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ABSTRACT
Proteinase-activated receptors (PARs) are a novel G-protein coupled receptor
(GPCR) family activated via proteolytic cleavage. Four subtypes exist, PAR;
through to PARs. Whilst PAR; and PAR; have been thoroughly researched, the
pharmacology and function of PARy is less well defined. The aim of this study was
to investigate the molecular pharmacology of PARy, assessing receptor localisation,

intracellular trafficking and interaction with other proteins, namely PAR;.

In this study PAR4 was shown to be retained inside the endoplasmic reticulum (ER)
in NCTC-2544 cells but expressed at the membrane in HEK293 cells. Analysis of
the protein sequence for PAR4 identified a functional arginine-based (RxR) ER
retention sequence in intracellular loop-2 (ICL-2). Mutation of the R'*AR retention
sequence enhanced the cell surface expression of PAR4 but rendered the receptor
unable to activate ERK MAPK and inositol phosphate responses. Alanine
substitution (A'™AA) allowed PAR, to undergo agonist-induced internalisation; a
feature not observed during wild type PAR4 receptor expression. In both cell types,
PAR, interaction with the ER chaperone calnexin was observed; possibly
contributing to ER retention. In HEK293 cells, tunicamycin abolished cell surface
expression of PARy, thus identifying a potential role for N-linked glycosylation in
the trafficking of PAR4 to the membrane. During co-expression with PAR; in
NCTC-2544 cells, PAR4 was able to traffic to the cell surface. Despite this, no
FRET was observed between PAR4 and PAR, until treated with TNFa, an effect not
observed during PAR/PAR4 co-expression

These findings implicate a regulatory mechanism, distinct from PAR; and PAR,, in
the trafficking of PAR4 to the plasma membrane. In addition, this work highlights a
novel role for PAR; in the delivery of PAR4 to the plasma membrane and a potential
regulatory role for TNFa in PAR,/PAR4 heterodimerisation. This may influence the

receptor pharmacology and the function of PAR4 in normal physiology and disease.
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CHAPTER 1

GENERAL INTRODUCTION



1. INTRODUCTION

1.1 THE G-PROTEIN-COUPLED RECEPTOR (GPCR) SUPER FAMILY

The G-protein-coupled receptor (GPCR) superfamily exists as integral membrane
proteins that represent the most abundant of all of the cell surface receptors in
mammalian cells (Foord et al., 2005). GPCRs are synthesised in the endoplasmic
reticulum (ER), where they undergo strict processing and folding prior to post-
translational modification in the Golgi apparatus followed by export to the cell

membrane (Dong et al., 2007).

These proteins share the same overall structural topology, comprised of seven
hydrophobic transmembrane spanning helices with an extracellular amino (N-)
terminus and an intracellular carboxyl (C-) terminus (illustrated in Figure 1.1). This
hallmark structure for GPCRs was initially characterised through the electron
diffraction of bacteriorhodopsin (Henderson and Unwin, 1975).  Subsequent
molecular cloning of bovine rhodopsin (Nathans and Hogness, 1983) and a,, a,- and
B-adrenergic receptors (Cotecchia et al,, 1988; Kobilka et al., 1987; Dixon et al.,
1986) provide the structural template for which most GPCRs are now modelled
(Henderson and Schertler, 1990).

Interest in the GPCR field has grown tremendously in light of the cellular activity
these receptors mediate in response to a vast array of extracellular stimuli. This
includes receptor activation in response to stimuli including sensory signals (e.g.
olfactory and light), neurotransmitters, hormones, proteases, amongst others
(reviewed by Kobilka, 2007). The broad range of GPCR families, together with the
multitude of cell signalling cascades that occur downstream of receptor activation,
has placed GPCRs as major targets for drug development; accountable for over 40%
of all prescription drugs on the market (Filmore and David, 2004). These drugs
range from treatment for psychosis to inflammation, obesity, cardiovascular disease
and cancer. GPCRs play a role in a whole range of physiological events, a factor that
will continue to drive research into identifying new therapeutic targets for drug

discovery.



The number of GPCRs characterised to date, in addition to the increasing number of
potential GPCR genes identified upon completion of the human genome project
(Wise et al., 2004) has enabled a thorough classification system for GPCRs to be
devised (Alexander et al., 2008 and 2007; Foord et al., 2005). Within each class of
GPCR, families exist based upon related sequence similarity, ligand specificity and
receptor function (Alexander et al, 2008). One system, designated by the
Nomenclature Committees of the International Union of Pharmacology (NC-
IUPHAR), classify GPCRs A-C or 1-3 (Foord et al., 2005), with a fourth group
allocated for Frizzled (FZD) family receptors (Schulte and Bryja, 2007). The
classification of GPCRs has been further extended to include a series of ‘orphan’
GPCR genes, similarly grouped A-C (Foord et al., 2005), for which endogenous
ligands and functions remain to be fully understood (Chung et al.,, 2008). Class A
GPCRs, the Ilargest of the classes, include rhodopsin-related receptors,
adrenoreceptors, muscarinic acetylcholine receptors and the proteinase-activated
receptor (PAR) family, among others (see Section 1.3). Class B GPCRs consist of
glucagon and calcitonin receptor families. Class C GPCRs comprise of the

metabotrophic glutamate-related receptors (mGlu) and GABAg receptor families.

Despite sharing similarity in the overall seven transmembrane structure, the mode of
receptor activation of some Class A GPCRs differs greatly from one GPCR family to
the next. It is widely accepted that the exposed N-terminal region and extracellular
loops provides the ligand-binding pocket (or interacting sites). This allows cells to
convert an array of extracellular stimuli (i.e. neurotransmitters, hormones and serine
proteases) into intracellular signalling events. The intracellular domains of the
receptor are responsible for the coupling of heterotrimeric guanine nucleotide
binding proteins (G-proteins), an event that has the potential to mediate a multitude
of second messenger signalling cascades (discussed in Section 1.1.1). Information
retrieved from the protein analysis of the bovine opsin (Nathans and Hogness, 1983)
and P,-adrenergic receptor (Dixon et al., 1986) and other GPCRs, such as the
thrombin receptor, PAR; (Vu et al., 1991a and 1991b), have highlighted that GPCR-
ligand interactions can vary considerably. Many GPCR families can become

reversibly activated through ligand docking within an extracellular binding pocket



(Gershengorn and Osman, 2001). Other modes of GPCR activation include non-
ligand receptor activation following exposure to photons, as described for the light-
sensitive rhodopsin family (Gershengorn and Osman, 2001). One GPCR family in
particular, the PAR family, undergo ‘self activation’ through irreversible proteolytic
cleavage of the N-terminal by serine proteases, revealing a new tethered ligand,
which interacts with extracellular loop-2 (Vu et al, 1991a and 1991b). This is

discussed in detail in Section 1.3.

The intricate nature of ligand-GPCR and GPCR-G-protein interaction has been of
considerable interest in the GPCR field for decades. However the rate limiting step
in the progression of this field has been the difficulty in obtaining the crystal
structure of GPCRs to provide important high-resolution information on the 3D
arrangement of individual GPCRs. Information related to the spatial organisation of
GPCRs has long relied upon the crystal structure of light-activated rhodopsin
(Palczewski et al, 2000). Improvements in the existing purification methods in
Gebhard Schertler’s laboratory has resulted in the crystal structures of the turkey B;-
adrenergic receptor (Warne et al., 2008) and the human [3;-adrenergic receptor
(Rasmussen et al., 2007) being successfully derived. The crystal structure of the
human adenosine A;a receptor has also been recently resolved (Jaakola et al., 2008).
So far these studies have provided a structural framework for the understanding of
certain agonist-GPCR (active) and antagonist-GPCR (inactive) conformational
states. As this list continues to grow (Topiol and Sabio, 2009), so does the potential
to study GPCR active and inactive states in other models. Steps have already been
taken to establish the conformational changes that take place in transmembrane
regions in active GPCR-G-protein bound models, as demonstrated by purified [3,-
adrenoreceptor-G; bound complexes studied in the laboratory of Brian Kobilka and
co-workers (Yao et al., 2009). The information that can be gained from GPCR
crystallisation has the potential to advance existing knowledge of structure/function
relationships. This could give insight into the structural arrangements of various
active/inactive states of GPCRs, allosteric modulation of GPCRs and possibly
identify specific sites that assist in GPCR dimerisation (Fung et al, 2009). Such



information will provide a better understanding of the molecular mechanisms that

underlie GPCR activation and subsequent G-protein coupling.

(€) Extracellular loops {ECL)
1 2 3

{A) N-terminal

(B)

1
(D) Intracellular loops
(E) C-terminal

Figure 1.1. The basic structure of a G-protein-coupled receptor (GPCR).

The typical organisation of the GPCR structure, domains and transmembrane arrangement
comprising an N-terminal (A), seven transmembrane alpha helices (B), three extracellular
loops (C), three intracellular loops (D) and a C-terminal tail (E). Figure adapted from
Kobilka, 2007.



1.1.1 G-protein-coupled receptor activation and signalling

GPCRs transmit extracellular stimuli into an intracellular signal primarily, but not
exclusively through membrane-associated GTP-sensitive heterotrimeric guanine
nucleotide binding proteins, otherwise known as G-proteins (Gilman, 1987; Rodbell,
1971). G-proteins are heterotrimeric in structure, comprised of o (39-46 kDa), 3
(35-36 kDa) and y (~8-10 kDa) subunits (reviewed by Milligan and Kostenis, 2006).
Over 20 Go-subunit proteins have been identified to date; the main mammalian
families characterised to date include Ga,, Gai, Gogi1 and Gouiois, each of which
have a number of splice variant isoforms and differentially regulate specific effectors
(Table 1.1). When an agonist binds to a GPCR structural rearrangement within
transmembrane helices of the receptor takes place which enables the receptor to
switch from an inactive to an active conformation (reviewed by Gether, 2000). Once
activated, G-protein couping can take place. Activation of G-proteins involves the
exchange of GDP for GTP on the Ga subunit. This exchange causes conformational
changes that result in the the dissociation of the GTP-bound Ga subunit from the Gy
dimer, thus allowing both Ga and Gy subunits to freely interact with a diverse array
of downstream effectors (Vilardaga et al 2009). Inactivation of G-proteins involves
hydrolysis of GTP to GDP on the Ga subunit which in turn allows re-assembly of the
Go and GPy subunits to form the inactive Gafy heterotrimer. These events are
facilitated by the GTPase activity of both the Ga subunit and interacting GTPase-
accelerating proteins (GAPs) such as regulators of G-protein signalling (RGS)
proteins (Xie and Palmer, 2008), the outcome of which is the attenuation of G-

protein-mediated signal transduction.

Whilst focus has primarily been placed on targeting GPCRs with the aim to find
effective therapeutic targets, increasing interest has now been placed upon
heterotrimeric G-protein subunits as potential drug targets (Ayoub et al., 2009). Pan-
inhibition of the Ga-subunit, thus targeting all heterotrimeric G-proteins, has been
demonstrated through the use of the imidazopirazine containing small molecule
BIM-46187 (Ayoub et al., 2009). This small molecule inhibits GDP/GTP exchange
through the direct binding of BIM-46187 with Ga-subunit, without affecting the



recruitment of other scaffold proteins such as B-arrestin. Such inhibition strategies
would allow for effective distinction between G-protein dependent and independent

events downstream of GPCR activation.

i) Current perspectives in G-protein signalling

The development of fluorescent-labelling of proteins and the use of imaging
technology (see Section 1.4) has provided great insight into protein localisation,
distribution, co-localisation and protein-protein interactions.  This has been
particularly effective in investigating the intracellular sorting of GPCRs following
ligand binding (Lohse et al., 2008a and 2008b). Such studies have managed to
pinpoint the kinetics of GPCR activation and signalling from the millisecond (ms) to
the second (s) and minute (m) timescale (outlined in Lohse et al., 2008a). The
incorporation of optical techniques, such as fluorescence resonance energy transfer
(FRET) has enabled researchers to establish the kinetics (t;2) of ligand binding and
G-protein coupling to within 30-50 ms, receptor activation to 200-300 ms, and the
recruitment of B-arrestin within 5 minutes of ligand binding (Hoffmann et al., 2005;
Vilardaga et al., 2003). The actual rate of these steps may differ from GPCR to
GPCR. The sensitivity of such approaches has even led to the conventional model
of GPCR-G-protein coupling being re-appraised. Contrary to the belief that the G-
protein Go subunit dissociates from its respective Gy dimer during activation, as
widely accepted for Gai, evidence resulting from FRET experiments has found that
rather than dissociate, the Gai-Gfy trimer merely undergoes conformational
rearrangement to interact with their respective effectors (Blinemann et al., 2003).

However whether this applies to all G-proteins remains to be investigated.

ii) Gos-mediated signalling events

GPCRs that couple to the stimulatory G-protein subtype, Ga,, activate adenylyl
cyclase (AC), resulting in the production of the second messenger cyclic adenosine-
3’, 5'-monophosphate (cAMP) and subsequent cAMP-dependent activation of a
serine/threonine protein kinase, protein kinase A (PKA), (Dessauer et al., 1996).
Cholera toxin has been demonstrated as a useful tool for distinguishing Goi-

mediated signalling events from other G-proteins. Early work found that Cholera



toxin was able to activate Go, and through ADP-ribosylation, confine Go, to a GTP-
bound active state, resulting in constitutive G-protein activation and stimulation of

the effector AC and downstream second messengers (Cassel and Selinger, 1977).

iii) Go;-mediated signalling events

In contrast to Gos-mediated signalling, receptors that couple to Go inhibit the
activation of AC, resulting in the negative regulation of cAMP and PKA-mediated
second messenger responses (Kostenis e al., 2005). Ga; can also signal to small
GTPases like Ras through its GPy-dimer (Luttrell and Lefkowitz, 2002). Upon
dissociation of the G-protein trimer, the GPy-dimer can proceed to induce Src-
dependent activation of matrix metalloproteinases (MMPs) at the plasma membrane.
These events have been reported to precede transactivation of a receptor tyrosine
kinase, such as c-Src, which subsequently activates mitogen-activated protein kinase
(MAPK) pathways (reviewed by Bhattacharya et al., 2004; Bar-Sagi and Hall, 2000).
Dissociation of the Gfy-dimer upon Gaij, activation has also been implicated in the
regulation of potassium (K') channel conductance, which can alter cell membrane
potential (Krapivinsky et al., 1995). Ga, is pertussis toxin (PTX)-sensitive and
therefore the use of this compound is a routine approach to demonstrate Gai-specific
events. PTX inactivates Ga; through ADP ribosylation of the Go subunit and
prevents the release of bound GDP, thus confining Ga; to an inactive state (reviewed

by Hubbard and Hepler, 2006).

iv) Gagqi-mediated signalling events

Work by Strathmann and colleagues and others demonstrated that Goiy11 stimulates 3
isoforms of phospholipase C (PLC-B) directly through Go-GTP and Gy subunits,
leading to the hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP,),
(Strathmann and Simon, 1990; Cockcroft and Gomperts, 1985 and Cockcroft et al.,
1987). The products of this hydrolysis reaction are the second messengers
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (Ins P3), initially characterised
through the work of Berridge and colleagues (Berridge et al., 1983 and Berridge,
1983). Membrane-bound DAG directly activates isoforms of protein kinase C (PKC)

whilst Ins P; mediates the release of calcium from intracellular stores (Streb et al.,



1983). Both PKC and calcium have the potential to trigger multiple cellular
responses and therefore have widespread roles as intracellular messengers (Bikle et
al., 2001; Mellor and Parker, 1998). Similar to PKA, PKC is a serine/threonine
kinase capable of phosphorylating multiple intracellular proteins including those
involved in the MAPK cascade and various transcription factors, resulting in altered
gene expression (Naor, 2009). The recent development of a highly-specific Gagi
inhibitor, cyclic depsipeptide YM-254890, although no longer commercially
available, has enabled Gog; mediated signalling events to be distinguished. YM-
254890 blocks the exchange of GDP for GTP, thus confining Gog in an inactive
state (Takasaki et al., 2004).

(v) Goyz3-mediated signalling events

The features of GPCR-Gay/13-coupled signalling have yet to be fully elucidated
however, signalling via Ga,y/13 has been shown to involve the interaction of small
monomeric G-proteins such as Ras homology (Rho) guanine nucleotide exchange
factors (RhoGEFs), among other GTPases such as Rac (Hart et al.,, 1998). This has
been shown to be important in actin reorganisation and regulation of gene expression
(Tanabe et al., 2004). Subsequently, siRNA and Ga,3-specific knock out approaches
have demonstrated the importance of Ga;s in receptor tyrosine kinase (RTK)-

mediated cell migration (Shan et al., 2006), independent of GPCR coupling.



Table 1.1 Typical G-protein family downstream effectors

G-protein Effectors Second Typical responses* References
messengers
Go, 1T AC 1 cAMP | K' channel conductance Dessauer et al., 1996
T PKA 1 Na" and CI” channel conductance Sunahara et al., 1997
Cell metabolism
Smooth muscle relaxation
Gene expression regulation
Gaiyo | AC |cAMP Muscarinic effects Kostenis et al., 2005
| PKA
Gpy-dimer Src MMPs Transactivation of EGF/RTK receptors Luttrell and Lefkowitz, 2002
Ras-dependent MAPK activation Prenzel et al., 1999
Bhattacharya et al., 2004
K" Channel 1K’ channel conductance Krapivinsky et al., 1995
Change in membrane potential
Ca”" Channel | Cca*
GOy 1 PLCB PIP, hydrolysis Muscle contractility Berridge et al., 1983
IP5; accumulation Vasodilatation/constriction Cockcroft and  Gomperts,
Ca”" mobilisation Platelet aggregation 1985 & Cockcroft et al., 1987
PKC activation Altered gene expression Hubbard and Hepler, 2006
Ras-dependent MAPK activation Streb et al., 1983
Rho signalling
Gous 1 PLD RhoA Cytoskeletal rearrangement Hart et al., 1998
RhoGEF Rac RTK-mediated cell migration Bhattacharya et al., 2004

Shan et al., 2006

* Note this list is not comprehensive.

Typical responses will vary in accordance to the GPCR family in question and tissue/cellular distribution.
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1.1.2 GPCR signal termination and downregulation

The central events that underlie GPCR signalling depend upon G-protein coupling to
effectors to initiate signal transduction, with G-protein uncoupling required to
terminate signalling (Sibley et al, 1987). The most important proteins that have
been implicated in GPCR signal termination at the membrane include G-protein
receptor kinases (GRKSs), (Premont et al., 1995), arrestin proteins (Ma and Pei, 2007;
Benovic et al,1987) and regulators of G-protein signalling (RGSs), (for current
reviews see Wieland ef al., 2003; Hollinger et al., 2002; De Vries et al., 1999).

i) GRK-mediated GPCR desensitisation

Following the work of Lefkowitz and colleagues from the late 1980’s, it is now
widely accepted that activation of a number of GPCRs including B,-adrenergic
receptors (Benovic et al., 1985) is attenuated, in part, due to phosphorylation (Sibley
et al., 1987). Phosphorylation of GPCRs, such as the 3,-adrenergic receptor involves
various serine/threonine protein kinases; PKA and PKC (Chuang et al, 1996;
Benovic et al., 1985) and G-protein coupled receptor kinases (GRKSs), (Attramadal et
al., 1992; Sibley et al., 1987; Benovic et al., 1986). The rate at which PKA/PKC
phosphorylate GPCRs is somewhat slower (t;» = 3 minutes) than that of GRK-
dependent phosphorylation (t;, = 15 seconds), (Roth ef al,, 1991). PKA and PKC
are usually associated with agonist-independent GPCR phosphorylation, whilst
GRKs usually require agonist activation to mediate receptor phosphorylation. For
many GPCRs, the latter model of receptor phosphorylation/dephosphorylation is
more widely applicable. This involves GPCR activation and G-protein coupling
upon ligand binding, followed by receptor phosphorylation, G-protein uncoupling
and GRK recruitment. These events precede B-arrestin binding followed by receptor
internalisation,  dephosphorylation, receptor sorting and dissociation of
receptor/agonist complexes to enable receptor resensitisation and recycling back to
the plasma membrane. These events are outlined in Figure 1.2. Generally GRKs
exist in an inactive state (Inglese ef al., 1993) and target GPCRs when the receptor
exists in an agonist-occupied conformation. Initially described for rhodopsin (i.e.
GRK1) and B-adrenergic receptors (i.e. BARK, GRK2), more GRK isoforms have
since been identified, including BARK2/GRK3 and GRK4-GRK6. Unlike the name

11



suggests, the specificity of BARK-type GRKSs is not limited to adrenergic receptors.
These proteins are capable of targeting multiple GPCR families at different sites
within the receptor (Willets et al, 2003). GPCR phosphorylation by GRKs was
found to be at serine-threonine rich regions, in particular serine residues 355, 356,
and 364 on the C-terminal, as described for GRK2 in the B,-adrenergic receptor
(Vaughan et al., 2006; Fredericks et al., 1996). Other receptors, such as the ay-
adrenergic receptor where the C-terminal tail is shorter, have GRK phosphorylation
sites located within intracellular loop-3 (Eason et al., 1995; Liggett et al, 1992).
GRK-dependent phosphorylation of GPCRs precedes [-arrestin recruitment,
resulting in receptor internalisation and signal desensitisation. The distinct
mechanism through which GRK activation occurs remains to be fully elucidated
(Sterne-Marr et al., 2009) However recent investigation into the activation of GRKs
by the chemokine receptor CCR7 has identified the ability of different selective
CCR7 agonists to preferentially activate specific GRK isoforms (Zidar et al., 2009)

with a significant impact upon the role f-arrestin performs when recruited.

ii) The role of B-arrestin in GPCR trafficking

Studies involving prototypical GPCRs such as rhodopsin and the p-adrenergic
receptors, among other families, have demonstrated the recruitment of B-arrestin to
the phosphorylated GPCR following GRK-meditated phosphorylation (Oakley et al.,
2000; Zhang et al.. 1999; Zhang et al., 1997; Ferguson et al., 1996, Gurevich et al.,
1995). Arrestins are cytosolic proteins that include visual arrestins, cone arrestins, 3-
arrestins and D/E-arrestins; each sharing varying degrees of homology (Ferguson et
al., 1996a and b). Early studies involving the [-adrenergic receptor family
highlighted the role of B-arrestins in receptor trafficking through their ability to
uncouple G-proteins and mediate desensitisation (Attramadal et al, 1992).
Furthermore, it has been suggested that GRK-mediated phosphorylation promotes
high affinity binding of B-arrestin and enhances receptor desensitisation (Freedman
et al., 1995). The activity of -arrestin isoforms is crucial in the transition between
receptor activation, desensitisation, internalisation and resensitisation in the GPCR
recycling process. The mechanism through which B-arrestin is involved in GPCR

recycling has been extensively studied, with many secondary interactions between [3-

12



arrestins and other cellular proteins documented (Lefkowitz and Shenoy, 2005;
Goodman et al., 1997). One proposed molecular mechanism of B-arrestin-mediated
internalisation involves interaction between B-arrestin and clathrin in coated pits, as
detailed in Figure 1.2. This was demonstrated for the (,-adrenergic receptor where
the receptor was observed to co-localise with both (-arrestin and clathrin (Goodman
et al., 1996). This co-localisation was further confirmed when studies found that the
GPCR-B-arrestin-clathrin interaction was disrupted in the absence of fully functional

B-arrestin, which subsequently affected internalisation (Krupnick et al., 1997).

The functional diversity and specificity of the actions of arrestin isoforms have been
demonstrated between Class A and Class B GPCRs, as well as families that exist
within GPCR Classes (Kohout et al., 2001; Oakley et al., 2000). These studies have
demonstrated that a preferential high affinity binding of P-arrestin2 exists among
members of Class A GPCRs, resulting in receptor desensitisation, internalisation and
signal termination. In addition, it has also been proposed that 3-arrestin2 can support
receptor internalisation through interaction with the clathrin adaptor protein AP-2
(Laporte et al., 2000; Laporte et al., 1999). Despite this, evidence has emerged
suggesting that B-arrestinl plays a more significant role than B-arrestin2 in the signal
termination of some members of Class A GPCRs, namely the proteinase-activated
receptors (PAR) family, (Chen et al., 2004). In addition to the role of B-arrestins in
receptor desensitisation, studies have since identified a clear B-arrestin-mediated
extracellular-related kinase (ERK) pathway, thus highlighting the potential of -
arrestin to serve as a scaffold protein to mediate cell signal transduction in addition

to signal termination (see Section 1.1.2. iv).

iii) Regulator of G-protein signalling (RGS) proteins

RGS family proteins are often referred to as GTPase-activating proteins (GAPs), for
which there are over 20 family members (Dohlman et al., 1997), subgrouped into
families A-F (Zheng et al., 1999). These proteins facilitate in GTP hydrolysis at the
Ga subunit to return it to the inactive GDP-bound state. Each RGS subtype display
differential activity depending upon the G-protein. Small RGS protein family B
members comprise the largest group and include RGS1, RGS4, RGSS, RGSS,

13



RGS13 and RGS16 which all display intrinsic GTPase activity for Goi, and Gogn
proteins (Wieland et al., 2003), with no GAP activity observed for Gas or Gajz/3
proteins. This preferential GAP activity for Gay, and Gag proteins can be extended
to RGS3 family members. However RGS3 subtypes have been shown to also target
the GPy dimer, thus inactivating GPy-specific signalling events (Shi et al., 2001).
The use of bioluminescence resonance energy transfer (BRET) has identified
interaction between RGS2 and Gaos protein, thus resulting in inhibition of cAMP
production (Roy et al., 2006). GAP activity for Ga,y/3 has been documented for
family D RGS, RGS12 (Snow et al., 1998). Immunoprecipitation techniques have
identified instances where RGS subfamilies can directly interact with many GPCRs,
independent of G-protein coupling or receptor activation. This has been documented
for RGS2 interaction with intracellular loop-3 of M; muscarinic receptors (Bernstein

et al., 2004) and B,-adrenergic receptors (Roy et al., 2006).

iv) G-protein-independent signal transduction; B-arrestin as a scaffold protein

The versatility of arrestin proteins as signalling molecules has become apparent in
recent years. Whilst previous work has predominantly focussed on the role of -
arrestin isoforms in receptor trafficking, the role of arrestins as adaptor proteins in
the scaffolding of mitogenic signalling pathways has emerged (reviewed by
Lefkowitz and Whalen, 2004). Conformational rearrangement of B-arrestin and the
phosphorylated state of the GPCR is thought to be significant in the transition
between B-arrestin interaction in trafficking and functioning as a scaffolding protein
in mitogenic cell signalling events (Gurevich and Gurevich, 2004). G-protein-
independent activation of ERK has been observed in the Class A GPCR, proteinase-
activated receptor-2 (DeFea et al., 2000b) and the Class B GPCR, AT1A angiotensin
receptor (Wei et al., 2003) among others, identifying a clear B-arrestin-mediated ERK
pathway. Structural analysis of [B-arrestin isoforms led to the identification of
distinct domains responsible for interaction with multiple proteins such as Src family
tyrosine kinases, Raf-1 and MEK, clathrin and AP-2 (Luttrell et al., 2002). Recent
proteomic analysis carried out by researchers in Lefkowitz’s laboratory found that [3-
arrestin has the potential to interact with up to 337 different cellular proteins (Xiao et

al,, 2007). Of these proteins, 173 were shown to interact preferentially with -
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arrestinl, 266 with P-arrestin-2 and 102 for both isoforms. Potential interacting
proteins range from those associated with apoptosis to metabolic enzymes and those
involved in cellular organisation. This comprehensive study provides an insight into

the pivotal role B-arrestin may play in a vast array of major cellular events.

(B)

() o Formation of
Clathrin-coated pits

Endosomal

Recycllng
:> Lysosomal
Degradatlon

Receptor sorting and
dephosphorylation

Figure 1.2. Intracellular sorting of Class A GPCRs following receptor
activation. Upon agonist binding, GPCR-G-protein coupling takes place (A). In the
agonist-occupied state, GRK-mediated receptor phosphorylation and G-protein
uncoupling takes place (B) followed by recruitment of B-arrestin (C). This results in
receptor desensitisation. *Depending upon the GPCR in question, an agonist may
reversibly bind to the GPCR and be released prior to internalisation or be internalised
into clathrin coated pits as a GPCR-agonist complex (D). Early endosomes are then
formed (E) where receptor sorting and dephosphorylation can take place. This
receptor complex can be targeted for lysosomal degradation via ubiquitination (F).
Removal of the agonist results in resensitisation and the GPCR can be recycled back
to the membrane (G) where agonist responsiveness will be regained. Figure adapted

from Ma and Pei, 2007.
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1.2 THE ROLE OF THE ER IN GPCR-PROTEIN INTERACTIONS AND
GPCR DIMERISATION

1.2.1 Maturation of GPCRs in the ER

Whilst the events that underlie GPCR trafficking from the plasma membrane to
intracellular compartments have been extensively studied, very little is known with
respect to the pathways that take place in the export of GPCRs to the membrane.
GPCR biosynthesis and maturation takes place in the secretory pathway comprised
of the ER and Golgi (see Figure 1.3), with properly assembled receptors exported to
the plasma membrane (Lippincott-Schwartz et al., 2000).

Many processes take place in the ER, ranging from protein folding and assembly to
sorting and degradation (Hirsch et al., 2009). These events are tightly regulated and
involve multiple interacting accessory proteins (Cooray et al., 2009). The quality
control checkpoint of the ER ensures that ER-resident proteins are sorted distinctly
from cargo proteins destined for secretion. Several ER chaperone proteins facilitate
in the folding and sorting process in the ER. The role of these proteins is discussed
further in Section 1.2.1 1. Specific signal motifs that reside within the synthesised

proteins allows efficient sorting of proteins (refer to Section 1.2.1 ii).

i) ER chaperone proteins

ER chaperone proteins such as calnexin and calreticulin, heatshock protein 70
(Hsp70) family member BiP (GRP78) and protein disulfide isomerase (PDI)
facilitate in protein folding to ensure that receptors which are not assembled correctly
are retained in the ER (Herbert and Molinari, 2007). Calnexin is a type I ER
membrane protein (Bergeron et al., 1994) known for its ability to target N-linked
glycoproteins via a lectin binding site within its protein structure (Vassilakos et al.,
1998). Proteins that contain the asparagine (Asn)-Xxx-Ser/Thr motif undergo N-
linked glycosylation. N-linked glycosylation has been shown to play an important
role in the delivery of certain proteins to the cell surface. This has been
demonstrated for dopamine receptor 5 (Ds), (Karpa ef al., 1999), where mutagenesis
of specific Asn (N) linked motifs resulted in ER retention of the receptor. Calnexin
has been linked to both protein retention within the ER and ER export, as further
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work demonstrated recently for the dopaminergic GPCR family (Free et al., 2007).
Work in their laboratory found a clear role for calnexin in the assembly of D;/D;
heterodimers resulting in efficient cell surface delivery of the complex. Inhibition of
calnexin caused the complex to be retained in the ER, whilst overexpression of
calnexin retained monomeric D; receptors in the ER (Free et al., 2007). The reason
for retention of D, is not yet clear as cell surface delivery of D; was not shown to be
dependent upon specific N-linked motifs (Karpa et al., 1999). However, this work
demonstrates the duality of function that calnexin serves in the ER, both in proper

folding and export of dimeric complexes and in retention of proteins in the ER.

The ability of calnexin to bind to proteins, independent of N-linked glycan
interaction, has also been studied. Inhibition of N-linked glycosylation by
mutagenesis of Asn motifs and treatment with inhibitors, tunicamycin and
castanospermine, established a clear glycan-independent interaction between
calnexin and nicotinic acetylcholine receptors (AChR), (Wanamaker and Green,
2005). This highlights the potential for calnexin to recognise other protein sorting
motifs, other than N-linked glycans.

ii) ER-retention/retrieval motifs in GPCRs

Efficient transport between the ER-Golgi-plasma membrane is facilitated through
discrete motifs that reside within the synthesised protein (Gassmann et al., 2005;
Michelsen et al., 2005). These signals may behave as ER-retention signals, thus
prohibiting export to ER/Golgi intermediate compartment (ERGIC), or ER-retrieval
signals targeting proteins to return to the ER from ERGIC via retrograde transport.
During the assembly of multimeric proteins, such as GPCR homo/heterodimers, it
has been shown that ER motifs, particularly arginine-based ER retention motifs
(Michelsen et al, 2005), may be masked to allow proteins to evade the quality
control processes in the ER (Boyd et al, 2003; Margeta-Mitrovic et al., 2000),

examples are discussed in detail in Section 1.2.2.

Properly assembled proteins are then packaged into coat protein vesicles (COPII) and

exported from the ER (Aridor ef al., 1995), to the ERGIC, (Schweizer et al., 1990).
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The formation of COPII vesicles relies upon the GTPase, Sarlp (Barlowe et al., 1993
and 1994). Another family of proteins called 14-3-3 proteins, located in the ERGIC,
are responsible for ensuring that folded proteins are exported to the Golgi (Yuan et
al., 2003) whilst misfolded proteins are targeted and diverted back to the ER. 14-3-3
proteins recognise specific arginine ER retention signal motifs (RXR) that reside
within some synthesised proteins (see Table 1.2). Misfolded proteins or those
containing such signal motifs are shuttled back to the ER via COPI vesicles
(Vivithanaporn et al., 2006; Aridor et al., 1995) where they undergo ER-associated
degradation (ERAD) through the ubiquitin-proteosomal degradation system.
Multimeric proteins possess the ability to evade this quality control checkpoint,
allowing ER retention signals to become masked during protein assembly, thus
allowing transport to the membrane (Vivithanaporn et al., 2006; Boyd et al., 2003;
Margeta-Mitrovic et al., 2000; Zerangue et al., 1999). This has become an area of
significant interest in terms of the assembly of GPCR dimers in the ER for export to

the membrane, discussed in Section 1.2.2.
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Figure 1.3. GPCR maturation in the secretory pathway.
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Proteins synthesised in the ER are sorted by various ER chaperone proteins, with

properly assembled proteins packaged for export into COPII vesicles. These vesicles

progress to the ER-Golgi intermediate compartment (ERGIC), yet another quality

control checkpoint in anterograde transport in the secretory pathway. Here, proteins

are further processed and sorted into cargo destined to proceed to the Golgi apparatus

or proteins re-delivered back to the ER. Those proteins returned to the ER are

packaged into COPI vesicles (known as retrograde transport) and undergo ER-

associated degradation (ERAD).

2000.

Figure adapted from Lippincott-Schwartz et al.,
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Table 1.2 ER retention/retrieval motifs within some GPCR families

Receptor ER retention | Localisation Reference
motif

GABAg; RSRR C-terminal Margeta-Mitrovic et al.,
2000

5HT;p RAR Intracellular loop Boyd et al., 2003

mGluR1 FRRK C-terminal Chan ef al., 2001

KA1 and KA2 RRRR C-terminal Ren et al., 2003

KA2 RAR Intracellular loop Nasu-Nishimura et al.,
2006

Vasopressin V2R | RRGR Intracellular loop Hermosilla and
Schiilein, 2001

1.2.2. GPCR dimerisation and receptor surface expression

The classical view of GPCR signal transduction was once thought to follow a
sequential pathway in linear cascade upon activation of a GPCR as a single
monomeric entity. However, it has now emerged that GPCRs can form dimeric and
multimeric complexes at the plasma membrane as well as in intracellular

compartments (reviewed by Milligan et al., 2007).

Several studies have envisaged dimerisation as non-covalent association either by
lateral interaction or through the swapping of recognised domains (Maggio et al.,
1993). However, advances in the crystal structure for rhodopsin have provided a
starting point for the identification of potential sites for Class A GPCR dimers to
form. The key sites for dimer formation were found to involve transmembrane
domains I, IV and V (Fotiadis et al, 2004). Studies have since incorporated
mutagenesis approaches to disrupt regions thought to be important for
dimeric/oligomeric interaction and define consequential effects (Lopez-Gimenez et

al., 2007).
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Class A GPCRs, such as the adrenergic receptors, remain the most widely studied
family in terms of investigating dimerisation. Common features of Class A
heterodimerisation include changes observed in receptor pharmacology, signalling
and agonist-induced internalisation (reviewed by Terrillon and Bouvier et al., 2004).
However, much of the work carried out for Class A GPCRs remained highly
controversial until the examination of the Class C y-Aminobutyric acid (GABA)
family, revealed heterodimerisation between GABAg; and GABAg, (Marshall ef al.,
1999a and 1999b). When expressed individually, both GABAg; and GABAg;
displayed poor cellular expression and signalling capabilities. = Heterologous
expression of both receptors was shown to result in the formation of a functional
GABA5g|/GABAg; heterodimeric complex, masking the arginine-based ER retention
motif present on the C-terminal of GABAg;, and enhancing cell surface localisation,
trafficking and downstream signalling events (Margeta-Mitrovic ef al. 2000). This
ER retention motif has also been shown to control the cell surface expression of
other receptors such as the 5-hydroxytryptamine Type 3 (5-HT) receptor (Boyd et
al., 2003). When 5-HT3p receptors are expressed in isolation, the receptor is retained
inside the ER due to the presence of an ER retention signal. However, when 5-HT34
receptors are co-expressed with 5-HT;p receptors, cell surface expression of the
complex is observed, thought to result through steric masking of the ER retention

signal.

GPCR heterodimerisation has since been documented, with various outcomes, for the
majority of GPCRs as shown in Table 1.3, these include dimer formation between
oxytocin and vasopressin Vla and V2 receptors (Terrillon et al., 2003 and 2004),
adenosine a2A and 3; adrenoceptors (Xu et al., 2003), adenosine a.2A and dopamine
D2 receptors (Hillion et al., 2002), dopamine D1 and D2 receptors (O’Dowd et al.,
2005), orexin-1 and cannabinoid CBI1 receptors (Ellis ef al., 2006), PAR, and PAR4
receptors (Leger et al., 2006b) as well as PAR; and PAR; receptors (McLaughlin et
al., 2007). Dimerisation between members of the PAR family is discussed further in
Section 1.3.7. Such studies have utilised fluorescence or bioluminescence resonance

energy transfer methods (FRET and BRET), as well as co-immunoprecipitation and
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cross linking approaches to identify dimeric complex formation. FRET analysis is

discussed further in Section 2.7.

The list of GPCR families capable of forming dimeric complexes continues to grow
and has led to original work on dimerisation being re-visited. Whilst many studies
aim to determine the functional consequences of dimerisation between novel receptor
pairs, more recent studies have placed their focus on investigating the existence of
higher order oligomers. Recent evidence has emerged proposing that the op-
adrenoceptor forms higher oligomeric structures, beyond the realm of homodimers
and heterodimers (Milligan et al., 2006). Furthermore, it has been found that the
oligomeric organisation of the a;,-adrenoceptor, if partially disrupted, can result in
inefficient maturation of the receptor complex that can alter the delivery of the
complex to the cell surface and promote intracellular retention in the ER/Golgi
apparatus (Lopez-Gimenez et al, 2007). Resultant changes in pharmacological
properties of heterodimerisation can be considerable, as demonstrated for
SSTRS5/dopamine D, heteromers (Rocheville et al., 2000). Distinct pharmacological
differences were observed between this heteromeric complex and SSTRS5 and D,
homodimers. Upon dopamine and SST agonist stimulation, enhanced Gai-protein
coupling to adenylyl cyclase was observed in SSTRS5/dopamine D, heteromers;
synergy attributed to improved ligand binding of SST-14 during D, stimulation with

quinpirole.
GPCRs are highly important therapeutic targets; therefore the identification of

clinically important dimeric complexes may be valuable for the development of more

specific drugs.
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Table 1.3. Summary of key GPCR families that dimerise.

Receptor Receptor  Dimer Effects Methods References
Family Subtype Partner
GABA GABAg; GABAg, Enhanced trafficking of Co-immunoprecipitation Marshall et al., 1999a and b
GABAg;
Adrenergic B,AR B,AR linternalisation of B,AR Co-immunoprecipitation Lavoie et al., 2002
B;AR | ERK phosphorylation BRET Breit et al., 2004
Opioid 5- OPR k- OPR Altered receptor pharmacology ~ Co-immunoprecipitation Jordan ef al., 1999
Synergistic signalling Cross linking assays
p- OPR George et al., 2000
Purinergic Adenosine Dopamine Co-internalisation Immunofluorescence Gines et al., 2000
AR DR Cross-desensitisation Co-immunoprecipitation
Somatostatin SSTRS Dopamine Enhanced signalling Immunohistochemistry Rocheville et al.,2000
D,R Altered receptor pharmacology ~ FRET
Vasopressin Vla V2 Co-internalisation Co-immunoprecipitation Terrillon et al., 2004
BRET
PAR PARI1 PAR-4 Co-factoring Co-immunoprecipitation Leger et al., 2006a
Synergistic activation FRET
PARI1 PAR-3 Altered G-protein selectivity BRET McLaughlin et al., 2007
Cannabinoid CB1 Orexin-1 Altered receptor localisation FRET Ellis et al., 2006
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1.3 PROTEINASE-ACTIVATED RECEPTORS

1.3.1. The proteinase-activated receptor (PAR) family

The actions of serine protease enzymes are traditionally thought to be involved in
degradative or coagulative processes, however it is now clear that they can function
as potent hormone-like signalling molecules (reviewed by Hollenberg et al. 2005).
Protease enzymes such as thrombin and trypsin induce cell-signalling cascades
through a novel family of GPCRs called proteinase-activated receptors (PARs). Four
members of the PAR family have been cloned and characterised to date, PAR; (Vu et
al., 1991a and Rasmussen et al., 1991), PAR, (Nystedt et al., 1995a and 1995b),
PAR; (Ishihara et al., 1997) and PAR4 (Xu ef al., 1998). The functional domains of
the PAR family members are illustrated in Figure 1.4. Potential roles for the PAR
family have been explored in blood coagulation (reviewed by Cirino et al., 2006),
nociception (Vergnolle et al., 2001), the central nervous system (Bushell ef al.,
2006), cardiovascular diseases (reviewed by Steinberg, 2005; Leger et al., 2006a)
inflammatory conditions of the skin (Buddenkotte et al., 2005), joint (Ferrell et al.,
2003), gastrointestinal tract (reviewed by Vergnolle, 2000 and Kawabata, 2003),
cerebrovascular damage (Suo et al., 2003) and in protection of the airways (Cocks et
al., 1999 and 2001). The functional diversity of PAR-mediated responses has
identified the PAR family members as worthwhile therapeutic targets.
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(A) (B) (©

N-terminal Cleavage Sites Tethered Ligand Extracellular loop 2 (ECL-2)

PAR,: LDPR* | SFLLRN SFLLRN QTIQVPGLNITTCHDVLNETLLEG
PAR,: SKGR™ | §5 LIGKV SLIGKV QTIFIPALNITTCHDVLPEQLLVG
PAR,: LPIK® | T® FRGAP TFRGAP QEYYLVQPDITTCHDVHNTCESSS
PAR,: PAPRY | G*YPGQV GYPGQV QTFRLARSDRVLCHDALPLDAQAS

™)

C-termimal region *

PAR;: SSECQRYVYSILCCKESSDPSSYNSSGQLMASKMDTCSSNLNNSIYEELLT
PAR,: SHDFRDHAKNALLCRSVRTVKQMQVSLTSKKHSRKSSSYSSSSTTVKTSY
PAR;: SKTRNHSTAYLTK

PAR,: SAEFRDKVEAGLFQRSPGDTVASKASAEGGSRGMGTHSSLLQ

Figure 1.4. The functional domains of the proteinase-activated receptor (PAR) family.

The characterisation of the structure of the PAR family identified important proteolytic
cleavage sites at the N-terminal (A). This cleavage forms a unique tethered ligand (B) that
interacts at specific sites within extracellular loop-2 (ECL-2) (C). These events result in
receptor activation, G-protein coupling and second messenger signal transduction. Finally
putative serine/threonine sites (in red) residing within the intracellular C-terminal tail
facilitate receptor desensitisation (D) and internalisation. The sequences above represent
those obtained for human PAR subtypes. A tyrosine-based motif (Y**’KKL**) responsible
for PAR; interaction with AP2, involved in PAR; trafficking, is present at the C-term of
PAR; (underlined). This sequence also comprises a KK ubiquitination signal motif

facilitating cell surface delivery of PAR;. Figure adapted from Macfarlane et al., 2001.
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1.2.2. Proteinase-activated receptor 1 (PAR;)

Thrombin was originally identified as a very potent serine protease involved in
multiple biological responses including platelet aggregation, clot formation (Kahn et
al., 1998 and 1999) and angiogenesis, all of which are important in haemostasis and
vascular injury (Leger et al, 2006b). For a long time, the functional receptors
through which thrombin mediated its effects were largely unknown until the
identification of a functional thrombin receptor (Vu et al., 1991a), latterly termed
proteinase activated receptor 1 (PAR;). Work modelled on the thrombin cleavage
site of zymogen protein C (LDPR/I), was found to be an important factor in receptor
activation of the newly established thrombin receptor, PAR; (LDPR''S).
Mutagenesis of this site rendered the receptor unresponsive to thrombin (Vu et al.,

1991a), but retained the ability to bind thrombin.

i) PAR, agonists

PAR; was identified as a novel GPCR by virtue of this unique mechanism of
activation; irreversible proteolytic cleavage of the extracellular N-terminal in
response to thrombin (Vu ef al., 1991a and 1991b). This reveals a new tethered
ligand region that interacts at conserved regions within extracellular loop 2 (ECL-2),
resulting in receptor activation (Vu et al., 1991a; Chen ef al., 1994; Nanevicz et al.,
1995). The interaction between thrombin and PAR; takes place at low nanomolar
(nM) concentrations through the association of the PAR; N-terminal hirudin-like
domain (D°'KYEPF®) with thrombin’s anion binding exosite, thus accommodating
proteolytic cleavage at the N-terminal LDPR*VS*FLLRN sequence (Vu et al.,
1991b; Ishii et al., 1995; Bouton et al, 1995). Investigation into the receptor
pharmacology of PAR; advanced significantly through the generation of synthetic
activating peptides (Scarborough et al., 1992; Sabo et al., 1992; Chao et al., 1992).
These peptides correspond to the related tethered ligand domain exposed following
proteolytic cleavage; however these peptides directly interact with ECL-2
independent of cleavage, resulting in receptor activation. The kinetics of PAR;
activation differs considerably between endogenous thrombin and synthesised
activating peptides (Ishii et al., 1993). Whilst thrombin can elicit maximal cellular

signalling activity at low concentrations (0.3U-1U/ml), activating peptides require
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higher concentrations (1-400uM) to elicit a signalling (Ishii et al, 1993) or
aggregation response of the same magnitude (Chao ef al., 1992). Modification of the
hexapeptide SFLLRN through amidation of the C-terminal (i.e. SFLLRN-NH;) has
been shown to increase the potency of this synthetic peptide 4-fold (Scarborough et
al., 1992). Activation via serine proteases versus activating peptide (AP) is outlined

in Figure 1.5.

The function of the 41 amino acid cleaved peptide sequence released from the N-
terminal following proteolytic cleavage by thrombin was largely unknown until
recent investigation. This sequence, termed Parstatin (Zania et al., 2009), has been
shown to be cell permeable, due to the hydrophobic composition of the sequence,
and acts intracellularly to inhibit VEGF and bFGF-mediated angiogenesis. This
work demonstrated the ability of this peptide to inhibit VEGF and bFGF-mediated
ERK phosphorylation, DNA synthesis, microvessel formation, cell proliferation and
enhance caspase-3 activity and induce endothelial cell death (Zania et al, 2009).
Whether the same biological activity is observed for the cleaved peptide sequences

of the other PAR family members remains to be elucidated.
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Proteolytic cleavage

Figure 1.5. Proteinase-activated receptor (PAR) activation.

PAR activation can take place via serine protease-mediated cleavage at the N-
terminal resulting in the formation of unique tethered ligand that interacts at sites
residing within extracellular loop-2 (ECL-2). Receptor activation can also take place
independent of cleavage using activating peptides derived from the tethered ligand

sequence, binding directly to ECL-2. Figure adapted from Hollenberg et al., 2005.
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ii) The distribution of PAR,

Characterisation of human PAR; and subsequent Northern blot analysis successfully
identified PAR; mRNA expression in the brain, heart, lung, kidney, stomach, colon
and testis (Vu et al., 1991a). Further PCR analysis confirmed differential mRNA
expression levels of PAR; in human platelets, vascular endothelium (Vu et al.,
1991a), vascular smooth muscle, (O’Brien et al., 2000), epithelium, leukocytes
(Major et al., 2003), neurones and astrocytes (Hollenberg, 2002). The distribution of
PAR; is indicative of the diverse physiological roles PAR; may have in vivo. The
widespread tissue distribution, cell localisation and potential physiological roles of

PAR; are outlined in Table 1.4.

iii) PAR; signal transduction

Early studies have already established that thrombin activation of PAR; couples to
phospholipase C-B1 (PLC-B1) activation and the inhibition of cAMP accumulation
(Rasmussen et al., 1991; Brass et al., 1991). Experiments using transfected cell
systems have also confirmed the capability of PAR; to couple to Goygi1, Gayo and
Goujo3 heterotrimeric G-proteins in response to thrombin (Offermanns et al., 1994;
Swift et al, 2000; Marinissen et al., 2003). PAR; coupling to Gai, was
demonstrated through the use of pertussis toxin (PTX) whereby thrombin-mediated
inositol phosphate accumulation and calcium mobilisation was reduced (Babich et
al., 1990; Brass et al., 1991). This pathway, in part, was also latterly shown to be
responsible for PAR; mediated activation of the MAP kinase pathway. However, a
possible role for pp60*© (Chen et al, 1994b), independent of PAR;-Ga,-coupling,
has been identified in PAR;-mediated ERK activation. Further investigation into the
nature of PAR; coupling to Gao; has recently implicated the possibility of pre-
assembly of GPCR-G-protein complexes prior to signal transduction. This was
confirmed using bioluminescence resonance energy transfer (BRET) technology
(Ayoub et al. 2007). Recent evidence has suggested that activation of PAR; using
activating peptides results in the preferential activation of Gogii over Goyis
(McLaughlin et al., 2005). The nature of this biased agonism may reflect the homo
or heterodimeric status of PAR;. The signalling capabilities of PAR; are outlined in

Table 1.5.
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iv) The role of PAR,

Thrombin is a highly potent coagulative serine protease and, as such, its actions
mediated through PAR; have been well established in relation to platelet activation
(Kahn ef al., 1998 and 1999). Platelet activation is a vital process in maintaining
haemostasis but can also participate in inflammation during vascular damage.
Thrombin activation of PAR; mediates platelet aggregation and has been further
implicated in the pathophysiology of arterial thrombosis (Leger et al., 2006a and
2006b). Multiple aspects of PAR; signalling have been investigated in response to
thrombin in platelets. Thrombin activation of PAR; in platelets stimulates
thromboxane A, (TXA;) and serotonin (5-HT) release and contributes to the
activation of GPIIb/Illa, the latter a result of PAR; coupling to Go; and Goys
(Dorsam et al., 2002). Depending upon the condition of the vessel wall these events
can either be protective or damaging. The accessibility of thrombin in the circulation
coupled with PAR; expression in other cells of the vasculature (i.e. endothelial cells
and smooth muscle cells) further expands the role of PAR; in vascular damage in the

cardiovascular system.

Functional expression of PAR; in endothelial cells has been implicated in leukocyte
recruitment in inflammation (reviewed by Major et al., 2003). In response to injury,
leukocytes are recruited to the site of injury and transmigrate through the endothelial
barrier to the underlying smooth muscle cells (reviewed by Kaneider et al., 2006).
Different types of leukocytes are involved in inflammatory responses. Neutrophils
release matrix metalloproteinases (MMPs), cathepsins and other enzymes that further
contribute to inflammatory conditions including sepsis. Monocytes contribute
towards the pathogenesis of cardiovascular conditions such as atherosclerosis
through their role in plaque formation. PAR; was initially believed to be in part
responsible for this leukocyte-endothelial interaction; however, the discovery of
additional PAR family thrombin receptors has resulted in the role of PAR; being
revised (Vergnolle ef al., 2002).

The development of PAR; knock-out mice models have been invaluable in

elucidating phenotypic features of PAR; deficiency, thereby establishing the
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potential roles of PAR; in function and disease. One study in particular identified
embryonic lethality in mice as a consequence of PAR; gene deletion (Connolly et al.,
1996). PAR; deficiency resulted in fatal bleeding, a phenotype that was manifest in
part due to the lack of haemostatic control. Using this model it also became apparent
that despite functional expression of PAR; in human platelets, mouse platelets
lacking PAR; still responded to thrombin, albeit less efficiently (Connolly et al.,
1994 and 1996). This research was the first to acknowledge the possibility of the
existence of another thrombin-responsive receptor, other than PAR,;. This is

discussed further in Section 1.3.4.

1.3.3. Proteinase-activated receptor 2 (PAR;)

The characterisation of proteinase-activated receptor 2 (PAR;) was achieved through
molecular cloning, with the identification of a similar DNA sequence to the thrombin
receptor PAR; (Nystedt ez al., 1994, 1995a and 1995b). PAR; was identified through
its partial homology to PAR;, sharing ~30% amino acid identity with PAR;, with the
presence of a putative proteolytic cleavage consensus sequence characteristic of PAR

activation.

i) PAR; agonists

The main difference between PAR; and PAR;, was the relative inability of thrombin
to activate PAR,. However, PAR; activation was evident in response to proteolytic
cleavage by low concentrations (1-10nM) of the serine protease trypsin at the N-
terminal SKGR*}'S** LIGKV sequence, which fails to activate PAR; unless used at
higher concentrations (>100nM) (Nystedt et al, 1994). Other physiological
activators of PAR; have been identified such as mast cell tryptase (Ma et al., 2006),
acrosin (Fox et al, 1997), cathepsin G (Molino et al., 1997a and 1997b) and trypsin
IV (Cottrell et al., 2004). Other circulating coagulation factors such as factor VIla
have also been demonstrated to activate PAR; in endothelial cells (Camerer et al.,

2000).

As with PAR;, synthetic activating peptides have been developed corresponding to
related tethered ligand regions of rodent PAR,, SLIGRL-NH; (Nystedt et al., 1995a;
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Santulli et al, 1995) and human PAR, (Nystedt et al., 1995b), SLIGKV. Further
modification of these agonist peptides have identified more potent sequences;
features such as the amidation of the C-terminal of the peptide, i.e. SLIGKV-NH,
(Blackhart et al., 1996; Hollenberg et al., 1997) or the substitution of the N-terminal
serine with a furoyl group, i.e. 2f-LIGKV-NH, (Ferrell et a/ 2003; Kawabata et al.,
2004 and 2005). These agonist peptides have facilitated in the exploration of the
functional relevance of PAR, expression in various cells types, thus defining cell-

specific roles for PAR,.

ii) The distribution of PAR;

Northern blot analysis demonstrated that PAR, is widely expressed in the kidney,
pancreas, liver, the small intestine and colon (Nystedt et al, 1994 and 1995b).
Subsequent studies have demonstrated functional PAR, expression in human
keratinocytes (Santulli et al., 1995; Hou, et al., 1998), endothelial cells (Molino et
al., 1997a), vascular smooth muscle cells, intestinal epithelium (Molino et al.,
1997b), neutrophils (Howells et al., 1997), airway epithelium (Cocks et al., 1999),
hippocampal neurones and astrocytes (Bushell e al.,, 2006). The tissue distribution,

cell localisation and potential physiological roles are outlined in Table 1.4.

iii) PAR; signal transduction

As with PAR;, PAR; also couples to the heterotrimeric G-proteins Gog11, Ga; and
Goz3, resulting in the production of second messenger signalling cascades
(reviewed by Kanke et al., 2005b). Activation of PAR; is coupled to the cell-specific
activation of multiple kinase cascades, namely the extracellular signal-related kinase
(ERK) pathway, the P38 MAP kinase pathway, the c-Jun N-terminal kinase (JNK)
pathway and the nuclear-factor kappa B (NFxB) pathway (Kanke ef al., 2001; Goon
Goh et al., 2007), all of which have been well established as cellular mediators of

inflammation. The cell signalling capabilities of PAR; are outlined in Table 1.5.
iv) The role of PAR;

Although PAR; is widely expressed in most tissues, the challenge remains in

defining physiological roles for PAR, where both PAR; is expressed and endogenous

32



activators of PAR; exist. So far, roles for PAR; have been largely based upon the
use of PAR; selective activating peptides and PAR;, knock-out mice models (Kelso et
al., 2006), nonetheless such studies have found important potential roles in the
cardiovascular, gastrointestinal and respiratory systems (Vergnolle, 2000; Kawabata
and Kuroda, 2000; Cocks and Moffatt, 2001) as well as processes involved in
nociception (Hoogerwerf et al., 2001) and joint inflammation (reviewed by McIntosh
et al., 2007). Furthermore, studies in these areas have implicated PAR; in both anti-
inflammatory (Cocks et al., 1999) and pro-inflammatory processes (Kelso et al.,
2006), with unique downstream signalling and receptor cross-talk events mediated

upon PAR; activation possibly responsible for this duality of function.

1.3.4. Proteinase-activated receptor 3 (PARj)

A third PAR family member was first described by Coughlin and colleagues in 1996
when PAR; gene knock-out experiments observed a secondary low level Ins P;
response when treated with thrombin (Connolly et al. 1996). This research group
proceeded to characterise this second thrombin-related receptor, PAR; (Ishihara et
al., 1997), with expression observed in mouse platelets and spleen megakaryocytes,
and human bone marrow. PARj; was found to be relatively shorter than both PAR;
and PAR; family members, as shown in Figure 1.3. (Macfarlane et al, 2001),
however it retained ~27% amino acid sequence identity with both PAR; and PAR,.
As with the other PAR members, proteolytic cleavage of PAR3 by thrombin was
evident at the N-terminal, at LPIK**y T FRGAP exosite, however unlike the other
PAR members, PARj3 activation independent of cleavage was not evident with
synthetic activating peptides that correspond to its tethered ligand domain (Ishihara
et al, 1997). Further examination of the PAR; structure also identified a distinct
truncation of the intracellular C-terminal when aligned with other PAR family
members (Ishihara et al., 1997). Sequence alignment also found that PAR; retained
the hirudin-like domain, important for thrombin interaction and significant sequence
homology at the important extracellular loop-2 (ECL-2) region, responsible for

receptor activation (refer to Figure 1.3).
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Similar to PAR;, a role for PAR; was implicated in platelet aggregation; however
PAR; knock-out strategies in mice models identified a significant secondary
aggregative response to thrombin in platelets (Kahn ez al., 1998 and 1999). As PAR;
is not expressed in mouse platelets, this response implicated the existence of a third
thrombin receptor and possible fourth PAR member (Kahn et al., 1998), latterly
identified as PARy (see below). Despite the ability of thrombin to activate mouse
platelets via PAR3;, no downstream signalling events have been characterised for
PARj;. Although the receptor pharmacology of PAR; has been hindered by the lack
of selective peptide agonists, this receptor subtype appears to be unable to signal.
Despite this, mutagenesis studies carried out in COS-7 cells expressing PAR; and
PARy highlighted a significant interaction between these two receptors. PARj3; was
shown to enhance the efficiency of thrombin-mediated PAR4 activation, serving as a
co-factor for PAR4 (Nakanishi-Matsui et al., 2000). This is discussed in detail in
Section 1.3.7.

1.3.5. Proteinase-activated receptor 4 (PARy)

Proteinase-activated receptor 4 (PAR4) was the fourth family member to be identified
(Xu et al., 1998; Kahn et al., 1998) sharing ~33% identity with the other PAR family
members and displaying similar proteolytic activation through N-terminal cleavage
at the PAPR*YG*YPGQV sequence. The protein sequence of PAR, was shown to
lack the necessary hirudin domain; a feature present on both PAR; and PAR; which
confers high affinity for thrombin binding. As a result PAR4 was found to function
as a low affinity thrombin receptor, requiring high concentrations of thrombin for
receptor activation (3-5 U/ml). PAR4 was also found to respond to trypsin (ECsg 5
nM), as well as the tethered ligand activating peptide GYPGQV (ECsy 100 uM), (Xu
et al., 1998). Further physiological activators of PAR4 include the neutrophil
protease cathepsin G (Sambrano et al., 2000) and trypsin IV (Cottrell et al., 2004).

The tissue distribution of PAR4 was elucidated through Northern blot analysis, with
high expression evident in human platelets, lung, pancreas, thyroid, testis and small
intestine (Xu et al, 1998). At the cellular level, expression of PAR4 has been

observed in vascular endothelial cells and leukocytes (Vergnolle et al., 2002),
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hippocampal neurones (Suo et al., 2003) and cardiomyocytes (Sabri et al., 2003).
The widespread distribution of PAR4 expression and potential physiological roles are

outlined in Table 1.4.

The discovery of PAR4 has meant that physiological roles previously associated with
PAR; activation, such as platelet activation and aggregation, had to be revised.
Experiments using a-thrombin and y-thrombin demonstrated clearly that PAR4 lacks
the N-terminal hirudin-like domain that is present on both PAR; and PARj, (Xu et
al., 1998). This work recognised that the interaction of thrombin with PAR4 was
distinct from the other PAR family members. Kuliopulos and colleagues addressed
the issue regarding thrombin recognition and cleavage (Jacques et al., 2003). This
research group identified discrete domains on PARy, namely dual prolines at P* and
P? and an anionic cluster at D°’DED on the N-terminal that facilitates thrombin
interaction. This may also explain in part why the kinetics of PAR4 activation by
thrombin differs considerably to that of PAR; activation. Together, these receptors
form a dual thrombin receptor system for human platelet aggregation, whilst PAR4
and PAR; perform the same role in murine platelets (Kahn ef al., 1998). Vergnolle
and colleagues identified a significant role for PAR4 in leukocyte-endothelial
interaction involved in inflammation mediated by thrombin, previously attributed to

PAR; (Vergnolle et al, 2002).

As with other PAR family members, PAR4-mediated responses have been implicated
to involve signalling coupled to heterotrimeric G-proteins Goiy11, and Gouiz/i3 (Farugi
et al., 2000), as outlined in Table 1.5. Subsequent studies have since found that
PAR, also couples to Gali, in response to thrombin. This work identified Gouyo-
dependent, calcium-independent nitric oxide (NO) production which resulted in
relaxation of bovine aortic endothelial cells (Momota et al., 2006). This research
group further found that whilst PARs mediated NO production was calcium-
independent; it was however dependent upon activation of the phosphatidylinositol-3
kinase-Akt pathway (Hirano, 2007). These events are somewhat distinct from PAR;-
mediated NO production, where NO production was shown to be both calcium-

dependent and —independent, with coupling of PAR; to Gog; in part responsible.
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The inflammatory potential of PAR4 was explored in cardiomyocytes (Sabri et al.,
2003), again a role attributed to PAR; (Sabri ef al., 2000). This research group have
identified a clear Gay11 pathway linked to early and late ERK activation. However
in this cell type a low level, delayed phospholipase C (PLC) and ERK response were
observed upon PAR, activation. A sustained PAR4-mediated Src-dependent
activation of p38 MAPK signal was observed, independent of Goy GBy dimer or

PAR; activation.

1.3.6 PAR antagonists

The widespread distribution and major physiological roles that the PAR family
participate in highlight the therapeutic potential of this GPCR family. The use of
various knock-out mouse approaches and PAR-specific agonists have been useful in
implicating PAR expression and activation in the progression of various disease
states, including arthritis (Mclntosh et al., 2007) and cardiovascular disease (Leger et
al., 2006a). However, the development of adequately potent PAR-specific
antagonists remains the Achilles heel of PAR research. With the exception of PAR|,
where various antagonists have been documented, the availability of antagonists for
the remaining PAR family members are limited to low affinity compounds (see

Table 1.5).

Peptide mimetic PAR; antagonists such as BMS-200261 and RWJ-56110 have been
documented as selective inhibitors of PAR; (Kuliopulos and Covic, 2003; Leger et
al., 2006a and 2006b). Recently developed antagonists that have shown promise are
palmitoylated peptides, referred to as cell permeable pepducins, which inhibit in the
micromolar (uM) range (Covic ef al., 2002). Pepducins act by targeting intracellular
loops of the receptor, thus blocking GPCR-G-protein signal transduction. Pepducin
antagonists have been reported for PAR; and PAR4, namely Plpal-12 and P4pal-il
respectively (Covic et al., 2002; Leger et al., 2006b). This work has shown dual
inhibition of PAR; with RWJ-56110 and PAR4 with P4pal-il as an effective anti-
thrombotic therapy.
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The development of PAR, antagonists is still ongoing. So far only low-to-
moderately potent inhibitors have been reported, these include the small molecule
inhibitor ENMD-1068 (Kelso ef al., 2006) and the peptide mimetic K-14585 (Kanke
et al., 2009). These compounds have both provided insight into their effectiveness in
the treatment of PAR,-mediated inflammation through their ability to block PAR,
responses in the mM-uM range. Whilst these antagonists provide a structural
template for effective PAR, antagonism, further work is required to develop more

potent antagonists with improved solubility.
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Table 1.4 Proteinase-activated receptor (PAR) family tissue distribution, cellular localisation and physiological roles.

Receptor Tissue Distribution Cell Localisation Physiological Roles* References
PAR, Brain, colon, heart, kidney, Platelets, Platelet activation Vuetal, 1991a and 1991b
lung, stomach, testis Megakaryoctyes Inflammation Rasmussen et al., 1991
Leukocytes Embryonic lethality Santulli et al., 1995
Vascular endothelium Cell proliferation O’Brien et al., 2000
Keratinocytes Modulation of vascular tone Marinissen et al., 2003
Neurons and astrocytes Cerebrovascular damage
PAR, Colon, kidney, liver, pancreas, Vascular endothelium Inflammatory conditions Nystedt et al., 1994 and 1995b
prostate,  small  intestine, Keratinocytes Nociception Santulli et al., 1995b
trachea Leukocytes Airway protection Molino et al., 1997
Epithelium Modulation of vascular tone Howells et al., 1997
Neurons and astrocytes Cocks et al., 1999
Neutrophils O’Brien et al., 2000
PAR; Bone marrow, spleen, stomach, Platelets (m) Cofactor for PAR, platelet Ishihara et al, 1997
small intestine, trachea Megakaryoctyes activation (m) Schmidt et al., 1998
Smooth muscle (airway)
low levels in brain and lung Vascular Endothelium (low)
PAR, Lung, pancreas, small intestine, Platelets Platelet activation Xu et al., 1998
spleen, testis, thyroid, Megakaryoctyes Inflammation Kahn et al., 1998
Neurons Cerebrovascular damage Vergnolle et al., 2002
Low levels in adrenal gland, Cardiomyocytes Suo et al., 2003
colon, lymph node, placenta, Vascular endothelium Sabri et al., 2003
prostate, skeletal muscle and Leukocytes

uterus

Note: This is not a comprehensive list. Tissue distribution based upon Northern blot analysis experiments in literature.
*Includes both known and potential roles.
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Table 1.5 Proteinase-activated receptor (PAR) family activators and typical signal transduction.

Receptor Proteases Activating Peptides Transduction Effectors Deactivators References
PAR, Thrombin SFLLRN-NH, (h) Goy, lAC, |cAMP, Cathepsin G Rassmussen ef al., 1991
Factors Xa TFLLRN-NH, PLA,, PGI, BMS200261 Grand et al., 1996
Plasmin SFFLRN (r, m) ERK RWJ-561100 Molino et al., 1997a & b
SCH-79797 Marinissen et al., 2003
Gog PLCB; FR-171113
- DAG, PKC activation
- IP;, Ca*" mobilisation
MAPK cascades
Gouons Rho-GEFs
MAP kinase
Via EGF receptor MAP kinase
PAR, Trypsin SLIGKV-NH, (h) Gy 1AC, |cAMP, FSY-NH, Santulli et al., 1995
Tryptase SLIGRL-NH, (m) PLA, LS-NH, Molino et al., 1997a & b
Trypsin IV 2f-LIGKV-NH, TNitric oxide Cathepsin G Camerer ef al., 2000
Acrosin ENMD-1068 Kawabata et al., 2001
Cathepsin G Gagi PLCB; K-14585 Al-Ani et al., 2002a
Factors Xa/VIla - DAG, PKC activation Cottrell et al.,2004
- IP; accumulation, Kanke et al, 2005a &
- Ca*" mobilisation 2009
-NFkB activation Goon Goh et al., 2008
Kelso et al., 2006
PAR; Thrombin None Influences  PARI-G- ? Cathepsin G Ishihara et al., 1997
protein coupling McLaughlin et al., 2007
PAR, Thrombin GYPGKF-NH; (m) Gouy, TNitric oxide YD-3 Xuetal., 1998
Trypsin GYPGQV-NH; (h) tcYPGKF-NH, Kahn et al., 1998
Cathepsin G AYPGKF-NH," Gogn PLCB; P4pal-il (pepducin)  Sabri et al., 2003
Plasmin - DAG, PKC activation Momota et al., 2006

- IP;, Ca*" mobilisation
Src, MAPK cascades

Leger et al., 2006b

* Denotes synthetic activators of PAR signalling based on related tethered ligand sequence. Cross-reactivity of the SFLLRN activating peptide is evident with PAR,.
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1.3.7. The regulation of proteinase-activated receptor activation

Receptor desensitisation occurs to enable a cell to attenuate signal transduction
mediated after receptor activation takes place. In the case of GPCR desensitisation,
this involves uncoupling of G-proteins followed by receptor internalisation (Kelly et
al., 2008), see Section 1.1. As with other GPCRs, PAR; activation is shortly
followed by agonist-dependent desensitisation and internalisation (Hoxie et al.,
1993). The molecular mechanism of PAR; desensitisation is facilitated through
receptor phosphorylation by GRKs, namely GRK-3 and GRK-5 (Déry et al., 1999;
Tiruppathi et al., 2000), at the putative residues upon the cytoplasmic C-terminal tail
(refer back to Figure 1.4) that supports the recruitment of -arrestins (Shapiro et al.,
1996). P-arrestinl has been implicated as the preferential candidate for PAR;
desensitisation based upon its ability to uncouple PAR/Ga,-coupled signalling more
effectively than B-arrestin2 (Paing et al,, 2002; Chen et al., 2004). However, the
utilisation of B-arrestin-specific knockout studies undertaken in the same laboratory
subsequently identified an alternative, p-arrestin-independent mode for PAR;
internalisation (Paing et al, 2002). Recent reports have since highlighted that
phosphorylation of the C-terminal is not a prerequisite for PB-arrestin binding, as
previously thought (Chen et al., 2004). This introduces an alternative means of signal
termination through B-arrestin, independent of receptor phosphorylation (Chen et al.,

2004).

PAR; rapidly internalises via clathrin-coated pits within minutes of activation
(outlined in Figure 1.6). Studies have indicated a GTPase dynamin-dependent mode
of PAR; internalisation (Trejo et al, 2000; Paing et al., 2002). Whilst a small
proportion of receptors are recycled back to the cell membrane, most receptors are
sorted into lysosomes for degradation and signal termination (Hein et al., 1994;
Brass et al, 1991; Trejo et al., 1998). Cellular trafficking proteins called sorting
nexins (SNX), in particular SNX1 and possibly SNX2, have been identified as
important regulators for targeting PAR; receptors for lysosomal degradation (Wang
et al, 2002). When PAR, is recycled back to the membrane, the receptor is
unresponsive to thrombin whilst retaining the capability to respond to the activating

peptide SFLLRN (Hoxie, et al., 1993). This feature is attributed to the irreversible
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nature of receptor activation by proteolytic cleavage. In order to restore the
responsiveness of PAR; to agonist stimulation, new receptors have to be synthesised
in the ER/Golgi and exported to the membrane (Hein ef al., 1994). Cell surface
replenishment of PAR; also involves the tonic cycling of non-activated receptors
between the plasma membrane and intracellular receptor stores (Shapiro et al.,
1998). Recent studies incorporating RNA interference, have managed to define a
role for the clathrin adaptor protein AP2 in the regulation of tonic cycling of
internalised non-activated PAR; receptors (Paing ef al., 2006). Silencing the cellular
activity of AP2 in endothelial cells led to the inhibition of the tonic cycling of non-
activated receptors and cellular responsiveness to thrombin, thus defining a clear
regulatory role for AP2. Further studies have found a tyrosine-based motif,
Y*KKL*?, on the extreme C-terminal of PAR, (Wolfe e al, 2007). This was
identified as a site of interaction between PAR; and AP2, with the K*'K
demonstrated as a site of ubiquitination required for cell surface expression of PAR;
(refer to Figure 1.4). In smooth muscle cells, constitutive cycling of PAR; was also
shown to be regulated via a Rho/Racl dependent mechanism (Yufu et al., 2005).
Dysregulation of PAR, trafficking events have been observed in breast carcinoma,
resulting in sustained mitogenic cell signalling responses (Booden et al., 2004; Arora

et al., 2007).
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Figure 1.6. Intracellular sorting of PAR; following receptor activation.

Upon proteolytic cleavage, PAR1-G-protein coupling takes place (A). This is
followed by GRK-mediated receptor phosphorylation and G-protein uncoupling (B)
and interaction with B-arrestin (C) resulting in receptor desensitisation. PAR1 is then
internalised into clathrin coated pits (D), forming early endosomes (E) where
receptor sorting and dephosphorylation takes place for lysosomal degradation (F).
This process involves ubiquitination and SNXI1. Replenishment of membrane
receptors requires re-synthesis of new receptors and mobilisation from Golgi stores
(G). AP2 participates in tonic cycling of non-activated PAR1 between plasma
membrane and intracellular receptor stores. Figure adapted from Hoxie et al., 1993

and Hein et al., 1994.
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The features of PAR; trafficking events have provided a good basis for research into
the regulation of other PAR family members. Studies carried out investigating the
regulation of PAR; signal termination identified similar trafficking patterns to PAR;
(Bohm et al., 1996), refer to Figure 1.7. As with PAR,, PAR, receptors are
trafficked to endosomes prior to minimal membrane recycling and then targeted for
lysosomal degradation; however the defined GRK phosphorylation events remain to
be elucidated (Bohm ef al., 1996). Real-time analysis of the molecular interactions
that occur during PAR; internalisation led to the identification of a distinct calcium-
dependent interaction between [-arrestinl and PAR, (Déry et al, 1999). Small
GTPase Rab5 and Rablla have been shown to play a role in agonist-induced
endocytosis of PAR; (Roosterman et al., 2003). Rab5 was found to participate in -
arrestinl/dynamin dependent PAR, endocytosis; a process that was restricted in the
presence of dominant negative Rab5 expression. A role for Rabl1a was identified in
the trafficking of PAR, from Golgi stores to the plasma membrane (Roosterman et
al., 2003). These trafficking events coincide with those documented for
dopaminergic D, receptors (Iwata et al., 1999) and B,-adrenoreceptors (Seachrist et

al., 2000), among others.

The molecular mechanism underlying PAR; resensitisation at the plasma membrane
has been one of interest in recent years. Work carried out in Georg Reiser’s
laboratory has added a further dimension to the existing literature surrounding the
trafficking of PAR; back to the plasma membrane from Golgi receptor stores (Luo et
al., 2007). These studies have recognised PAR; as a cargo protein for p24A, a Type
I transmembrane protein localised in the ER/Golgi apparatus. Interaction between
PAR; and p24A was found to take place at sites on the N-terminus of p24A and the
ECL-2 of PAR;, to confine PAR; in the Golgi. Activation of PAR; resulted in the
recruitment of the small GTPase, ADP-ribosylation factor-1 (ARF-1) to the Golgi
where it becomes activated by guanine nucleotide exchange factors (GEF). These
events have been shown to disrupt the interaction between PAR;, and p24A, thus
allowing PAR; to be exported to the membrane to replenish cell surface expression

(Luo et al., 2007).
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PAR, mutagenesis studies have demonstrated (-arrestin recruitment to PAR, as a
major contributing factor to the induction of mitogenic responses and cell migration,
through p-arrestin—dependent cytosolic ERK activation (DeFea et al., 2000b).
Further analysis using PAR; C-terminal truncated mutants has defined the
significance of the C-terminal to the stability of B-arrestin binding (Stalheim et al.,
2005). These studies have identified a clear link to PAR,-B-arrestin binding post-
internalisation, with particular importance in signalling for ERK activation as well as
participating in desensitisation. Recent evidence by DeFea and colleagues has
demonstrated the importance of the PAR;-B-arrestin scaffold in the
dephosphorylation and activation of the cofilin pathway, a pathway that results in
augmented cell motility and tumour metastasis (Zoudilova et al., 2007). This work
highlights the importance of G-protein-independent, -arrestin-dependent signalling
events that results upon PAR, activation, which may be accountable for previous

observations where PAR; activation resulted in enhanced tumour metastasis (Shi et

al., 2004).

In addition to agonist-dependent desensitisation, as defined for PAR; and PAR,,
there also appears to be a degree of concomitant agonist-independent desensitisation
via the self-limiting effects of the second messenger PKC that results in the

phosphorylation of the receptor (Béhm, ef al., 1996).
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Figure 1.7. Intracellular sorting of PAR; following receptor activation.

Upon proteolytic cleavage, PAR,-G-protein coupling takes place (A). This is
followed by GRK-mediated receptor phosphorylation and G-protein uncoupling (B)
and interaction with B-arrestinl (C) resulting in receptor desensitisation. PAR; is
then internalised into clathrin coated pits (D), forming early endosomes (E). This
requires both Rab5a and dynamin. Receptor sorting and dephosphorylation takes
place, with the receptors ubiquitinated being targeted for lysosomal degradation (F).
This Replenishment of membrane receptors requires re-synthesis of new receptors
and mobilisation from Golgi stores (G). Rabl1a participates the trafficking of PAR;
from Golgi receptor stores to the plasma membrane. Figure adapted from Déry et

al., 1999.
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The regulation of PAR; and PARy activation has yet to be elucidated. However, the
striking feature of PAR4 activation is the longevity of various signalling events, such
as calcium signalling, inositol phosphate accumulation, and the relative lack of
desensitisation observed upon receptor activation (Shapiro et al, 2000). These
responses were observed in rat fibroblasts stably expressing PAR4, with responses
compared to those obtained from thrombin-mediated PAR, activation. Mutagenesis
of amino acid residues at putative phosphorylation sites within the C-terminus of
PAR; resulted in dysregulation of cell signal termination, thus allowing prolonged
PAR;-mediated cell signalling. Similar mutagenesis did not alter PAR4-dependent
cell signalling responses. This suggests that PAR4 has a regulatory control distinct
from the other PARs. Whilst the receptor trafficking events have been studied in
great detail for both PAR; and PAR», no such work has been undertaken to elucidate
the events that follow PARy activation.

The fidelity of serine protease signalling relies upon desensitisation, internalisation,
receptor recycling and resensitisation processes for the fine-tuning of cell signalling
events. Herein lies the need for further investigation into the cellular trafficking of

PARg.

1.3.8. PAR-PAR and PAR-other receptor interactions

The emergence of GPCR dimerisation has encouraged many researchers to review
previously published results regarding the receptor pharmacology of this super
family. Early studies involving the PAR family, identified at the time, unexplainable
interactions between PAR members. Synergistic PAR activity was observed in
platelet activation in what was described at that time as a ‘dual thrombin receptor
system’ (Kahn et al., 1998). Through the years, small advances have been made to
elucidate PAR-PAR interactions. Coughlin and colleagues initially raised the
question of PAR interaction indirectly in the mouse model. This research group
showed that PAR; acted as a cofactor in thrombin mediated PAR4 activation
(Nakanishi-Matsui et al, 2000). Thrombin-cleavage of PAR4, as previously
discussed in Section 1.3.5, was regarded as rather inefficient when compared to

PAR; and PAR;. It was found that PAR; enhanced PAR, activation by providing the
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necessary hirudin-binding domains; a feature PAR4 lacks, to enable thrombin
cleavage of PAR4 to occur more efficiently. This partnership enabled thrombin to
act as a bivalent agonist, capable of interacting with PARj at its hirudin-like domain
whilst interacting with PAR4 via its anionic-binding exosite. This interaction
significantly enhanced mouse platelet activation at low concentrations of thrombin,
an event not possible when PARs was expressed in isolation. This was later
investigated (Owen, 2003) and further demonstrated in the context of thrombin
mediated PAR; and PAR, activation in human platelets (Leger et al., 2006b). This
work identified PAR;/PAR4 heterodimerisation, responsible for thrombin-mediated
platelet activation. Preliminary findings suggested that targeting of this
heterodimeric complex may prove to be beneficial in improving existing anti-

thrombotic therapies.

More recently, constitutive heterodimers were found to exist between PAR; and
PAR; when expressed in endothelial cells (McLaughlin et al, 2007). The
significance of this interaction was demonstrated when a shift in the preferential
coupling of PAR; to Gog/11 was observed, with PAR/PAR3 heterodimers favourably
coupling to Gay3. In essence, within this heterodimeric complex, PAR; was
observed to allosterically regulate PAR; G-protein selectivity in response to
thrombin. In addition, activation of this heterodimer also resulted in increased
endothelial cell permeability, a crucial stage in the development of vascular
inflammation. It was hypothesised that by targeting the heterodimer complex, the
effects of thrombin may be minimised to the extent where vascular inflammation can

be prevented.

Earlier studies have also proposed some level of interaction between PAR; and PAR;
in thrombin-mediated tumour cell migration, even though thrombin does not cleave
PAR; (Shi et al., 2004). Thrombin-induced metastasis through PAR; was shown to
be enhanced in the presence of PAR,, through a cleavage-independent mechanism,
possibly involving PAR;/PAR; heterodimer formation. This was further explored,
with PAR; transactivation of PAR; observed as having an important protective role

in the progression of PAR;/LPS-mediated sepsis. This suggests that targeting the
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PAR//PAR; heterodimer with appropriate agonists could be effective in the treatment
of late sepsis, through activating a Gi(By)-dependent pathway, promoting endothelial
barrier protection (Kaneider et al., 2007).

Recently work carried out by Hollenberg and colleagues have shown interaction
between PAR, and the toll-like receptor, TLR-4 (Rallabhandi er al., 2008),
highlighting the potential of receptor cooperativity in inflammation. Studies
conducted to date have also established a clear link between inflammation and the
upregulation of PAR expression levels, PAR; in particular (Ferrell et al., 2003; Abe
et al., 2006; Xiang et al., 2006). In contrast, a dual role for PAR, and PAR4 has not
been explored further in the context of inflammation. This is despite the fact that
both receptors respond to trypsin and become up-regulated in inflammation. This
has been demonstrated in our laboratory, as well as others, in endothelial cells during
pro-inflammatory challenge with tumour necrosis factor (TNFa), (Ritchie et al,
2007). This was first demonstrated in 2001, when Cocks and colleagues identified
increased PAR; and PAR, expression in coronary artery endothelium during similar
challenge (Hamilton ef al., 2001a). This presents a potential physiological setting

where PAR,/PAR, heterodimerisation may prove to be significant.
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1.4 AIMS

Unlike the extensive research into the receptor signalling and trafficking events
following PAR; and PAR;, similar investigation into the trafficking of PAR4, the
most recent PAR member, is somewhat lacking. The distinct sustained signalling
responses and subsequent lack of receptor desensitisation that PAR4 displays in
comparison to both PAR; and PAR; is intriguing (Shapiro et al 2000) and thus

warrants further investigation.

Furthermore recent studies have demonstrated the capability of PARs to form
heterodimers with PAR; and PARj in physiologically important contexts. Previous
RT-PCR studies in our laboratory, as well as others, have shown that PAR, and
PAR4 become dual-upregulated following inflammatory challenge with TNFa
(Ritchie et al., 2007). This provides a physiologically important model whereby

PAR; and PAR4 may interact similarly, in the context of inflammation.

The aims of this study were to;

1. Investigate the cellular expression of PARy relative to that of PAR, through
the use of fluorescence imaging techniques to monitor cellular systems
expressing C-terminal GFP-variant tagged PAR constructs.

2. Assess the relative contribution of the possible ER retention motifs upon
PAR, subcellular localisation and signal transduction and investigate co-
expression with other PAR family members.

3. Through the application of FRET, identify if PARs and PAR, form

constitutive heterodimers and investigate the consequence of interaction.

49



CHAPTER 2

MATERIALS AND METHODS
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2.1 MATERIALS
2.1.1 General reagents
All reagents used were of the highest commercial grade possible and solutions were

prepared in deionised water.

BioRad Laboratories (Hertfordshire, UK)

BioRad AG® 1-X8 Resin, Protein Assay Dye Reagent Concentrate (500-0006)
Fisher Scientific (Leicestershire, UK)

Hydrochloric acid

Insight Biotechnology Ltd (Wembley, UK)

Recombinant TNF-alpha

Invitrogen Ltd (Paisley, UK)

Fura-2-AM cell permeant (Molecular Probes)

NEN Dupont (Hertfordshire, UK)

Myo-[2-*H(N)]-inositol (10-25Ci/mmol)

Sigma-Aldrich Co Ltd (Poole, Dorset, UK)

Ammonium Formate, EDTA, Formic Acid, Glycerol, Isopropanol, Protein A-
Sepharose® beads (from Staphylococcus aureus) Protein G-Sepharose® beads (4B
Fast Flow recombinant protein G in 20% ethanol), Sodium tetraborate, Trizma HCI,
Tryptone, Tunicamycin (from Streptomyces, T7765) and Y east Extract.

Wallac UK (Milton Keynes, UK)

Optiphase Hi-safe™ scintillant

B-scintillation counter

2.1.2 Fluorescent plasmid DNA constructs

All fluorescent PAR constructs were generated by Advantagen Ltd (Dundee, UK)
unless otherwise stated. The fluorescence resonance energy transfer (FRET) positive
control ECFP-EYFP tandem plasmid was a generous gift from Prof. Graeme
Milligan, (University of Glasgow, Glasgow, UK). EYFP-Calnexin and ECFP-
Calnexin plasmid DNA constructs were kindly provided by Dr Michael Freissmuth
(Centre of Bimolecular Medicine and Pharmacology, Institute of Pharmacology,

Medical University of Vienna).
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2.1.3 PAR-specific agonists
Sigma-Aldrich Co Ltd (Poole, Dorset, UK)

a-Thrombin (Human Plasma), Trypsin (from Bovine Pancreas)

University of Calgary Peptide Service, Calgary, Canada
Ala-Tyr-Pro-Gly-Lys-Phe-amidated (NH,) peptide (AYPGKF-NH;)
Ser-Leu-Ile-Gly-Lys-Val-hydroxyl (OH) peptide (SLIGKV-OH)

2.1.4 Reagents for molecular biology and cellular transfection
Amaxa Biosystems GmbH (Germany, Europe)

Cell line Nucleofector Kit V

GE Healthcare UK Ltd, (Buckinghamshire, UK)
[llustra Plasmid Prep Mini Spin Kit

Invitrogen Ltd (Paisley, UK)
D5a-T1 chemically competent cells, Gene Tailor™ Site-Directed Mutagenesis

System, Lipofectamine 2000™, PCR Primers and TOP10 Competent Cells.

Polysciences Inc., (Warrington, UK)
Polyethylenimine (PEI), (Linear MW~25,000, 23966)

Promega UK Ltd (Hampshire, UK)

Restriction Enzymes

Qiagen (West Sussex, UK)
Endofree Plasmid Maxi Kit

Stratagene, (Agilent Technologies UK Ltd, Cheshire, UK)
QuikChange® Multi-Site-Directed Mutagenesis Kit
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2.1.5 Tissue culture consumables
All tissue culture flasks, plates, dishes and graduated pipettes were obtained from

Corning Costar (Buckinghamshire, UK).

Gibco BRL (Paisley, UK)

Foetal calf serum (FCS), L-glutamine, Geneticin (G418), Medium 199 with Earls
salts (M199), Minimal Essential Medium (x10), Non-essential amino acids, Opti-
MEM® I Reduced Serum media, Penicillin/Streptomycin, Sodium Bicarbonate.

Lonza Wokingham Ltd, (Berkshire, UK)
HEPES Buffered Saline Solution

Sigma-Aldrich Co Ltd (Poole, Dorset, UK)
Dimethyl sulfoxide (DMSO), Optiprep Density Gradient Medium and ethanol.

2.1.6 Reagents for Western blotting
Amersham International Plc (Aylsbury, Buckinghamshire, UK)
ECL detection reagents

Bio-Rad Laboratories (Hertfordshire, UK)
Pre-stained SDS-PAGE Molecular Weight Marker

Bio-Rad Mini PROTEAN III™ electrophoresis system

Boehringer Mannheim Ltd. (East Sussex, UK)
Bovine Serum Albumin (BSA), Dithiothreitol (DTT)

GE Healthcare Ltd (Buckinghamshire, UK)

Amersham™ Hybond™ -ECL nitrocellulose membrane
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Sigma-Aldrich Co Ltd (Poole, Dorset, UK)

Acrylamide, Ammonium Persulfate (APS), Glycerol, Glycine, Kodak X-OMAT LS
X-ray film, methanol, Sodium Chloride, Sodium Dodecyl Sulphate (SDS),
N,N,N’,N’-tetramethylenediamine (TEMED), TWEEN-20, and Trizma Base.

Whatmann (Kent, UK)
17 CHR Chromatography Paper

2.1.7 Antibodies
Abcam plec. (Cambridge, UK)
Anti-Calnexin (ab10286, rabbit polyclonal)

Anti-Calnexin (ab31290, mouse monoclonal)

Biosource Europe SA, Invitrogen Ltd (Paisley, UK)
Anti-phospho-p38 MAP kinase (44684-G, rabbit polyclonal)

Cell Signalling Technology, Inc. (New England Biolabs, UK)
Anti-Na, K-ATPase alphal (30105, rabbit polyclonal)

Clontech-Takara Bio Europe (France, EU)
Living Colours ® Full length A.v. GFP (632460, rabbit polyclonal)

Jackson ImmunoResearch Laboratories Inc., (PA, USA)

Horseradish peroxidase (HRP)-conjugated AffiniPure goat anti-rabbit IgG (111-035-
144)

HRP-conjugated AffiniPure donkey anti-mouse IgG (715-035-150)

HRP-conjugated AffiniPure F(ab'), Fragment donkey anti-goat (705-036-147)

Texas Red® dye-conjugated AffiniPure donkey anti-mouse IgG (715-075-150)
Texas Red® dye-conjugated AffiniPure F(ab'), Fragment donkey anti-goat (705-
076-147).
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Santa Cruz Biotech. Inc. (CA, USA)

Anti-ERK (sc-94, rabbit polyclonal, K23)

Anti-p38 MAP kinase (sc-728, rabbit polyclonal, N20)
Anti-PARy (sc-8482, goat polyclonal, M-20)
Anti-phospho-ERK (sc-7383, mouse monoclonal, E-4)

Sigma-Aldrich Co Ltd (Poole, Dorset, UK)

Anti-VSV-G (V4888, rabbit polyclonal)

Fluorescein (FITC)-conjugated goat anti-rabbit IgG (F-0382)
Fluorescein (FITC)-conjugated goat anti-mouse I1gG (F-0257)

Zymed Laboratories Inc USA (Invitrogen Ltd, Paisley, UK)

Anti-Human Transferrin Receptor (13-6800, mouse monoclonal, Clone H68.4)

2.1.8 Microscopy
Merck-Calbiochem (Nottingham, UK)

Mowiol

Leica Microsystems (Milton Keynes, UK)
Leica DM6000 Confocal Fixed Stage (CFS) microscope

Molecular Devices Corp. (Downingtown, PA, USA)
MetaMorph Imaging Series software (version 7.0 or 7.6.4)

Nikon Instruments (New York, USA)
Nikon TE-300 Epifluorescence microscope
Nikon Eclipse TE2000-E inverted Epifluorescence microscope

40 x or 100 x oil-immersion Plan Fluor Objective Lens, NA=1.3

VWR International Ltd (Leicestershire, UK)
No. 0, (0.09-0.13 mm thick), circular glass 13 or 22 mm diameter coverslips.

0.8-1.0mm thick glass microscopy slides
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2.2 GENERATION OF FLUORESCENT-TAGGED PAR CONSTRUCTS

All PAR constructs were fluorescently tagged at the extreme C-terminal and
sequenced to ensure 100% sequence identity. The plasmid DNA was then amplified
and extracted by Endofree Plasmid Maxi kit (Qiagen Ltd, UK) to produce
transfection grade plasmid DNA. The constructs were then transiently expressed and

functionally characterised in various mammalian cell lines.

2.2.1 pPAR;-EGFP and pPAR;-EYFP (Advantagen Ltd, Dundee, UK)

Human PAR; was amplified from pcDNA 3.1(+)-PAR; by PCR, prior to insertion
into a pEGFP/pEYFP-N1 vector (Clontech) to create C-terminal hPAR;-EGFP and
hPAR-EYFP fluorescent constructs. The hPAR; insert was digested with EcoRI
and BamHI restriction enzymes and subsequently ligated into the respective
restriction sites within the multiple cloning region of pEGFP/pEYFP-N1 expression

vector. The following primers were used;

Forward primer (T7 primer): 5>’ ATTGTAATACGACTCACTATAGGG
Reverse primer: 5> GTGGATCCCGAGTTAACAGCTTTTTGTATATGCTG

2.2.2 pPAR;-EYFP (Advantagen Ltd, Dundee, UK)
Human PAR, was amplified from pRSV-PAR, by PCR. The PAR; insert was
digested with HindIIl and BamHI and ligated into the respective sites of the pEYFP-

N1 expression vector. The following primers were used;

Forward primer: 5 TCAAGCTTACCATGCGGAGCCCCAGCGC
Reverse primer adg426: 5> CTGGATCCATAGGAGGTCTTAACAGTGGTTG

2.2.3 pPAR4ECFP and VSV-G-pPAR4-ECFP (Advantagen Ltd, Dundee, UK)

Human PAR-4 was amplified from a pcDNA 3.1 (+)-hPAR4 plasmid. The PAR4
insert was digested with Kpn-Agel restriction enzymes. ECFP was amplified from
an ECFP-N1 vector (Clontech) and digested with Age and Xbal. PAR4 and ECFP
were ligated and inserted into the Kpnl-Xbal sites of a pcDNA 3.1 (+) vector. The

following primers were used;
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Forward primer (T7 primer): 5> ATTGTAATACGACTCACTATAGGG
Reverse primer: 5’AGACCGGTGGCTGG AGCAAAGAG GAGTGGG

2.3 SITE-DIRECTED MUTAGENESIS

2.3.1 Generation of monomeric fluorescent protein constructs (AzocK point
mutation)

Monomeric GFP variants were generated by amino acid substitution of the primary
sequence at position Alayys in the GFP protein through site-directed mutagenesis, as
indicated by Zacharias ef al, 2002. Mutagenesis was carried out by PCR (Techne
Touchgene Gradient PCR machine, Fisher Scientific Ltd, Leicestershire, UK) using a
Gene Tailor ™ Site-Directed Mutagenesis kit (Invitrogen Ltd, UK) following
manufacturer’s guidelines. Plasmid DNA (100 ng) was methylated for an hour at
37°C in the presence of DNA methylase and S-adenosylmethionine (1xSAM). In
order to introduce the desired mutation into the construct, the methylated DNA (5 pl)
was amplified by PCR using a high fidelity Platinum® Pfx DNA Polymerase
(Invitrogen Ltd, UK). The following primers were designed for this mutagenesis
PCR reaction, resulting in the successful amino acid substitution of Alanine (A) to

Lysine (K) at position 206 of each GFP, YFP and CFP construct;

Forward primer:
CAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGAT CAC
Reverse primer:

GTCATCGCGCTTCTCGTTGGGGTCTTTGCTCAGCTTGGA CTG

The cycling parameters used for the PCR reaction involved an initial hot start step of
94°C for 2 minutes followed by thermal cycling of 30 seconds at 94°C (denaturation
step), 30 seconds at 55°C (annealing) and 8 minutes at 68°C (extension step) for 20
cycles. A final extension period of 10 minutes at 72°C was included at the end of the
PCR program. Bacterial transformation of the PCR product was carried out in
D5a™-TI® chemically competent cells (Invitrogen Ltd). The transformation
procedure involved incubation of 2 ul of mutagenesis PCR reaction with the

competent cells on ice for 30 minutes. This was followed by heat shock treatment of
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the cell mix for 45 seconds at 42°C followed by ice incubation for 2 minutes. The
cell mix was then transferred into 5 ml of pre-warmed antibiotic-free Luria-Beltane
(LB) culture medium (1% Try tone, 0.5% Yeast Extract and 1% Sodium Chloride)
and placed in a C24 Incubator (New Brunswick Scientific, Edison, NJ, USA) to
shake at 190 rpm at 37°C for 1 hour. A small volume of the transformation reaction
(100 pl) was then spread on pre-warmed LB-agar plates (with antibiotic for selection
pressure); the plates were inverted and incubated at 37°C for 16 hours. Colonies
present on the plates were selected and grown in LB culture medium (with
antibiotics) shaking at 190 rpm at 37°C for 8 hours. Mini plasmid DNA was
extracted and purified from the cultures using an Illustra plasmid prep mini spin kit
(GE Healthcare UK Ltd, Buckinghamshire, UK) in accordance to manufacturer’s
guidelines. The constructs were then sequenced to ensure that the mutation was
present. The plasmid DNA was then extracted and purified by Endofree Plasmid
Maxi kit (Qiagen Ltd, UK), following the manufacturer’s instruction, to produce
transfection grade plasmid DNA. Plasmid DNA was quantified by GeneQuant pro

UV/visible spectrophotometry (Amersham Biosciences).

2.3.2 Generation of PAR4-ECFP endoplasmic reticulum (ER) motif mutants.

Two arginine (R)-based endoplasmic reticulum (ER) retention motifs, located within
the protein sequence of pPAR4-ECFP, were mutated using site-directed mutagenesis
as described in 2.3.1 using a QuikChange® Multi-Site-Directed Mutagenesis Kit
(Stratagene). Arginine residues were substituted for alanine amino acids at positions
R'"™AR (to create A'™®AA) and R"™*GRR (to create A'™GAA). A third construct
was also generated incorporating alanine substitutions into both motifs
simultaneously. The following primers were used to incorporate the necessary

amino acid substitutions;

‘R'™ AR>AAA’ Forward primer:

CAC CCG CTG GCG GCC GCC GCC CTG CG
‘R'"™AR->AAA’ Reverse primer:

CGCAGG GCG GCG GCC GCC AGC GGG TG
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‘R'"*® GRR>AGAA’ Forward primer:

GCG CCC TGG CTG GCG CGG CCCTGG CCC
‘R'*® GRR>OAGAA’ Reverse primer:

GGG CCA GGG CCG CGC CAG CCA GGG CGC

‘R'"™ AR AL R'"™GRR->AAA AL AGAA’ Forward primer:

CAC CCG CTG GCG GCC GCC GCC CTG GCT GGC GCG GCC CTG GCC C
‘R'™ AR AL R'"GRR->AAA AL AGAA’ Reverse primer:

GGG CCA GGG CCG CGC CAG CCA GGG CGG CGG CCG CCA GCG GGT G

2.4 CELL CULTURE
All cell culture was carried out in a Class II laminar flow hood under aseptic

conditions.

2.4.1 Human Embryonic Kidney (HEK) 293 cells

Human embryonic kidney (HEK) 293 cells were maintained in Minimal Essential
Medium (MEM) with Earle’s salts (GIBCO®, Invitrogen Ltd) supplemented with
10% (v/v) foetal calf serum (FCS), penicillin (250 units/ml), streptomycin (100
png/ml), L-glutamine (27 mg/ml), 1x (v/v) non-essential amino acids and 0.375%
(v/v) sodium bicarbonate (all GIBCO®, Invitrogen Ltd). At 90% confluence, the
HEK?293 cells were washed once with phosphate buffered saline (PBS), (PBS; 150
nM NaCl, 5.4 mM KCI, 10 mM Na,POy4, 1.5 mM KH,PO4, pH7.4) and passaged
using 1x sodium citrate (1x SSC, pH7.4). The cells were then collected in media,
centrifuged at 700 rpm for 5 minutes and transferred to a fresh T75 flask and/or 12
well plates, depending upon the experimental procedure. Cells where then incubated
at 37°C in a humidified atmosphere with 5% CO, with media replaced every second

day. Cells were used for experimentation between passage 30 and 55.
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2.4.2 Human Keratinocyte NCTC-2544 cells and NCTC-2544 cells expressing
PAR; (NCTC-PAR;)

Human keratinocyte NCTC-2544 cells were maintained in Medium 199 (M199)
containing Earles salts (Sigma-Aldrich Co Ltd) supplemented with 10% (v/v) FCS,
penicillin (250 units/ml), streptomycin (100 pg/ml), L-glutamine (27 mg/ml). At
90% confluence, cells were washed once with PBS, passaged using Versene (0.2 g/L
EDTA prepared in sterile PBS), centrifuged at 700 rpm for 5 minutes and seeded as
required. Cells were incubated at 37°C in a humidified atmosphere with 5% CO,
with the media replaced every second day. Cells were used for experimentation
between passage 4 and passage 20. Cells for experimentation were serum starved in

serum-free M199 media for 24 hours prior to agonist treatment.

2.5 TRANSIENT TRANSFECTION

2.5.1. Lipofectamine™ 2000 Transfection

HEK?293 cells were maintained as indicated in 2.4.1. Cells were grown to 80-90%
confluence in 12 well plates with or without coverslips prior to transient transfection
of 1 ug of Endofree plasmid DNA using the Lipofectamine™ 2000 transfection
reagent (Invitrogen Ltd) in accordance to manufacturer’s guidelines. Optimisation of
the manufacturer’s protocol found that a DNA/Lipofectamine™ 2000 ratio of 1 pg/2
ul per well of a 12 well plate was sufficient for maximal gene expression with
minimal cytotoxicity in both HEK239 and NCTC-2544 cell lines. The complex was
prepared in Opti-MEM® I reduced serum medium (Invitrogen Ltd). Plasmid DNA
(1 pg) was resuspended in 100 pl of Opti-MEM® whilst 2 pl of Lipofectamine™
2000 was added to a fresh eppendorf containing another 100 pl of Opti-MEM®.
Both individual tubes were incubated at room temperature for 5 minutes. The DNA
was carefully transferred to the tube containing Lipofectamine™ 2000 reagent and
the complex was left at room temperature for a further 25 minutes. The adherent
cells in the 12 well plates were washed once with PBS and the media replaced with
0.8 ml of Opti-MEM®. The complex was then added to the cells and incubated for 4
hours at 37°C in a humidified atmosphere with 5% CO,, after which time the Opti-
MEM® was replaced with fresh media. Maximal gene expression was observed at

24-48 hours post-transfection.
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2.5.2 Nucleofection® DNA Delivery

NCTC-2544 cells were maintained as indicated in Section 2.4.2. Cells were grown
to 90% confluence in T75 cm flasks prior to Nucleofection® (Amaxa Biosystems
GmbH, Lonza Wokingham Ltd, UK) in accordance to the manufacturer’s guidelines
(Cell line Nucleofector® Kit V). Optimisation of the manufacturer’s general
protocol found that each Nucleofection® reaction could be performed in either a 6
well or 12 well plate. Optimal conditions for a 6 well plate was 2 pg of
DNA/0.5x10° cells/well per Nucleofection® reaction, with the same conditions
adopted for the 12 well format but the contents of the reaction equally divided
between 2 wells of a 12 well plate. The program used for optimal Nucleofection® in
NCTC-2544 cells was program A-023 using a Nucleofector™ II machine. Briefly,
1.5 ml Eppendorf tubes were prepared containing the desired DNA concentration (2
ng) per reaction. Cells were passaged as outlined in Section 2.4.2. Using a
haemocytometer, cells were counted and the total number of cells required to
perform all the required reactions were transferred to a sterile 15 ml tube. The cells
were centrifuged at 700 rpm for 5 minutes at room temperature. The supernatant was
discarded and Solution V (Lonza Cologne's Nucleofector® Technology patent
application number PCT/DE02/0148) was added to the cell pellet (100 pl per
reaction). The cells were mixed and 100 pl from this was transferred to each of the
tubes containing DNA. The cells and DNA were mixed and transferred to a sterile
Nucleofection® cuvette and subsequently placed into the holding chamber of the
Nucleofector™ II device and set to nucleofect at program A-023. The cells in the
cuvette were removed with the addition of 1 ml of M199 media. The media/cells
were then transferred by Pasteur pipette to one well of a 6 well plate (or 2 wells of a
12 well plate) containing pre-warmed M199 media. The cells were then given time
to recover overnight at 37°C in a humidified atmosphere with 5% CO,, after which
time the contents of the plate was replaced with fresh media. Maximal gene

expression was observed at 24-48 hours post-nucleofection.

2.5.3 Polyethylenimine (PEI) Transfection
HEK?293 cells and NCTC-2544 cells were seeded into 12 well plates as outlined in
Section 2.4.1 and 2.4.2. Cells were grown to 80-90% confluence in 12 well plates
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with or without coverslips prior to transient transfection of 1 pg of Endofree plasmid
DNA using Polyethylenimine (PEI, Polysciences Inc., Warrington, UK). Optimal
transfection with maximal gene expression and low cytotoxicity was achieved using
a DNA/PEI ratio of 1 pg of DNA/5.7 ul of PEI (PEI Stock; 1 mg/ml in deionised
water, heated until dissolved, filtered and stored at -80°C). Briefly, 1 pg of Endofree
plasmid DNA was added to an Eppendorf tube with 5.7 pl of PEI and 100 pl of
complete growth medium. The contents of the tube were mixed by pipette and left to
incubate at room temperature for 10 minutes. The media in the wells were replaced
with 0.9 ml of complete growth medium and the contents of the tube transferred drop
wise to the cells. The cells were left to incubate overnight at 37°C in a humidified
atmosphere with 5% CO,, after which time the media was replaced with fresh media.

Maximal gene expression was observed at 24-48 hours post-transfection.

2.6 FLUORESCENCE MICROSCOPY

2.6.1 Direct Immunofluorescence

Sterile round glass coverslips, (diameter 13 mm, thickness No.0), located in 12 well
plates were used to culture HEK293 or NCTC-2544 cells. After a 24 hour growth
period the cells were transiently transfected as indicated in Section 2.5. Prior to
agonist treatment (where applicable), cells were serum starved for 24 hours in serum
free medium. After stimulation, the cells on the coverslips were washed gently with
ice cold PBS followed by fixation with ice cold 3% paraformaldehyde or methanol
for 15 minutes at room temperature in the dark. The cells were washed twice in ice
cold PBS and then incubated at room temperature in the dark for 5 minutes with 1 ml
of PBS containing 100 ng/ml of the specific fluorescent nuclear marker 4',6-
diamidino-2-phenylindole (DAPI). The cells were washed twice with PBS and the
coverslips were mounted on to glass microscope slides with 15 pul Mowiol (2.4 g of
Mowiol added to 25% glycerol prepared in 0.1M Tris-HCI). The microscope slides
were then stored in the dark at 4°C overnight to allow the coverslips to dry. Cells
were visualised using a Nikon TE300-E upright epifluorescence microscope. Cells
were imaged at x100 or x40 magnification with an oil-immersion Plan Fluor
objective lens. Images were collected using a digital Cool Snap-HQ CCD camera

(Roper Scientific, Photometrics, Tucson, AZ). MetaMorph Imaging Series 7.0
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(Molecular Devices Corp., Downington, PA, USA) was used for control of image
acquisition, processing and modification of all image data. The background average
statistical correction editing function in MetaMorph was used to produce background
corrected images. This was achieved by determining the average background level of

fluorescence from regions of interest drawn adjacent to cells expressing fluorescence.

2.6.2 Indirect Immunofluorescence: VSV-G epitope detection

HEK?293 cells and NCTC-2544 cells were grown to 70-80% confluence on 13mm
glass coverslips as indicated in Section 2.4. Both transiently transfected cells
(outlined in Section 2.5) and untransfected cells were used. Cells were serum starved
for 24 hours in serum free medium prior to indirect staining. Cells were washed in
ice cold PBS twice prior to fixation with ice cold methanol or 3% paraformaldehyde
at room temperature as outlined in Section 2.6.1. After fixation, cells were washed
twice with PBS and permeabilised with 0.3% SDS prepared in PBS containing 0.1%
BSA for 10 minutes at room temperature. The coverslips were then incubated for 15
minutes at room temperature in 1 ml of 50 mM NH4Cl prepared in PBS. The cells
were washed firstly in PBS and then in 0.3% TritonX-100 (prepared in PBS
containing 0.1% BSA). The cells were then blocked for 30 minutes in 1 ml of goat
serum dilution buffer (GSDB: 16% goat serum, 0.3% TritonX-100, 0.3 M NaCl
prepared in PBS) or 1% BSA in PBS. After blocking, the coverslip was placed cell
side down onto 30 pul of primary antibody (1:100 dilution in GSDB) overnight in the
dark at 4°C in a humidified chamber to minimise evaporation. The cells were
washed three times in 0.3% TritonX-100 permeabilisation buffer and the coverslip
placed cell side down onto 30 pl of FITC or Texas Red conjugated secondary
antibody (1:100 dilution in GSDB) for 1 hour at room temperature in the dark. The
cells were then washed a further 2 times in permeabilisation buffer followed by
incubation at room temperature in the dark for 5 minutes with 1 ml of PBS
containing 100 ng/ml of DAPI. The cells were then washed with PBS and the
coverslips were placed cell side down on to glass microscope slides containing 15 pl
Mowiol. The microscope slides were then stored in the dark at 4°C overnight to
allow the coverslips to dry. The microscope slides were then processed as outlined

in Section 2.6.1.
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2.6.3 Indirect Imnmunofluorescence: Calnexin Abcam antibodies

Cells were fixed at room temperature as outlined in Section 2.6.2, then washed twice
with ice cold PBS prior to permeabilisation for 10 minutes with 0.25% TritonX-100
in PBS (PBST) at room temperature. The coverslips were carefully washed three
times with PBS, with an interval of 5 minutes between each wash. The cells were
blocked in 1% BSA in PBST for 30 minutes. After blocking, the coverslips were
placed cell side down onto 30 pl of primary antibody (1:100 dilution in 1% BSA in
PBST) and stored overnight in the dark at 4°C in a humidified chamber to minimise
evaporation. The coverslips were carefully washed three times with PBS as before.
The coverslips were then placed cell side down onto 30 pl of FITC or Texas Red
conjugated secondary antibody (1:100 dilution in 1% BSA in PBST) for 1 hour at
room temperature in the dark. The cells were then washed three times in PBS as
before followed by incubation at room temperature in the dark for 5 minutes with 1
ml of PBS containing 100 ng/ml of DAPI. After washing with PBS, the coverslips
were placed cell side down on to glass microscope slides containing 15 pl of
Mowiol. The microscope slides were then stored in the dark at 4°C overnight to
allow the coverslips to dry. The microscope slides were then processed as outlined

in Section 2.6.1.

2.7 FLUORESCENT TECHNOLOGY USED FOR STUDYING PROTEIN-
PROTEIN INTERACTION

For years researchers have been continually striving to advance upon existing
techniques available to study the dynamics of protein-protein interaction.
Researchers have relied upon immunoprecipitation techniques as a means to confirm
protein-protein interactions in cellular systems. Many of the tools available now
incorporate novel fluorescent reporter proteins to detect such interactions, monitor
protein localisation and movement in living cells (Chapman et al., 2005). Advances
in molecular imaging technology have resulted in the development of highly
sophisticated methods to directly measure protein-protein interaction real time in live
cells (reviewed by Day and Schaufel, 2005). These powerful experimental
approaches have worked towards providing a better understanding of the proteome at

subnanometer resolution. One of the imaging techniques in the forefront of
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monitoring protein interactions in recent years has been fluorescence (Forster)
resonance energy transfer (FRET). So far this technique has been used to identify
interaction of proteins localised in the nucleus (Voss et al., 2005), endoplasmic
reticulum (Verrier et al., 2008), cytosol (Dowal et al., 2006), and plasma membrane
(Wilson et al., 2005). FRET can be carried out in live cells by wide-field, confocal,
multiphoton and life time imaging microscopy (Tadross et al, 2009). Common
fluorescent tags used for FRET are those derived from Aequorea victoria green
fluorescent protein (4.v. GFP), reviewed by Pollok and Heim in 1999 and Zhang et
al in 2002. The most widely used FRET pair is cyan fluorescent protein (CFP;
donor) and yellow fluorescent protein (YFP; acceptor), Zhang et al., 2002.

At the moment GFP-based expression systems remain the first method of choice for
many researchers studying protein localisation, trafficking and interaction. GFP is a
238 amino acid protein isolated from the jellyfish Aequoria victoria, with an
excitation/emission spectrum peak of 489 nm/508 nm (Yang et al., 1996). Since the
molecular cloning of GFP ¢cDNA by Ward and colleagues (Chalfie et al., 1994),
many recombinant GFP variant proteins have been developed as shown in Table 2.1.
The major drawback of the use of these proteins to monitor cellular proteins is the
large size of the fluorophore, which when fused together with the protein of interest,
can result in the loss of normal protein function. The development of fluorescent-
based techniques that minimise the loss of protein function has been ongoing for
years, with smaller fluorescent probes such as the FIAsH tag, being more favourable
(Hoffman et al, 2005). As imaging technology becomes more advanced, an
increasing number of researchers have been striving to create highly quantitative

approaches in order to validate protein interaction.
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Table 2.1. Spectrally different GFP variant proteins and common FRET pairs

Fluorescent Protein (FP) Wavelength (A)
Ex/Em (nm)
Enhanced Green (EGFP) 489/508
Enhanced Cyan (ECFP) 434/477
Enhanced Yellow (EYFP) 514/527
Enhanced Blue (EBFP) 380/440
Common FRET pairs
Donor (Ex/Em peaks in nm) Acceptor (Ex/Em peaks in nm)
ECFP (434/477) EYFP (514/527)
EBFP (380/440) EGFP (489/508)
ECFP (434/477) DsRed (558/583)
Cy3 (550/570) Cy5 (650/670)
FITC (492/520) TRITC
Alexa488 Alexa555
Alexa488 Cy3 (550/570)
EGFP2 (410/510) EYFP (514/527)

References: Lippincott-Schwartz ef al., 2001; Kenworthy, 2001; Harrison and van der Graaf, 2006.

2.7.1 Wide-Field Fluorescence Resonance Energy Transfer (FRET) Microscopy
The basic principles of FRET relies on fluorescence microscopy to measure
molecular interaction based upon the distance between two fluorophores that will
allow energy to transfer from one fluorophore (the donor) to the other (the acceptor).
Typically, for optimal energy transfer to occur, the donor (Don) and the acceptor
(Acc) fluorophores have to be within close proximity (1-100A), share a degree of
spectral overlap (i.e. acceptor excitation spectrum must overlap with the donor
emission spectrum) and have parallel transition dipole orientations to enable efficient
non-radioactive dipole-dipole interaction to take place (for review see Takanishi et
al., 2006). Table 2.1 shows commonly used fluorophores for FRET analysis;
however the most established methods for GFP-based FRET imaging use the ECFP
(Don)-EYFP (Acc) spectral variants as the donor and acceptor pair (Grailhe et al.,
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2006). The better the spectral overlap between donor and acceptor fluorophores, the
better the FRET efficiency, which makes ECFP-EYFP the most favourable FRET

pair to date (as shown in Figure 2.1).

Generally, FRET efficiency can be quantified through acceptor photobleaching or
based upon sensitised emission measurements (Berney et al, 2003). Acceptor
photobleaching results when donor excitation takes place and the subsequent light
emitted is measured before and after acceptor photobleaching. The quantification of
sensitised emission requires the measurement of light emitted from the donor or
acceptor upon donor excitation. The features of sensitised FRET are observed when
a decrease in donor emission coincides with an increase in acceptor emission.
Despite this simplistic overview, the quantitative aspects of FRET are far from
simple and require extensive knowledge of the fluorescence microscopy equipment
and applications as well as an appropriate FRET efficiency quantification method.
The basis of most of the quantification methods rely upon appropriately controlled
experimental conditions in order for experimental FRET data to be reliably corrected
and interpreted (Berney et al, 2003). Factors that can result in the contamination
and misinterpretation of the FRET signal have to be taken into consideration in the
experimental design, these include determination of fluorophore excitation cross-
talk, spectral bleed-through, non-specific FRET, mixed fluorophore populations and

variable fluorophore expression levels (for review see Tankanishi et al., 2006).
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Figure 2.1. Overview of the typical requirements for FRET.

The spectral overlap between CFP emission and YFP excitation is shown (Red
shaded area). Other considerations for FRET include the distance between the Don
and Acc (1-100A). Distances out with this (>100A) results in donor emission but no
energy transfer (i.e. no FRET). Clear indicators of FRET occurrence include a
decrease in donor signal coupled with increased acceptor emission. Adapted from

Chen et al. 2005
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2.7.2 Wide-Field FRET Method

Sterile circular glass coverslips, (diameter 22 mm, thickness No.0), positioned in 6
well plates were used to culture the cells. After 24 hours growth, the cells were
transiently transfected as previously described in Section 2.5. The following
experimental control assays were then set up:

1. Cells were transfected with ECFP (donor protein) only to determine
bleedthrough coefficient values for the amount of bleedthrough of the
cyan donor into the FRET and acceptor channel.

1. EYFP (acceptor protein) was expressed only in cells to quantify
bleedthrough constant values for the amount of bleedthrough of the
yellow acceptor into the FRET and donor channel.

1ii. Cells were co-transfected with ECFP and EYFP, (negative control), to
determine random collisional FRET interactions.

1v. An ECFP-EYFP tandem (positive control for FRET), was expressed only
in cells. On expression, the donor and acceptor molecules are fused to

generate a FRET signal.

Various proteins of interest tagged with ECFP (donor protein) or EYFP (acceptor
protein) were expressed individually in cells and co-expressed to measure FRET
between the donor and acceptor pairs. Fluorescence resonance energy transfer
(FRET) was measured in single cells co-expressing acceptor/donor pairs. The
following FRET experiments were carried out in cells co-expressing; PAR, EYFP
and PAR; ECFP, PAR, EYFP and ECFP-Calnexin, EYFP-Calnexin and PAR4
ECFP, PAR, EYFP and PAR, ECFP ER mutants (described in Section 2.3.2). The
coverslips were transferred to a microscope chamber containing physiological
HEPES-buffered saline solution (130 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1| mM
MgCl,, 20 mM HEPES, and 10 mM p-glucose, pH 7.4).

FRET was performed at room temperature (20-22 °C) in living cells prepared on
coverslips using wide-field FRET microscopy (see Wilson et al., 2005; Ellis et al.,
2006; Lopez-Gimenez et al., 2007) on a Nikon TE2000-E inverted microscope

(Nikon Instruments, Melville, NY). Epifluorescence imaging was carried out using a
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40x (numerical aperture; NA 1.3) oil immersion Fluor lens. Emitted fluorescence
was detected using a photometric Cool Snap-HQ monochrome camera (Roper
Scientific, Trenton, NJ) set up in 12-bit mode (0-4095 grey tones). MetaMorph
software, (version 7.6.4) was used to control both the microscopy hardware and
multi-wavelength fluorescence image acquisition required for intermolecular FRET
detection. Donor 430 nm or acceptor 500 nm excitation light was generated using a
computer controlled Optoscan monochromator (Cairn Research) which was coupled
to a 103/W2 mercury (Hg) arc lamp source (Cairn Research, Faversham, Kent, UK).
Optimisation of excitation centre wavelength and bandpass settings was necessary to
ensure that the signal-to-noise ratio was optimal and no recorded pixels within the
images were saturated, i.e. above the 4095 grey intensity level. The risk of motion
occurring during the sequential FRET imaging process was minimised by using a
high-speed filter wheel (Prior Scientific Instruments, Cambridge, UK). The
following emission filters were used for detecting donor, acceptor and FRET
emissions respectively: donor Em, HQ470/30 nm; acceptor and FRET Em,
HQ535/30 nm. The three filter channel combinations used to detect FRET were;
ECFP donor: Ex 430 nm/Em 470 nm; EYFP acceptor: Ex 500/ Em 535 nm;
ECFP/EYFP/FRET: Ex 430/Em 535 nm. All images were recorded in 2 x 2
binning format and the illumination exposure time was 250 msec. The emitted
fluorescence detected in the acceptor, donor and FRET channels for each
experimental group were acquired using identical excitation illumination settings and
exposure times. The filter combinations used for the FRET experiments allowed
images to be taken from cells expressing each of the individual protein fluorophores
(i.e. acceptor and donor only expressing cells) and generate the uncorrected (raw)

FRET image, see below in Figure 2.2.
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Figure 2.2. Typical images acquired for FRET analysis.

The images recorded in each channel from the different experimental groups above
were used to carry out pixel-by-pixel based correction of background fluorescence
and spectral bleedthrough (SBT) of the acceptor fluorescence present in donor (AD)
and FRET (AF) images, as well as correct for donor fluorescence present in acceptor
(DA) and FRET (DF) images. Correction was based upon the pixel intensity of
defined regions of interest (ROI) created at the same points across all three images
(donor, acceptor and FRET). Metamorph imaging software was used to process the
acquired images and correct SBT present in uncorrected FRET images. This
software provided a specified bleedthrough correction algorithm, which when
applied was capable of correcting raw FRET images to produce corrected FRET

images and measurements. The ratio between the fluorescence signal detected in the
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FRET image and the image for each fluorophore were defined as bleedthrough

coefficients (see below).

Typical bleedthrough coefficients calculated from FRET experiments were;

FRET/DONOR (DF) = 0.63 and FRET/ACCEPTOR (AF) =0.12

The FRET measurements obtained were normalised and ratiometric FRET (RFRET)
values were calculated. This involved taking the measurements from raw FRET
fluorescence and dividing this value by the total SBT (total spillover) of the acceptor
and donor into the FRET channel. The following equation was used to calculate

RFRET;

Raw FRET

RFRET =

Acceptor
Total »
Spillover ([=1x

)+ ([b] x

Raw FRET, Acceptor and Donor images shown above correspond to the respective
background corrected images acquired through the relevant filter channels, whilst [a]
and [b] correspond to the bleedthrough coefficient values calculated for EYFP (AF
coefficient) and ECFP (DF coefficient), shown previously.

In the absence of energy transfer (i.e. no FRET occurrence), the RFRET value
obtained would be 1, values greater than 1 would represent the occurrence of FRET,
thus indicative of protein interaction. Quantified RFRET values were graphed using

GraphPad Prism 4 Software.
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2.8 DETECTION AND ANALYSIS OF PROTEINS

2.8.1 Preparation of samples for Western blotting

Cells in 12 well plates (as prepared in Section 2.4) were serum starved for 24 hours
prior to agonist treatment. The cells were then washed twice with ice cold PBS and
killed in 150 pl of pre-heated (~85°C) 1x Laemmli sample buffer (63 mM tris HCI, 2
mM NasP,0; 5 mM EDTA, 10% (v/v) glycerol, 2% (w/v) SDS, 0.007% (w/v)
bromophenol blue) supplemented with 50 mM DTT. The cells were scraped on ice
and the whole cell lysates collected using a 1 ml syringe attached to a 16-guage
needle. The cells were drawn up and down repeatedly through the syringe prior to
transfer into a 1.5 ml Eppendorf tube. The samples were then boiled for 5 minutes in

a boiling bath and stored at -20°C until required.

2.8.2 Western blotting

Whole cell lysates were prepared as indicated in 2.8.1. The Bio-Rad Mini
PROTEAN III™ electrophoresis system (Bio-Rad Laboratories, Hertfordshire, UK)
was used for Western blotting (see Goon Goh et al., 2008). Proteins (10-20pg per
lane) were separated on SDS-PAGE resolving gels (acrylamide:N’-methylenebis-
acrylamide (30%:0.8%) in 0.375 M Tris pH8.8, 0.1% (w/v) SDS). Polymerisation of
the resolving gel was achieved through the addition of 0.5% (w/v) ammonium
persulfate (APS) and 0.05% (v/v) N,N,N,N’, N’-tetramethylethylenediamine
(TEMED). These components were added to the other resolving gel components and
mixed immediately prior to pouring into clean pre-assembled 1 mm (medium) or 1.5
mm (thick) glass plates (Bio-Rad). An overlay of 0.1% SDS (~500 pl) was added
carefully to the top of the resolving gel to allow the gel to set straight and provide a
separate liquid interface to provide an indication as to when the resolving gel was set.
This SDS interface was removed and the resolving gel was topped with a 4%
stacking gel solution (Acrylamide: N’-methylenebis-acrylamide (30%:0.8%)
solution, in 125 mM Tris pH6.8, 0.1% (w/v) SDS and 0.5% (w/v) APS and 0.05%
(v/v) TEMED. Once the stacking gel solution was poured, a Teflon comb (10 well
or 15 well) was carefully inserted between the glass plates and into the stacking gel
solution. Once the stacking gel was set, the combs were removed and the wells

rinsed with sterile water. The glass plates containing the SDS-PAGE gels were
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assembled into PROTEAN III™ electrophoresis holders, which were then inserted
into a Western blotting tank. The tank was filled with electrophoresis running buffer
(25 nM Tris, 19 mM Glycine, 0.1% (w/v) SDS). The whole cell lysates were loaded
into the wells through a Hamilton micro-syringe alongside a pre-stained molecular
weight marker (Bio-Rad) and set to run at 120 volts until the bromophenol blue

sample dye ran off the bottom of the gel.

The resolved proteins were then transferred onto pre-cut Amersham™ Hybond™ -
ECL nitrocellulose membrane in a transfer cassette arranged as follows; black side of
cassette followed by 1x sponge pad, 1x 3 MM Whatmann filter paper, nitrocellulose
membrane, resolving gel, 1x 3MM filter paper, and 1x sponge pad . All components
in the cassette were pre-soaked in transfer buffer (25 mM Tris, 19 mM Glycine, 20%
(v/v) methanol) prior to assembly. The prepared cassette(s) were then inserted into a
Bio-Rad trans-blot tank and immersed in transfer buffer, with an ice reservoir to keep
the tank cool. The transfer apparatus was connected to a power pack set at a constant
current of 290 mA for 1 hour 45 minutes. The membranes were then removed from
the cassette and blocked for non-specific protein binding in 2% BSA (w/v) prepared
in NATT buffer (50 mM Tris-HCI, 150 mM NaCl, 0.2% (v/v) Tween-20). The
blocking buffer was then removed and blots were then incubated overnight with
primary antibody prepared in 0.2% BSA (w/v) in NATT buffer. The blots were
washed at 15 minute intervals with NATT buffer for a total duration of 90 minutes
prior to incubation with HRP-conjugated secondary antibody prepared in 0.2% BSA
(w/v) in NATT buffer for a further 2 hours. A further series of NATT washes was
undertaken (as before). Finally the blots were subjected to enhanced
chemiluminescence (ECL) reagent for 2 minutes, blotted to remove excess ECL and
then transferred to an exposure cassette. In the dark room, the blots in the cassette
were exposed to Kodak X-OMAT LS film for the appropriate time, with the exposed
film developed through a Kodak M35-M X-OMAT processor.

2.8.3 Nitrocellulose membrane stripping and reprobing
Nitrocellulose membranes processed through Western blotting were reprobed for the

subsequent detection of other cellular proteins. This involved stripping the
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membrane of any previous antibody using a stripping buffer (0.05 M Tris-HCL, 2%
SDS, and 0.1 M of B-mercaptoethanol). The membrane was incubated in 15 ml of
stripping buffer for 60 minutes at 70°C in an incubator/shaker (Stuart Science
Equipment). The stripping buffer was discarded in a fume hood sink and the
membrane washed six times with NATT buffer at 15 minute intervals to remove
residual stripping buffer. After the final NATT wash, membranes were then
incubated overnight with primary antibody prepared in 0.2% BSA (w/v) in NATT

buffer. The membranes were then processed as outlined in Section 2.8.2.

2.8.4 Determination of protein concentration by Bradford’s assay

Cells were prepared as outlined in Section 2.4. Quantification of the protein
concentration in the cells was determined through the application of the Bradford
method using Bio-Rad protein assay dye reagent. The protein assay reagent was
prepared from concentrate, diluted 1:5 in distilled water. A BSA protein standard
curve was prepared using 0, 5, 10 and 20 pg/ml concentration points and made to a
total volume of 1 ml with the prepared protein assay reagent. A small volume of the
cell sample (5 pl) was added to a 1.5 pl Eppendorf and mixed with 995 ul of the
protein assay reagent. The contents were then transferred to a cuvette and left to
incubate for 15 minutes at room temperature. The cuvettes were then placed inside a
calibrated UV/visible spectrophotometer (Ultrospec 2000®, Amersham Pharmacia
Biotech., GE Healthcare Ltd, Buckinghamshire, UK) and the protein content
determined through measuring the absorbance at a wavelength of 595 nm (i.e. A595).
The absorbance values obtained for each test sample were then measured against
those obtained for the BSA standard curve. The final protein concentration of each

sample was then calculated from the BSA standard curve.

2.8.5 Co-immunoprecipitation

Cells were grown to 90% confluence in T75 cm tissue culture flasks prior to transient
transfection as outlined in Section 2.5. The cells were harvested using versene to
detach the cells from the flask and collected together with growth media in a sterile
50 ml centrifuge tube. The cells were centrifuged at room temperature at 1000 rpm

for 10 minutes and the cell pellet solubilised in 500 ul solubilisation buffer (20 mM
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HEPES, 50 mM NaCl, 0.1 mM EDTA, 1% TritonX-100 supplemented with 25
ng/ml leupeptin, 10 ug/ml aprotinin and 1 pg/ml PMSF, pH7.6 prepared in distilled
water). The solubilised cells were mixed by vortex and left to incubate on ice for 30
minutes prior to clarification by centrifugation. After incubation, the protein
concentration of the solubilised sample was determined using the Bradford assay as

described in Section 2.8.4.

Prior to solubilisation, 15 pl of Protein G-Sepharose beads (Sigma-Aldrich Co Ltd,
Poole, Dorset, UK) or 50 pul of Protein A-Sepharose beads (5 mg/tube) were
transferred into 1.5 ml Eppendorf tubes. The beads were washed with solubilisation
buffer once, centrifuged at 14,000 rpm for 5 minutes at 4°C and the aqueous phase
aspirated carefully by syringe to leave the bead pellet. The beads were pre-coupled
with 1 pg/ml of primary antibody in a total volume of 50 pl solubilisation buffer.
The beads/antibody was incubated at 4°C on a rotor shaker, set to shake at 1250 rpm
for 2 hours. After incubation, the beads were washed twice in ice cold PBS and 2.5
mg/ml of protein added to the beads in a total volume of 500 ul. The pre-coupled
beads and protein sample was incubated overnight on a rotary mixer at 4°C. The
tubes were then centrifuged at 14,000 rpm for 5 minutes and the aqueous phase
aspirated by syringe. The beads were then washed three times with solubilisation
buffer with centrifugation for 14,000 rpm for 5 minutes in between each wash. On
the final spin, the aqueous phase was aspirated and replaced with 50 ul of
solubilisation buffer and 50 pl of 2x Laemmli sample buffer. The samples were
vortexed then boiled for 5 minutes in a boiling bath and centrifuged at 14,000 rpm
for 1 minute. The sample was then carefully transferred to a fresh Eppendorf and

resolved by Western blotting as described in Section 2.8.2.

2.8.6  Subcellular fractionation of ER and plasma membrane compartments

Cells were grown to 90% confluence in 5x T150 cm tissue culture flasks prior to
transient transfection as outlined in Section 2.5. The cells were harvested as
described in Section 2.4. The cells were centrifuged at room temperature at 1000
rpm for 10 minutes. The growth media was discarded and the cell pellet resuspended

in 3 ml of HES buffer (25 mM HEPES, 1 mM EDTA and 250 mM sucrose, pH 7.4
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prepared in distilled water) supplemented with protease inhibitors (25 pg/ml
leupeptin, 10 pg/ml aprotinin and 1 pg/ml PMSF).

The resuspended cell sample was homogenised using a pre-cooled (~4°C) cell
homogeniser (Isobiotec Precision Engineering, Germany German Patent Office
under No. 202 09 547.9) fitted with a size 10 or 12 micron clearance tungsten carbide
ball bearing. The sample was passed through the cell homogeniser 10 times and
collected in 1.5 ml Eppendorf tubes. To remove the nuclei from the cell homogenate

the sample was centrifuged at 500g for 2 minutes at 4°C on a benchtop centrifuge.

The supernatant was transferred to a fresh tube and resuspended in Opti-prep density
gradient medium (60% w/v solution in water) to create a 45% (v/v) density sample
solution (500 pl of sample to 1500 pl Opti-prep medium). The 45% density sample
(2ml) was transferred to an ultra-centrifuge tube (Beckman). A density gradient
starting from 30%-10% (30% [600 ul], 25% [600 ul], 20% [750 ul], 15% [750 pl]
and 10% [750 pl]) was prepared using Opti-prep medium mixed in HES buffer.
Each phase of the gradient was carefully added to an ultra-centrifuge tube (Beckman,
in sequence starting at 30% and finishing with 10%. The volumes of each gradient
added are indicated above. The density gradient then underwent differential
centrifugation at 72,000 rpm for 4 hours at 4°C to separate plasma membrane,

endosomal and endoplasmic reticulum (ER) fractions (Proctor et al., 2006).

The fractions of the density gradient were collected in 300 pl sample volumes (~ 16
fractions) and transferred to 1.5 ml Eppendorf tubes containing 50 pl of 37.5% TCA.
The tubes were mixed by vortex for 2-3 seconds and then incubated on ice for 15
minutes. The samples were centrifuged at 14,000 rpm for 15 minutes at 4°C. The
supernatant was removed and the remaining pellet resuspended in 2x Laemmli
sample buffer supplemented with 1M urea. Residual TCA from the previous step
can often result in the sample buffer changing colour to yellow. This was rectified
through the addition of 5 pul of saturated tris solution to the affected tube followed by

votexing to mix.
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The cell fractions were then resolved by Western blotting, as outlined in Section
2.8.2.  Successful subcellular fractionation of ER and plasma membrane cell
compartments was determined using Na'/K™ ATPase, transferrin receptor and

calnexin antibodies as markers for plasma membrane, endosomal and ER fractions.

2.9. MEASUREMENT OF [*H]-INOSITOL PHOSPHATE ACCUMULATION
Cells were maintained as described in Section 2.4 and grown to confluence in 12
well or 6 well plates. Following transient transfection (as outlined in Section 2.5),
with fluorescent PAR constructs (Section 2.2) for 24 hours, cells were serum starved
for a further 24 hours in serum free media supplemented with myo-[2-*H-(N)]-
inositol (0.25 pCi/well; 1 Ci = 37 GBq). Measurement of total inositol phosphate
accumulation was carried out in accordance to the method published by Plevin et al.,

1994.

In order to inhibit the breakdown of inositol polyphosphates (InsP,4) in the cells,
lithium chloride (LiCl) was added to the wells at a final concentration of 10 mM for
15 minutes at 37°C in a humidified atmosphere with 5% CO,. The cells were then
stimulated with agonist for 45 minutes at 37°C and then washed with PBS twice on
ice. The PBS was removed and replaced with 1 ml of methanol and the cells scraped
and transferred into 5 ml scintillant vials on ice. 0.5 ml of chloroform was added to
each of the vials to give a 2:1 methanol: chloroform mix. The samples were
vortexed and incubated on ice for 90 minutes, after which time 0.8 ml of sterile water
and 0.5 ml of chloroform was added to each vial and vortexed. The vials were left at
4°C in order to allow the cells to settle and different aqueous phases to form. During
incubation, 1 volume of BioRad AG® 1-X8 Ion exchange resin (DOWEX) was
prepared in 2 volumes of sterile water and stirred thoroughly to ensure the resin was
evenly mixed. 1 ml of DOWEX was then transferred into a fresh scintillant vial for
each sample and allowed to settle at room temperature. The liquid phase of the resin
was aspirated and replaced with 2.5 ml of sterile water. Once the resin had settled
the water was removed and replaced withl ml of the upper aqueous phase of the
sample. The vials were vortexed and the resin left to settle at room temperature for

20 minutes. The aqueous phase was aspirated and the resin washed with 2.5 ml of
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sterile water, followed by 2.5 ml of sodium tetraborate (5 mM Na,;B407.10H,0, 60
mM ammonium formate prepared to 500 ml in distilled water) and then 2.5 ml of
sterile water. In between each wash the resin was allowed to settle and the liquid
phase aspirated prior to the addition of the next wash solution. In order to elute total
inositol phosphate ([*H]-IP,4) from the resin, 1 ml of ammonium formate elution
buffer (1 M ammonium formate, 0.1 M formic acid prepared to 500 ml in distilled
water) was added to each vial and the contents of the vial mixed by vortex. Whilst
the resin was allowed to settle, a fresh scintillant vial was prepared for each sample
and 1 ml of the aqueous phase transferred to the fresh vial. Optiphase Hi-safe™
scintillant (4 ml) was then added to the fresh vial containing the sample and mixed

before being read on a liquid B-scintillation counter (Wallac, USA) for 2 minutes.

2.10 RATIOMETRIC FURA-2 AM CALCIUM (Ca*") IMAGING

Cells were grown on 22 mm diameter glass coverslips prepared in 6 well culture
plates as described in Section 2.4. Following transient transfection with various
fluorescent PAR constructs (Section 2.2) for 24 hours, cells were serum starved for a
further 24 hours prior to calcium imaging (Bushell ez al., 2006). The cells were
loaded with 6 uM of fura-2 AM cell permeant (a calcium sensitive ion indicator with
a stoichiometry of 1:1, i.e. 1 fura 2 molecule binds 1 calcium ion) and left to incubate
in the dark at room temperature for 60 minutes. The fura-2 loaded cells were then
transferred to control HEPES buffered saline solution and left in the dark for 30
minutes to ensure that all of the loaded fura-2 AM had been converted to its free acid
form via intrinsic esterase activity. After 30 minutes, the loaded cells were then
transferred to a 1ml perfusion chamber mounted on a Zeiss Axioskop FS
epifluorescence microscope containing control HEPES-buffered saline. Imaging was
carried out using a 40X (numerical aperture; NA 1.3) oil immersion Superfluor lens

with 1x binning and 1x gain.

The cells were perfused at room temperature at a constant rate of 1.5 ml/minute with
HEPES-buffered saline (130 mM NaCl, 10 mM HEPES, 5.4 mM KCl, 1 mM CacCl,,
1 mM MgCl, and 25 mM d-glucose prepared in distilled water, pH7.4). The cells
were then perfused with various agonists prepared in HEPES-buffered saline (HBS)
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for 2 minutes and then washed with HBS until the calcium response returned to
basal. Calcium transients were measured from stimulated cells expressing PAR;-
EYFP and PAR4-ECFP visualised at 488/25 nm and compared to responses obtained
from non-transfected parental cells. Ratiometric images (340/380 nm) were acquired
every 2-5 seconds using WinFluor V3.0.8 software (created by John Dempster,
University of Strathclyde) to control image acquisition. Elevation of intracellular
free calcium was distinguishable when a decrease in fluorescence was observed at
380 nm, which coincided with an increase in fluorescence at 340 nm. The
background average statistical correction editing function in WinFluor was used to
produce 340 and 380 nm background corrected images prior to the quantification and
graphing of the 340/380 nm ratio. Agonist-evoked [Ca”]; transients were quantified
as the difference between the baseline resting fura-2 340/380 nm ratio level and that

attained at the maximum peak response.

2.11 CELL SURFACE VSV-G ELISA

Cells were transiently transfected in 6 well plates with VSV-PAR4-ECFP, as outlined
in Section 2.5. Twenty four hours post-transfection, the cells were harvested and
evenly distributed into wells of a poly-D-lysine coated 96 well plate (1x 6 well: 8x
96 wells). The cells were left to settle for a further 24 hours at 37°C in a humidified
atmosphere with 5% CO,. Cell surface receptors were detected using a VSV-G cell
surface ELISA on intact cells (Ellis et al., 2006). The media was replaced with fresh
media supplemented with anti-VSV-G antibody (1:1000) for 30 minutes at 37°C.
The wells were washed twice in fresh growth medium and replaced with media
supplemented with HRP-conjugated anti-rabbit IgG (1:1000) for 30 minutes at 37°C.
The cells were washed three times in PBS and incubated with 100 pl SureBlue TMB
peroxidase substrate (Insight Biotechnology) in the dark for 5 minutes at room
temperature. The plate was then read at 620 nm in a SpectraMax 190 ROM v3.13
microplate spectrometer (Molecular Devices, Sunnyvale, CA). TMB stop solution
was added to each of the wells and incubated in the dark at room temperature for 5
minutes to stop the reaction and then the plate was read at 450 nm. The 620 nm O.D.

values were then tabulated.
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2.12 SCANNING DENSITOMETRY

Autoradiography films for Western blotting were scanned on an Epson Perfection
1640SU scanner with the device accessed through Adobe Photoshop CS3 Software
Version 10 (Adobe Systems Incorporated, USA) using TWAIN 2.0 as an interface
between the device and software. The captured images were then quantified using

Scion Image Densitometry Software 1.0.0.1 (Scion Corporation, Maryland, USA).

2.13 DATA ANALYSIS

The values obtained from FRET analysis were firstly exported into an Excel
spreadsheet for the application of the necessary equations. The tabulated data was
then transferred into PRISM 4.03 (GraphPad Software) where the data was expressed
as the mean + S.E.M and graphed accordingly. Statistical analysis was carried out
using one-way ANOVA with Post Dunnett’s test. Differences were considered

significant at P <0.05.

81



CHAPTER 3
THE EFFECT OF FLUORESCENT TAGGING UPON PAR; AND

PAR4LOCALISATION, INTERNALISATION AND
SIGNALLING
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3.1 INTRODUCTION

Many of the original studies investigating the trafficking events following PAR;
(Hein et al., 1994) and PAR; (Bohm et al., 1996) activation largely depended upon
epitope tagging (FLAG tag; DYKDDDDK or 12CAS hemagglutinin (HA) epitope;
YPYDVPDYA) to monitor receptor localisation in overexpression cell models.
These studies used indirect immunofluorescence as the method of choice to detect
receptor localisation in fixed cells using antibodies directed against the expressing
epitope. This was necessary as the commercial antibodies available for PARs were
largely non-specific. The specificity of commercial PAR antibodies continues to be
problematic. As a result the decision was made to fluorescently label human PAR;
and PAR4 with EGFP variant fluorescent proteins, EYFP and ECFP respectively.
Due to the nature of PAR activation with N-terminal proteolytic cleavage, these
fluorescent proteins were incorporated into the extreme C-terminus of the PAR
receptor for the experiments carried out in this study. This strategy for monitoring
receptor expression had the added advantage of allowing receptors to be monitored
by direct immunofluorescence, with the opportunity of following events in living
cells. However, the limitation of using epitope tagging to monitor protein
localisation is the potential for the fluorescent protein to alter protein localisation and
function. For this reason, characterisation of PAR localisation and cell signal
transduction was required to ensure that the fluorescently tagged constructs were
functional. PAR; localisation has been previously observed at the plasma membrane
when expressed in kirsten murine sarcoma virus-transformed rat kidney (KNRK)
epithelial cells (Bohm et al., 1996) and human embryonic kidney (HEK293) cells
(Hasdemir et al., 2009), among other cell lines. Upon activation by tryspin or
activating peptide, PAR, internalisation takes place, with decreased cell surface
expression observed in KNRK cells within 5 to 30 minutes post-stimulation. Typical
downstream cell signal transduction following PAR, activation include Ca*" and
InsP;.4 responses, as well as mitogenic signalling and pro-inflammatory signalling
through ERK MAPK, p38 MAPK and NF«B pathways (Bretschneider ef al., 1999,
Macfarlane et al., 2005, Kanke et al., 2001). PAR;-mediated ERK MAP kinase
activation has been shown to be partly B-arrestin-dependent, an event that takes place

at the C-terminal of PAR; and is pivotal to both PAR; activated ERK MAP kinase
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signalling and receptor desensitisation (Kumar et al, 2007). Many of these
signalling events have been characterised in various epithelial-derived cell models
including hBRIE 380 cells, a polarised intestinal epithelial cell line, KNRK cells
(Bohm et al., 1996) and human keratinocyte NCTC-2544 cells (Kanke et al., 2001).
PAR, activation has been found to result in Ca*" mobilisation (Ando ef al., 2007) and
InsP; accumulation (Kataoka et al., 2003), phosphorylation of p38 MAP kinase
(Fujiwara et al., 2005) and ERK MAP kinase (Kataoka et al., 2003). However,
studies describing PAR;4 internalisation remain to be published therefore the
experiments conducted in this study were modelled on those events observed for

PAR;, which in turn were originally based on those events observed for PAR;.

The aim of this chapter was to use PAR, EYFP and PARs; ECFP fluorescent
constructs to monitor receptor localisation and internalisation. In addition
experiments were carried out to ensure that the downstream signalling events that
take place upon PAR activation were not affected by the presence of the fluorescent
protein. The main signalling events tested were PAR-mediated phosphorylation of

ERK, InsP;.4 and calcium responses.

3.2 Characterisation of PAR; mEYFP and PAR; mECFP expression in
HEK?293 cells.

Prior to the functional characterisation of the fluorescent PAR constructs,
considerations had to be made regarding their use in future experiments. One of the
main concerns with the use of ECFP and EYFP fluorophores, particularly if used for
protein interaction studies such as FRET (see Chapter 5), is the propensity for the
beta barrel structures of both ECFP and EYFP to form natural dimers (Zacharias et
al., 2002). The impact of beta barrel dimerisation would produce artifactual FRET
results, thus obscuring actual FRET signals between two proteins of interest. To
overcome this, a single point mutation was introduced (see Chapter 2, Section 2.3.1)
into the GFP variant tagged constructs, substituting alanine (A) to lysine (K) at
position 206 of the GFP protein sequence (A**°K). This resulted in the generation of
non-dimerising monomeric human PAR, EYFP (PAR; mEYFP) and human PAR4
EYFP (PARs mECFP) fluorescent constructs. The ability of these constructs to
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respond to their respective agonists was then tested. The effect of known activators
of PAR; and PARy, such as trypsin and the PAR;-specific activating peptide (AP)
SLIGKV-OH, and thrombin and PAR4-specific AP AYPGKF-NH,, was assessed in
parental HEK293 cells. Cells over-expressing either PAR, mEYFP or PAR; mECFP
were treated with agonist and the respective responses compared to cells over-
expressing human wild type (WT) PAR, and WT PAR4 (without the C-terminal
YFP/CFP tag).

3.2.1 Experiments to assess membrane localisation and internalisation of PAR;
and PAR,.

As a marker of receptor activation, the ability of PAR, mEYFP and PAR4s mECFP to
internalise in a HEK293 cell transient expression model was assessed following
agonist treatment with trypsin and SLIGKV-OH for PAR; and thrombin and
AYPGKF-NH, for PAR. Receptor localisation was observed through
epifluorescence microscopy. Figure 3.1 illustrates the expression of PAR, mEYFP
in fixed HEK293 cells following stimulation with trypsin (50 nM) or SLIGKV-OH
(100 uM) over a period of 30 minutes. Membrane localisation of PAR, mEYFP was
clearly apparent in unstimulated control cells (white arrows), with punctate
intracellular receptor stores present (red arrows). Upon agonist stimulation, receptor
internalisation was evident with almost complete loss of cell surface expression
observed 30 minutes post-stimulation (red arrows). PAR4 localisation and
internalisation was similarly assessed following agonist treatment. Unlike PAR,,
PAR4 mECFP was predominantly localised in stores inside the cell (red arrows), with
a low level of receptor expressed on the plasma membrane (white arrows), as shown
in the control unstimulated image in Figure 3.2.A. Following treatment with
thrombin (3 U/ml) or AYPGKF-NH, (100 pM), internalisation of membrane
expressed PAR4 was not observed at the 5 or 30 minute time points. Even after 60,
120 or 180 minutes of agonist treatment, no obvious internalisation of PAR4 mECFP

was observed, as shown in Figure 3.2.
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Control unstimulated

SLIGKV-OIT (100 puM)

Figure 3.1. PAR; mEYFP localisation and internalisation in HEK293 cells.

HEK?293 cells were grown on coverslips and transiently transfected with PAR, mEYFP for
24 hours as outlined in Chapter 2.5. Cells were serum starved for a further 24 hours prior to
stimulation with trypsin (50 nM) or SLIGKV-OH (100 puM) for the indicated time periods.
PAR, mEYFP expression was monitored using epifluorescence microscopy as described in
Chapter 2.6.1 with images acquired at 100x magnification (scale bar = 10 pm). White
arrows represent PAR, membrane expression whilst the red arrows indicate intracellular

receptor stores. Images are representative of at least 3 experiments.
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Control unstimulated

30 minutes

Thrombin (3 U/ml) AYPGKT-NIL, (100 pM)
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60 minutes

180 minules

Thrombin (3 U/nl) AYPGKFE-NH, (100 pM)

Figure 3.2. PAR; mECFP localisation following agonist treatment in HEK293
cells.

HEK?293 cells were grown on coverslips and transiently transfected with PAR4
mECFP for 24 hours as outlined in Chapter 2.5. Cells were serum starved for a
further 24 hours prior to stimulation with thrombin (3 U/ml) or AYPGKF-NH, (100
uM). PARs mECFP expression was monitored as in Figure 3.1 with images acquired
at 100x magnification (scale bar = 10 um). PAR4 localisation was monitored
following treatment with agonist for 5, 30, 60, 120 and 180 minutes. Membrane
PAR, (white arrows) and intracellular receptor stores (red arrows) are highlighted.

Images are representative of at least 3 experiments.
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3.2.2 PAR2 mEYFP and PAR4 mECFP-mediated [3H]-inositol phosphate

accumulation.

Whilst PAR, activation was associated with receptor internalisation, it was clear
from the experiments carried out in Section 3.2.1, that activation of PAR4 did not
result in receptor internalisation. Following from these experiments, the effect of
PAR-specific agonist treatment upon total [*H]-inositol phosphate accumulation was
assessed in transfected HEK293 cells. The responses generated from agonist-treated
parental HEK293 cells were compared with those cells transiently expressing WT
PAR; or WT PAR4, which in turn were then compared with cells expressing PAR,
mEYFP or PARy mECFP.

Figure 3.3 shows trypsin (50 nM) and SLIGKV-OH (100 uM)-mediated [*H]-inositol
phosphate responses generated 1 hour post-activation in non-transfected HEK293
cells and HEK293 cells transiently expressing WT or PAR, mEYFP. A significant
increase in total [*H]-inositol phosphate accumulation was observed in trypsin-
stimulated cells expressing PAR, mEYFP (28.02 + 8.44 fold of basal) when
compared to both parental HEK293 cell (7.59 + 3.63) and WT PAR; (12.53 £+ 3.74)
cellular responses. However, the response generated from SLIGKV-OH-treated
PAR; mEYFP expressing cells was considerably lower than that observed in the
presence of trypsin, only 6.13 + 1.71 fold of basal, with no statistical difference
observed between parental HEK293, WT PAR; or PAR, mEYFP responses. PARy-
mediated [*H]-inositol phosphate accumulation obtained for parental cells and cells
expressing WT PAR4 and PARs mECFP is illustrated in Figure 3.4. Upon treatment
with thrombin (3 U/ml) or PAR, specific activating peptide (AP), AYPGKF-NH;
(100 pM), a significant increase in total ["H]-inositol phosphate accumulation was
observed in cells expressing either WT PAR4 (Th =28.21 £ 1.217, AP=23.85+ 1.6
fold of basal control) or PARy mECFP (Th = 24.17 + 3.35, AP = 21.16 + 3.7)
compared to parental HEK293 cell responses (Th = 1.36 £ 0.06, AP = 0.85 + 0.35).
Unlike the results observed for PAR, activation, no significant difference was
observed between WT and PARs mECFP-mediated responses or between thrombin

and AP treatment.
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Figure 3.3. PAR, mediated [*H]-inositol phosphate accumulation in HEK293
cells.

HEK293 cells were transiently transfected with WT PAR2 (grey) or PAR2 mEYFP
(white) for 24 hours as described in Chapter 2.5. After which time the media was
replaced with serum free media supplemented with [3H]-2-myo-inositol (0.25
uCi/well) for a further 24 hours. The cells were pre-treated with 10 mM lithium
chloride for 15 minutes then stimulated for 1 hour with trypsin (50 nM) or SLIGKV-
OH (100 uM). Accumulation of total [3H]-inositol phosphate (InsP1-4) was
measured as outlined in Chapter 2.9. Each value represents the mean + s.e.m. from
three separate experiments performed in triplicate, (*P<0.05, n.s = not significant

P>0.05).
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Figure 3.4. PARj-mediated [*H]-inositol phosphate accumulation in HEK293
cells.

HEK?293 cells were transiently transfected with WT PAR4 (grey) or PAR4 mECFP
(white) as outlined in Chapter 2.5 for 24 hours, after which time the media was
replaced with serum free media supplemented with [3H]-2-myo-inositol (0.25
uCi/well) for a further 24 hours. The cells were pretreated with 10 mM lithium
chloride and then stimulated for 1 hour with thrombin (3 U/ml) or AYPGKF-NH2
(100 uM). Accumulation of total [3H]-inositol phosphate (InsP1-4) was measured as
outlined in Chapter 2.9. Each value represents the mean + s.e.m. from three separate

experiments performed in triplicate (**P<0.01, n.s. = not significant P>0.05).
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3.2.3 PAR; mEYFP and PAR; mECFP-mediated calcium response.

Generally signal transduction via the inositol phosphate (InsP) pathway, as
demonstrated in the experiments carried out in Section 3.2.2, coincides with the
release of intracellular calcium. In order to provide further confirmation that the
InsPs/diacylglycerol (DAG) pathway was intact in transfected cells, the ability of
PAR; and PAR, fluorescent constructs to mediate calcium signalling was tested in

HEK?293 cells upon receptor activation.

Figures 3.5 and 3.6 highlight the typical changes in fura-2 ratio (F340/F380) in
response to trypsin (50 nM) in parental HEK293 cells and cells that express PAR;
mEYFP respectively. The calcium trace obtained for HEK293 cells showed elevated
levels of calcium following trypsin treatment, peaking within 1 minute (F340/F380
ratio = 1.433 £+ 0.147), gradually returning to basal levels (F340/380 ratio = 0.491 +
0.184) by 2 minutes post-agonist treatment. A similar calcium trace was obtained for
cells expressing PAR; mEYFP. As Figure 3.6 illustrates, a transient calcium signal
(F340/F380 ratio = 1.364 + 0.244) was observed that also peaked within 1 minute of
agonist treatment. Whilst a significant increase in the F340/F380 ratio was observed
for stimulated HEK293 cells and cells expressing PAR, mEYFP when compared to
basal, no significant difference was observed between the non-transfected and PAR;

mEYFP expressing cells, as shown in Figure 3.7.

Figures 3.8 and 3.9 shows the calcium trace and peak fura-2 ratios obtained
following the treatment of parental HEK293 cells with PAR4s AP, AYPGKF-NH;
(100 uM) followed by stimulation with thrombin (1 U/ml). Upon AP treatment, no
increase in cellular calcium was observed (basal F340/F380 ratio = 0.35 + 0.02, AP =
0.35 = 0.02) until treatment with thrombin (F340/F380 ratio = 1.25 &+ 0.18). This
was a short-lived calcium signal that peaked 1 minute post-thrombin treatment,

returning to basal immediately thereafter.
Transient transfection of HEK293 cells with PAR4y mECFP, as shown in Figure 3.10,

resulted in a more prolonged, yet lower, calcium signal than previously observed in

the calcium trace obtained for stimulated parental cells in Figure 3.8. Following
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stimulation with AYPGKF-NH, (100 uM), peak calcium levels (F340/F380 ratio =
1.301 £ 0.148) were reached within 1 minute of agonist treatment returning to basal
(0.359 £ 0.01) only upon superfusion with fresh extracellular solution. Further
treatment with thrombin (3 U/ml) resulted in a transient calcium signal as previously
observed in Figure 3.8, which increased significantly 1.59 + 0.45 in comparison to

basal.
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Figure 3.5. Characterisation of calcium signalling in parental HEK293 cells
following PAR; agonist treatment.

HEK?293 cells were serum starved for 24 hours then loaded with the Ca*"-sensitive
dye, fura-2 AM (6 uM) for 1 hour at room temperature. Calcium imaging was
carried out at 40x magnification as outlined in Chapter 2.10. Ratiometric images
(340/380 nm) were acquired every 2-5 seconds from parental HEK293 cells
following perfusion with extracellular solution then treatment with trypsin (50 nM)
for 2 minutes. The data represents the changes in the fluorescence ratio taken from

two separate experiments (mean + s.e.m. from 20 cell measurements).

94



18

Fura-2 Ratio
(F340/F380)

0.2 - T ™
Wash Trypsin (50 nM) Wash
o 1 1 1 1
0 1 2 3 4 5
Time (Mins)

Figure 3.6. Characterisation of calcium signalling in HEK293 cells expressing
PAR; mEYFP following PAR; agonist treatment.

HEK?293 cells transiently transfected with PAR2 mEYFP for 24 hours as described
in Chapter 2.5, serum starved for a further 24 hours then loaded with the Ca2+-
sensitive dye, fura-2 AM (6 uM) for 1 hour at room temperature. Calcium imaging
was carried out at 40x magnification as outlined in Chapter 2.10. Ratiometric images
(340/380 nm) were acquired every 2-5 seconds following perfusion with
extracellular solution then treatment with trypsin (50 nM) for 2 minutes. The data
represents the fluorescence ratio taken from two separate experiments (mean =+ s.e.m.

from 20 cell measurements).
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Figure 3.7. Peak Fura-2 ratios obtained from calcium traces following trypsin
treatment of parental HEK293 cells and PAR, mEYFP expressing cells.
Following calcium imaging using Fura-2-AM as outlined in Chapter 2.10, peak Fura-
2 (F340/F380) ratios were taken from calcium traces at basal (black) and following
trypsin treatment of parental HEK293 cells (grey) and cells expressing PAR,; mEYFP
(white). The data above represents the ratios obtained from the traces observed in
Figure 3.5 and 3.6 taken from two separate experiments (mean = s.e.m from 20 cell
measurements, **P<(0.01 compared to basal control ratio, n.s. = not significant

P>0,05).
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Figure 3.8. Characterisation of calcium signalling in parental HEK293 cells
following PAR4 agonist treatment.

HEK?293 cells were serum starved for 24 hours then loaded with the Ca*"-sensitive
dye, fura-2 AM (6 puM) for 1 hour at room temperature. Calcium imaging was
carried out at 40x magnification as described in Chapter 2.10. Ratiometric images
(340/380 nm) were acquired every 2-5 seconds from parental HEK293 cells
following perfusion with extracellular solution then treatment with AYPGKF-NH;
(100 uM) for 2 minutes and then Thrombin (1 U/ml), as indicated. The calcium
trace provided represents the fluorescence ratio taken from two separate experiments

(mean + s.e.m. from 20 cell measurements).
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Figure 3.9. Peak Fura-2 ratios obtained from calcium traces following agonist
treatment of parental HEK293 cells.

Following calcium imaging using Fura-2-AM as outlined in Chapter 2.10, peak Fura-
2 (F340/F380) ratios were taken from calcium traces at basal (black) and following
AYPGKF-NH; (grey) and Thrombin (black) treatment of parental HEK293 cells.
The data above represents the ratios obtained from the trace observed in Figure 3.8
taken from two separate experiments (mean + s.e.m from 20 cell measurements,

**#P<0.01 compared to basal control ratio, n.s. = not significant P>0.05).
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Figure 3.10. Characterisation of calcium signalling in HEK293 cells expressing
PAR; mECFP following PAR, agonist treatment.

HEK?293 cells were transiently transfected with PAR4y mECFP for 24 hours as
outlined in Chapter 2.5, serum starved for a further 24 hours then loaded with the
Ca**-sensitive dye, fura-2 AM (6 pM) for 1 hour at room temperature. Calcium
imaging was carried out at 40x magnification as described in Chapter 2.10.
Ratiometric images (340/380 nm) were acquired every 2-5 seconds following
perfusion with extracellular solution then treatment with AYPGKF-NH, (100 pM)
for 2 minutes and then Thrombin (1 U/ml), as indicated. The calcium trace provided

is representative of the average of 20 cell measurements (mean =+ s.e.m).
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Figure 3.11. Peak Fura-2 ratios obtained from calcium traces following agonist
treatment of HEK293 cells expressing PARy mECFP.

Following calcium imaging using Fura-2-AM as outlined in Chapter 2.10, peak Fura-
2 (F340/F380) ratios were taken from calcium traces at basal (black) and following
AYPGKF-NH; (grey) and Thrombin (black) treatment of HEK293 cells expressing
PAR4 mECFP. The data above represents the ratios obtained from the trace observed
in Figure 3.10 taken from two separate experiments (mean + s.e.m from 20 cell

measurements, **P<0.01 compared to the basal control ratio).
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3.2.4 PAR, mEYFP and PAR; mECFP-mediated activation of ERK MAPK
With the confidence that both PAR, mEYFP and PARs mECFP could signal
effectively through the InsP/DAG pathway, other pathways downstream of receptor
activation were assessed. The characterisation of PAR, mEYFP and PAR4; mECFP
activation was investigated further in terms of the phosphorylation of the classical
MAP kinase pathway, extracellular signal-regulated kinase (ERK). Using Western
blot analysis, activation of ERK1/2 isoforms were characterised in parental HEK293
cells, as well as cells expressing empty vector, WT PAR,, WT PAR4, PAR, mEYFP
or PAR4s mECFP.

Figure 3.12 shows the duration of PAR;-mediated ERK1/2 phosphorylation in
response to (A) trypsin (50 nM) and (B) SLIGKV-OH (100 uM). A weak, transient
ERK signal was observed in parental HEK293 cells in response to trypsin, which
peaked at 5 minutes (2.301 £ 0.100 fold of basal), returning to basal within 15
minutes of agonist treatment. An increase in trypsin-mediated ERK phosphorylation
was observed in PAR; mEYFP expressing cells (7.505 + 0.63 fold), peaking between
5-15 minutes, returning to basal levels thereafter. These results were consistent with
cells expressing WT PAR; (6.9 + 0.8 fold). Responses observed upon treatment with
PAR; AP SLIGKV-OH for 5 minutes were greater in magnitude in parental HEK293
cells (9.708 + 0.02 fold) and more prolonged, only returning to near-basal levels at
time points beyond 30 minutes post-treatment. A similar trend in AP-mediated ERK
signal duration was observed in cells expressing the EYFP-N1 vector (9.1 = 0.10

fold), WT PAR; (10.1 &+ 0.34 fold) and PAR, mEYFP (13.18 £ 2.68 fold).

PAR4-mediated ERK phosphorylation in response to (A) thrombin (3 U/ml) and (B)
AYPGKF-OH (100 uM) is shown in Figure 3.13. A low level, transient thrombin-
mediated ERK1/2 phosphorylation was observed in parental cells (2.4 + 0.01 fold of
basal), which was undetectable in cells treated with PAR4-specific activating peptide
AYPGKF-NH; (1.1 £ 0.01 fold). Similar results were obtained for cells over-
expressing ECFP-N1 vector without PAR4 (Thrombin; 2.37 + 0.101 and AP; 1.5 +
0.01 fold respectively). Further investigation confirmed that this weak ERK signal in

response to thrombin was mediated through the activation of endogenous PAR;
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expressed in HEK293 cells (not shown). However in cells expressing PAR4s mECFP,
treatment with thrombin (3 U/ml) and the activating peptide AYPGKF-NH, (100
uM), induced a sustained ERK1/2 response. These responses peaked at 5 minutes
(thrombin; 13.04 + 1.10 fold and AP; 14.58 + 0.83 fold), however rather than return
to basal, the response was still observed, albeit at a lower level, 60 minutes post-
stimulation. These results were higher than those responses observed in cells
expressing WT PARy (thrombin; 6.9 £+ 1.7 fold and AP; 6.92 + 0.80 fold), possibly a

feature of different transfection efficiency between these two PAR4 constructs.
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Figure 3.12. PAR;-mediated phosphorylation of ERK in HEK293 cells
following PAR; activation.

HEK?293 cells were transiently transfected with EYFP-N1 vector, WT PAR, or PAR,
mEYFP for 24 hours and serum starved for a further 24 hours. Cells were then stimulated
with (A) trypsin (50 nM) or (B) SLIGKV-OH (100 uM) as indicated. @~ERK1/2
phosphorylation (42/44 kDa bands) was measured in whole cell lysates resolved by Western
blotting as outlined in Chapter 2.8.2 and the immunoblots were quantified by scan
densitometry. Blots shown are representative of three others. (*P<0.05, n.s. = not

significant).
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Figure 3.13. PARs-mediated phosphorylation of ERK MAPK in HEK293 cells
following PAR, activation.

HEK?293 cells were transiently transfected with ECFP-N1 vector, WT PAR, or PAR,
mECFP for 24 hours then serum starved for a further 24 hours. Cells were stimulated with
(A) thrombin (3 U/ml) or (B) AYPGKF-NH, (100 uM) as indicated. = ERKI1/2
phosphorylation (42/44 kDa) was measured in whole cell lysates resolved by Western
blotting as described in Chapter 2.8.2 and the immunoblots were quantified by scan
densitometry. Blots shown are representative of three others. (*P<0.05, **P<0.01, n.s. = not

significant).
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3.3 Characterisation of PAR, mEYFP and PARs mECFP expression in a PAR-
null cell line.

The results obtained in Section 3.2 highlighted a potential problem with the HEK293
cell model. Endogenous levels of PAR; and PAR; present in HEK293 cells were
clearly demonstrated through the trypsin and thrombin-mediated signalling observed
in the parental cells. The lack of response to PARy-specific AP AYPGKF-NH; in
parental HEK293 cells confirmed the lack of endogenous PAR4 in the cell model.
The various responses observed in HEK293 cells expressing PAR4 mECFP provided
confidence that the ECFP fluorophore did not interfere with normal PAR4-mediated
signalling downstream of receptor activation. However due to the endogenous
PAR;-mediated signal transduction witnessed in the HEK293 model it was necessary
to find a cell line with minimal or no PAR expression in order to confirm that the
PAR, mEYFP construct was functional. The human keratinocyte cell line, NCTC-
2544, has previously been used in our laboratory and others, and exhibits no
detectable PAR, mRNA (Kawabata et al., 2004) or signalling response to trypsin,
with only a weak PAR;-mediated signal observed in response to thrombin (Kanke et
al., 2001). This cell line provided an alternative model to ensure that the EYFP
fluorophore within PAR, did not interfere with PARj;-mediated cell signal

transduction.

3.3.1 PAR; mEYFP mediated calcium signalling in NCTC-2544 cells.

The endogenous level of PAR; in NCTC-2544 cells was assessed through the ability
of trypsin to mediate a calcium response. Figure 3.14 (A) demonstrates the typical
calcium signal in parental NCTC-2544 cells in response to trypsin (50 nM). Upon
agonist treatment for 5 minutes, no significant calcium response was observed in
parental NCTC-2544 cells (basal F340/F380 ratio = 0.436 + 0.0124, Tr F340/F380
ratio = 0.5100 = 0.0313). Following expression of PAR, mEYFP, a transient
calcium response was observed upon treatment with trypsin (50nM) or PAR, AP
SLIGKV-OH (100 uM), as demonstrated in Figure 3.14 (B and C) respectively.
NCTC-2544 cells expressing PAR, mEYFP demonstrated an increase in calcium that
peaked within 1 minute of agonist treatment (AP F340/F380 ratio = 1.210 £ 0.244,
Tr F340/380 ratio = 1.285 + 0.477) followed by a delayed phase which gradually
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returned to near-basal levels (F340/F380 ratio = 0.534 + 0.064) upon perfusion with
extracellular solution. The peak Fura-2 ratios obtained for each calcium trace is

shown in Figure 3.15.

3.3.2 PAR; mEYFP-mediated inositol phosphate response in NCTC-2544 cells.

The ability of PAR, mEYFP to signal to inositol phosphate was demonstrated in the
null PAR NCTC-2544 cell line following treatment with trypsin (50 nM) and
SLIGKV-OH (100 uM). Figure 3.16 clearly shows a low level response in parental
NCTC-2544 cells following treatment with trypsin (4.026 +0.139 fold of basal),
which was not observed in response to activating peptide (1.555 + 0.229 fold of
basal). Following transient transfection with WT PAR, or PAR, mEYFP,
stimulation with trypsin resulted in the generation of an appreciable inositol
phosphate response (7.312 + 1.273 and 16.191 + 0.804 respectively). Not surprising,
responses to SLIGKV-OH were rather poor in cells transiently expressing WT PAR;
and PAR; mEYFP (3.310 + 0.217 and 1.758 £ 0.229 respectively), as previously
observed in the HEK293 cell model. NCTC-2544 cells stably expressing PAR;
(NCTC PAR; cells) generated a significant increase in inositol phosphate upon

treatment with trypsin (11.018 = 0.063) and SLIGKV-OH (11.102 £ 0.701).

In contrast to proteolytic cleavage by native serine proteases such as trypsin, the
potency of the synthetic activating peptides available for PARs are considerably
lower, functioning variably at micromolar levels depending upon the assay tested.
As demonstrated in Section 3.2 and 3.3, the results obtained from inositol phosphate
assays have found the PAR;-specific activating peptide SLIGKV-OH to be poor in
the transfected cell models used. Certain modifications of this peptide agonist have
resulted in increased potency, namely the addition of a furoyl group in the place of

the serine residue, thus creating 2f-LIGKV-OH (Kawabata et al., 2004).

The ability of the 2f-LIGKV-OH peptide to mediate an inositol phosphate response
was demonstrated in Figure 3.17. Parental NCTC-2544 cells did not respond to 100
uM of either 2f-LIGKV-OH (1.115 + 0.050 fold of basal control) or SLIGKV-OH
(1.138 = 0.060 fold of basal) treatment. Cells expressing PAR, mEYFP showed in a

108



significant increase in inositol phosphate following stimulation with 2f-LIGKV-OH
(5.173 + 0.462), with a considerably lower response observed following activation

with SLIGKV-OH (2.053 0.111).
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Figure 3.14. The characterisation of calcium signalling in parental NCTC-2544
cells and PAR; mEYFP expressing cells following PAR; agonist treatment.
NCTC-2544 cells were transiently transfected with PAR, mEYFP for 24 hours as
outlined in Chapter 2.5. The cells were serum starved for a further 24 hours then
loaded with the Ca®**-sensitive dye, fura-2 AM (6 uM) for 1 hour at room
temperature. Calcium imaging was carried out at 40x magnification as described in
Chapter 2.10. Ratiometric images (340/380 nm) were acquired every 2-5 seconds
from parental cells (A) or cells expressing PAR, mEYFP following perfusion with
extracellular solution then treatment with (B) trypsin (50 nM) or (C) SLIGKV-OH
(100 uM) for 5 minutes. The calcium traces provided represent the fluorescence
ratios taken from two separate experiments (mean *+ s.e.m from 20 cell

measurements).
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Figure 3.15. Peak Fura-2 ratios obtained from calcium traces following agonist
treatment of parental NCTC-2544 cells and cells expressing PAR; mEYFP.
Following calcium imaging using Fura-2-AM as outlined in Chapter 2.10, peak Fura-
2 (F340/F380) ratios were taken from calcium traces at basal (black) and following
PAR; agonist treatment (grey) in NCTC-2544 cells (control) and cells expressing
PAR,; mEYFP. Cells were treated with trypsin (50 nM) or SLIGKV-OH (100 uM)
as indicated. The data above represents the peak Fura-2 ratios obtained from the
calcium traces observed in Figure 3.14 taken from two separate experiments (mean +

s.e.m from 20 cell measurements, *p=<0.05).
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Figure 3.16. PAR;-mediated [*H]-inositol phosphate accumulation in NCTC-
2544 cells.

NCTC-2544 cells were transfected with WT PAR, or PAR, mEYFP for 24 hours, as
outlined in Chapter 2.5, after which time the media was replaced with serum free
media supplemented with [’H]-2-myo-inositol (0.25 uCi/well) for a further 24 hours.
Total inositol phosphate accumulation was measured as shown in Chapter 2.9 in
parental NCTC-2544 cells (black) or NCTC cells stably expressing PAR; (striped)
and cells transiently expressing WT (grey) or PAR, mEYFP (white). The cells were
pretreated with 10 mM lithium chloride and then stimulated for 1 hour with trypsin
(50 nM) or SLIGKV-OH (100uM). Each value represents the mean + s.e.m. from

two separate experiments performed in triplicate (*p=<0.05).
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Figure 3.17. 2-fl-SLIGKV-OH-mediated [*H]-inositol phosphate accumulation
in NCTC-2544 cells.

NCTC-2544 cells were transfected with PAR, mEYFP for 24 hours as described in
Chapter 2.5, after which time the media was replaced with serum free media
supplemented with [*H]-2-myo-inositol (0.25 pCi/well) for a further 24 hours. The
cells were pretreated with 10 mM lithium chloride and then stimulated for 1 hour
with 2f-SLIGKV-OH (100 pM) or SLIGKV-OH (100 uM). Accumulation of total
[*H]-inositol phosphate (InsP;.;) was measured in parental NCTC-2544 cells and
PAR; mEYFP expressing cells as outlined in Chapter 2.9. Each value represents the
mean + s.e.m. from three separate experiments performed in triplicate (*p=<0.05,

#4p=<0.01).
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3.4 Investigating the cellular localisation of PARy mECFP in the null PAR
NCTC-2544 cell line.

A striking feature of PAR4 mECFP expression, in comparison to PAR; mEYFP in
the HEK293 cell line, as shown in Section 3.2, was the weak membrane localisation
with high level of intracellular retention. Treatment with PAR4 agonists highlighted
the capability of PAR4 to mediate various cell signalling cascades despite the low
level of PARy expressed on the plasma membrane. Intracellular retention of PAR4
was investigated further in the NCTC-2544 cell model. NCTC-2544 cells provided a
valuable model to study PAR4 localisation in isolation due to the lack of endogenous

PAR expressed in this cell line.

3.4.1 Investigating the cellular localisation of PAR;mECFP in NCTC-2544
cells.

Using confocal microscopy (Lieca Corps), the expression of PARsy mECFP in
NCTC-2544 cells was investigated. Figure 3.18 clearly shows PARs; mECFP
expression to be predominantly intracellular (red arrows), with only a small number
of cells expressing PAR4 at the plasma membrane (white arrows). Similar to
experiments carried out in HEK293 cells, PAR; mEYFP was expressed at the plasma
membrane (white arrows) in the NCTC-2544 cells with punctate intracellular pools

(red arrows) present, as shown in Figure 3.19.
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Figure 3.18. PAR; mECFP expression in NCTC-2544 cells monitored by
confocal microscopy.

NCTC-2544 cells were grown on coverslips then transfected with PAR4 mECFP for
24 hours. The cells were serum starved for a further 24 hours prior to fixation by
methanol as outlined in Chapter 2.6.1 and then the coverslips were mounted on glass
microscope slides with Mowiol. PARs mECFP expressing cells were visualised by
confocal microscopy (Lieca Corps) using ECFP wavelength settings (Ex: 430 nm).
Cells expressing intracellular PAR4 are indicated by red arrows whilst membrane
expressing cells are highlighted by white arrows (Scale bar = 50 um). Image

representative of at least 4 experiments.
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Figure 3.19. PAR; mEYFP expression in NCTC-2544 cells monitored by

confocal microscopy.

NCTC-2544 cells were grown on coverslips then transfected with PAR, mEYFP for
24 hours. The cells were serum starved for a further 24 hours prior to fixation by
methanol as described in Chapter 6.2.1. The coverslips were mounted on glass
microscope slides with Mowiol and PAR, mEYFP expressing cells were visualised
by confocal microscopy using EYFP wavelength settings (Ex: 505 nm). Cells
expressing PAR; at the plasma membrane are indicated with white arrows, whilst
intracellular pools of receptor are indicated by red arrows (Scale bar = 50 pum).

Image representative of at least 4 experiments.
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3.4.2 Intracellular retention of PARy mECFP in the endoplasmic reticulum
(ER).

The distinctive intracellular expression of PAR4 in both cell models tested raised the
question as to where the receptor population was retained within the cell. As
described in Chapter 1, GPCRs are synthesised in the endoplasmic reticulum (ER),
where they are transported to the Golgi via interaction with chaperone proteins then
undergo various post-translational modifications in order to become maturely
expressed at the plasma membrane. As PAR4 expression was predominantly
observed inside the cell, with rather inefficient delivery to the cell surface, it was

necessary to identify the location where PAR4 was being retained.

To identify if PAR4 was retained in the ER, PAR4 co-localisation with the ER protein
calnexin was investigated in NCTC-2544 cells transiently expressing PAR4 mECFP.
Using indirect immunostaining, a calnexin-specific antibody and Texas red-
conjugated secondary antibody was used to detect endogenous calnexin protein in the
ER of NCTC2544 cells, as shown in Figure 3.20. Co-localisation between PAR4
mECFP and calnexin was carried out using confocal microscopy. Figure 3.21 clearly
shows intracellular PAR4y mECFP expression (cyan image, top) and calnexin staining
(red image, middle) with co-localisation, as indicated by the white arrows, observed

between PAR4s mECFP and calnexin in the merged image (yellow image, bottom).
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Calnexin

Figure 3.20. Indirect immunofluorescence for the detection of the ER protein
marker calnexin in NCTC-2544 cells.

NCTC-2544 cells were grown on coverslips until 70% confluence then subjected to
indirect immunostaining for endogenous calnexin expression in fixed cells as
outlined in Chapter 2.6.3. Using epifluorescence microscopy, cells were visualised
at 100x magnification (scale bar = 10 pm) using Texas red (Ex: 605 nm) filter
settings to detect calnexin and a 380 nm wavelength to detect DAPI nuclear stain.
Immunofluorescence staining for calnexin (Red) is shown alongside DAPI (blue)
with both images merged to highlight distinct ER/nuclei compartments. White
arrows point to the areas of calnexin expression, indicative of ER localisation. Image

set representative of three separate experiments.
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PAR, mECFP

Calnexin

Figure 3.21. Co-localisation of PARs mECFP with the ER protein marker
calnexin in NCTC-2544 cells.

NCTC-2544 cells were transiently transfected with PAR4 mECFP for 24 hours prior
to serum starvation for a further 24 hours followed by indirect immunostaining for
endogenous calnexin as described in Chapter 2.6.3. Using confocal microscopy,
cells were visualised at 60x magnification (scale bar = 20 pm) using ECFP (Ex: 430
nm) and Texas red (Ex: 605 nm) filter settings. PAR4 mECFP expression (Cyan)
and calnexin (Red) is shown alongside colour combined PAR4 mECFP and calnexin
images (merge). White arrows indicate areas of co-localisation between PAR4 and

calnexin. Image set representative of three separate experiments.
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3.5 Discussion

To date, much of the work published relating to GPCR expression, localisation,
function and potential interaction have depended on monitoring receptor expression
using epitope tagging or fluorescent fusion proteins engineered to the receptor of
interest (see Lohse et al., 2008b. As a result, the common approach adopted to
characterise receptor function involves the generation of relevant transfected
expression systems encoding ‘tagged’ receptor populations.  This has been
particularly true for early research investigating PAR distribution and receptor
trafficking (Bohm et al., 1996; Déry et al., 1999). Even now, epitope-tagged PAR
over-expression systems are still adopted due to the poor specificity of commercial
antibodies available to detect endogenous PAR expression. The major drawback of
using epitope tagged receptors in studies has been the ‘artificial’ nature of the
expression systems investigated and the potential for the fusion tag to influence the
behaviour of the tagged protein of interest. For this reason it was necessary to

functionally characterise the PAR constructs used in the present study.

Overall, the results in Section 3.2 and 3.3 detailing the functional characterisation of
the fluorescent PAR constructs confirmed that expression and signalling capabilities
of PAR; mEYFP and PARs mECFP were intact and not influenced by the presence
of the C-terminal fusion of EYFP or ECFP. By combining the results obtained from
the two cell models utilised, namely HEK293 cells and NCTC-2544 cells the data
presented clearly shows typical receptor expression for PAR,. However the very
nature of PAR4 expression is an area that requires further investigation.
Phospholipase C (PLC) activity, as demonstrated from the inositol phosphate assays,
calcium signalling studies and the activation of ERK, were all shown to be
unaffected by epitope tagging. All of which were clearly functional downstream of

PAR, mEYFP and PAR4 mECFP activation.

PAR; signalling has been well characterised in terms of the ability of trypsin and
PAR; specific activating peptides (AP) to stimulate PLC-mediated inositol phosphate
and calcium responses providing confirmation of PAR, coupling with Gagii

(Nystedt ef al.,1995a and 1995b; Molino et al., 1997; Seatter ef al.,2004). Studies in
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our laboratory, using the Gog/1 selective inhibitor YM 254890, have demonstrated
clear PAR>-Goyg/11 coupling downstream of receptor activation and upstream of PLC-

mediated signal transduction, (Goon Goh et al., 2008).

Activation of PAR; has also been shown to signal to MAP kinase pathways such as
ERK, p38 and JNK (Belham et al., 1996; DeFea et al., 2000b; Kanke et al., 2001),
however the direct route through which these pathways become activated are more
complicated. PAR;-mediated ERK activation has been previously shown to involve
a B-arrestin scaffold via a G-protein-independent mechanism (DeFea ef al., 2000b),
in addition to a possible EGFR-transactivation-dependent mechanism. In this
chapter several features of receptor activation was explored. Agonist-induced
receptor internalisation of PAR; mEYFP, as shown in Figure 3.1, was consistent with
the typical features published in original PAR; trafficking studies (B6hm et al., 1996;
Déry et al. 1999), outlining vesicular trafficking followed by a loss of cell surface
expression. Internalisation of PAR, was achieved within 30 minutes of agonist
treatment. The time frame of these receptor trafficking events corresponded well
with the attenuation of several PAR,-mediated signal events. Following receptor
activation, transient calcium responses were observed (Figures 3.5, 3.6 and 3.14).
PAR;-mediated ERK phosphorylation responses (Figure 3.12) were somewhat more
prolonged, however returned to basal levels by 30 minutes post-agonist treatment,

thus consistent with the kinetics of receptor internalisation.

Trypsin-mediated inositol phosphate and calcium responses implied that the
modulation of PARj-induced PLC activity was intact, thus C-terminal tagging did
not affect G-protein coupling, as demonstrated through the efficient activation of
Gog1-specific signalling events. Despite this, the inositol phosphate responses
generated using the PAR,-specific activating peptide SLIGKV-OH were consistently
poor for both cell lines tested, yet appeared to mediate a strong calcium and ERK
signal when tested. A possible rationale for the differences between the signal
transduction profile mediated by trypsin and SLIGKV-OH may be due to different
sites of action through which both agonists act, thus the conformational changes that

might occur within the receptor may differ from one mode of receptor activation to
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the other. This has the potential to influence the ability of certain G-proteins or non-
G-protein scaffolds to couple effectively upon receptor activation, which in turn may
result in the preferential activation of certain downstream second messengers over
others. This may explain the different responses observed downstream of trypsin-
mediated receptor activation versus peptide activation. Investigation into the nature
of such biased agonism or ‘functional selectivity’ (Urban et al., 2007) has been a hot
topic in the GPCR field for some time now. Work in this area has identified receptor
families, such as the opioid receptor family, where some agonists may mediate
receptor activation or preferentially function to facilitate in desensitisation due to
biased agonism (reviewed by Kelly et al., 2008). Characterisation of a recent novel
PAR; peptide, K-14585 (Kanke et al., 2009) found that as well as displaying distinct
antagonist activity towards various PAR,-mediated signalling pathways, at different
concentrations this compound may function as an agonist (Goh et al., 2009). Whilst
this is only one example of biased agonism for PAR peptides, the idea that members
of the PAR family may exist in various active states depending upon the mode of
activation has been previously described for PAR; (McLaughlin ef al., 2005) and
PAR; (Al-ani et al., 2002a and 2002b). However, a more simplistic explanation for
the results observed in the present study may be due to trypsin-mediated receptor
cleavage and the formation of the receptors own tethered ligand resulting in a more
efficient accumulation of inositol phosphate. In this case receptor activation
independent of cleavage through peptide binding would be naturally less efficient
due to the ability of one molecule of peptide to bind one receptor at a time, thus the

rate limiting step would be the supply of agonist, which over time would be depleted.

The poor potency of PAR-selective activating peptides has been well documented in
comparison to the native serine proteases for this receptor family (discussed in
Chapter 1.3). This has led the way for the development of more potent agonist
peptides. Unlike the poor inositol phosphate response observed following SLIGKV-
OH treatment, the use of the modified peptide 2f-LIGKV-OH (Kawabata et al.,
2004) resulted in an enhanced signal upon receptor activation. The improved activity
of this peptide has been attributed to the substitution of the serine residue for a furoyl

group which is thought to improve the stability of the peptide by preventing
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aminopeptidase degradation. The improved activity of this peptide agonist for PAR,
has been characterised for various signalling pathways, with more prolonged

responses observed in comparison to trypsin stimulation (Goon Goh et al., 2008).

The fact that PAR; internalisation proceeded alongside an efficient ERK response
confirmed that C-terminal tagging did not affect any possible B-arrestin-dependent
signalling scaffold, thought to be involved in both PAR, trafficking events and
signalling to ERK (Defea et al., 2000b).

The cellular localisation and trafficking of PAR4 has been studied in less detail, with
very little published in terms of receptor trafficking events. Unlike PAR,, PAR, did
not internalise in response to thrombin or the PARs-specific activating peptide,
AYPGKF-NH,, even at higher agonist concentrations or longer incubation times.
One possible explanation for this may be the lack of serine/threonine
phosphorylation sites present on the C-terminal tail of the receptor (see Chapter 1.2).
These phosphorylation sites have been demonstrated to contribute greatly towards
PAR; and PAR; trafficking events; sites which are thought to be crucial for GRK/B-
arrestin binding for receptor internalisation and desensitisation (Shapiro et al., 1996
and Stalheim et al., 2005). Despite the relative lack of internalisation in the cell
models used in this study, internalisation of PAR4 has been reported in platelets
using biotinylation to measure changes in cell surface protein expression following
receptor activation by thrombin (Harper and Sage, 2006). However, the lack of
PAR;, internalisation observed in this study coincided with the longevity of PARy-
mediated signalling events observed in the corresponding signalling experiments.
This was demonstrated both in terms of the delayed decay in the calcium signal and
the sustained ERK activation following receptor activation with thrombin and
AYPGKF-NH,. The prolonged calcium response observed was characteristic of
PAR4-mediated calcium signalling studies carried out in other cells, including
platelets (Jardin et al., 2007), alveolar epithelial cells (Ando et al, 2007), among
other cell lines tested to date. However, some literature published has found calcium

responses to be negligible upon PAR, activation, as demonstrated in hippocampal
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cultures (Bushell et al., 2006), or sensory neurones where receptor activation actually

resulted in the inhibition of KCl-mediated calcium mobilisation (Asfaha et al., 2007).

As with signalling observed for PAR,, PAR4 coupling to Gogi-specific signalling
events appeared to be intact, efficiently signalling to both calcium and inositol
phosphate, with signals consistent with cells expressing WT PAR4 without the
fluorescent fusion protein. The sustained ERK responses observed in these studies
also correlated well with those responses documented in smooth muscle cells
(Bretschneider et al., 2001). The results obtained in the present study are consistent
with the mounting evidence that has previously demonstrated the longevity of PAR4-
mediated responses, with relative lack of desensitisation, when compared with the
other PAR family members (Covic et al., 2000 and Shapiro et al., 2000). However,
based upon the lack of PARy internalisation, this suggests that the attenuation of
PARs-mediated signalling may be regulated by an alternative, yet unknown

mechanism.

As discussed previously in Chapter 1, the trafficking studies of other PAR members
have found pronounced membrane localisation with constitutive expression of
receptors in intracellular pools, namely the Golgi, where newly synthesised receptors
can be exported to the membrane when required (Déry et al.,1999). However, the
cellular localisation of PAR4 mECFP observed in both the HEK293 and NCTC-2544
cell models, highlighted novel features of receptor expression and trafficking distinct
from both PAR; and PAR;. Both cell lines tested provided insight into the cellular
localisation of PAR4. Expression of PAR4 was observed predominantly inside the
cell with very little receptor expressed at the cell surface. Whilst this may have been
attributed to the presence of the C-terminal fusion protein, corresponding signalling
studies carried out demonstrated that fusion with ECFP did not affect PAR4
activation or cell signal transduction, despite the relatively low level of receptor
present at the plasma membrane. Further investigation found that PARs was
predominantly localised in the endoplasmic reticulum (ER), as demonstrated through

co-localisation with the ER resident chaperone protein, calnexin.
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These preliminary experiments were carried out with the aim to characterise the
functional capacity of PAR, mEYFP and PAR; mECFP for use in future
experiments. In carrying out these preliminary characterisation experiments, these
results have highlighted major areas of investigation into the nature of PAR4
expression in the cell. ER retention and subsequent inefficient delivery of PAR4 to
the plasma membrane implicates a different regulatory process in receptor sorting
and maturation, distinct from the other PAR family members. These distinct features
raise the question as to why PARy is largely retained in the ER in the NCTC-2544
cell line and most importantly through what means does PAR4 become expressed at

the membrane, as observed in the HEK293 cell model.

This thesis aims to provide a rationale for the distinct features of ER retention of

PAR, and subsequent delivery of PAR4 to the cell surface.
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CHAPTER 4
INVESTIGATING THE NATURE OF PAR4 ER LOCALISATION
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4.1 INTRODUCTION

The characterisation studies carried out in Chapter 3 highlighted novel features of
PAR4 expression, distinct from observations made in original studies investigating
PAR; or PAR; localisation. Unlike the other PAR family members, PAR4 was found
to be both expressed at the plasma membrane and ER in HEK293 cells but
predominantly ER retained in the NCTC-2544 cell model. When the protein
sequence of PAR4 was investigated further, two potential arginine-based ER
retention/retrieval motifs (RxR) were found (Figure 4.1). Based upon the original
cloning, characterisation and identification of the protein organisation of PAR4 (Xu
et al., 1998) these motifs were found at position R'™AR and R"™GRR (in red),
residing within the intracellular loop-2 (ICL-2) of the receptor. When the protein
sequences of the three functional PAR family members, PAR;, PAR, and PAR4 were
aligned using Clustal W multiple alignment software (Figure 4.2), these motifs were
found to be specific to PAR4. As discussed previously in Chapter 1.2, functional
arginine-based ER retention motifs have been found to exist in many GPCRs, with
those present at the C-terminal of the GABAg; receptor (Margeta-Mitrovic et al.,
2000) being highly significant to the receptor localisation and function.

In addition to the presence of these motifs, post translational modification of GPCRs,
for example, N-linked glycosylation has been shown to play an important role in the
delivery of certain proteins to the cell surface, as demonstrated for the dopamine
receptor 5 (Ds) receptor (Karpa et al., 1999). Further analysis of the protein
sequence of PAR4 found that the receptor has an asparagine (Asn)-Xxx-Ser/Thr
motif, located at position N°°DS at the N-terminal of the receptor, thus suggesting
that the receptor may undergo N-linked glycosylation to allow expression at the

plasma membrane.

An additional factor that may influence receptor maturation to the plasma membrane
would be interaction with the various ER chaperone proteins that facilitate in protein
folding, assembly and sorting for ER export (Hirsch et al., 2009). As discussed in
Chapter 1.2.1, the ER chaperone protein calnexin has proven to be a significant

player in the regulation of GPCR cell surface expression. Calnexin interaction with
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N-linked glycoproteins has also been previously shown (Vassilakos et al., 1998).
Work published in 2007 highlighted the capacity of calnexin to serve a dual role in
facilitating membrane expression of D,/D, heterodimers whilst retaining monomeric

D, receptors in the ER (Free et al., 2007).

The experiments carried out in this chapter aim to identify the nature of PAR4
localisation, firstly through the characterisation of the potential ER retention motifs
and secondly through the possible N-linked glycosylation and interaction with the

ER chaperone calnexin.
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Figure 4.1. Proposed organisation of the protein structure for PAR,.

The protein organisation of PARy, originally published by Xu et al., in 1998, is
shown above. Further analysis of the protein sequence found the existence of two
potential arginine (R)-based ER retention motifs. These ‘RxR’ motifs are positioned
close together at R"™ AR and R'"*GRR within intracellular loop-2 (ICL-2) of the
receptor (highlighted in red).
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Figure 4.2. Multiple sequence alignment of the PAR family using CLUSTAL W
software.

The presence of arginine-based ER retention/retrieval motifs was assessed in the
protein sequences of all PAR family members. A protein sequence alignment was
carried out using CLUSTAL W software. Conserved amino acids are shown above (.
and : indicate residues similar across two of the three proteins whist * highlights
residues common to all three proteins). The putative sites for proteolytic cleavage
have been underlined and highlighted in blue. Of the three proteins, only the PAR4
sequence appears to contain the RxR motifs (shown in red). A potential N-linked

glycosylation site for PAR4 is shown in pink.
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4.2 Investigating the cellular localisation of PAR, in HEK293 cells following
mutation of the potential ER retention motifs

Using site-directed mutagenesis, the arginine residues in both ER retention motifs
were replaced and substituted with alanine residues, thus creating R"™AR > A'"™AA
(RAR mut), R"™GRR > A"™GAA (RGRR mut) and a double mutant R'®AR xx
R'GRR 2> A'"™AA xx A"™GAA (DM mut) within the VSV-PAR; mECFP
construct, as shown in Figure 4.3. The influence of motif mutation upon PAR4
expression was investigated further with the aim to identify if motif mutation had any
effect upon the cellular localisation or signalling of PAR4. This was investigated in

both HEK?293 cells and in NCTC-2544 cells.

Firstly, the levels of PARy mECFP transiently expressed in HEK293 cells was
monitored through Western blotting, using a GFP antibody to detect protein
expression, as shown in Figure 4.4. An increase in the concentration of DNA
transfected (0-1.5 pg/ml) in the cells resulted in an increase in the expression of two
bands (A). The lower band resolved at a protein size of around 65 kDa; around the
predicted size for PAR4 (38 kDa) expressing the mECFP (27 kDa) fluorophore.
However a second band resolved slightly higher than the predicted 65 kDa band
(~70-70 kDa). The cellular localisation of PAR4 mECFP in HEK293 cells was also
monitored through confocal microscopy (B). In the HEK293 cells two distinct
populations of receptor are observed, one at the membrane (white arrows) and the

other in the ER (red arrows).

The possibility that the resolved band may reflect these distinct receptor populations
was investigated further using subcellular fractionation (SCF) to isolate plasma
membrane, endosomal and ER compartments from the HEK293 cells. Optimisation
of the fractionation procedure was required to ensure that sufficient separation of the
cellular compartments could be successfully achieved. This was carried out firstly in
parental HEK293 cells expressing only ECFP-N1 empty vector, as shown in Figure
4.5, using Na', K'ATPase, transferrin and calnexin as markers of plasma membrane,
endosomal and ER fractions respectively. Separation of membrane material was

found to be best around fractions 1-5 with fraction 2 containing the highest level.
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Endosomal compartments were found across all 8 fractions, whilst ER isolation was
found between fractions 4-7. A positive control for PAR4 was loaded to demonstrate
that no non-specific bands for GFP were detectable at the 65 kDa resolving size for

PAR, and as expected ECFP was detected through all fractions.

The specificity of the antibodies used for the fractionation experiments were also
assessed through indirect immunofluorescence, as shown in Figure 4.6. The images
acquired clearly showed endogenous calnexin in pools surrounding the nucleus,
whilst transferrin was observed in vesicular structures throughout the cell with Na',

K" ATPase localised at the plasma membrane.

Fractionation of HEK293 cells expressing PARs; mECFP is shown in Figure 4.7.
Efficient separation of the distinct plasma membrane, endosomal and ER
compartments was observed. Transfection of PAR4 mECFP resulted in the same two
band pattern of expression observed previously, however fractionation resulted in the
separation of these two bands into different subcellular compartments. The
expression of the top band coincided with Na", K" ATPase membrane fractions 1-2
whilst the lower 65 kDa band was observed across all the fractions with the band
intensity increasing in ER/endosomal fractions. This was demonstrated weakly using
a low affinity commercial PAR4-specific antibody but more clearly with a

commercial GFP antibody capable of detecting the ECFP tag fused to PAR4.
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Figure 4.3. Site directed mutagenesis of R'®AR and R'*GRR ER retention
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motifs located within ICL-2 of VSV-PAR; mECFP.
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Amino acid substitution from arginine to alanine (R->A) was achieved through site

directed mutagenesis as outlined in Chapter 2.3.2. This was carried out at the
indicated sites (red) within the PAR4 protein sequence in a VSV-PARs; mECFP
fluorescent construct to create R'™AR DA™ AA (RAR mut), R"™*GRR >AGAA
(RGRR mut) and a double motif mutant R'"™¥AR xx R'™¥GRR > A'™AA xx
A" GAA (DM mut).
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Figure 4.4. Expression of PAR; mECFP in HEK293 cells.

PARs mECFP was transiently transfected as indicated for 24 hours in (A) HEK293
cells as outlined in Chapter 2.5, prior to serum starvation for a further 24 hours.
Whole cell lysates were prepared and resolved by Western blotting as described in
Chapter 2.8.2. PAR4s mECFP (predicted band size ~65 kDa) was detected using a
polyclonal GFP antibody capable of recognising the ECFP at the C-terminal of
PAR4. (B) The different receptor populations of PAR4 mECFP was monitored by
confocal microscopy (scale bar = 10 pum) as outlined in Chapter 2.6. Membrane
expression was highlighted by white arrows whilst the red arrows represent
intracellular retained receptor. These blots and images are representative of at least

three independent experiments.
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Figure 4.5. Subcellular fractionation (SCF) of plasma membrane, endosomal
and endoplasmic reticulum (ER) compartments in HEK293 cells.

Subcellular fractionation was carried out in HEK293 cells expressing ECFP-N1
using differential ultra-centrifugation on a density gradient as outlined in Chapter
2.8.6. Fractions of 300 ul (1-8 shown above) were resolved by Western blotting as
described in Chapter 2.8.2. Na', K" ATPase (~100 kDa), transferrin receptor (~190
kDa) and calnexin (90 ~kDa) antibodies were used for the detection of membrane,
endosomal and ER compartments respectively. ECFP (~27 kDa) was detected using
GFP antibody. A positive control (HEK293 cells expressing PAR4 mECFP) was
loaded to demonstrate specificity of the GFP antibody. These blots are

representative of at least two independent experiments.
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Figure 4.6. Indirect Inmunofluorescence to detect endogenous Na*, K" ATPase,
transferrin receptor and calnexin in HEK293 cells.

HEK?293 cells were grown to 80% confluence on coverslips, serum starved for 24
hours prior to indirect immunofluorescence as outlined in Chapter 2.6.3. Na', K"
ATPase, transferrin receptor and calnexin antibodies were used to demonstrate the
plasma membrane, endosomal and ER localisation of the respective proteins in
HEK293 cells. Images were acquired using epifluorescence microscopy at 100x
magnification (scale bar = 10 pm). Images are representative of at least two

independent experiments.
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Figure 4.7. Fractionation of membrane, endosomal and ER compartments in
HEK?293 cells expressing PAR; mECFP.
HEK?293 cells were transiently transfected with PAR4 mECFP for 24 hours, serum

starved for a further 24 hours prior to subcellular fractionation as described in
Chapter 2.8.6. Fractions of 300 pul (1-8 as shown above) were resolved by Western
blotting as outlined in Chapter 2.8.2. Na’, K* ATPase (~100 kDa), transferrin
receptor (~190 kDa) and calnexin (90 ~kDa) antibodies were used for the detection
of plasma membrane, endosomal and ER fractions. PAR4 mECFP (predicted band
size of ~65 kDa) was detected using a PAR4-specific antibody and a GFP antibody.

These blots are representative of at least two independent experiments.
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4.2.1 Investigating the protein expression of the ER motif mutants in HEK293

cells

The expression pattern of VSV-PAR4; mECFP was compared to the corresponding
ER motif mutants. Using the VSV-PAR4; mECFP and ER motif mutated variants, the
pattern of protein expression of PAR4 was assessed in HEK293 whole cell lysates
resolved through Western blotting. As Figure 4.8 (A) shows, unmodified wild type
(WT) VSV-PAR4 mECFP transfection resulted in the two forms of PARy4; the 65 kDa
band and the higher band resolving around 70-80 kDa, as previously observed in
Figure 4.4. Transfection of the RAR mutant resulted in a similar band pattern,
however the upper band appeared to be expressed less in comparison to WT.
Following transfection of the RGRR motif mutant and the double motif mutant (DM)
PAR, constructs only the 65 kDa protein band was expressed, with no expression of
the upper band detected. Corresponding microscopy experiments, as shown in
Figure 4.8 (B) demonstrated that whilst WT and RAR mutated PAR4 protein was
expressed both at the membrane (white arrows) and in the ER (red arrows), only ER

retained PAR4 was observed when RGRR or the DM mutants were expressed.
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Figure 4.8. Expression of ER retention motif mutants in HEK293 cells.

HEK293 cells grown in plates and on coverslips and transiently transfected with
PAR4 mECFP or ER motif mutant constructs as indicated above, for 24 hours prior
to serum starvation for a further 24 hours. (A) Whole cell lysates were prepared and
resolved by Western blotting as outlined in Chapter 2.8.2. PARy receptor expression
(~65 kDa and/or 73 kDa) was detected using a GFP antibody. (B) The transfected
cells grown on coverslips were also prepared for epifluorescence microscopy as
outlined in Chapter 2.6.1. Corresponding images were acquired at 100x
magnification (scale bar = 10 um). The localisation of the ER mutants was
compared to wild type (WT) VSV-PAR4; mECFP with membrane (white arrows) and
intracellular expression (red arrows) highlighted. Experiments are representative of

at least three others.
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4.3 Investigating the signalling capacity of PAR4 in HEK293 cells following
mutation of the potential ER retention motifs

Following the microscopy experiments carried out previously, the ability of the ER
motif mutant PAR, proteins to mediate signal transduction was tested in HEK293
cells following agonist treatment with PAR, activating peptide AYPGKF-NH, or
thrombin. Measurement of total inositol phosphate (InsP;4) accumulation and

ERK1/2 phosphorylation were used as markers of receptor activation.

Figure 4.9 shows AYPGKF-NH;-mediated inositol phosphate responses in HEK293
cells expressing VSV-PAR; mECFP, RAR, RGRR or DM mutant PAR, proteins.
Following stimulation with various concentrations of activating peptide (AP), an
increase in the total inositol phosphate response was observed in cells expressing
VSV-PAR4y mECFP. This response was maximal following treatment with AP (50
uM), with an increase in inositol phosphate observed around 33.498 + 2.080 fold of
basal. Despite membrane expression of the RAR mutant in previous microscopy
experiments, the response following receptor activation was negligible, with an
increase of 2.355 + 0.730 fold of basal observed following treatment with 100 uM of
AP. As expected, no increase in inositol phosphate was observed downstream of
RGRR and DM mutant activation at all AP concentrations tested (max concentration

responses = 0.602 = 0.130 and 0.806 + 0.019 fold respectively).

A similar approach was adopted to measure thrombin-mediated inositol phosphate
responses. As Figure 4.10 shows, increasing the concentration of thrombin resulted
in an increase in the total inositol phosphate accumulation in cells expressingVSV-
PAR4s mECFP (peak response at 5 U/ml = 17.456 + 7.362 fold). Unlike the
responses observed for the AP, the RAR mutant resulted in a small increase in
inositol phosphate response when stimulated with thrombin at all concentrations
tested (peak response at 3 U/ml = 7.781 + 4.888 fold). Again, as demonstrated in the
previous experiment the inositol phosphate responses observed following stimulation
of cells expressing the RGRR or DM mutant were negligible (peak responses at 5
U/ml =2.370 £ 0.640 and 1.891 £ 0.294 fold respectively).
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Following on from the inositol phosphate experiments carried out, the ability of the
PARs ER mutants to signal to ERK following receptor activation was tested in
HEK293 cells, as shown in Figure 4.11. Stimulation of parental HEK293 cells (A)
with various concentrations of thrombin for 5 minutes resulted in clear PAR;-
mediated ERK activation, even at low concentrations of thrombin treatment (0.1
U/ml). Over-expression of VSV-PAR; mECFP (B) resulted in ERKI1/2
phosphorylation, with maximum responses observed following 3-5 U/ml of thrombin
treatment. This increase was similarly observed in RAR mutant-expressing cells (C)
which peaked following 3 U/ml thrombin treatment. Agoinst treatment of cells
expressing the PAR4 RGRR mutant (D) resulted in an ERK response that peaked
initially at 0.3 U/ml then again following 3 U/ml thrombin treatment. DM mutant
expression (E) resulted in an ERK response corresponding to that observed in

parental HEK293 cells following thrombin treatment.

Due to the lack of membrane expression and loss of cell signal transduction observed
in cells expressing either RGRR or DM motif mutants, only cells expressing the
RAR mutant were investigated further in the HEK293 cell model. The endogenous
PAR; expressed in the HEK293 cell model made interpretation of ER mutant
expression difficult in terms of the effect of receptor activation following thrombin
stimulation. As a result, only signal transduction downstream of AP-mediated
receptor activation was assessed. In addition the duration of PARs-mediated
responses was addressed and compared to the corresponding RAR mutant signal.
This time the markers of receptor activation included PAR4-mediated JNK, p38 and
ERK phosphorylation, as shown in Figure 4.12. In comparison to parental HEK293
cells, cells expressing WT PAR, (without the CFP tag) resulted in an increase in
JNK1/2 activation, reaching maximal levels within 5 minutes and with no obvious
sign of signal termination even at 120 minutes of AYPGKF-NH, treatment.
Following similar treatment in cells expressing either VSV-PARs mECFP or the
RAR mutant JNK activation was not observed until between 60 and 120 minutes post

agonist treatment.
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A similar approach was adopted in assessing activation of p38 MAP kinase. As
shown in Figure 4.12 (B), treatment with AYPGKF-NH; (100 uM) resulted in a p38
response in VSV-PAR4 mECFP expressing cells, reaching maximal levels within 15
minutes of receptor activation. Cells expressing either VSV-PAR4s mECFP or the
RAR mutant resulted in an increase in the basal p38 levels which remained

unchanged following receptor activation.

The most notable difference in signalling between VSV-PAR4; mECFP and the RAR
mutant was observed during AYPGKF-NH;-mediated ERK phosphorylation. As
Figure 4.12 (C) demonstrates, following agonist stimulation of either WT PAR4 or
VSV-PAR; mECFP expressing cells, the onset of ERK activation occurs within 5
minutes of treatment with the signal only reaching near-basal levels after 120
minutes. In contrast, ERK phosphorylation downstream of RAR mutant activation
with AP resulted in a low-level response at 30 minutes returning to basal levels
thereafter. In order to ensure that the differences in signalling observed were not a
result of variable receptor expression level following transient transfection, the
corresponding PAR, protein levels were determined through reprobe with a GFP
antibody, Figure 4.12 (D). The two forms of PAR4 (65 kDa and 73 kDa bands) were
clearly observed with no change in the expression of either band detected following
agonist treatment. In addition, the levels of expression between WT VSV-PAR4
mECFP and the RAR mutant were the same.
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Figure 4.9. AYPGKF-NH,-mediated [*H]-inositol phosphate accumulation in
HEK?293 cells expressing WT or ER mutant VSV-PAR; mECFP constructs.
HEK?293 cells were transiently transfected for 24 hours with VSV-PAR4s mECFP or
ER motif mutants (1 pg/ml) shown above, as outlined in Chapter 2.5. The media
was replaced with serum free growth media supplemented with 0.25 uCi of [*H]-2-
myo-inositol for a further 24 hours. Cells were pre-treated with 10 mM lithium
chloride for 15 minutes prior to stimulation with AYPGKF-NH; as indicated. Total
inositol phosphate (InsP;.4) accumulation was measured as described in Chapter 2.9.
The data presented represent values measured in triplicate (mean + s.e.m.) over two
independent experiments (**p=<0.01, n.s. = not significant relative to HEK293

control unstimulated cells).
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Figure 4.10. Thrombin-mediated [*H]-inositol phosphate accumulation in
HEK?293 cells expressing WT or ER mutant VSV-PAR; mECFP constructs.
HEK?293 cells were transiently transfected for 24 hours with VSV-PAR4 mECFP or
ER motif mutants (1 pg/ml) shown above, as outlined in Chapter 2.5. The media
was replaced with serum free growth media supplemented with 0.25 pCi of [*H]-2-
myo-inositol for a further 24 hours. Cells were pre-treated with 10 mM lithium
chloride for 15 minutes prior to stimulation with thrombin as indicated. Total
inositol phosphate (InsP;.4) accumulation was measured as described in Chapter 2.9.
The data represents values measured in triplicate (mean + s.e.m.) over three

independent experiments (*p=<0.05, **p=<0.01, n.s. = not significant).
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(D) RGRR motif mutant expressed in HEK293 cells
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Figure 4.11. Thrombin-mediated phosphorylation of ERK in HEK293 cells
expressing VSV-PAR4 mECFP or ER motif mutants.

HEK293 cells were grown in plates and transiently transfected for 24 hours with
VSV-PAR4; mECFP or ER motif mutants (1 pug/ml) as outlined in Chapter 2.5. Cells
were serum starved for a further 24 hours prior to stimulation with thrombin (U/ml)
as indicated for 5 minutes. Whole cell lysates were prepared and proteins resolved
by Western blotting as described in Chapter 2.8.2. Activation of ERK (A-E) was
detected through use of a phospho-ERK1/2 specific antibody (44/42 kDa protein
bands) with membranes reprobed for total ERK1/2 as an indicator of equal protein
load (A-E). Expression of VSV-PARs mECFP (~65 kDa) and corresponding ER
motif mutants were measured through detection of the attached ECFP tag by a GFP

antibody (B-E). Experiments are representative of two others.
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Figure 4.12. AYPGKF-NH;-mediated phosphorylation of JNK, p38 MAPK and

ERK in HEK293 cells expressing VSV-PAR; mECFP or the RAR motif mutant.

HEK?293 cells were grown in plates and transiently transfected for 24 hours with WT
PAR4, VSV-PAR4 mECFP or the RAR motif mutant (1 pg/ml) as outlined in Chapter
2.5. Cells were serum starved for a further 24 hours prior to stimulation with
AYPGKF-NH; (100 uM) as indicated. Whole cell lysates were prepared and
proteins resolved by Western blotting as described in Chapter 2.8.2. Activation of
JNK (A), p38 MAP kinase (B) and ERK (C) were detected through use of phospho-
specific antibodies with membranes reprobed for GFP as an indicator of transfection

efficiency (D). Experiments are representative of at least two others.
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4.4 PAR4localisation and signalling in NCTC-2544 cells

Having established that the ER motif mutants differ considerably in terms of receptor
expression and signalling capabilities, the effect of ER motif mutation was similarly
investigated in the NCTC-2544 cell line. Initially the expression of VSV-PAR4
mECFP was assessed in NCTC-2544 cells following transient transfection, with

protein expression levels determined through Western blot analysis.

As illustrated in Figure 4.13 (A), increasing the concentration of PARy mECFP DNA
in the NCTC-2544 cells resulted in an increase in the expression of the 65 kDa band
being resolved, similar to that observed in the HEK293 cell expression model.
However, one notable feature of PAR4 protein expression in the NCTC-2544 cells
was the absence of the upper band that was observed following similar expression in
HEK293 cells. Using confocal microscopy (B), the expression of PARs was
predominantly intracellular (indicated by red arrow) in the NCTC-2544 cells, as
previously demonstrated in Chapter 3, with very minimal membrane expression
detected. Based upon the pattern of PAR4 protein expressed in NCTC-2544 cells, the
signalling capacity of PAR4 was investigated further in this cell type.

Using the inositol phosphate assay as a marker for receptor activation, treatment of
parental NCTC-2544 cells with thrombin or AYPGKF-NH, did not result in a
significant increase in the inositol phosphate signal (1.868 + 0.431 and 1.270 + 0.215
fold of basal respectively). As shown in Figure 4.14, stable expression of PARy in
NCTC-2544 cells (NCTC PARy cells) resulted in a low level signal in response to
thrombin (4.184 + 0.826) or AYPGKF-NH; (3.147 £ 0.900) treatment. NCTC-2544
cells transiently expressing WT PAR4 or PAR4s mECFP generated the highest inositol
phosphate responses following activation with thrombin (10.571 + 1.613 and 8.802 +
2.611) or AP (8.815 £ 0.783 and 7.754 + 2.364). Whilst these responses appear to be
substantial when taking into consideration the low level of membrane receptor
detected in this cell type, they are considerably lower than those responses observed
in similar experiments carried out in the HEK293 cell model (typical responses

between 20-30 fold of basal), where PAR, at the cell surface was notably higher.
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In addition to the inositol phosphate assay, PAR; mediated signalling was
investigated further in NCTC-2544 cells. As shown in Figure 4.15 A and B, ERK1/2
phosphorylation was negligible (peak response at 15 minutes, 1.611 + 0.141 fold of
basal) in parental cells following treatment with AYPGKF-NH, (100 uM). In cells
expressing PAR4 mECFP, a transient ERK1/2 response was observed following
agonist treatment, which peaked at 5 minutes (4.497 £+ 0.309 fold) returning to basal
thereafter. Similar to the results observed in the inositol phosphate assay, these ERK
responses were lower than those observed in the HEK293 cell line (typical values

>10-15 fold of basal)
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Figure 4.13. Expression of PARy mECFP in NCTC-2544 cells.

PARs mECFP was transiently transfected as indicated for 24 hours in (A) NCTC-
2544 cells as outlined in Chapter 2.5, prior to serum starvation for a further 24 hours.
Whole cell lysates were prepared and resolved by Western blotting as described in
Chapter 2.8.2. PAR4 mECFP (predicted band size ~65 kDa) was detected using a
polyclonal GFP antibody capable of recognising the ECFP at the C-terminal of
PAR4s. A HEK293 cell sample expressing PARs mECFP (1 pg/ml) was loaded
alongside samples prepared for NCTC-2544 cells as a positive control. (B) The
expression of PARy mECFP was monitored by confocal microscopy (scale bar = 10
pm) as outlined in Chapter 2.6. Intracellular expression (red arrow) has been
highlighted. These blots and image are representative of at least three independent

experiments.
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Figure 4.14. PARs-mediated [*H]-inositol phosphate accumulation in NCTC-
2544 cells.

NCTC-2544 cells were transiently transfected for 24 hours with WT PAR4 or PARy
mECFP shown above, as outlined in Chapter 2.5. The media was replaced with
serum free growth media supplemented with 0.25 uCi of [*HJ-2-myo-inositol for a
further 24 hours prior. Cells were pre-treated with 10 mM lithium chloride for 15
minutes prior to stimulation with thrombin or AYPGKF-NH, as indicated. Total
inositol phosphate (InsP;.4) accumulation was measured through anion exchange as
described in Chapter 2.9. The data presented represent values taken in triplicate

(mean + s.e.m.) over three independent experiments(*p=<0.05, **p=<0.01).
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Figure 4.15. PARs-mediated phosphorylation of ERK in NCTC-2544 cells

NCTC-2544 cells were transiently transfected with PARs mECFP for 24 hours as
outlined in Chapter 2.5. The media was replaced with serum free media for a further
24 hours prior to stimulation with AYPGKF-NH, (100 uM) as indicated. ERK1/2
activation was measured in whole cell lysates resolved by Western blotting, as
described in Chapter 2.8.2. This was carried out in parental NCTC-2544 (black bars)
and in cells expressing PAR4 mECFP (white bars). Blots shown are representative of

at least two others (**p=<0.01).
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4.5 Investigating the cellular localisation of PAR4 in NCTC-2544 cells following
mutation of the potential ER retention motifs

The cell specific differences in PAR4 expression have been clearly demonstrated
between the HEK293 and NCTC-2544 cell models used in this study (see Chapter 3).
As a result, the expression of the ER mutants had to be investigated in NCTC-2544

cells similar to those experiments carried out in the HEK293 cell model.

Figure 4.16 (A) highlights the protein bands resolved in HEK293 cells expressing
VSV-PAR; mECFP or the ER motif mutants. When resolved, the 65 kDa protein
band was observed for all constructs tested, however the expression level between
PARs mECFP and the ER mutants was considerably different. When PAR4s mECFP
was expressed this time a faint band was observed just above the 65 kDa band, which
was also observed for the RAR mutant. The 65 kDa band for the RAR mutant was
expressed less well than the PARs mECFP protein. This in turn was even lower for

the RGRR mutant, with the lowest expression level observed for the DM mutant.

A surprising feature of the ER mutants was noted during fluorescence microscopy
experiments carried out for cells expressing the ER mutants, shown in Figure 4.16
(B). As previously observed, PARs mECFP was found to exist predominantly in the
ER, however expression of the RAR mutant was found to be distinctly at the plasma
membrane. Both RGRR and DM mutants were retained inside the cell. However it
should be noted that over all of the microscopy experiments carried out for the ER

mutants, the DM mutant protein was poorly expressed in the NCTC-2544 cells.

The intriguing nature of RAR mutant expression, i.e. one clear band resolved by
Western blotting yet distinctive membrane expression observed in the microscopy
experiments resulted in the Western blotting experiments being re-visited. The effect
of increasing the concentration of RAR mutant DNA transfected into the NCTC-
2544 cells was observed by Western blotting, as shown in Figure 4.17 (A). As the
concentration of DNA transfected increased, so did the expression of the PAR4 65
kDa band. However, above this band a second diffuse band was resolved, not unlike

the one observed for HEK293 cell expression. In addition, protein expression at the
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65 kDa marker appeared to highlight two bands very close together, as indicated by
the red arrow (see 0.5 pg/ml); a feature that may affect the subsequent localisation of
PAR4s. When the expression of the RAR mutant was assessed using confocal
microscopy (B), a notable increase in PAR4 was observed at the plasma membrane
when compared to PARs mECFP expression. Subsequent subcellular fractionation
of NCTC-2544 cells expressing PAR4 mECFP or the PAR4 RAR ER motif mutant
(Figure 4.17 C) identified differences in the localisation of the molecular species of
the protein bands resolved for PAR4. The 65 kDa band for both appeared to
correspond with calnexin/tranferrin fractions, indicative of ER/endosomal
localisation, with lower levels of protein in plasma membrane fractions. However
the higher molecular weight band resolved in cells expressing the RAR motif mutant
was more pronounced in endosomal/plasma membrane fractions containing
transferrin/Na", K 'ATPase with only weak levels detected in ER fractions, thus

corresponding well with observations made in previous confocal experiments.
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Figure 4.16. Expression of ER retention motif mutants in NCTC-2544 cells.

NCTC-2544 cells were grown in plates and on coverslips and transiently transfected
with VSV-PAR4 mECFP (VSV) or ER motif mutant constructs as indicated above,
for 24 hours prior to serum starvation for a further 24 hours. (A) Whole cell lysates
were prepared and resolved by Western blotting as outlined in Chapter 2.8.2. PAR4
receptor expression (~65 kDa) was detected using a GFP antibody. (B) Transfected
cells grown on coverslips were prepared for epifluorescence microscopy as outlined
in Chapter 2.6.1. Corresponding images were acquired at 100x magnification (scale
bar = 10 um). The localisation of the ER mutants was compared to VSV-PARy
mECFP with membrane (white arrows) and intracellular expression (red arrows)

highlighted. These experiments are representative of at least three others.
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Figure 4.17. Expression of ER retention motif mutant ‘RAR’ in NCTC-2544
cells.

NCTC-2544 cells were grown in plates and on coverslips and transiently transfected
with VSV-PARs; mECFP or ‘RAR’ ER motif mutant construct as indicated above,
for 24 hours prior to serum starvation for a further 24 hours. (A) Whole cell lysates
were prepared and resolved by Western blotting as outlined in Chapter 2.8.2. PAR4
receptor expression (~65 kDa) was detected using a GFP antibody. (B) Transfected
cells grown on coverslips were prepared for epifluorescence microscopy as outlined
in Chapter 2.6.1. Corresponding images were acquired at 100x magnification (scale
bar = 10 um). The localisation of the ‘RAR’ mutant was compared to VSV-PAR,
mECFP with membrane (white arrows) and intracellular expression (red arrows)
highlighted. (C) Subcellular fractionation was carried in cells expressing either
PAR; mECFP or R'"™ AR mutant as outlined in Chapter 2.8.6. These experiments are

representative of at least three others.
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4.6 Investigating the signalling capabilities of PAR4 in NCTC-2544 cells
following mutation of the ER retention motifs

The experiments carried out in the HEK293 cell model in Section 4.3 highlighted the
fact that the ER mutants did not respond well to agonist treatment when compared to
PAR4 mECFP responses. This was demonstrated using an inositol phosphate assay
and ERK activation, despite comparable membrane localisation of the RAR motif
mutant with PARy mECFP expressed in these cells. The ability of these mutants to
respond to agonist treatment was investigated in the NCTC-2544 cell line using

inositol phosphate accumulation as a marker of receptor activation.

The responses observed following agonist treatment of NCTC-2544 cells expressing
the ER motif mutants reflected those obtained in Section 4.3. As demonstrated in
Figure 4.18, a significant increase in the basal inositol phosphate response was
observed in cells expressing VSV-PARs mECFP (4.59 £ 0.32 fold of non-transfected
cell basal). Receptor activation with thrombin or AYPGKF-NH; resulted in a further
increase in the inositol phosphate response (7.80 + 0.33 and 9.48 + 1.73 fold
respectively). Agonist treatment of cells expressing RAR, RGRR or the DM motif
mutants had little impact upon the respective inositol phosphate responses when
compared to the basal responses. This was surprising considering the level of PAR4
expressed at the membrane in NCTC-2544 cells expressing the RAR mutant, as
observed in previous confocal experiments in Section 4.5. Experiments assessing
PAR4-mediated ERK phosphorylation in the ER mutants resulted in the same
outcome observed in the HEK293 cells, with a substantial decrease in ERK

activation in cells expressing RAR, RGRR and DM mutants (not shown).

One unique feature of RAR mutant expression was the ability of PAR4 to internalise
following receptor activation with thrombin. Figure 4.19 (A) illustrates the effect of
thrombin (3 U/ml) treatment upon the localisation of VSV-PAR4s mECFP expressed
in NCTC-2544 cells. No change in the distribution of PAR4 was observed following
agonist treatment for 30 minutes, with PAR4 expressed intracellularly both before
and after stimulation. Membrane localisation of PAR4 was observed when the RAR

mutant was expressed in the NCTC-2544 cell model (B). Receptor activation with
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thrombin resulted in the formation of punctate vesicles at the membrane as well as
inside the cell with a loss of cell surface expression observed. Even in the original
characterisation experiments in Chapter 3, internalisation of membrane PAR4 was
not observed in HEK293 cells following stimulation, even after 180 minutes of

agonist treatment.
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Figure 4.18. PARs-mediated [*H]-inositol phosphate accumulation in NCTC-
2544 cells expressing WT VSV-PARs mECFP or the ER motif mutants.
NCTC-2544 cells were transiently transfected for 24 hours with VSV-PAR4; mECFP
or the ER motif mutants (2 pg/ml) shown above, as outlined in Chapter 2.5. The
media was replaced with serum free growth media supplemented with 0.25 pCi of
[*H]-2-myo-inositol for a further 24 hours prior. Cells were pre-treated with 10 mM
lithium chloride for 15 minutes prior to stimulation with thrombin or AYPGKF-NH;
as indicated. Total inositol phosphate (InsP;4) accumulation was measured as
described in Chapter 2.9. The data presented represent values measured in duplicate

(mean £ s.e.m.) over two independent experiments (*p=<0.05, **p=<0.01).
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Figure 4.19. Internalisation of PAR, following receptor activation with
thrombin in NCTC-2544 cells expressing the RAR motif mutant.

NCTC-2544 cells were grown on coverslips and transiently transfected, as outlined
in Chapter 2.5, with VSV-PAR4 mECFP (A) or RAR ER motif mutant (B) constructs
for 24 hours prior to serum starvation for a further 24 hours. Cells were stimulated
with thrombin (3 U/ml) for 30 minutes and the coverslips prepared as described in
Chapter 2.6.1. Images were acquired at 100x magnification (scale bar = 10 um).
Membrane (white arrows) and intracellular (red arrows) receptor expression is
highlighted. = Images shown are representative of at least three independent

experiments.
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Attempts were made in order to accurately quantify the level of PAR4 expressed at
the plasma membrane between VSV-PAR,; mECFP and the ER mutants. Using cell
surface ELISA, an antibody directed against the VSV epitope was used to detect
VSV-PAR4 mECFP expressed in HEK293 cells.

Figure 4.20 (A) illustrates the values obtained from the ELISA experiments.
Increasing the expression of VSV-PAR4s mECFP in HEK293 cells had no effect upon
the level of VSV detected at the cell surface relative to control values. However, as a
control, expression of another cell surface GPCR, namely the muscarinic M3 receptor
(VSV-Muscarinic M3) was detected. When increasing levels of VSV-M3 DNA were
transfected in HEK293 cells, a significant concentration-dependent increase in VSV
was measured at the cell surface, indicating that the conditions of the assay were
optimal for cell surface analysis. The ability of the VSV antibody to detect VSV-
PAR4 mECFP was further explored using indirect immunofluorescence, Figure 4.20
(B). Whilst the VSV antibody was unable to detect membrane PAR4, a strong
intracellular VSV signal was observed in HEK293 cells. This suggested that PAR4
may undergo post-translational modification, such as N-linked glycosylation, to
reach the cell surface; a factor that may impair efficient detection of the VSV epitope

expressed on the N-terminal of the receptor.
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Figure 4.20. Cell surface VSV ELISA to detect membrane expression of VSV-
PAR; mECFP.

HEK293 cells were transiently transfected with increasing concentrations of either
VSV-PAR4y mECFP or VSV-Muscarinic M3 DNA as outlined in Chapter 2.5. Cell
surface ELISA was performed as described in Chapter 2.11. The assay plates were
read at an absorbance wavelength of 620 (A620 nm) and the absorbance values were
plotted above. These values are representative of two independent experiments
performed in quadruplicate (**p=<0.01, n.s = not significant). (B) Indirect
immunofluorescence was also carried out as described in Chapter 2.6.2 (scale bar =
10 um). Co-localisation between VSV-PARs mECFP and the VSV antibody is

indicated (white arrows). Images representative of three experiments.
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4.7 The effect of deglycosylation upon the cellular localisation of PAR, and
corresponding ER mutants in HEK293 cells.

Of the two cell lines explored in terms of PAR4 localisation, HEK293 cells appeared
to be the only model where the effect of deglycosylation would be ideally monitored.
This was due to the two distinct populations of receptor observed in the cellular
model. Firstly, the effect of tunicamycin (2 pg/ml) upon PAR4 protein expression
was observed in HEK293 cells following treatment for 16 hours. This was tested in
cells expressing PARy; mECFP or ER mutant proteins using Western blotting and
epifluorescence microscopy. As shown in Figure 4.21 (A), cells expressing VSV-
PAR4 mECFP or the RAR mutant resulted in the typical two band pattern observed
in previous experiments. Following treatment with tunicamycin (TUN) the mupper
PAR4 band was no longer expressed, however a lower band resolving just above the
65 kDa band was observed for both. No changes in the expression pattern of RGRR
or DM were observed following deglycosylation, with only the 65 kDa band evident

upon expression and tunicamycin treatment.

Corresponding epifluorescence images are shown in Figure 4.21 (B-E). A clear loss
in cell surface expression of both VSV-PAR; mECFP (B) and the RAR mutant (C)
was observed following treatment with tunicamycin. No distinct changes were
observed for the localisation of RGRR mutant (D) or DM mutant (E), corresponding

with the protein expression results obtained from the Western blotting experiments.
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Figure 4.21. The effect of deglycosylation upon PAR, expression in HEK293
cells

HEK293 cells were grown in plates with and without coverslips then transiently
transfected with VSV-PAR; mECFP or ER mutants (1 pg/ml) for 24 hours as
described in Chapter 2.5. After which time the media was replaced with serum free
media supplemented with tunicamycin (2 ug/ml) for 16 hours. Whole cell lysates
were prepared and resolved by Western blotting as outlined in Chapter 2.8.2. (A)
The expression of PAR4 was detected through the use of a GFP antibody recognising
the C-terminal ECFP fluorophore. (B) Cells grown on coverslips were prepared for
epifluorescence microscopy as outlined in Chapter 2.6.1. Corresponding images -/+
TUN treatment (B-E) were acquired at 100x magnification for each mutant (scale bar
= 10 um). Blots and images are representative of at least two independent

experiments.
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4.8 Investigating possible interaction between PAR4 and Calnexin in HEK293
cells.

The influence of deglycosylation upon PAR, localisation was clearly demonstrated
in Section 4.7, thus highlighting that N-linked glycosylation may contribute in part to
the expression of PAR,4 at the plasma membrane in HEK293 cells. With this in
mind, it was therefore assessed to see if calnexin could play a role in the regulation

of PAR4 expression.

Interaction between PAR4 and calnexin was assessed using co-immunoprecipitation
and fluorescence-resonance energy transfer (FRET). Figure 4.22 (A) shows
immunoprecipitation (IP) of calnexin followed by immunoblotting (IB) for calnexin
and PAR, using a PARy-specific antibody and a GFP antibody. IP of calnexin (90
kDa) is clearly shown (top panel) with blotting for PAR4 (middle panel)
demonstrating co-immunoprecipitation of WT PAR4 (38 kDa), PARs mECFP and
VSV-PAR,CFP (~65 kDa) in HEK293 cells expressing these proteins. The
corresponding GFP blot (bottom panel) distinctly shows PARy mECFP and VSV-
PAR4s mECFP co-immunoprecipitation. The positive control loaded for the
experiment was a whole cell lysate expressing PARy mECFP. Based upon the bands
resolved in this lane, the 65 kDa PAR4 protein band appears to be the band that co-
immunoprecipitated with calnexin, however, a small level of the upper PAR4 band

was also observed in the GFP blot.

The reciprocal IP of PAR4 is shown in Figure 4.22 (B). Following the IP of PAR4
from HEK293 cells expressing PAR4, PAR4 mECFP or VSV-PAR4 mECFP, related
IB results (top and bottom panels) clearly show that PARs was successfully
immunoprecipitated.  Despite this, calnexin was shown to be equally co-
immunoprecipitated in all wells, including in cells expressing empty vector. The
ability of calnexin and PAR4 to co-immunoprecipitate in NCTC-2544 cells was also
assessed (C). IP of calnexin (top panel) and subsequent IB for PAR4 using a GFP-
specific antibody (bottom panel) resulted in successful co-immunoprecipitation of

the 65 kDa protein band for PAR4 mECFP.
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As a further measure to ensure that interaction between PAR, and calnexin was bona
fide and not an artefact of co-immunoprecipitation, FRET was used to detect
interaction. In order for this to be carried out, EYFP and ECFP-calnexin constructs
were used. Optimisation to determine the expression levels of these constructs was
carried out through Western blotting and direct immunofluorescence by

epifluorescence microscopy.

Increasing concentrations of ECFP-calnexin and EYFP-calnexin DNA (0-1 pg/ml)
were transfected in HEK293 cells, as shown in Figure 4.23 (A) and (B) respectively.
Proteins were resolved by Western blotting using both calnexin-specific and GFP
antibodies to detect endogenous calnexin and the fluorescent calnexin constructs
expressed in the cells. As the DNA transfected increased, so did the level of ECFP-
calnexin and EYFP-calnexin expressed in the cells (117 kDa band), reaching
maximal expression levels at 0.5 pg/ml of DNA. Comparable results were obtained
from both of the antibodies used. Endogenous calnexin was detected in cells as a
band resolved at 90 kDa, consistent with the fractionation experiments carried out in
Section 4.2. (B) Epifluorescence microscopy of cells expressing the EYFP-calnexin
construct identified intracellular expression of calnexin, which when co-localised
with an ER tracker dye confirmed the expression of calnexin in the ER. This
provided a good indication that the presence of the fusion protein did not alter the
localisation of calnexin. With the confidence that the fluorescent constructs for
calnexin were reliable, interaction between PAR4 and calnexin was investigated

using wide-field FRET microscopy, as shown in Section 4.9.
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Figure 4.22. Co-immunoprecipitation of PAR4 CFP with calnexin in HEK293
cells and NCTC-2544 cells

Cells were grown to 80% confluence in T75 flasks prior to transfection with empty
vector pcDNA3.1 (1), WT PAR4 in pcDNA3.1 (2), PARymECFP (3) or VSV-PAR,
mECFP (4) plasmid DNA for 24 hours as outlined in Chapter 2.5. A HEK293 cell
lysate expressing PARs mECFP transfection was also loaded as a positive control (5)
in addition to a control sample containing only the beads and antibody. Cells were
serum starved for a further 24 hours then harvested in solubilisation buffer. Calnexin
protein was immunoprecipitated (IP) with anti-calnexin antibody on protein G
sepharose beads (HEK293 cells; A and NCTC-2544 cells; C) whilst PARs was
pulled down using a PAR4-specific antibody on protein A sepharose beads (HEK293
cells; B), as described in Chapter 2.8.5. The samples were resolved through Western
blotting as outlined in Chapter 2.8.2. Blots were probed for calnexin (~90kDa) and
then re-probed for PARs (WT ~38 kDa, tagged protein ~65 kDa) using both the
PAR4 and GFP antibodies as shown. Blots are representative of at least two

independent experiments.
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Figure 4.23. Characterisation of fluorescent calnexin constructs in HEK293
cells.

HEK?293 cells were grown on plates with and without coverslips then transiently
tranfected with ECFP-Calnexin (A) or EYFP-calnexin (B) at the given
concentrations following the protocol in Chapter 2.5. Whole cell lysates were
prepared and resolved by Western blotting as shown in Chapter 2.8.2. The
expression of calnexin was detected through the use of an anti-calnexin (Calnexin
~90 kDa) and GFP antibodies (EYFP/ECFP-Calnexin ~117 kDa) as shown. (C)
Cells transfected on coverslips were prepared for epifluorescence microscopy as
described in Chapter 2.6.1. Images were acquired at 100x magnification (Scale bar =
10 um). ER localisation of EYFP-calnexin was confirmed using an ER tracker dye
(white arrows). Blots and images are representative of at least two independent

experiments.
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4.9 FRET analysis in HEK293

FRET analysis was performed using wide-field FRET microscopy in live HEK293
cells, as described in Chapter 2.7. The donor used for experimentation was mECFP
or PARy, mECFP, whilst the acceptor used was mEYFP or EYFP-calnexin. These

constructs were either co-expressed or expressed individually prior to FRET analysis.

4.9.1 FRET imaging in HEK293 cells expressing ECFP and EYFP controls

In order for interaction to be reliably measured, control experiments were carried out
to measure the interaction between the fluorophore pairs, in the absence of PAR4 or
calnexin. This is regarded as potential collisional FRET (i.e. energy transfer based
upon random collision of the fluorophore pair). Images were acquired for HEK293
cells transiently expressing mEYFP only and mECFP only (not shown), mECFP and
mEYFP together (index of collisional FRET) and a tandem protein comprised of
mECFP-mEYFP fused together (positive FRET control). Figure 4.24 (A) shows the
images acquired for ECFP/Don (cyan), EYFP/Acc (yellow), uncorrected FRET
(magenta) filter settings (UFRET) alongside the corrected FRET (cFRET) signal
(pseudocolor), with corresponding ratiometric FRET values (RFRET) quantified and
graphed (B). Representative images are shown for cells expressing mECFP and
mEYFP (top panel) and the mECFP-mEYFP tandem protein (bottom panel). When
mECFP and mEYFP were co-expressed in HEK293 cells, no fluorescence was in the
cFRET image. However, images acquired for cells expressing the mECFP-mEYFP
tandem (bottom panel) showed a strong signal detected in the cFRET image after
bleedthrough correction of uFRET. The corresponding RFRET values recorded for
the FRET experiments carried out in HEK293 cells (n=3) are shown as mean + s.e.m,
in Figure 4.24 (B). RFRET values were obtained for mECFP (0.995 + 0.004),
mEYFP (0.997 + 0.003), mECFP and mEYFP (1.115 + 0.033) and the mECFP-
mEYFP tandem (5.148 + 0.129). No difference in RFRET value was found for
mECFP, mEYFP or mECFP and mEYFP expressing cells, however there was a
significant increase in RFRET value obtained for the tandem protein, which
corresponded well with the cFRET signal detected in the FRET images in (A, bottom
panel).
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4.9.2 Co-expression of PAR; mECFP and EYFP-calnexin in HEK293 cells.

Similar FRET analysis was carried out in cells expressing ECFP-calnexin/PAR;
mEYFP, and PAR; mECFP/EYFP-calnexin donor/acceptor pairs. Figure 4.25
illustrates images acquired using the following filter sets; CFP/Don (cyan), YFP/Acc
(yellow), uFRET and cFRET. No fluorescence was observed in the cFRET image in
cells expressing only PAR4y mECFP (A). Similar results were observed in cells
expressing EYFP-calnexin (B). FRET imaging of PAR; mECFP and EYFP-calnexin
co-expression in HEK293 cells is shown in (C). A considerable fluorescence signal
was detected in the cFRET image when these proteins were co-expressed. This
signal was not observed in cells co-expressing PAR, mEYFP and ECFP-calnexin
(D). The RFRET values obtained for the data set were graphed (E). Similar to the
control RFRET values observed in Figure 4.24, values obtained for both PAR4
mECFP (0.998 £+ 0.005) and EYFP-calnexin (0.995 + 0.003) indicated no FRET.
However a significant increase in RFRET value was observed between PAR4
mECFP and EYFP-calnexin co-expression (1.400 = 0.017). As a control, FRET
between PAR; and calnexin was investigated alongside PAR4 and calnexin FRET
experiments. As the RFRET values show in Figure 4.25 (E), no interaction was
observed between PAR, mEYFP and ECFP-calnexin (RFRET value 1.061 + 0.010)

relative to control RFRET values (~1 = no interaction).
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Figure 4.24. FRET imaging of mECFP, mEYFP and tandem control constructs.
HEK?293 cells were transfected with the indicated constructs for 24 hours prior to
serum starvation for a further 24 hours. Wide-field FRET was performed as outlined
in Chapter 2.7. Images were acquired in all three channels; CFP, YFP, and FRET,
with the raw FRET signal (uFRET) corrected (cFRET) for spectral bleedthrough
(scale bar = 50um). The images shown in (A) reflect collisional FRET signal
observed between mECFP and mEYFP (top panel) and a positive FRET signal
obtained from the mECFP-mEYFP tandem (bottom panel). Ratiometric FRET
values (RFRET) were quantified from the images acquired and graphed (B). Images
are representative of three separate FRET experiments and with RFRET data

expressed as mean + s.e.m (**p=<0.01).
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Figure 4.25. Confirmation of interaction between PAR4 and calnexin in
HEK?293 cells using wide-field FRET microscopy.

PARs mECFP, mEYFP-calnexin, PAR, mEYFP or ECFP-calnexin were transiently
expressed individually or co-expressed in HEK293 cells for 24 hours prior to serum
starvation for a further 24 hours. Wide-field FRET was carried out as outlined in
Chapter 2.7. Images were acquired in all three channels; CFP, YFP, and FRET, with
the raw FRET signal (uFRET) corrected (cFRET) for spectral bleedthrough (scale
bar = 25 um). The images reflect the FRET signal observed in cells expressing only
(A) PAR;s mECFP, (B) EYFP-calnexin or co-expressing PAR4s mECFP and EYFP-
calnexin (C) or PAR; mEYFP and ECFP-calnexin (D). Ratiometric FRET (RFRET)
values were quantified from the images acquired from all FRET pairs tested and
graphed (E). Images are representative of two separate FRET experiments (n=50
single cell measurements) and with RFRET data expressed as a mean + s.e.m

(**p=<0.01, n.s = not significant).
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4.10 Discussion

Analysis of the protein sequence for PAR4 provided an insight into the regulatory
motifs that may dictate the subcellular localisation of PAR4, The experiments
carried out in Chapter 3 and Chapter 4, identified PAR4 as a protein which is
predominantly retained in the endoplasmic reticulum (ER), but with the capability of
trafficking to the cell surface through various mechanisms. When PARy; mECFP was
expressed in HEK23 cells, two distinct PAR4 protein bands were resolved through
Western blotting; one at 65 kDa and another band resolving slightly higher around
70-75 kDa. The expression of multiple protein bands for one GPCR is not unique to
PAR4. Western blotting of other GPCRs, for example the vasopressin V, receptors
(Wiiller et al., 2004), identified multiple protein bands when expressed; reflecting
both the core glycosylated protein at 55 kDa (immature receptor) and the complex
glycosylated protein resolving at 70-75 kDa (mature receptor). Based upon the
subcellular fractionation studies carried out for PAR4, the 65 kDa protein may well
represent the immature receptor expressed in the ER, whilst the 70-75 kDa protein
band may reflect mature PAR4 expressed at the plasma membrane, further work
would be required to confirm immature/mature receptor expression. When expressed
in the NCTC-2544 cells only the 65 kDa band was detected, which provided the

basis for investigating the nature of PAR4 ER retention and cell surface delivery.

Two potential arginine-based ER retention/retrieval motifs (R"™AR and R"**GRR)
were found to exist within intracellular loop-2 of PAR4, similar in sequence and
location to the functional ‘RAR’ ER retention motifs present in SHT;g channels
(Boyd et al., 2003) and KA2 receptors (Nasu-Nishimura et al, 2006) and the
‘RRGR’ motif present in the intracellular loop of the vasopressin V, receptor
(Hermosilla and Schiilein., 2001). The mutagenesis experiments carried out in this
study found distinct differences in phenotype between the R'™AR and R'®*GRR
motifs when expressed in HEK293 and NCTC-2544 cells.

Mutation of the R'®AR motif did not affect the subcellular distribution of PARy4 in

HEK293 cells, with PAR4 localised both in the ER and at the membrane similar to
PARs mECFP. However expression of this mutant in the NCTC-2544 cell model,
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where PARj, is predominantly expressed in the ER, resulted in enhanced cell surface
expression and the appearance of the upper protein band resolving at 70-75 kDa.
Based upon these results, the potential to improve the receptor pharmacology of
PAR, through mutation of this motif was explored. Despite efficient delivery of
PAR, to the plasma membrane in cells expressing the R'™AR mutants, both
thrombin and AYPGKF-NH, failed to stimulate any inositol phosphate response,
with only a weak ERK response observed in comparison to responses observed for
PARs mECFP. Thus enhanced cell surface expression did not equate to increased
cell signal transduction as previously proposed. This loss of function was also
demonstrated in the HEK293 cells where expression of PARy mECFP and the
R'"™AR mutant at the membrane was observed. However mutation did not appear to
affect AYPGKF-NH;-mediated JNK signalling, with elevated basal levels of
phosphorylated p38 MAPK observed upon expression. Interestingly, mutation of
this motif appeared to specifically affect PAR4-Gog11 coupled events, thus in
addition to regulating PAR4 localisation, these arginine residues may also be critical
to efficient receptor-Gagi1 coupling. Further work is required to identify if this loss

of function extends to other G-protein coupling, such as Gai,, or Gatjy/13.

The arginine-based ER retention motifs that reside in intracellular loop-2 (ICL-2) of
PAR, are within close proximity to the fourth transmembrane domain (TM4) of the
receptor. In ICL-2, the highly conserved DRY motif exists proximal to the cytosolic
side of the third transmembrane domain. In addition to its role in maintaining the
conformational stability of GPCRs, the arginine residue within the DRY domain has
been shown to facilitate in G-protein coupling (Binet et al,, 2007). In the present
study, mutation of the R'"®AR motif may have indirectly affected the DRY domain,
thus resulting in the observed loss of function. However, the fact that mutation only
affected Gag1 coupling, without affecting JNK or P38 MAPK activation may
implicate R'AR as an important factor in the structural basis of PARy -Gogi
coupling. It may be possible that tethered ligand interaction with the extracellular
loop-2 (ECL-2) domain during receptor activation may result in conformational
changes to TM4, thus directing G-protein coupling at these sites. The arginine

residue at position 183 (R'"AR) in PAR, present in muscarinic M1, M3 and M5
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receptors, which enable these receptors to couple strongly with Gagi1. A methionine
residue at the same position in M2 and M4 receptors allow preferential coupling of
these receptors to Gai, (Blin ef al., 1995). Work by Jirgen Wess and colleagues
found that substitution of the methionine residue for an arginine at the same 183
position of the M2 receptor resulted in the ability of M2 receptors to signal via Gog11
(Blin et al., 1995). Based on these findings it could therefore be possible that the
arginine residue at the 183 position on PAR4 may be pivotal to PAR4 Gag/11 coupling

and thus mutation of which resulted in loss of Gay/11-dependent signal transduction.

In addition to the role of R'™AR in regulating PARy localisation and cell signal
transduction, another notable feature of R'™AR mutation was the ability of cell
surface PAR, to undergo agonist-mediated receptor internalisation. Even in the
HEK293 cells where mature PARy mECFP was expressed at the membrane, no
internalisation was observed even when treated for prolonged periods of time with
agonist. However when the R"*AR mutant was expressed in the NCTC-2544 cell
model, PARs demonstrated the ability to traffic to the membrane where upon
activation, the receptor efficiently internalised. Whilst the membrane trafficking of
both PAR; and PAR; have been extensively studied, no such studies have been
carried out for PAR4.  Studies in other Class A GPCRs have found that specific
residues, including the arginine in the DRY motif and ten residues thereafter within
ICL-2, are important for GPCR-B-arrestin binding (Marion et al., 2006; Wilbanks et
al., 2002). In these studies, the presence of proline 6 residues distal to the DRY
domain and alanine in ICL-2 were important in the regulation of B-arrestin binding.
The ICL-2 of PAR4 contains this proline residue distal to the DRY sequence, along
with several alanines. For the purpose of elucidating a functional role for the R"AR
sequence as a potential regulator of PAR4 ER retention, the arginine residues were
substituted for alanines. In doing so, this could have created receptor mutants that

would favourably bind B-arrestin, thus explaining the gain of function.
Mutation of the R'™GRR and R'"*AR/ R'"™GRR double mutant resulted in loss of

function in all parameters tested. In the HEK293 cells, where wild PARs mECFP

was observed at the cell surface expression of these mutants completely abolished
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delivery to the plasma membrane and subsequent PARs-mediated signalling events.
Unlike R'"® AR, mutation of this sequence did not improve cell surface expression of
PAR4 in the NCTC-2544 cells. Using Prosite (a protein motif software), it was
discovered that an X-G-[RK]-[RK] sequence may also be indicative of an amidation
site, which would give rise to post translational modification of the protein. Thus,
mutation may have altered the ability of PAR4to undergo the necessary modification

for membrane expression to be successfully achieved.

Further analysis of the PAR4 protein sequence identified an N-linked glycosylation
motif (N°°DS) at the N-terminal of the receptor, thus highlighting the potential for
PAR4 to undergo post-translational modification to enable membrane expression.
Deglycosylation experiments carried out in HEK293 cells identified a clear role for
N-glycosylation in the delivery of PAR4 to the cell surface, with membrane
expression abolished after treatment with tunicamycin. Previous studies have
identified the ECL-2 domain of most GPCRs to be important in N-glycosylation
(Lanctot et al., 2005), however the site for PAR, is located at the N-terminal. Whilst
no mutagenesis work has been carried out to confirm the involvement of this motif
per se, with no other site within PARy it is thought that the N°°DS site is responsible
for directing glycoslyation. Interestingly, despite PARs membrane localisation in
HEK?293 cells, the VSV antibody was unable to detect cell surface VSV- PARy
mECFP, which may further suggest that N-glycosylation occurs at the N-terminal of
PARy, thus preventing antibody recognition of the N-terminal VSV epitope.

Despite the ability of PAR4 to evade ER retention in HEK293 cells, the accumulation
of PAR, in the ER was relatively high in these cells as well as the NCTC-2544
model. In addition to the motifs that facilitate in the ER retention of PAR,, the
ability of PAR4 to interact with the ER chaperone calnexin was established.
Calnexin specifically targets N-linked glycans (Ruddock and Molinari, 2006), like
PARj4, with the capability of retaining such proteins in the ER or sorting proteins for
export to the membrane. This duality of function is poorly understood however a
recent study has demonstrated that calnexin can interact in both a glycan dependent

and independent nature to differentially regulate the intracellular trafficking of
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dopamine D1 and D2 receptors (Free et al., 2007). PAR4 was able to interact with
calnexin in both HEK293 cells and NCTC-2544 cells. As the FRET studies
demonstrate, calnexin interacted with PAR4 but not PAR; a receptor which is both
heavily N-glycosylated (Compton et al, 2001) and expressed at the plasma
membrane. Without further studies being carried out, it is difficult to draw any firm
conclusions as to its role in the regulation of PARs. However as interaction is
observed in both cell types, in particular the NCTC-2544 cells where only 65 kDa
ER retained PAR, is expressed, it is possible that the role of calnexin is to retain

PAR4in the ER through an N-glycan independent mechanism.
These results confirm a functional motif responsible for ER retention of PARy;

however, the mechanism through which PAR,4 evades ER retention in HEK293 cells,

but not in NCTC-2544 cells, remains unknown.
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CHAPTER S
THE EFFECT OF PAR, EXPRESSION UPON PAR,
LOCALISATION
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5.1 INTRODUCTION

As Chapters 3 and 4 demonstrate, PAR4 resides predominantly in the ER, with cell
surface expression regulated through various mechanisms. ER retention was dictated
in part due to the presence of an R'™AR retention motif and possibly through
interaction with calnexin, an ER resident chaperone protein that targets N-linked
glycans. Mutation of the R"?AR motif allowed PAR, to traffic to the cell surface
whilst deglycosylation abolished PAR4 expression at the membrane, implicating a
role for N-linked glycosylation in membrane localisation. Of these results, an
interesting feature of PAR4 was the ability of the receptor to evade ER retention and
travel to the cell surface in HEK293 cells but remain confined to the ER in NCTC-
2544 cells.

Through the experiments carried out in Chapter 3, HEK293 cells were shown to
respond to thrombin, trypsin and the PAR, —specific activating peptide SLIGKV-OH,
but not AYPGKF-NH,, a PARy-specific activating peptide. These results confirmed
the presence of endogenous PAR; and PAR; but not PAR4. NCTC-2544 cells do not
express PAR,, PAR; or PARy, with only low levels of PAR; detectable (Kawabata et
al., 2004). Endogenous PAR expression may be a contributing factor in the

differences in intracellular trafficking of PAR,4 observed in both cell systems.

Multimeric receptors possess the ability to evade ER retention through masking RxR
ER retention motifs during protein assembly, thus allowing transport to the
membrane (Zerangue et al., 1999; Margeta-Mitrovic et al., 2000; Boyd et al., 2003).
Such events are important for membrane expression of GABAgR|/GABAg, (Margeta-
Mitrovic et al., 2000) and 5-HT3,/5-HTsp (Boyd et al., 2003) heterodimers. GPCR
dimerisation has been investigated in so many GPCR families now that it has become
widely accepted as an important factor in GPCR expression and receptor function
(Rios et al., 2001 and Prinster et al, 2005). Dimerisation has been demonstrated
between members of the PAR family (Leger ef al., 2006b; McLaughlin et al., 2007).
As PAR; is expressed in both HEK293 and NCTC-2544 cells, it is highly unlikely

that this receptor is responsible for the differences observed. However PAR; is only
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expressed in the HEK293 model, not the NCTC cells, thus may be a contributing
factor to PAR4 localisation at the membrane.

The experiments carried out in this chapter aim to identify if the localisation of PAR4
is altered during co-expression with PAR,. In the absence of high quality PAR-
specific antibodies FRET was used to identify if interaction takes place between
PAR; mEYFP and PAR4s mECFP when co-expressed in the HEK293 and NCTC2544
cell models. To simplify the interpretation of the FRET data; where no FRET takes
place (i.e. no interaction), a typical RFRET value of ~1 would be obtained, whilst
FRET occurrence the expected RFRET value would be >1 (for method see Chapter
2.7).

5.1. Investigating the effect of PAR; and PAR4 co-expression in NCTC-2544
cells

So far in this project the localisation of both PAR, mEYFP and PAR4 mECFP have
been studied separately. Figure 5.1 highlights the localisation of PAR4s mECFP
during co-expression with PAR, mEYFP when visualised by confocal microscopy.
Interestingly, unlike the previous experiments in NCTC-244 cells where PAR4 was
retained the ER, when PAR, mEYFP is expressed, PAR4 is localised at the plasma

membrane (white arrows) with minimal intracellular clustering.

In order to ensure that this was not an artefact of interaction between the two variant
GFP proteins fused to PAR; and PAR,4, fundamental experiments were repeated in an
NCTC-2544 clonal cell line that stably expresses PAR, (NCTC-PAR;). Following
transient expression of PARs mECFP in NCTC-2544 cells, NCTC-PAR; cells and
HEK?293 cells as a control, Western blotting was performed to establish if there were
any distinct differences in the pattern of the protein bands. As Figure 5.2 (A) shows,
when PARs mECFP is expressed in NCTC-2544 cells only the 65 kDa is resolved
(PAR4 38 kDa with ~27 kDa ECFP protein). Interestingly when expressed in the
NCTC-PAR; cells (NP;), a second band is observed which corresponds well with the
PAR4 bands resolved in HEK293 cells. Parallel epifluorescence microscopy
experiments were carried out in NCTC-2544 and NCTC-PAR; cells as shown in
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Figure 5.2 (B). In the NCTC-2544 cells PAR4 mECFP remained in the ER, however
in the PAR; clonal cells PARy mECFP was observed at the plasma membrane.

In order to identify if the protein bands observed in the Western blot experiments
were indicative of ER/plasma membrane PARy4 protein, subcellular fractionation
experiments were carried out using the appropriate markers for plasma membrane,
endosomal and ER fractions. When PARs mECFP was expressed in the NCTC-
PAR; cells, as shown in Figure 5.3, separation of the fractions clearly established
that the upper band was localised in both endosomal and membrane fractions whilst
the lower 65 kDa band remained confined to the ER/endosomal fractions with very

low levels of protein detected in membrane fractions.
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PAR, mEYFP

PAR, mECFP

Figure 5.1. Co-expression of PAR; mEYFP and PAR; mECFP in NCTC-2544
cells.

NCTC-2544 cells were grown on coverslips and transiently co-transfected with
PAR4 mECFP and PAR2 mEYFP for 24 hours prior to serum starvation for a further
24 hours. The cells were prepared for direct immunofluorescence as described in
Chapter 2.6.1 and visualised at CFP and YFP wavelengths using confocal
microscopy (scale bar = 25 um). Membrane (white arrows) receptor expression is
highlighted. Images shown are representative of at least three independent

experiments.
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Figure 5.2. Expression of PAR; mECFP in NCTC-2544 and NCTC-PAR; cells.

PAR, mECFP was transiently transfected as indicated for 24 hours in (A) NCTC-2544 (N),
NCTC-PAR; (NP,) or HEK293 (HEK) cells prior to serum starvation for a further 24 hours.
Whole cell lysates were prepared and resolved by Western blotting with PAR, mECFP
detected using a GFP antibody. (B) The different receptor populations of PAR, mECFP were
monitored by fluorescence microscopy in NCTC and NCTC-PAR,; cells (scale bar = 10 pm).
Membrane expression is highlighted by white arrows whilst the red arrows represent
intracellular retained receptor. These blots and images are representative of at least three

independent experiments.
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Figure 5.3. Subcellular fractionation (SCF) of plasma membrane, endosomal

and endoplasmic reticulum (ER) compartments in NCTC-PAR; cells.

Subcellular fractionation was carried out in NCTC-PAR; cells expressing PAR4
mECFP using differential ultra-centrifugation on a density gradient as outlined in
Chapter 2.8.6. Fractions of 300 ul (1-8 shown above) were resolved by Western
blotting. Na", K" ATPase (~100 kDa), transferrin receptor (~190 kDa) and calnexin
(90 ~kDa) antibodies were used for the detection of membrane, endosomal and ER
compartments respectively. PARs mECFP was detected using a GFP antibody. A
positive control (HEK293 cells expressing PARy mECFP) was loaded as a control to
indicate both immature ER PAR4 (65kDa) and mature receptor (~70-75 kDa) bands.

These blots are representative of at least two independent experiments.
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5.2. The effect of PAR4 ER motif mutants upon PAR;-mediated translocation
of PAR4 in NCTC-2544 cells.

In previous studies carried out in Chapter 4, mutation of the ER motifs in PAR4
resulted in different phenotypes when expressed in HEK293 cells and NCTC-2544
cells. Here the effect of motif mutation was explored when PAR4 was expressed in
NCTC-PAR; cells. Figure 5.4 demonstrates protein expression of PAR4 mECFP and
subsequent expression of R'"™AR, R'™GRR and R'*’AR/R'"™GRR (DM) mutants
using (A) Western blotting and (B) epifluorescence microscopy. These results show
two PAR4bands (one 65 kDa and the upper 70-75 kDa band) following expression of
the R'™AR mutant, with corresponding imaging results identifying distinct
intracellular and cell surface PAR, similar to that observed for cells expressing PAR4
mECFP. However, when the R"™GRR and DM mutants were expressed, only the 65
kDa was observed with PARy localisation confined to intracellular compartments,

presumably the ER.
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Figure 5.4. Expression of ER retention motif mutants in NCTC-PAR; cells.

NCTC- PAR; cells were grown in plates and on coverslips and transiently transfected with
VSV-PAR; mECFP (VSV) or ER motif mutant constructs as indicated above, for 24 hours
prior to serum starvation for a further 24 hours. (A) Whole cell lysates were prepared and
resolved by Western blotting as outlined in Chapter 2.8.2. PARy receptor expression was
detected using a GFP antibody. (B) Transfected cells grown on coverslips were prepared for
epifluorescence microscopy as outlined in Chapter 2.6.1. Corresponding images were
acquired at 100x magnification (scale bar = 10 um). The localisation of the ER mutants was
compared to VSV-PARy; mECFP with membrane (white arrows) and intracellular expression

(red arrows) highlighted.
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5.3. FRET analysis between PAR; mECFP and PAR; mEYFP

One of the notable features of co-expression of PAR; and PAR4 so far in this Chapter
was the ability of PAR, to mediate PAR4 membrane expression. In order to identify
if PAR, and PAR, interact as possible heterodimers, FRET analysis was carried out
in HEK293 cells and NCTC-2544 cells.

Wide field FRET was carried out in HEK293 cells (Figure 5.5) and in NCTC-2544
cells (Figure 5.6) expressing PAR, mEYFP (Acceptor) and PAR4y mECFP (Donor).
Three images were acquired for FRET analysis which included; a CFP/Donor image
(in cyan), YFP/Acceptor image (in yellow) and an uncorrected FRET (uFRET)
image (in magenta), which contains the raw FRET signal with spectral bleedthrough
contamination. Once bleedthrough correction has been carried out, actual FRET can

be determined and the uFRET image corrected (cFRET).

In Figure 5.5, when PARy mECFP and PAR, mEYFP were expressed in HEK293
cells, fluorescence was detected in the cFRET image. When the images were
processed and the FRET data analysed, ratiometric FRET (RFRET) values were
determined for each sample tested. These are graphed in Figure 5.5 (B). Co-
expression of PAR, mEYFP and PARs mECFP resulted in a significant increase in
RFRET (1.883 #+ 0.003) when compared to the RFRET values obtained for PAR;
mEYFP (0.952 £ 0.002), PAR4 mECFP (0.989 + 0.003) and cells co-expressing
mEYFP and mECFP (1.173 £ 0.055); the benchmark for collisional FRET that
accounts for fluorophore interaction. In order to minimise repetition of FRET data
interpretation, the RFRET values obtained for other controls tested involved in these
experiments have been tabulated (C). This includes values obtained for cells
expressing mECFP and mEYFP in isolation, in addition to the positive control for

FRET analysis; a tandem construct with mEYFP and mECFP fused together.

Parallel experiments were conducted in NCTC2544 cells, as shown in Figure 5.6.
When PAR; mEYFP and PARs mECFP were co-expressed, no fluorescence signal
was detected in the cFRET image (A). The RFRET values were similarly quantified
and graphed (B), with an overall RFRET value of 1.176 + 0.029 obtained for PAR,
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mEYFP and PAR; mECFP. These values were consistent with control RFRET
values for cells expressing each receptor in isolation; PAR, mEYFP only (RFRET
0.879 + 0.023) and PARs mECFP (RFRET 0.996 + 0.004), and were not different
from the collisional FRET value observed between mECFP and mEYFP expressing
cells (RFRET 1.101 + 0.008). The remaining control RFRET values are also shown

(©).

Based upon the RFRET values obtained for PAR, mEYFP and PARs mECFP in
HEK?293 cells, ratiometric FRET images were prepared to distinguish the localisation
of peak RFRET signals. As shown in Figure 5.7, a strong FRET signal was observed
in intracellular compartments, presumably the ER/Golgi secretory pathway. A weak

signal was also observed at the plasma membrane.

Due to the lack of FRET interaction between PAR, mEYFP and PAR, mECFP, it
was decided that similar analysis would be carried out in cells expressing PAR;
mEYFP and PARs mECFP. The RFRET values obtained for these experiments are
shown in Figure 5.8. When PAR; mEYFP and PAR4s mECFP were co-expressed,
fluorescence was negligible in the cFRET image (A). Whilst an increase in the
RFRET value for PAR; and PAR4 co-expression was observed (RFRET 1.114 +
0.023), when compared to the collisional mECFP and mEYFP RFRET value (1.113

+ 0.001), there was no significant difference.

195



(A)

(B)

PAR, mECFP (Don) PAR, mEYFP (Acc)

CFP Channel YFP Channel

RFRET

FRET Channel

2.1
2.0 **
1.9
1.8-
1.7
1.6
1.54
1.4+
1.31
1.2
1.1
1.0+
0.9-

PAR, PAR, mECFP PAR,mECFP
mECFP mEYFP + +
mEYFP PAR, mEYFP

196



©

Controls RFRET value £s.e.m
mECFP only 0.999 + 0.003
mEYFP only 1.005 +0.003
mliCI'P+ mliY TP 1.173 £ 0.005
mECFP-mEYFP tandem 51480129
PAR, mECFP only 0.98% + 0.003
PAR, mEYFP only 0.955+0.002
PAR, ml!CI'P + PAR, mlYI'P 1.883 £ 0.035

Figure 5.5. FRET imaging of PAR, and PAR; in HEK293 cells.

PARs mECFP and PAR, mEYFP co-expressed in HEK293 cells. Wide field FRET
was carried out on live cells as outlined in Chapter 2.7. (A) Images were acquired
for CFP, YFP, uncorrected FRET (uFRET), with the uFRET channel corrected for
spectral bleedthrough/contamination (cFRET). Ratiometric FRET (RFRET) values
were then quantified, graphed (B) and tabulated (C). Tabulated data expressed as a
mean * s.e.m from three separate FRET experiments (n=72 single cell

measurements), **p=0.001 one-way ANOVA with Dunnett’s post test.
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Controls RFRET value £ s.e.m
mECFP only 1.001 +0.004
mEYFP only 0.986 +=0.010
mECFP + mEYFP 1.101 £ 0.008
mECFP-mEYFP tandem 5.510 £ 0.081
PAR, mECFP only 0.996 + 0.004
PAR, mEYFP only 0.879 £0.023
PAR, mECFP + PAR, mEYFP 1.176 £0.029

Figure 5.6. FRET imaging of PAR, and PAR; in NCTC-2544 cells.

PAR4 mECFP and PAR,; mEYFP co-expressed in NCTC-2544 cells (A). Wide field

FRET was performed in live cells as outlined in Chapter 2.7. Images were acquired

for CFP, YFP, uncorrected FRET (uFRET), with the uFRET channel corrected for

spectral bleedthrough/contamination (¢cFRET). Ratiometric FRET (RFRET) values

were then quantified, graphed (B) and tabulated (C). Tabulated data expressed as a

mean *+ s.e.m from three separate FRET experiments (n=72 single -cell

measurements), n.s. = not significant, one-way ANOVA.

199



mEYFP mECFP mEYFP + mECFP

%

B

1.004744 400003239

PAR, mEYFP PAR, mECFP PAR, mEYFP + PAR, mEYFP

? "

L3
-V t

0.95241 + 0.00181 0.989046 + 0.002884 1.883135 + 0.034772

Figure 5.7. Ratiometric FRET images for FRET signal detected in HEK293
cells. RFRET images shows intensity-scaled images across all samples tested scaled
to the positive FRET signal observed between PAR4 mECFP and PAR2 mEYFP.
These images demonstrate the prominent intracellular distribution of the RFRET
signal, with only a weak signal observed on the membrane. Images representative of

three separate FRET experiments, scale bar = 25um.
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Figure 5.8. FRET imaging of PAR, and PAR; in NCTC-2544 cells.

PARs mECFP and PAR; mEYFP co-expressed in NCTC-2544 cells. Wide field
FRET was performed in live cells as outlined in Chapter 2.7. (A) Images were
acquired for CFP, YFP, uncorrected FRET (uFRET), with the uFRET channel
corrected for spectral bleedthrough/contamination (cFRET). Ratiometric FRET
(RFRET) values were then quantified and graphed (B). n=72 single cell
measurements over three independent experiments, n.s. = not significant, one-way

ANOVA.
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5.4 The effect of TNF alpha upon co-expression of PAR, mEYFP and PARy
mECFP in NCTC-2544 cells.

Despite previous experiments demonstrating clear translocation of PAR4 to the
membrane when co-expressed with PAR,, no FRET was detected between these two
receptors. Based on previous experiments conducted in the laboratory where
upregulation of PAR; and PAR4 was observed during prolonged treatment with
TNFa (Ritchie et al, 2007), the ability of PAR, mEYFP and PAR4s mECFP to
interact under similar conditions was examined. FRET analysis was carried out in
NCTC-2544 cells co-expressing PAR, mEYFP and PAR; mECFP following
treatment with TNFa (10 ng/ml) for 24 hours. As a comparison, parallel FRET
experiments in cells expressing PAR; mEYFP and PAR4; mECFP were also

performed.

Figure 5.9 shows the effect of treatment in NCTC-2544 cells co-expressing PAR;
mEYFP and PAR4y mECFP. In the absence of TNFa, no fluorescence was observed
in the cFRET image. However in the presence of TNFa, fluorescence was detected
(A) with a significant increase in RFRET (1.406 £+ 0.043) relative to the collisional
FRET control (1.139 + 0.02) as shown in Figure 5.9 (B). TNFa did not have any
effect upon RFRET values obtained for the control samples with no difference

observed in these values either in the presence or absence of TNFa (C).

The ability of TNFa to promote FRET between PAR; mEYFP and PAR4; mECFP in
NCTC-2544 cells was assessed. The RFRET wvalues in Figure 5.10 clearly
demonstrated that the effect of TNFa was specific to PAR,/PAR4, with no increase in
RFRET observed between untreated (1.245 &+ 0.023) and treated (1.14 = 0.019) cells
expressing PAR/PAR,4. In fact, a significant decrease in RFRET was observed in

these cells.
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No TNFa + TNFa (10 ng/ml)
Conirols RFRET RFRET
mECFP only 1.000 + 0.003 0.998 +0.003
mEYI'P only 0.986 +0.010 0.996 + 0.003
mECFP + mEYFP 1.110 £ 0.006 1.139 £ 0.002
mECFP-mEYFP 5.502 +£0.081 5430 +0.021
tandem
PAR; mECFP only 1.00 = 0.004 1.004 +£0.003
PAR, mEYFP only 0.879+0.023 0.964 + 0.009
PAR; mICI'P + 1.169 +0.030 1.406 +0.043
PAR, mEYFP

Figure 5.9. FRET imaging of PAR, and PAR; in NCTC-2544 cells treated with

TNFao.

PARs mECFP and PAR; mEYFP co-expressed in NCTC-2544 cells for 24 hours
prior to treatment with TNFa as indicated for a further 24 hours. Wide field FRET

was performed in live cells as outlined in Chapter 2.7. (A) Images were acquired for

CFP, YFP, uncorrected FRET (uFRET), with the uFRET channel corrected for

spectral bleedthrough/contamination (cFRET).

(B) Ratiometric FRET (RFRET)

values were then quantified and graphed. RFRET values for all samples are shown

in the table (C). n=72 single cell measurements over three independent experiments,

**p=<0.001, one-way ANOVA with Dunnett’s post test.
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Figure 5.10. Comparing RFRET values of PAR4/PAR; and PAR4/PAR;.

Wide field FRET was performed in NCTC-2544 cells co expressing either PAR;
mEYFP/PARs mECFP or PAR; mEYFP/PARs mECFP following treatment with
TNFa. (10 ng/ml) for 24 hours. The ratiometric FRET (RFRET) values obtained for

these experiments were then quantified and graphed. n=72 single cell measurements,

**p=<0.001, one-way ANOVA with Dunnett’s post test.
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5.5 The effect of ER motif mutation on PAR,/PAR4 FRET in HEK293cells

In both HEK293 cells and the NCTC-PAR; cells, mutation of the ER motifs within
PAR;, resulted in a loss of PAR4 cell surface expression, and in the case of HEK293
cells a loss of function. Mutation of the R***GRR and the double motif (DM) mutant
confined PAR4 to the ER in both of these cell systems. Here, the ability of these
receptor mutants to influence PAR,/PAR4 FRET responses was observed in HEK293
cells. As Figure 5.11 shows, mutation of these motifs (RFRET values: R'™™AR =
1.410 + 0.023, R"™ GRR = 1.383 + 0.058, DM = 1.426 + 0.040) did not alter RFRET
between PAR,/PARs when compared with responses obtained from interaction
between PAR, mECFP and wild type PARs mECFP (1.496 £ 0.041). FRET between
PAR, and PAR4 remained intact.
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Figure 5.10. Comparing RFRET values of PAR4/PAR; to those obtained from
cells expressing PAR; ER motif mutants.

Wide field FRET was performed in NCTC-2544 cells co-expressing; PAR;
mEYFP/PAR, mECFP, PAR, mEYFP/R'™AR mECFP mutant, PAR,
mEYFP/R'"®GRR mECFP mutant, or PAR, mEYFP/ R'*’AR R'*GRR mECFP
mutant (DM). The ratiometric FRET (RFRET) values obtained for these experiments
were then quantified and graphed. n=28 single cell measurements from two
independent experiments, n.s. = not significant p>0.05, one-way ANOVA with

Dunnett’s post test.
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5.6 Preliminary assessment of the effects of PAR,/PARy co-expression on PARy
mediated inositol phosphate responses.

Although FRET between PARsy mECFP and PAR; mEYFP was negligible in the
NCTC-2544 cell system, the fact remained that co-expression of these receptors
resulted in the delivery of PAR4 to the plasma membrane. The effect of these events
upon PAR4 mediated cell signal transduction was explored. Due to time constraints,
the only signalling parameters to be assessed were inositol phosphate responses.
However work is currently ongoing to assess effects upon ERK, JNK, P38 MAPK

activation, calcium mobilisation and NF«B responses.

As shown in Figure 5.11, in NCTC-2544 and NCTC-PAR; cells transiently
expressing PARs mECFP results in an increase in the basal inositol phosphate
response (NCTC, 4.59 + 0.45 fold; NCTC-PAR,, 8.28 £ 0.65). When both cell
systems were treated with the PAR4 activating peptide, AYPGKF-NH,, an increase
in the inositol phosphate response was observed. When PAR,; was expressed in
NCTC-PAR; cells, a significant increase in response was observed (9.47 + 2.45 and
21.16 £ 2.62 fold on NCTC-PAR; basal), relative to responses observed in NCTC-
2544/PARy cells (7.80 + 0.46 and 9.47 £ 2.45 fold of NCTC basal).
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Figure 5.11. PARs-mediated [*H]-inositol phosphate accumulation in NCTC-
2544 and NCTC-PAR, cells.

Cells were transiently transfected for 24 hours with PAR4 mECFP, as outlined in
Chapter 2.5. The media was replaced with serum free growth media supplemented
with 0.25 pCi of [*H]-2-myo-inositol for a further 24 hours prior. Cells were pre-
treated with 10 mM lithium chloride for 15 minutes prior to stimulation with
AYPGKF-NH,; for 45 minutes. Total inositol phosphate (InsP;.4) accumulation was
measured through anion exchange as described in Chapter 2.9. The data presented
represent values taken in triplicate (mean + s.e.m.) over three independent

experiments (**p=<0.01).
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5.7 Discussion

In Chapter 4 the events underlying PARs ER retention were assessed, whilst the
focus of Chapter 5 was to elucidate the mechanisms through which PAR, was able to
reach the cell surface. The presence of a functional ER retention motif and
subsequent interaction with an ER chaperone confirmed ER retention however the
ability of PAR4 to localise at the membrane in HEK293 cells but remain in the ER in
the NCTC model highlighted the existence of an alternative regulatory pathway. In
the secretory pathway, proper folding and assembly of GPCRs is essential for
efficient export to the cell membrane and function (Lippincott-Schwartz et al., 2000).
A number of ER retained GPCRs manage to overcome this by forming complexes
with other GPCRs to evade retention (Boyd et al., 2003; Margeta-Mitrovic et al.,
2000). These studies show that GPCR dimerisation may be crucial for plasma
membrane localisation and function. The ability of PAR4 to interact with PAR, was
explored as a mechanism to regulate intracellular trafficking to the membrane and

subsequent cell signal transduction.

The NCTC-2544 cell system provided the ideal model to monitor PAR4 localisation
due to the lack of PAR activity observed in experiments carried out in the previous
chapters. The experiments carried out in this chapter identified a novel interaction
between PAR, and PAR4; with a clear role for PAR;, in the regulation of PAR4
localisation. For FRET to occur between two fluorophore fused proteins, they must
be within 1-100 A of one another for energy from the donor to be efficiently
transferred to the acceptor (Takanishi et al, 2006). The fact that no FRET was
observed in NCTC cells between PAR4s mECFP (donor) and PAR, mEYFP (acceptor)
could have been due to the limitations of the method used to detect interaction due to
the presence of another protein in the complex. Whilst co-immunoprecipitation of
PAR; and PAR,4 was attempted (not shown), these results were hindered by the lack
of quality antibodies for the detection of PAR,. Previously immunoprecipitation has
been undertaken for PAR, however as this receptor is highly glycosylated (Compton
et al., 2001) many of these approaches use pharmacological deglycosylation agents
such as tunicamycin to resolve receptor bands (Hasdemir et al., 2009). The use of

tunicamycin in the present study was shown to abolish cell surface expression of
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PARy, therefore to use such conditions for immunoprecipitation may disrupt the

regulatory interactions responsible for membrane localisation.

Endogenous PAR expression in the HEK293 cell model precluded the use of these
cells for the purpose of investigating the intricate nature of cell surface delivery but
provided another model to establish if PAR; and PAR4 could form heterodimers in a
different cell system. Fundamental differences in PAR, and PAR4 expression in
these cell systems were further highlighted by FRET analysis. In HEK293 cells, an
intracellular FRET signal was observed between PAR4 mECFP and PAR, mEYFP,
indicating that they can form heterodimers when co-expressed. The assembly of
GPCR dimers are thought to occur early in the protein synthesis pathway (Bouvier,
2001), thus this FRET signal may be representative of the early stage of dimer
assembly in the ER. Based on this data it may be that the PAR, and PAR4
heterodimer is one that is preformed in the ER, similar to the GABAg|/GABAg;
(Marshall et al., 1999; Margeta-Mitrovic et al., 2000), with the purpose of allowing
PARj, to be expressed as a mature glycoprotein at the cell surface. A notable feature
of the FRET analysis carried out between the two cell systems was the high level of
intracellular PAR,/PARs observed in HEK293 cells when compared with co-
expression of PAR,/PAR4 in the NCTC-2544 model. The lack of intracellular
compartmentalisation of PAR,/PAR; in NCTC-2544 cells may explain why
constitutive PAR,/PARs FRET was readily observed in HEK293 cells and not in
NCTC-2544 cells. Furthermore, the fact that FRET was not observed in the
membrane may suggest that interaction between PAR,/PAR4 may only be required
for ER export however once at the membrane; the two receptors may exist as
separately functioning units.  The structural determinants that dictate the

transient/stable formation of GPCR dimers remains unclear.

Although it may be possible that the R'AR sequence becomes masked during
heterodimer assembly, when FRET analysis was carried out between PAR; and the
PAR4 ER mutants it was established that these ER retention sequences were not a
factor that directly contributed towards PAR, and PAR,; heterodimerisation.

Mutation of these sequences did not affect energy transfer between PAR4 mECFP and
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PAR, mEYFP, thus the actual site of interaction between PAR, and PAR4 remains
unknown. Such studies investigating the dimer interface of Class A GPCRs have
used cysteine crosslinking approaches, identifying transmembrane 4 (TM4) and TM5
(Guo et al., 2003) and TM6 (Hebert et al., 1996) to be crucial for the dimer stability.
Using peptides derived from a region of TM6, Bouvier and colleagues identified that
the L272XXX§XXX§XXXL sequence in TM6 was a site of interaction for [,
adrenoreceptor homodimer formation (Hebert ez al., 1996). In the TM6 of PAR4 a
G*'*xxxG sequence is present however the significance of this sequence in interaction
remains to be investigated. Using this peptide approach may be the key to the
identification of key domains involved in PAR,/PAR4 interaction. Interaction
between PAR; and PAR4 has been identified, whereby the extracellular N-terminal
domain of PAR; presents PARs with a means to interact with thrombin with high
affinity (Nakanishi-Matsui et al., 2000).  The very nature of PAR activation;
proteolytic cleavage of the N-terminal to form a tethered ligand which
intramolecularly interacts with ECL-2, presents a possible site which may be
significant for PAR, and PARy interaction. The availability of peptide agonists and
blockers derived from the tethered ligand sequence of these receptors may provide a
better understanding of interaction, and identify if interaction between ECL-2
domains of PAR, and PAR, exists. Furthermore, in HEK293 and NCTC-PAR, cell
lines, the R'™GRR mutant resulted in immature PAR, expression, with no cell
surface expression observed, however FRET between PAR, and this mutant was
maintained. These effects implicate this sequence as a key feature to the membrane
expression of PAR4. Whilst mutation of this sequence may retain the complex in the
ER, the use of cell permeable peptides to block this sequence, instead to the
mutagenesis approach currently in use, may provide a better understanding of its role

in intracellular trafficking.

Despite obvious translocation of PAR4 to the membrane when co-expressed in NCTC
cells with PAR,, the fact that interaction was not observed in these cells between
these two receptors was surprising. However, the ability of GPCRs to dimerise can
be readily influenced by changes to the physiological environment in which that are

expressed.  Agonist-induced conformational changes in GPCRs can promote
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dimerisation or even cause GPCR dimeric complexes to separate and form
monomers. This is particularly true for members of the human somatastatin (hRSSTR)
receptors during treatment with SST-14 (Grant et al, 2004) and treatment of
dopamine D, receptor with cell permeable agonists (Kong et al., 2006; Gines et al.,
2000) among other GPCR families. Whilst the ability of PAR, and PARy-specific
agonists to influence PAR,/PAR, interaction have not been demonstrated in this
thesis, attempts were made using a dynamic FRET approach as described by
Ponsioen et al, 2004 (not shown). Quantification of the images acquired and
processed from this method was greatly hindered by the level of receptor/cell
movement observed during stimulation, thus reliable changes in fluorescence could
not be achieved by this method. The use of a more sensitive time-resolved FRET,
BRET or SNAP/CLIP (Maurel et al., 2008) technique may be better tools for

monitoring agonist-induced changes in PAR,/PARy interaction.

Previous studies have found an increase in PAR, and PAR, levels in endothelial cells
under pro-inflammatory stress (Ritchie et al, 2007; Hamilton et al, 2001). In
Chapter 5, a robust intracellular FRET response was observed between PAR, and
PAR4 in NCTC-2544 cells following treatment with TNFa. Furthermore this effect
was only observed during co-expression of PAR; and PARy; a possible feature of
dual upregulation. The fact that no FRET was observed between PAR; and PAR4
indicate that this interaction was not an artefact of overexpression.
Heterodimerisation between PAR; and PAR4 has previously been identified by other
laboratories in COS-7 fibroblasts using FRET (Leger et al., 2006b). However as
FRET analysis in the present study demonstrates, the ability of receptors to interact in
one cell system does not mean interaction can be applied to all cellular environments

where these receptors are expressed.

As the preliminary experiments investigating the functional significance of
interaction between PAR, and PAR,; show; an increase in PAR; membrane
localisation during PAR, co-expression resulted in enhanced PAR4-mediated inositol
phosphate responses. So far functional analysis has been performed in a transient

expression system however work is ongoing to develop a stable PAR4 expression
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system in NCTC-2544 cells in which PAR; is regulated under a doxycyline promoter.
These cell systems are routinely used in the Milligan laboratory for the functional
characterisation of the receptor pharmacology of GPCR dimmers (Ellis et al., 2006;
Sartania et al., 2007; Lopez-Gimenez et al., 2008; Canals and Milligan, 2008). Using
these cells, the functional role of PAR,-mediated cell surface delivery of PAR,4 will
be further explored for JNK, P38 MAPK, ERK and NK«B signalling pathways.

Experiments carried out in the present study highlighted a potentially important role
for TNFa in the regulation of PAR, and PAR, interaction. An increase in PAR; has
been linked to the progression of chronic inflammation (Ferrell ef al., 2003), with a
role for PAR4 in acute inflammation being implicated in other arthritic models
(Russell et al., 2009; McDougall et al., 2009). Co-expression of these receptors in
these pathophysiological environments where TNFa is in abundance may be pivotal
to the progression of a PAR,/PARs —mediated pro-inflammatory response. This is

currently under investigation.
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CHAPTER 6

GENERAL DISCUSSION
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Trafficking of receptors from the endoplasmic reticulum (ER) to the plasma
membrane is a highly coordinated process which in many cases involves multiple
accessory proteins. The work presented in this thesis explored the mechanisms
through which PAR, localisation was regulated. This work was undertaken in the
attempt to provide a better understanding of the molecular pharmacology of

proteinase-activated receptor 4 (PARy).

In this study, receptors fused with fluorescent proteins were relied upon to monitor
receptor expression. Full characterisation of PAR, mEYFP and PARy; mECFP was
carried out in Chapter 3 in order to assess if the function of PAR; and PAR4 was
intact in HEK293 cells and an epidermal keratinocyte-derived NCTC-2544 cell line
when fused to mEYFP and mECFP respectively. Monitoring cell signal transduction
of these constructs following protease and peptide agonist treatment confirmed that
overexpression of the receptors retained the capacity to signal to ERK MAPK,
inositol phosphate and mediate calcium responses comparable to wildtype receptor
activation. These were consistent with responses documented in the literature for
PAR; (Nystedt et al.,1995a and 1995b; Molino et al., 1997; Seatter et al.,2004;) and
parallel to the sustained responses observed following PAR4 activation (Jardin et al.,
2007; Ando et al., 2007; Bretschneider et al., 2001; Covic et al., 2000 and Shapiro et
al., 2000). The notable difference between the cell types tested in this study was the
lower magnitude of response observed in the NCTC-2544 cells in comparison with
HEK293 cells. The fluorescence microscopy and subcellular fractionation
experiments conducted to monitor receptor expression identified key differences in
the features of PAR4 localisation between these two cell systems. In HEK293 cells,
PARjy localised both in intracellular compartments and at the membrane as a mature
glycoprotein, in many ways similar to PAR, (B6hm et al., 1996; Déry et al. 1999),
however no internalisation was observed following PAR4 activation. In the NCTC-

2544 cell line only intracellular receptor pools were observed.
Further assessment of the original protein sequence (Xu et al., 1998) in Chapter 4

provided a rationale for the intracellular nature of PAR4, with the identification of

two potential ER retention sequences; R'? AR and R'"™GRR respectively. These are
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similar to the ER signal sequences observed in GABAg; (Margeta-Mitrovic et al.,
2000) 5HTsg (Boyd et al., 2003), mGluR1 (Chan ef al., 2001), KA1 and KA2 (Ren et
al., 2003; Nasu-Nishimura et al., 2006) and the vasopressin V2 (Hermosilla et al.,
2001) protein sequences which result in ER retention of these receptors.
Mutagenesis of the R'®AR motif allowed PARy to be expressed at the cell surface in
NCTC-2544 cells, which was consistent with observations made when similar
approaches were used to mutate the motifs present in other ER retained proteins such
as the 5-HT;p receptors (Boyd et al. 2003). Localisation and interaction with the ER
resident chaperone calnexin further confirmed the ER localisation of PAR4.
Calnexin targets N-linked glycoproteins but can serves as a chaperone to direct such
proteins for ER export, however through a glycan independent mechanism it may
also assist in retention of misfolded proteins in the ER (Vassilakos ef al., 1998). This
duality of function has been described for the intracellular trafficking of dopamine
Ds (Karpa et al., 1999), D; and D, (Free et al., 2007) receptors. The exact role that
calnexin plays in regulating PAR4 localisation remains to be fully elucidated.
Interaction between calnexin and PAR4 was observed in both HEK293 and NCTC-
2544 cells. In HEK293 cells PAR4 was expressed both at the membrane and in the
ER, whilst ER retention was predominantly observed in NCTC-2544 cells, thus
calnexin interaction may implicate more of a role in ER retention rather than ER

export.

Although deglycosylation of PARy4 in the experiments in chapter 4 (section 4.7)
demonstrated a loss of cell surface expression of PAR4 in HEK293 cells, however if
N-linked glycosylation was fully responsible for PAR4 expression at the cell surface
then these effects would have also been similarly observed in NCTC-2544 cells. As
such, tunicamycin is a broad ranging deglycosylation agent therefore would affect
expression of all glycosylated proteins in the cells. This in effect may have
interfered with other proteins which may facilitate PAR, trafficking to the plasma
membrane.  An alternative strategy to assess the relative contribution of
glycosylation would have been to mutate the putative N-linked glycosylation motif
(N°°DS) at the N-terminal of the receptor and monitor subsequent changes in

receptor localisation. Mutation of two such motifs within the structure of [,
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adrenoreceptors has been shown to result in inefficient delivery to the cell surface
(Rands et al. 1990). However it should be noted that similar mutation may not affect
receptor expression at all, as observed following motif mutation in early studies
investigating glycosoylation in o; adrenoreceptors (Sawutz et al., 1987). Such
experiments may also identify if calnexin interacted via this N-linked glycosylation

site or independent of this motif.

One of the most important regulatory mechanisms to be identified in this study was
the novel interaction between PAR, and PAR4. The ability of PAR4 to evade ER
retention was clearly demonstrated in the experiments of chapter 5, whereby co-
expression with PAR, resulted in efficient delivery of PAR4 to the plasma
membrane. These events have been previously described for other proteins including
the functional assembly of GABAg;/GABAg; heterodimer and 5-HT3A/5-HT;p
heterodimer, both of which assemble to mask the respective ER retention signals
within GABAg; and 5-HT;p to facilitate membrane delivery and restore receptor
function (Margeta-Mitrovic et al., 2000; Boyd et al., 2003). To ensure that assembly
with PAR, is an essential factor for PAR4 cell surface mobilisation further work
would be required. This may involve introducing ER retention sequences into PAR;
to confine the receptor in the ER, similar to the ER trapping strategy routinely used
in the Milligan laboratory (Wilson et al., 2005). This would allow the functional
consequences of PAR,/PAR, heterodimerisation to be assessed. Alternatively, the
localisation of PAR4 could have been explored using PAR; deficient mice (Ferrell et
al., 2003) and compared to wild type mouse models. Such studies may prove to be
extremely valuable to the future direction of this study, particularly in assessment of
the receptor pharmacology of the PAR,/PAR4s complex. The preliminary
experiments identified that enhanced cell surface expression of PAR4 may translate
to improved cell signalling following receptor activation. The use of cells derived
from the mouse models previously described may allow PAR4 responses to be
assessed in its native environment, without the need for overexpression, in the
presence and absence of PAR,. The generation of signalling deficient receptor
mutants may also provide a model to determine if any cooperativity exists between

PAR;, and PARy, signalling events. The loss of function observed for the PARy
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R'"™AR mutant observed in chapter 4 highlighted a potential site crucial for Gog/n1
coupling, thus may provide an ideal opportunity to assess if co-expression with PAR;
could present PAR; with an alternative mechanism to couple with Gaogni.
Furthermore real-time analysis of receptor internalisation may indicate if PAR4 can
influence internalisation of PAR; and vice versa. These experiments are currently

ongoing.

The very same structural determinants that facilitate ER retention may also
contribute to export to the membrane. As the FRET experiments demonstrated,
interaction between PAR; and PAR4 was not readily observed in the NCTC-2544
cells, thus the translocation event may involve other proteins that scaffold to PAR;
and PAR4. Proteins such as the 14-3-3 isoforms in the ER/Golgi Intermediate
compartment (ERGIC) and the coat protein I complex (COPI), can target proteins for
retention through recognition and interaction RXR ER sequences (Aridor, 1995;
Vivithanaporn, 2006), as demonstrated for retention of KA2 receptors
(Vivithanaporn et al., 2006). Similarly 14-3-3 proteins may also mask these motifs
to direct ER/Golgi export of GPCR multimers (Shikano et al., 2006). Interaction of
14-3-3, COPI and COPII proteins would be attractive candidates for further
exploration of the intracellular regulation of PAR,/PAR4 to the plasma membrane.
Small GTPase Rab proteins have been shown to be recruited by both 14-3-3 proteins
and COPII vesicles to facilitate in ER/Golgi export (Shikano et al., 2006). A role for
Rablla was identified in the trafficking of PAR, from Golgi stores to the plasma
membrane (Roosterman et al., 2003). Other approaches in use to detect protein-
protein interaction in the PAR family include recent yeast two-hybrid screening.
Such screening using a brain cDNA library identified a host of interacting proteins,
such as Jabl and the cargo protein p24A, that facilitate in the trafficking of PAR,
(Luo et al., 2006 and 2007). Interaction between PAR, and p24A at sites on the N-
terminus of p24A and the ECL-2 of PAR; functions to temporarily retain PAR; in
the Golgi. This interaction is disrupted upon PAR; activation, which in turn recruits
the small GTPase, ADP-ribosylation factor-1 (ARF-1) to the Golgi, where it
becomes activated by guanine nucleotide exchange factors (GEF). These events

allow PAR; to be exported to the membrane (Luo et al., 2007). These interactions
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may prove to play an equally important role in the export of PAR,/PAR4 to the
plasma membrane. Furthermore, using the second intracellular loop as bait, a yeast
two-hybrid screen of PAR4 could similarly identify potential interacting proteins
with the RXR motif which may be important for intracellular trafficking of this

receptor.

There are many examples in the literature where possession of the RXR retention
signals can have deleterious effects upon protein folding and consequently contribute
towards major pathophysiological conditions, including cystic fibrosis (Kopito et
al.,1999; Gomes-Alves et al., 2010) and nephrogenic diabetes insipidus (Hermosilla
et al.,, 2001). The consequence of PAR4 ER retention remains to be defined, however
in terms of the physiological relevance of PAR, and PAR, interaction, the most
important revelation of the experiments carried out in chapter 5 was the ability of
tumour necrosis factor (TNFa) to promote heterodimeristion between these receptors.
TNFa is pivotal to the generation of inflammatory responses that underlie various
chronic inflammatory disorders including rheumatoid arthritis (Popa et al., 2007); a
condition where both PAR, and more recently, PAR4 activation have been clearly
linked to (Ferrell et al., 2003; McDougall et al., 2009). At physiological levels, PAR;
for example, is recognised to be protective (Cock et al, 1999). Thus, TNFa may be
acutely switching off PAR; in its protective mode whilst at the same time promoting
increased expression of both receptors for subsequent pro-inflammatory signalling.
This hypothesis may link with another recent finding, that PAR; activation is able to
inhibit TNFa stimulated JNK signalling (Mclntosh et al., 2010). Therefore synergy
at the level of signal transduction may be a consequence of the regulatory control
TNFa displays upon PAR; and PAR, interaction. Other contexts where interaction of
PAR,/PAR4 and subsequent regulation by TNFa may be important would be cells
where both receptors are strongly expressed, such as leukocytes and vascular
endothelium (Major et al.,, 2003). PAR4 has long been associated with platelet
activation and aggregation (Leger et al.,, 2006a) and leukocyte rolling (Vergnolle et
al., 2002), with potential roles implicated in the progression of cardiovascular
inflammation (Leger et al., 2006b). Thus, the use of the PAR, deficient mice models
and PAR-specific antagonist approaches (Kelso et al, 2006; Kanke et al.,2009;
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Kuliopolus et al., 2003), may provide an ideal context in which PARy localisation can

be explored in physiology and pathophysiology in the presence and absence of PAR;.

The work in this project has revealed for the first time that PAR, contains a
functional ER retention sequence which dictates subcellular localisation and can
interact with the ER chaperone, calnexin. A novel interaction between PAR; and
PAR4 was discovered, whereby PAR, can escort PAR4 to the plasma membrane,
possibly through masking of the ER retention motif within PAR4. These findings
implicate a regulatory mechanism, distinct from PAR; and PAR;, in the trafficking
of PAR4 to the plasma membrane and add to the knowledge of GPCR interactions
but in a very unique way. PAR,/PAR, interaction was shown to be regulated by the
pro-inflammatory mediator, TNFa. These findings may have important
repercussions in the understanding of the roles of each receptor in inflammation.
This understanding will provide the basis for future studies assessing the functional

pharmacology of PAR,/PAR, in the context of inflammatory diseases.
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