~81kDa is the glycosylated dimer. Interestingly, these findings arein
agreement with our PAR, glycosylation studies. Our PAR, did display asimilar banding
pattern to Legers but the molecular mass of PAR, is dlightly different as we had
attached eYFP at the end of PAR,. Furthermore, prior to our study two other groups
also predicted that PAR, is glycosylated as the molecular mass of PAR, in their western
blotting analysis ran higher than the predicted molecular mass of PAR, (Shapiro et al.,
2000; Bolton et al., 2003).

In KNRK cells we only observed a calcium signal in response to the PARs;-AP
AYPGQV-NH; in the High-wt cells. Since the Medium-wt and N20Q both failed to
signal to calcium, we conclude that receptor expression and not glycosylation was
responsible for the lack of calcium signal. We also conclude that PAR,does not couple

very efficiently to calcium in KNRK cells, unlike our finding in the Pro5 and Lec2 cell
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system. Thus, it appears that the cell background may play an important role in the
ability of PAR, to trigger a calcium signal.

For MAPK signaling experiments, we made some interesting findings. Our data
revealed that wt-hPAR; displayed much greater ability to trigger p38-MAPK
phosphorylation after treatment with the PARs;-AP AYPGQV-NH, compared to ERK
phosphorylation. One previous study, which is in agreement with our findings,
demonstrated that AYPGKF-NH, activation of PAR, resulted in activation mainly via
the p38-MAPK pathway, with aweak activation of ERK in cardiomyocytes (Sabri et al.,
2003). Another study also stated that activation of PAR,; by AYPGKF-NH; increased
phosphorylation of both ERK1/2 and p38 MAPK in endothelia cells (Syeda et al.,
2006). The reduced p38-MAPK activation observed from hPAR4(N20Q) indicated that
glycosylation maybe important for PAR, triggered p38 MAPK signalling.

The most interesting finding was the ability of hPAR4(N20Q) to signa to ERK,
compared to WT that showed little or only modest activation. As mentioned above, it
has previously been reported that PAR, couples very weakly to ERK in cardiomyocytes
(Sabri et al., 2003). However, in HUVEC PAR4-AP AYPGKF promoted a prolonged
activation of ERK1/2 that was evident after 10 min stimulation, a result consistent with
our findings in hPAR4(N20Q) (Syeda et al., 2006). A previous study on human vascular
smooth muscle cells (SMC), like our findings in hPAR4(N20Q), aso show that
stimulation of SMC with PARs,-AP GYPGQV induced a prolonged phosphorylation of
ERK1/2 with a maximum at 60 min; in contrast, PAR;-AP SFLLRN caused a rapid
activation of the ERK1/2 with a maximum a 5 min (Bretschneider et al., 2001).
Moreover, Mazharian et al. also demonstrated that in platelet activation of PAR, with
PARs-AP induce ERK and p38 activation which involved in platelet spreading

(Mazharian et al., 2007). On the basis of evidence collected from a number of previous
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studies, PAR glycosylation appears to be regulated in a cell-specific manner (Compton,
2003). Interestingly, we know from chapter 4 that PAR; might not be heavily or fully
glycosylated in HUVECS, platelets, and HEL cells. We thus suggest that PAR; may
also not heavily or fully glycosylated in HUVEC, SMC and platelet cells. Therefore
differential glycosylation of PAR; may play an important role in the prolonged
activation of ERK1/2 signalling observed in different cell system including our
hPAR4(N20Q) cdlls.

We next assessed whether hPAR; is sialylated and the role of siaylation in regulating
hPAR, expression and calcium signalling. FACS data indicated that Pro5-PAR, cells
showed higher global expression levels compared to Lec2-PAR,. Moreover, confocal
imaging data revealed that there was more hPAR, internal localization in Lec2-PAR,
than in Pro5-PAR;, cells. Therefore, we could draw a conclusion that Pro5-PAR, has
higher cell surface expression levels than Lec2-PAR, cells. Western blot analysis
revealed that Lec2-PAR, had a molecular mass that was up to ~12 kDa lower than that
observed for Pro5-WT (ranged from ~35 kDa up to ~106 kDa). We suggest that this
loss of ~12 kDaiis due to the loss of receptor-associated sialic acid, and therefore hPAR,
issiaylated in Pro5 cells. Similarly, Compton’s previous study also reported that Pro5-
hPAR; is siaylated, and that sialylation accounted for ~40 kDa, furthermore, sialylation
regulates receptor signalling to tryptase (Compton et al., 2002b). Analysis of calcium
signaling in Pro5-PAR; and Lec2-PAR,; showed that sialylation has no significant
effect on calcium signaling. This shows Lec2-PAR, to be sufficiently correctly folded
in order to allow receptor activation by AYPGQV-NH, and thrombin. The decreased
calcium signalling observed from Lec2-PAR, cells is unlikely to be due to the removal
of sidic acid. Therefore, we suggest that sialytion is required but not essential for

efficient cell surface expression. Unfortunately due to time restraints we were unable to
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probe the ability of Lec2-PAR, to signal to p38 and ERK. Regardless data presented in
this chapter provides novel information on the ability of N-linked glycosylation to

regulate GPCR signalling.
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6. GENERAL DISCUSSION

The hypothesis of this thesis was that “ N-linked glycosylation and sialylation regulate

hPAR; and hPAR, cell surface expression and signalling”.

The mgjor findingsin this research support this hypothesis, and are outlined below:

1)

2)

3)

hPAR; is a heavily glycosylated and sialylated receptor and N-linked
glycosylation probably occurs at al five consensus sites of hPAR; in KNRK
cells, namely, Asn®, Asn®?, Asn”, Asn®®, and Asn”®. Removal of N-linked
glycosylation sequons at these positions blocked hPAR; cell surface expression
to varying degrees, and indicated that glycosylation at all sites is required for
optimal cell surface expression of hPAR;. With the exception of N62QN75Q no
significant changes in receptor sensitivity to thrombin, trypsin and TFLLR-NH,
were observed when assessed by calcium signalling. Interestingly, N62QN75Q
displayed significantly reduced sensitivity to trypsin, but not thrombin and
TFLLR-NH>.

Glycosylation in the N-terminus of hPAR; downstream of the tethered ligand
(especially Asn™) regulates receptor disarming to trypsin, thermolysin and the
neutrophil proteinases el astase and proteinase 3, but not cathepsin G.

hPAR, is a N-linked glycosylated receptor which is also heavily sialylated.
Glycosylation is required but not essential for hPAR, receptor cell surface
expression. Signalling pathways activated by hPAR, can be modulated by N-

linked glycosylation.

Taken together the findings within this Thesis clearly point out an important role of N-

linked glycosylation in regulating the cell surface expression and signalling of hPAR;

and hPARy.
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6.1 The effect of N-linked glycosylation in regulating PAR cell surface

expression

N-linked glycosylation has been shown to be important for a variety of functions
including norma protein folding, stability, intracellular trafficking, cell surface
expression, secretion and signalling (Helenius, 1994; Taylor & Drickamer, 2003;
Helenius & Aebi, 2004). However, the most successfully evidenced function of N-
linked glycosylation is the promotion of proper folding of newly synthesized
polypeptides in the ER (Helenius, 1994). For instance Hawtin and colleagues reported
that N-linked glycosylation is required for efficient folding of the V,, vasopressin
receptor (V12R) (Hawtin et al., 2001). In order to elicit correct intracellular signaling, a
GPCR must first go through a series of biosynthetic events aimed at sending the right
quantity of properly folded functional receptors to the cell surface (Helenius, 1994;
Taylor & Drickamer, 2003). After glycosylation is inhibited, the most commonly
observed effect is the generation of misfolded, aggregated proteins which fail to reach a
functional state, thus are subsequently degraded inside lysosomes (Ellgaard & Helenius,
2003; Taylor & Drickamer, 2003). Indeed, evidence for that was aso shown by our
PAR; and PAR,; confocal microscopy images. After the removal of N-linked
glycosylation in our PAR model, all PAR glycosylation mutant cell types displayed a
certain degree of increased cytosolic retention of the receptors, presumably in ER or
Golgi apparatus, indicating their poorly folded structure. FACs analysis for PAR;
provided further evidence for the failure of receptors reach to the cell surface,
presumably caused by the removal of N-linked glycosylation. Like our findingsin PARy,
studies with N-glycosylation of the AT1 receptor also showed that removal of al N-
glycosylation sites resulted in a receptor that was not expressed on the plasma

membrane, but instead accumulated in the ER (Deslauriers et al., 1999). Similarly
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another group also reported at the same time that N-linked glycosylation is required for
optimal ATy, angiotensin receptor expression in COS7 cells (Jayadev et al., 1999).
Karpa et al. aso reported that the functional expression of D5 dopamine receptors at the
cell surface of HEK293 cells requires the addition of N-linked glycosylation, a result
consistent with our findings in PAR; and PAR, (Karpa et al., 1999). Interestingly, our
studies on wt-PAR; and its glycosylation mutants suggest that N-linked glycosylation
especially at ECL2 of PAR; regulates receptor stability and protects the receptor from
degradation. Similarly, Gong et al. aso reported that N-linked glycosylation is
important for HERG potassium channel stability (Gong et al., 2002). In addition, it is
well known that N-glycan carbohydrates stabilize the mature protein, partly by
protecting it from degradation by intracellular proteases (Imperiali & O'Connor, 1999;
Kundra & Kornfeld, 1999). Furthermore, Deslauriers and colleagues also demonstrated
that the N-linked glycosylation, especialy Asnl76 in the second extracellular loop, is
important for the AT1 receptor stability and optimal cell surface expression (Deslauriers

et al., 1999).

Overdl, these findings establish that N-linked glycosylation has an important role in

PAR expression, and/or stability of the receptor, at the plasma membrane.

6.2 Theeffect of N-linked glycosylation in regulating PAR signalling

Interestingly, Compton et al. reported that the extent of PAR glycosylation can have
profound effects on the capacity of proteases to activate PAR, (Compton et al., 2001).
Given that, numerous questions were raised for PAR studies; such as do other proteases
signa through these receptors in a similar manner? Are there any other factors, such as
post-trandational modification of glycosylation, phosphorylation, palmitoylation,

acetylation or methylation etc., involved in regulating the function of these receptors?
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For the first time we have found that N-linked glycosylation of hPAR; downstream of
the tethered ligand (especially Asn™) regulates the capacity of proteinases to disarm
PAR;. It is known that PARs can be activated and attenuated by more than one
proteinase (O'Brien et al., 2001). Any proteinase that cleaves the correct peptide bond
within the N-terminus of a PAR may be able to expose the tethered ligand domain that
binds onto the extracellular loop Il of the receptor to initiate signaling (O'Brien et al.,
2001). Conversely, proteinases can aso disarm the PARs by amputating the tethered
ligand domain from the receptor (O'Brien et al., 2001). When PAR; is fully
glycosylated these cleavage sites are shielded by the attached oligosaccharides and thus
proteinases disarm wt-hPAR; subsequently less efficiently. Therefore after the removal
of the glycosylation sequons downstream of the tethered ligand, the potential cleavage
sites might be more easily accessible for proteinases cleavage leading to receptor
disarming. We thus conclude that N-linked glycosylation regulates hPAR; signalling.
Like us, previous studies also reported that glycosylation of notch receptors modulates
receptor interaction with different ligands (Moloney et al., 2000; Chen et al., 2001b). In
addition, hPAR; is a singly N-linked glycosylated receptor, and this N-glycosylation is
located downstream of the tethered ligand. Therefore it will be of great interest to assess
whether N-linked glycosylation regulates the capacity of proteases to activate/disarm
this receptor.

The importance of the N-linked glycosylation in hPAR, was revealed by the signalling
response changes seen in the mutant hPAR4(N20Q). We have shown for the first time
that MAP Kinase pathways activated by hPAR, can be modulated by N-linked
glycosylation. Zhao et al. reported that N-linked glycosylation of E-cadherin affects cell
cycle progression through extracellular signal-regulated protein kinase signaling

pathway, a result consistent with our findings PAR, (Zhao et al., 2008). In contrast to
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our findings with PAR,, Tansky et al. reported removal of both N-linked glycosylation
sites in the neurokinin 1 receptor (NK1R) did not have a profound effect on the
receptors’ abilities to activate the MAP kinase families (p42/p44, INK, and p38)
(Tansky et al., 2007). However, our report is the first to show that glycosylation can
regulate which MAP Kinase pathway is activated by the receptor. Since little is
currently known about PAR, in disease, it is unclear what effect these changes in PAR,

signalling will have.

6.3 N-linked glycosylation in PAR related diseases

On the basis of evidence collected from a number of previous studies, PAR
glycosylation appears to be regulated in a cell-specific manner (Compton, 2003). An
understanding of the regulatory mechanisms of PAR signalling in various tissues and
cell types is important for understanding their biological function as well as for
providing novel approaches to exploit its activation potential in disease states (Traynelis
& Tregjo, 2007). The atered receptor pharmacology observed from the removal of N-
linked glycosylation seen in hPAR; and hPAR, glycosylation mutants may play a
significant role in diseases and could provide valuable information for the design of new
therapeutic agents. The relationships between disease phenotypes and changes in
glycosylation have been most intensively studied in the field of cancer biology (Taylor
& Drickamer, 2003). The nature of N-linked glycans attached to a glycoprotein is
determined by the protein and the cell in which it is expressed (Taylor & Drickamer,
2003). The same protein expressed in the same cell type under different growth
conditions can be glycosylated in different ways (Taylor & Drickamer, 2003). For
example, differential glycosylation is encountered when normal tissue cells are

compared with cancer cells derived from these same tissues (Taylor & Drickamer,
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2003). In normal endothelial cells for example HUVEC, there is PAR; and PAR;
expressed on the cell surface (O'Brien et al., 2000). The molecular weight of PAR;
expressed in HUVECS was reported to be ~66kDa (Brass et al., 1992), which is similar
to our PAR; glycosylation mutant N62QN75Q (removal of glycosylations downstream
of the tethered ligand in hPAR;). Thus we suggest that PAR; is not heavily glycosylated
in normal HUVEC cells. On the other hand, the metastatic potential of cancer cells has
found to be correlated extensively with increases in siaylation of cell-surface
glycoproteins, and an important cause of this increased siaylation is due to the
increased branching of complex N-linked oligosaccharides in highly metastatic cells
(Taylor & Drickamer, 2003). Thus in cancer cells the glycoprotein would be more
heavily glycosylated than in normal tissue cells. We therefore suggest that N-linked
glycosylation status of PAR; in cancer cells may aso differ from the normal tissue cells,
likely more heavily glycosylated downstream of the tethered ligand of PAR;. This
might be a ‘key story’ for the developing of angiogenesis. It is well established that
proteinases, trypsin-like proteinases in particular, are extremely abundant in the vicinity
of tumours (Vergnolle, 2005). In normal HUVEC cells, these proteinases, for example
trypsin, will expect to disarm and activate PAR; to keep the balance for normal cellular
effects. In cancer cells, however, the glycosylation status of PAR; may be similar to our
wt-hPAR; expressed in KNRK cells and both heavily glycosylated. Therefore, trypsin
can only activate PAR;. Furthermore, other proteinases (such as proteinse 3, elastase
and cathepsin G) disarm PAR; in normal cells, however, if present in cancer cells these
disarming events may be restricted. Thus the balance between disarming and activating
is altered. The mechanisms by which growth factor receptor over-expression induces
tumor cell invasion are still not fully understood. However, PAR; is now accepted as a

potential oncogene and associated with cancer mitogenic and metastatic events.

178



Activation of PAR; leads to cell proliferation and subsequently angiogenesis. Thus
inhibition of PAR; activation would have beneficial effects against tumour progression
in cancer. The fact that some changes in glycosylation on the surface of tumour cells
affect the progression of cancer may provide a basis for development of anticancer
drugs (Taylor & Drickamer, 2003). Thus N-linked glycoylation of PAR;, especially
glycosylation located downstream of the tethered ligand, may be of great potential

therapeutic value for cancer treatment.

6.4 Future Work

It iswell established that PARs are all N-linked glycosylated proteins (Compton, 2003).
We previously showed that the non-glycosylated PAR; and PAR, are inefficiently
expressed at the cell surface, and N-linked glycosylation regulates receptor signalling.
Future study may further address 1) glycosylation status of PAR; and PAR, in diseases
like asthma and cancer, 2) whether glycosylation regulates PAR; activation of MAP
Kinase signaling, 3) whether sialylation regulates PAR, MAP Kinase signaling, 4)
whether the positioning of the glycosylation sites within the various extracellular loops
of PAR isvital in receptor biosynthesis, 5) whether PAR interacts with elements of the
ER-based quality control processes. For example, whether the decreased cell-surface
expression of the non-glycosylated receptors are attributed to diminished interactions
with molecular chaperones and that mannose trimming of the receptors by ER

mannosidase | plays acritical role in receptor cell surface expression.
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APPENDI X A: pcDNA3.1(+/-) Plasmid Map
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APPENDI X B: pcDNA3 Plasmid Map

pcDNA3 Plasmid M ap
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Commentsfor pcDNAS:

5446 nucleotides

CMV promoter: bases 209-863
T7 promoter: bases 864-882
Polylinker: bases 889-994

06 promoter: bases 999-1016
BGH poly A: bases 1018-1249
Sv40 promoter: bases 1790-2115
SV40 origin of replication: bases 1984-2069
Neomycin ORF: bases 2151-2945
SV40 poly A: bases 3000-3372
ColE1 origin: bases 3632-4305
Ampicillin ORF: bases 4450-5310
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APPENDI X C: Human proteinase-activated receptor 1(hPAR;)

cDNA/amino acid sequence
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The amino acids coloured blue are predicted extracellular glycosylation sequons.
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APPENDI X D: Representative model of POMC-M1-hPAR;-HA.11-
eYFP cDNA

Mt |RSFLLR

C
Extracellular _ Ve & 0’

Inftracellular

¢YFP  HA.11

Representative model of POMC-M1-hPAR;-HA.11-eYFP: Pro-opiomelanocortin
(POMC) signal peptide and M1 epitope tag were fused to the N-terminus of hPAR;. The
enhanced yellow fluorescent protein (eYFP) and the haemagglutinin epitope
(YPYDVPDYA) were fused to the C-terminal tail of hPAR;. The disulphide bridge is
shown by the two cysteines (C-C). The POMC signa peptide enabled efficient
expression of PAR;, whilst the M1 and HA.1lepitope tags facilitated isolation and

detection of the receptor.
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APPENDI X E: hPAR,~eYFP cDNA sequence

Hindl I -POMC-AU1-hPAR4-HA11- -stop- cDNA seguence

5-
GATCGAAGCT TAGCAT GCCGAGAT CGT GCTGCTGCCGCT CCEEEECCCTGTTECTGECCTTACTGCTTC
Hi ndl || - - POVC
AGGCCTCCATGCAAGT GCGT GCE T GACACATACAGATACAT AGACAGCACGCCCTCAATCCTGCCTGCCC
AUl
CCCGCGECTACCCAGGECCAAGT CTGT GCCAATGACAGT GACACCCT GGAGCT CCCGCGACAGCT CACGEE
CACTGCTTCTGEECT GGGT GCCCACCAGECT GGT GCCCGECCCT CTAT GGECTGGT CCTGGTGGTGEGEEC
TGCCGGCCAAT GGGCT GECECT GT GGGT GCTGECCACGCAGECACCT CAECTGCCCTCCACCATGCTGC
TGATGAACCT CGCGACT GCTGACCT CCT GCT GECCCT GECAECT GCCCCCCCEGATCACCTACCACCTGC
GI'GGCCAGCGCT GECCCT TCEEEGAGECCECCT GCCECCT GACCACGECCCCACT CTATGGT CACATGT
ATGGCT CAGT GCTGCT GCT GECCGCCGT CAGCCT GGAT CGCTACCT GGCCCT GGT GCACCCECT GCEECE
CCCGCGCCCT GCGT GECCEECECCT GECCCT TGGACT CTGCAT GGCT GCTTGGECT CATGECGECCECCC
TGGCACT GCCCCTGACACT GCAGCGGCAGACCT TCCGECT GECECECT CCGATCGCGT GCTCTGCCATC
ACGCCGCT GCCCCT GGACGCACAGECCT CCCACT GGCAACCGEECCT TCACCT GCCTGECECTGI TEEECT
GI'TTCCTGCCCCT GCTGECCATGCTGCT GT GCT ACGEGEECCACCCT GCACACGCT GGCGECCAGCGEECC
GGCGCTACGCGECCACGCGCT GAGGCT GACCGCAGT GGT GCTGECCT CCGCCGT GECCTTCTTCGT GCCCA
GCAACCT GCTGCT GCT GCTGCATTACT CGGACCCGAGCCCCAGCGCCT GEGGECAACCT CTATGGT GCCT
ACGT GCCCAGCCT GECGCT GAGCACCCT CAACAGCT CCGTGGATCCCTTCATCTACTACTACGT GTCGC
CCGAGT TCAGGGACAAGGT GCCGGCAGGECT CTTCCAACGGT CGCCEEEEGACACCGT GACCT CCAAGE
CCT CT GCGGAAGGEEEECAGCCCEEECATGEECACCCACTCCTCTTTGCTCCACCCCTATGATGI TCCCE
ATTATGCCAT GGT GAGCAAGGGCGAGGACCT GT TCACCGEEGT GGT GCCCATCCTGGT CGAGCTGGACC
HAll- - eYFP
GCGACGT AAACGGCCACAAGT TCAGCGT GT CCGGCGAGGECGAGGEECGAT GCCACCTACGGECAAGCTGA
CCCTGAAGT TCATCTGCACCACCGGECAAGCT GCCCGT GCCCTGECCCACCCT CGTGACCACCTTCGECT
ACGGCCTGCAGT GCT TCGCCCGCTACCCCGACCACAT GAAGCAGCACGACTTCTTCAAGTCCGCCATGC
CCGAAGCGCTACGT CCAGGAGCGCACCATCTTCTTCAAGGACGACGGECAACT ACAAGACCCECGLCCGAGE
TGAAGT TCGAGGGECGACACCCT GGT GAACCGCAT CGAGCT GAAGGGCAT CGACT TCAAGGAGGACGGCA
ACATCCT GGGGCACAAGCT GGAGT ACAACT ACAACAGCCACAACGT CTATATCATGGCCGACAAGCAGA
AGAACGGCATCAAGGT GAACTTCAAGAT CCGCCACAACAT CGAGGACGECAGCGT GCAGCT CGCCGACC
ACTACCAGCAGAACACCCCCAT CGGCGACGECCCCGT GCTGCTGCCCGACAACCACTACCTGAGCTACC
AGT CCCCCCT GAGCAAAGACCCCAACGAGAAGCGCGAT CACATGGT CCTGCTGGAGT TCGT GACCGCCC
CCGGGATCACTCTCGGCAT GGACGAGCTGTACAACTAA -3
eYFP- st op- -
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APPENDI X F: Restriction Enzyme Recognition Sites
Hindlll A|A GCTT
TTCGAIA
Xhol C|T CGAC
CTCGAIC
BamHI GlG ATCC
CCTAGC
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APPENDI X G: DNA and protein standards

1kb Plus DNA ladder
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