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ABSTRACT

Cyclic adenosine monophsphoate (cAMP) signalling is thought to regulate inositol-1,4,5
trisphosphate (IPs)-mediated calcium (Ca®*) mobilisation in platelets through protein kinase
A (PKA)-mediated phosphorylation, leading to inhibition of inositol-1,4,5 trisphosphate
receptors (IPsRs). A-kinase Anchoring Proteins (AKAPs) are known to be involved in spatial
and temporal regulation of PKA-mediated phosphorylation; however the precise molecular

mechanisms regulating the PKA-mediated inhibition of IP3Rs remain to be fully understood.

To further understand this, the presence and functional importance of a novel
PKA/IP3R/AKAP signalling complex in platelets was studied. Protein complexes identified
using co-immunoprecipitation and analysed using immunoblotting, while Ca®'
measurements were made using spectrofluorometry. We show that platelet stimulation
with thrombin evoked a sharp increase in intracellular Ca®* levels, which was blocked by
IPsR1 antagonist, 2-Aminoethoxydiphenyl borate (2-APB). This suggested Ca?* mobilisation
through IPsRs. Furthermore, activation of cAMP signalling by prostacyclin (PGl;)-treatment
restricted Ca?* mobilisation in response to thrombin treatment, suggesting that an
involvement of cAMP pathway in regulation of IP3sR channel activity. Furthermore, the
presence of all three isoforms of IP3R in platelets was confirmed by immunoblotting. PGl,-
induced phosphorylation of IP3sR1 on Serinel1756 (Ser1756) was blocked by pharmacological
inhibitors of PKA, and mimicked by direct activators of PKA and adenylyl cyclase.
Immunoprecipitates of IPsR1 also showed an associated PKA activity, owing to the co-
immunoprecipitation of PKA with IP3R1. The functional importance of this association was
explored using a cell-permeable peptide PKA-AKAP disruptor peptide; St-Ht31. St-Ht31
inhibited PGl,-induced phosphorylation of IPsR1 and blunted the ability of PGI, to inhibit the
Ca?* mobilisation. This suggests a role of AKAPs in regulation of Ca®* mobilisation. Numerous
AKAPs have been putatively identified in platelets through transcriptomics and proteomics
studies. Here, we show the presence of AKAP9 in platelets. Moreover, using co-
immunoprecipitation, the association of AKAP9 with PKA/IPsR1 was also suggested. These
data suggest the presence of a novel PKA/IPsR1/AKAP9 signalling complex in platelets that

may modulate intracellular ca® mobilisation.
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INTRODUCTION

CHAPTER | - INTRODUCTION

1.1. Introduction

Platelets are anucleate cells present at concentrations of 1.5-4 x 10® cells/mL and have a
lifespan of 7-10 days in circulation. Upon vascular injury platelets become activated and
form a primary haemostatic plug to prevent excessive blood loss, although they also
participate in inflammatory and wound healing responses (George 2000). However in
disease states, platelets undergo inappropriate activation causing pathological thrombosis,
thus obstructing the blood flow through the circulatory system as evident in stroke, angina
or myocardial infarction (Gawaz 2004). This can lead to further complications such as
anoxia, infarction and cell death. Aberrant platelet activation is also linked to diseases such

as diabetes and atherosclerosis (Gawaz 2004; Koyama & Nishizawa 2005).

A balance between thrombogenic and anti-thrombogenic factors is required to enable
normal platelet function. Nitric oxide (NO) and prostaglandin I, (PGl, or prostacyclin),
released from the endothelium, play a crucial role in maintaining the platelets in quiescent
state by inhibiting multiple aspects of platelet function and controlling platelet recruitment
at the site of injury (Schwarz et al. 2001; Rivera et al. 2009). These endothelial-derived
inhibitors regulate platelet function through the activation of cyclic nucleotide signalling
pathways, which are the most potent endogenous mechanism of inhibiting platelet
activation. A key target for cyclic nucleotide signalling and particularly cAMP/PKA pathway is
the control of intracellular calcium (Ca?*) concentrations (Smolenski 2012). The mobilisation
of intracellular Ca** upon platelet activation is facilitated by phospholipase-mediated release
of inositol-1,4,5 trisphosphate (IP3). This lipid messenger then binds to inositol-1,4,5
trisphosphate receptors (IPsRs), which are also substrates for cyclic nucleotide signalling, to

cause the release of Ca®" from intracellular stores (Ferris et al. 1989)

This chapter will review literature forming the basis of current understanding of cAMP/PKA

signalling, with IP3R being the substrate of interest.
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1.2. Platelet Ultrastructure

1.2.1. Platelet organelles

Although lacking a nucleus, platelets possess all the other cell organelles (Figure 1.1).
Platelet mitochondria recognised by internal cristae, are a source of energy during platelet
lifespan. Peroxisomes and lysosomes contain variety of catalases and degradative enzymes
respectively and function in decomposition of pinocytosed/phogacytosied material.
Platelets also possess two types of specialised granules, a-granules and dense granules. a-
granules contain a range of proteins such as von Willebrand factor (vWf), fibrinogen,
thrombomodulin, platelet factor 4 and clotting factors (such as Factor(F) V and FXIlla).
Clotting factors enable the activation and function of the coagulation cascade on release in
response to platelet activation. Dense granules are about five times less abundant than a-
granules and contain low molecular weight compounds such as adenosine tri-phosphate
(ATP), adenosine di-phosphate (ADP), serotonin and Ca®'. Release of dense granule contents

is vital for platelet shape change during platelet activation (Frojmovic & Milton 1982).

1.2.2. Platelet membrane and cytoskeleton

Platelet plasma membrane is made up of asymmetrically distributed phospholipid bilayer,
within which embedded glycoprotein (GP) receptors and other membrane proteins, that are
essential for platelet activation and sub-endothelial adhesion (Shattil et al. 1998). The
external leaflet of resting platelet membrane consists of mainly neutral phospholipids such
as phosphotidylcholine, phosphatidylethanolamine and a small amount of sphingomyelin
and sugar-linked spignolipids. The cytoplasmic leaflet however contains negatively charged
phosphatidylserine and phosphatidylinositol, and neutral phosphotidylcholine and
phosphatidylethanolamine (Daleke 2003; Smith 2009). The platelet cytoskeleton, primarily
composed of microtubules and actin lies beneath the phospholipid bilayer and is
responsible for the discoid shape of unstimulated platelets (Hartwig & Italiano 2003;
Hartwig & lItaliano). Molecular rearrangement of microtubules and actin is required for

morphological changes upon cell activation. The platelet membrane contains a variety of
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platelet agonists and adhesion receptors that mediate platelet response to agonists and

causes adhesion to extracellular ligands respectively.
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Figure 1.1

Dense granules

Microtubules

Golgi apparatus
Glycocalyx
Alpha granules

Figure 1.1 — Equatorial cross-section showing main features of platelet ultrastructure

The equatorial cross-section of a discoid platelet shows the main features of platelet
ultrastructure. The figure shows circumferential coil of microtubules that are
responsible for platelet shape change and platelet granules (a- and dense granules) that
act as stores for various agonists. Golgi apparatus is also seen here, which acts as the
lipid transport system across the cell (George 2000).
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1.3. Platelet Activatory Signalling

A prime function of platelets is to arrest the blood flow and form a haemostatic thrombus at
the site of injury. This process is initiated by a coordinated interplay between platelet
membrane receptors and platelet proteins leading to adhesion of circulating blood platelets
to the site of injury, followed by the formation of a haemostatic plug. This process is greatly
assisted by the shear forces in the vasculature. However, in pathological state, the platelet
plug formation can lead to conditions such as myocardial infarction and arterial thrombosis

(Rivera et al. 2009; Woulfe et al. 2004).

1.3.1 Thrombus formation

Thrombus formation can be divided into three main stages — initiation, extension and
stabilisation as detailed below. However, these stages do not occur consecutively and are to
some degree integrated, with individual platelets undergoing multiple processes

simultaneously (Figure 1.2).

1.3.1.1. Initiation

Vascular injury leads to the exposure of the extracellular matrix proteins such as vWHf,
collagen, fibronectin, thrombospondin-1, and laminin, which trap and activate platelets.
Under high shear conditions such as those in microvasculature and stenoic arteries, vVWf
interacts with the exposed collagen fibres of the sub-endothelium. Here, the vWf undergoes
a conformational change and is immobilised on the collagen fibres (Siedlecki et al. 1996).
This initiates the binding of platelets via its receptor GPlb-IX-V, which comprises of a
complex of subunits GPIba, GPIbB, GPV and GPIX (Modderman et al. 1992). However, this
association is transient due to the high association/dissociation rate between GPlb-IX-V and
vW{. The association between vWf-GPlba causes the platelets to ‘roll’ along the exposed
sub-endothelial matrix (Savage et al. 1996). However, under low shear rates such as those in
larger arteries and veins, vVWf engages with integrin allbB3 to form stable bonds. The

tethered platelets are sufficiently slowed down to enable the engagement by platelet-
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specific immunoglobulin receptor GPVI. Subsequently, these are fully activated by the
binding of collagen to GPVI. Downstream signalling events induced by GPVI then drive a
number of events required for platelet-mediated haemostasis including shape change,
secretion, Ca®" mobilisation, all of which result in platelet activation. As a result, another
collagen receptor, integrin a,B;, undergoes a conformational change and becomes
activated. Activated integrin a,B; is responsible for platelet-ECM contact leading to platelet
adhesion, whereas the activation of platelet integrins a;,B3s mediates platelet-platelet
contact respectively. Consequently, a platelet monolayer is formed at the site of injury

(Rivera et al. 2009; Shattil et al. 1998) (Figure 1.2).

1.3.1.2. Extension

Post the formation of platelet monolayer, more platelets are recruited via the process of
secondary platelet activation. This facilitates platelet plug formation and this requires a
number of platelet-derived secondary agonists. Activated platelets undergo degranulation
to release ADP from dense granules. ADP can cause co-activation of two purinergic
receptors on the platelet surface, P,Y; and P,Y1, (Jin & Kunapuli 1998). While P,Y, is coupled
to Goq and stimulates Phospholipase C-B (PLCB) leading to IP3 production and intracellular
Ca** mobilisation, P,Yq, is coupled to Gg;, and is involved in the inhibition of adenylyl cyclase
(AC), thereby regulating cAMP levels in platelets (Jin et al. 1998; Daniel et al. 1998). Another
key platelet agonist, thrombin is formed as a result of interaction between tissue factor
from the sub-endothelium and the plasma coagulation factors from the coagulation cascade
on the surface of an activated platelet (Heemskerk et al, 2002). Exposure of
phosphotidylserine on the platelet membrane is initiated by the elevation of Ca®* (Sims et al,
1989) and supports the formation of prothrombinase complex (Pei et al, 1993). Binding of
thrombin to G-protein Coupled Receptors (GPCRs) protease-activated receptor-1 (PAR1) and
protease-activated receptor-4 (PAR4) causes platelet shape change and activation (Rivera et
al. 2009; Offermanns et al. 1994). Elevated levels of intracellular Ca** in activated platelets
induce activation of cytosolic phospholipase A,, which initiates the release of arachidonic
acid from phosphatidylcholine, a plasma membrane lipid. Further COX-mediated hydrolysis

of arachidonic acid causes the production of thromboxane A, (TxA,;), another platelet
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agonist which binds to the thromboxane receptor (Irvine 1982; Needleman et al. 1976).
ADP, thrombin and TxA, bind to GPCRs on the platelet surface, activate PLCB and therefore
drive Ca®* mobilisation (Rivera et al. 2009). This then drives further platelet activation
ultimately leading to exposure and activation of integrins such as a;,B3 by ‘inside-out

signalling’ (Shattil et al. 1998; Stalker et al. 2012; Stalker et al. 2014).

1.3.1.3. Stabilisation

Stabilisation phase ensures the stability of thrombus. Activated integrins, especially integrin
abBs mediates platelet-platelet contact by enabling the formation of stable bridges
between the platelets (Shattil et al. 1998; Stalker et al. 2012; Stalker et al. 2014). Integrin
abPB3 can bind to several ligands such as vVWF, fibronectin and thrombospondin-1, however,
opBs-fibrinogen binding functions as a bridge between adjacent activated platelets enabling
paracrine signalling between activated platelets in the developing thrombus (Savage et al.
1992). Integrins bound to their respective ligands can further activate and recruit more
platelets by the process of ‘outside-in signalling’ (Shattil et al. 1998; Stalker et al. 2012;
Stalker et al. 2014). Furthermore, junctional adhesion molecules that support platelet-
platelet and platelet-leukocyte signalling interactions also contribute to the stabilisation of
the thrombus (Brass et al. 2008). Finally, the formation of a fibrin mesh on activation of

coagulation cascade stabilises the thrombus (Rivera et al. 2009; Stalker et al. 2012).



INTRODUCTION
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Figure 1.2 — Stages in thrombus formation.

In the absence of vascular injury, endothelial thromboregulatory mechanisms ensure
that platelets are remain in a quiescent state. The initiation stage involves the capturing
of the platelets by vWf and collagen to form a monolayer. In the extension stage, further
platelet activation is caused by the release of other platelet agonists and more platelets
are recruited to the growing thrombus. The stabilisation phase ensures that close
contacts between platelets and the fibrin meshwork to ensure clot stabilisation. Figure
redrawn from (Lawrence F. Brass, 2006).
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1.3.2 Calcium signalling in platelets

Calcium ions are important second messengers that regulate numerous cell functions such
as muscle contraction, apoptosis, (Parekh & Putney 2005), fertilisation (Saunders et al.
2002), megakaryocyte cytoskeletal rearrangement and cell adhesion (Di Buduo et al. 2014)
and platelet activation (Hathaway & Adelstein 1979; Shattil & Brass 1987). Under resting
conditions, platelets have basal Ca** levels of 50-100nM (Cancela et al. 2002) however
elevation of intracellular Ca** can occur either as a consequence of introduction of
extracellular Ca** through the plasma membrane or the release from compartmentalised

Ca’' stores (such as Dense Tubular System (DTS)).

Activation of GPVI stimulates tyrosine kinase signalling pathway, and involves subsequent
activation of phospholipase C isoforms and hydrolysis of phosphoinositide-4,5-bisphosphate
(PIP,) to IP3 and 1,2-diacyl-glycerol (DAG). (Blake et al, 1994). IP; diffuses through the
cytoplasm to bind IP3R. This causes the receptor activation (see §1.5) and subsequent
release of Ca’* from DTS (Bird et al. 2004). Although there are various organelles that
function as Ca®' stores, the DTS is the largest source of intracellular Ca®*in platelets. For this
reason, IPsRs, the primary Ca?* release channels are also highly concentrated on DTS.
Elevation in intracellular Ca** leads to platelet shape change (Hathaway & Adelstein 1979),
degranulation and aggregation (Shattil & Brass 1987). DAG on the other hand, activates
Non-store operated Ca®* entry channels in the plasma membrane (described in §1.3.2.2).
While the release of intracellular Ca®" is required for platelet activation it must be kept
within defined limits. To achieve this, sarcoplasmic/endoplasmic Ca*-ATPases (SERCAs)
pumps act to move Ca’* back into intracellular stores. SERCAs pump two molecules of ca®
for every ATP molecule hydrolysed, and is counter-transported by hydrogen ions (H") in

exchange of Ca** (Yu et al. 1993).

1.3.2.1 Store Operated ca® entry

Whilst there is a significant understanding of the mechanism of Ca®' release from
intracellular platelet stores, the process of entry of extracellular Ca** remains to be fully

understood. In platelets and other non-excitable cells, IP3-mediated elevation in intracellular
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Ca’* also causes the entry of extracellular ca® by a mechanism known as Store-Operated
Ca’* entry (SOCE) (Putney 2007). Ca** sensor molecule called Stromal Interaction Molecule 1
(STIM1) is known to initiate SOC channel opening in response to elevation of intracellular
Ca’* (Liou et al. 2005; Zhang et al. 2005). Mice bearing mutations in STIM1 displayed
elevated basal Ca** levels and premature platelet activation as a result of perpetually open
SOC channels (Grosse et al. 2007). Furthermore, platelets from STIM1 knock-out mice
displayed severely compromised functional response to stimulatory agonists, and unaltered
B3 activation (Varga-Szabo et al., 2008). In addition to STIM1, calcium-release activated
calcium modulator (CRACM or Orail), is crucial for regulation of SOCE in platelets. Orail
multimerises and interacts with STIM1, whereas the extracellular residues form a part of the
ion-selective pore (Vig et al. 2006). Orail is widely expressed in platelets. Similar to STIM1
knockout in the platelets, knockout of Orail abolishes SOCE and reduces intracellular ca®
elevation evoked by ADP, thrombin and CRP (Braun et al., 2009). However, unlike STIM1,
Orail is not required for maintenance of Ca®* in stores. Additionally, in these mice,
thrombus formation is also compromised under flow (Braun et al. 2009; Authi 2009). These
findings establish STIM1 and Orail to be key players in regulation of SOCE in platelets, with
STIM1 being the sensor that detects mobilisation of Ca®* from intracellular stores and
regulates Orail. Overall, these reports stress the importance of SOCE in maintenance of

platelet function.

Transient Receptor Potential channels (TRPC) are candidate store operated Ca’* (SOC)
channels in platelets. Electrophysiological studies which have shown diminished SOCE on
pharmacological inhibition of TRPC (Carter et al. 2006; Authi., 2007). Over 20 TRP genes
have been reported in mammals. The TRP proteins can be further divided into three main
groups — TRPM, TRPV and TRPC (Clapham et al. 2001). Of these groups, the TRPC proteins
are predominant in platelets, with TRPC1-4 and TRPC6 reported in platelets and
megakaryocytes (Berg et al. 1997; den Dekker et al. 2001; Rosado & Sage 2000). TRPC1 is
localised to lipid rafts in the platelet plasma membrane (Brownlow & Sage 2005), however
conflicting reports suggest it being present in miniscule amounts on platelet internal
membranes (Hassock et al. 2016; Varga-Szabo, Authi, et al. 2008). Although there have been
suggestions of coupling between IP3R and TRPCs, the precise regulation of SOCE remains to

be fully understood (Rosado & Sage 2000).
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Figure 1.3 — Calcium signalling pathways in platelets

ca® signalling lies at the core of platelet activation, therefore understanding these
mechanisms is essential. As shown in the figure, all agonists that activate PLC
contribute to the production of IPs. The subsequent elevation of cytosolic Ca** is a
consequence of release through IPsR. The further triggers the entry of Ca®* from

extracellular stores known as the store operated ca** entry (SOCE). STIM1, is the ca*

sensor molecule that primarily regulates SOCE by regulation of Orail channels.
Furthermore, TRPC6 regulated by DAG is the primary mediator of non-SOCE. Apart from
these, PCMA (Receptor-mediated ca** entry) occurs directly through P2X receptor which
is activated by the binding of ATP. It has been suggested that P2X receptor plays an
important role in amplification of low concentration agonist-mediated responses. Figure
adapted from Authi (2009)
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1.3.2.2. Non-store operated ca* entry

A group of selective cation channels, called the TRPC channels, are responsible for the non-
store operated Ca® entry (non-SOCE) in platelets. Their mechanism of activation is poorly
understood, however some reports suggest TRPC6, found in platelets undergoes activation
in response to DAG, a product of PLC-mediated hydrolysis of PIP, (Berridge et al. 2003b;
Hassock 2002). TRPC6 is also a substrate for PKA, however Ca** response is independent of
the phosphorylation status of the protein (Hassock 2002). These findings suggest TRPC6 to
be the primary mediator of non-SOCE in platelets (Varga-Szabo et al. 2009; Hassock 2002).
However, contrasting reports suggest the involvement of TRPC6 with both non-SOCE and
SOCE (Jardin et al. 2008). The precise mechanisms of non-SOCE remain elusive and require

further research in this area.

1.3.2.3. Receptor Operated ca* entry

In platelets, direct receptor operated Ca?* entry occurs through the P2X receptor
(MacKenzie et al. 1996) which is activated by the binding of ATP. It has been suggested that
P2X receptor plays an important role in amplification of low concentration agonist-mediated
responses. Platelets from P2X transgenic mice display compromised aggregation and
degranulation in response to low dose of collagen, whereas normal responses were
observed at higher agonist concentrations. Furthermore, platelets from P2X knockout mice

display weak thrombus forming capacity (Hechler et al. 2003; Fung et al. 2012).

To summarise, platelet activatory pathways cause an elevation in intracellular Ca®'. This
occurs either by mobilisation of Ca?* from the stores (such as DTS) or initiating the influx of
Ca®* from outside medium. However, the crux of Ca?' signalling pathways lies in the
activation of PLC, leading to the formation of IP; and DAG. Both IP; and DAG contribute to
further signalling pathways as described in §1.3. Ca®" signalling as it lies at the core of
platelet activation, therefore understanding these mechanisms is essential. Additionally, this
would aid a better understanding of platelet inhibitory mechanisms that primarily focus

regulating the levels of intracellular Ca?".

12
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1.4. Platelet regulation by endothelium

The endothelium can limit the thrombus size and growth by a group of responses termed as
endothelial thromboregulation. Control of platelet function by NO, PGI, and CD39 is crucial

in early stages of thromboregulatory mechanisms (Marcus & Safier 1993; Clemetson 1999).

1.4.1. Platelet regulation by NO

NO is produced by intact endothelial cells and biosynthesised by family of enzymes called
nitric oxide synthase (NOS) (Furchgott & Zawadzki 1980). NOS enzymes oxidise L-arginine,
their initial substrate to produce L-citrulline and NO (Radomski et al. 1990). NOS exists in
three differentially expressed isoforms including neuronal NOS (NOS 1), inducible NOS (NOS
II) and endothelial NOS (NOS lllI) (Hanafy et al.,, 2001). Most of the NO produced in the
endothelial cells diffuses into the vascular system, although small amounts of NO are
described in platelets (Mehta et al. 1995). Platelet NOS Il is reported to be Ca**-dependant,
and its activity can potentiate in response to ADP and arachidonic acid (Radomski et al.

1990).

NO can diffuse through the membrane to bind to its intracellular receptor soluble guanylyl
cyclase (sGC) (Bellamy & Garthwaite, 2002) to cause a conformational change, which
increases its catalytic activity. This initiates the hydrolysis of guanosine 5'-triphosphate
(GTP) to cyclic guanosine 5'-monophosphate (cGMP) causing an increase in platelet cGMP
levels (Figure 1.6). cGMP, a second messenger acts via effectors such as phosphodiesterases
(PDE) and ion-gated channels, however Protein Kinase G (PKG) is its main effector (Naseem
& Roberts, 2011). PKG, a member of AGC kinase family, is composed of three functional
domains — the N-terminal domain, a regulatory domain and the catalytic domain. The
regulatory domain comprises of two cGMP-binding sites; occupation of both of which
induces a conformational change and subsequent activation of the enzyme (Hofmann,
2005). There are two isoforms of PKG — PKGI and PKGII, however PKGI is more abundant in
platelets. The PKG isoforms differ in their N-terminal domain, rendering them differential
substrate specificity (Hofmann, 2005). Activated PKG is capable of phosphorylating

serine/threonine residues of several substrates and consequently causing platelet inhibition

13
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(Bult et al. 1988). PKG-deficient mice are shown to exhibit increased prothrombotic
phenotype (Massberg et al.,, 1999). Platelet-specific sGC-knock-out mice also display a
compromised platelet aggregation (Zhang et al. 2011). However, it is important to
appreciate that in platelets, NO-induced cAMP signalling is also being complemented by
PGl,-induced cAMP signalling (as described in §1.4.2), therefore forming the core of the

platelet inhibitory mechanisms.

1.4.2. Platelet regulation by PGI,

PGl is a potent vasodilator and physiological platelet inhibitor, with a half-life of 3 minutes
under physiological conditions (Vane & Botting 1995). In platelets, ca® dependent cytosolic
PLA; hydrolyses the membrane phospholipids at Sn-2 position forming Arachidonic Acid and
lyso-lipids (Irvine 1982). The arachidonic acid can be oxidised by platelet cyclooxygenase 1
(COX1) to prostaglandin G, (PGG,;). PGG; can be further reduced to unstable prostaglandin
endoperoxide H, (PGH;) via the hydroperoxide activity of the same enzyme. PGH, can be
converted to prostaglandin E,, prostaglandin D,, prostaglandin F,,, PGl,, and TxA, by a
variety of synthases. Platelets lack prostacyclin synthase (PGIS), but do contain
thromboxane synthase (TxS) which converts PGH, to TxA, (Needleman et al. 1976).
Endothelial cells are rich in PGIS enzyme, which converts PGH, to PGl, (Figure 1.3), which is
later released in the blood stream (Vane & Botting 1995). PGI; can then bind to its receptor,
which causes activation of AC and activates cAMP signalling pathway as described in

detailed in §1.5.

PGl, is the most potent physiological platelet inhibitor (Weksler et al. 1977; Moncada et al.
1976; Moncada, 1982) and vasodilator (Parente & Perretti 2003). Reduced levels of PGl are
associated with cardiovascular conditions such as myocardial infarction (Stein et al.; Akopov
et al. 1993), stroke and atherosclerosis (Narumiya et al. 1999; Gawaz 2004). PGI, production
is shown to be upregulated in atherosclerotic mice and during platelet aggregation
(FitzGerald et al. 1984). Knocking-out the PGIS gene, that encodes the PGl, receptor, causes
the mice to become hypertensive and susceptible to vascular disorders (Yokoyama et al.
2002). Furthermore, a reduction in PGI, production is also implicated in the pathogenesis of

pulmonary hypertension (Rubin 1995). Similarly, vascular disease patients also display a
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decreased sensitivity to PGI, (Sinzinger et al. 1981; Fitscha et al. 1985). It has been
suggested that the effects are seen as a result of loss of regulatory mechanisms of PGl,

(Yang et al. 2002; Murata et al. 1997).

1.4.2.1. PGl, receptor

The PGI, receptor (Ip) belongs to the prostanoid family of GPCRs and is present on the
plasma membrane of platelets and smooth muscle cells (Narumiya et al. 1999). The Ip
receptor undergoes several post-translational modifications such as phosphorylation (Smyth
et al. 1998; Smyth et al. 1996), glycosylation (Zhang et al. 2001) and isoprenyl modification
(Hayes et al. 1999). While the receptor glycosylation is reported to be associated with ligand
binding and down-stream signalling (Zhang et al. 2001), Protein Kinase C-mediated
phosphorylation at ser328 causes receptor desensitisation (Smyth et al. 1998; Smyth et al.
1996). The C-terminal of the Ip receptor undergoes isoprenyl modification, which enables
coupling to AC (Smyth & FitzGerald 2002) and inhibits Ca®* mobilisation (Hayes et al. 1999),

therefore aiding cAMP accumulation.

The Ip receptor consists of seven transmembrane domains with a short extended N-terminal
and a long C-terminal region, which houses the PGl,-binding pocket. Domains VI and VIl
specifically recognise the side chains of PGl,, whereas transmembrane domains | and Il
recognise the cyclopentane ring of the prostanoids. Apart from PGl,, the Ip receptor also
recognises PGE, and B-adrenergic agents and binds with PGl, analogues such as iloprost and
cicaprost with the same affinity as PGl, (Smyth & FitzGerald 2002; Narumiya et al. 1999).
Platelets from mice deficient in Ip receptor display increased thrombotic potential perhaps
caused by the loss of platelet regulatory machinery (Yang et al. 2002). Patients lacking Ip
receptor also display increased susceptibility to angiogenesis and diminished PGl,-induced
platelet inhibition (Kahn et al. 1996), therefore stressing the importance of Ip receptor and

PGl, as a regulator of platelet activation.
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Figure 1.4
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Figure 1.4 — Cascade showing Arachidonic Acid metabolism along the COX pathway

PLA,-mediated hydrolysis of membrane phospholipids causes the production of
Arachiodnic Acid, which is metabolised by Cycloxygenase -1 (COX1) to produce
Prostaglandin H,. In blood platelets, thromboxane synthase (TxS) converts PGH, to TxA,,
and subsequently to TxB, (the stable isoform of TxA,). PGH, is converted to PGI, in
endothelial cells in the presence of Prostacyclin synthase enzyme.
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1.5. cAMP/PKA signalling pathway

The binding of PGI, to the platelet Ip receptor causes the activation of the stimulatory Ggs
subunit of the receptor. Activated Gy binds to AC which hydrolyses the ATP to form cAMP
(Hurley 1999). Nine differentially expressed isoforms of AC have been described, however
only — AC3, AC6 and AC7 have been reported to be present in platelets, with AC5/6 being
the most abundant in platelets (Rowley et al. 2011; Burkhart et al. 2014). All AC isoforms
share structural homology and are composed of two clusters of six transmembrane domains
each (TM; and TM,) and cytoplasmic domains (C; and C,) each (Krupinski et al. 1989;
Hanoune & Defer 2001). The transmembrane domains are restricting AC to membranes,
whereas the interaction between C; and C, forms the catalytic core (Figure 1.5) (Artymiuk et

al. 1997; Hurley 1999).

ACs have three nucleotide binding sites and Mg®* binding site; occupation of all the binding
sites causes the hydrolysis of ATP to cAMP. The precise mechanism of conversion of ATP to
cAMP remains to be fully understood, however the interaction of Lys-923 and Asp-1000
with the purine ring of the ATP molecule renders AC specificity to ATP (Liu et al. 1997)
(Figure 1.5). cAMP subsequently binds to the cAMP-binding regions of PKA and activates it
causing consequent transfer of gamma-phosphate, which causes the phosphorylation of
numerous substrates in platelets (Figure 1.5). cAMP-mediaited substrate phosphorylation is

thought to be the mechanism by which platelet function is regulated.

Forskolin, a plant-derived compound is also an activator of GPCR-coupled ACs. Forskolin
causes several hydrophobic and hydrogen bonding interactions between the C; and G,
domains of the catalytic core, thereby activating AC (Artymiuk et al. 1997; Hurley 1999). The
Forskolin-binding residues are conserved across all the AC isoforms except AC9, which

renders it insensitive to Forskolin (Hurley 1999).
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Figure 1.5
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Figure 1.5 — General structure of adenylyl cyclase

The illustration shows the general structure of adenylyl cyclase, composed of two
clusters (TM; and TM,) of 6 transmembrane domains each (shown in blue) and two
cytoplasmic domains (C; and C;). The cytoplasmic domains form the catalytic core,
where the ATP binds to Cla (shown in red) and C2b (shown in orange), before being
converted to cAMP. lllustration adapted from (Willoughby & Cooper 2007).
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1.5.1 Termination of cyclic nucleotide signalling by phosphodiesterase (PDEs)

PDEs are a family of enzymes that regulate cAMP signalling by hydrolysing the 5’
phosphodiester bonds on cyclic nucleotides converting them to inactive 5'-nucleotide
metabolites (Omori and Kotera, 2007). There are 11 types of PDEs reported (Bender &
Beavo 2006), but platelets are known to express only PDE2, PDE3 and PDE5 (Haslam et al.
1999; Omori & Kotera 2007). The enzymatic activity and subcellular localisation of PDEs is
regulated by the N-terminal domain, whereas the C-terminal domains render specificity

towards cyclic nucleotides (Omori & Kotera 2007).

Platelets express cGMP-stimulated PDE2, which can hydrolyse both cAMP and cGMP with
equal affinity. PDE3A is inhibited by cGMP and has a 10-fold higher preference towards
hydrolysis of cAMP over cGMP. PDES5 activity is exclusive to cGMP (Figure 1.6) (Haslam et al.
1999). The precise contribution of each PDE isoform in regulating platelet function remains
unclear. However PDE3A, the most abundant of the three PDE isoforms found in platelets
(Shakur et al. 2001), has been suggested to be a major player in platelet regulation (Manns
et al. 2002). Studies in platelets first suggested that cGMP acts as a competitive inhibitor of
PDE3, thereby increasing the levels of cAMP and mediating platelet inhibition (Maurice &
Haslam 1990). This could perhaps be an evolutionary mechanism to control the levels of
cGMP so as to allow for cAMP binding to PDE3 (Maurice & Haslam 1990). Inhibiting PDE3
using pharmacological inhibitors has been shown to inhibit platelet aggregation and Ca®'
mobilisation (Manns et al. 2002). Furthermore, inhibition of PDE3A is also associated with

increased PKA activity and Vasodilator-stimulated phosphoprotein (VASP) phosphorylation
at ser157 (Manns et al. 2002).

Although PDE3 is the primary regulator of PKA signalling pathway, cross-talk between cGMP
and cAMP is not uncommon. For example, PDE2 is activated in response to high levels of
cGMP, and hydrolyses cAMP (Dickinson et al. 1997; Dunkern & Hatzelmann 2005). However,
PDE2 inhibitors alone have a little effect on platelet function (Manns et al. 2002). Contrarily,
treatment with PDE3 inhibitors effectively compromise platelet aggregation (Shakur et al.
2001). PDES5 activation is thought to potentiate the effects of NO therefore blunting platelet

aggregation and secretion response (lto et al. 1996; Dunkern & Hatzelmann 2005).
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Figure 1.6 — Cyclic nucleotide signalling pathway

A schematic showing the pathways showing cGMP and cAMP pathways. Figure adapted
from (Schwarz et al. 2001).
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1.5.2. Protein Kinase A

In the absence of cAMP, PKA is a heterotetramer composed of a dimer of regulatory
subunits (R-subunits) held together by two catalytic subunits (c-subunits). Four molecules of
cAMP bind cooperatively at the cAMP-binding sites on the regulatory subunits, which
unleashes the active catalytic subunits which phosphorylate the ser and thr residues of
substrates (Figure 1.7) (Skalhegg & Tasken 2000). There are two isoforms of the R-subunits,
RI and RIl, which give rise to two types of PKA termed PKA-I and PKA-II depending on which
R-subunits are present (Corbin et al. 1975; Potter et al. 1979). PKA-I is more sensitive to
cAMP and mostly cytosolic whereas PKA-Il is associated with membrane/organelles and is
less sensitive to cAMP (Skalhegg & Tasken 2000). Furthermore, multiple differentially
expressed isoforms of PKA subunits have been identified - Rla, RIB, Rlla, RIIB, Ca, CB and Cy.
These subunits can form homo- or heterodimers, therefore giving rise to different isoforms
of PKA. However, the platelets are most abundant in RIB and RIIB (Rowley et al. 2011; Beck
et al. 2012). The extent to which different PKA isoforms contribute to platelet regulation is

still unknown.

Although there are various isoforms of the R-subunits, they share the same general
structure. The C-terminal region of R-subunits has a dimerization domain responsible for
enabling interaction with the c-subunits, whereas the N-terminal houses the
docking/dimerization (D/D’) domain, a PKA inhibitor site and two cAMP binding sites (CBD)
called site A and B respectively (Heller et al. 2004). Each CBD has a phosphate binding
cassette, where the ribose phosphate of cAMP molecule anchors (Taylor et al. 2008). The
D/D’ domain is connected to the CBD-A via a linker sequence containing putative
autophosphorylation site in Rll-subunit (Martin et al. 2007) and a pseudo-phosphorylation
site for Rl-subunit (Kim et al. 2007). The D/D’ domain and cAMP binding regions are
conserved across isoforms (Canaves & Taylor 2002) but the linker sequence is highly

variable (Figure 1.7) (Vigil et al. 2006).

PKA c-subunit structure comprises of N-terminal lobe, a short linker sequence and a large
helical C-terminal lobe. The N-terminal of catalytic subunit is involved in Mg-ATP binding,
whereas the C-terminal brings about the catalytic reaction and houses the substrate binding

sequence. The C-terminal tail forms a part of the active site and is highly conserved,
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whereas the N-terminal tail is responsible for membrane interactions and is therefore
controls the localisation of PKA. The N-terminal and C-terminal tails are also responsible for
orientating the catalytic core in the optimal position for catalysis (Figure 1.7) (Taylor et al.
2008). In the unactivated form of PKA, only CBD-B is exposed, binding of cAMP to which
then causes a conformational change that exposes CBD-A. Binding of cAMP to this site
causes a conformational change exposing the site A, where the cAMP binds in a positively
cooperative manner and causes PKA activation (Kim et al. 2007; Potter et al. 1979; Skalhegg
& Tasken 2000). On PKA activation, the c-subunits can become activated and phosphorylate
the substrates containing the consensus motif (Arg-Arg-X-Ser/Thr, Arg-Lys-X-Ser/Thr, Lys-
Arg-X-Ser/Thr or Lys-Lys-X-Ser/Thr) (Taylor et al. 2008). There is an incomplete
understanding of the re-association of the R-subunits and c-subunits post PKA activation,
however certain reports suggest dephosphorylation of Rll can cause regeneration of PKA

holoenzyme (Oliveria et al. 2007).

Several pharmacological compounds are available that exploit the structural hallmarks of
PKA and compromise its ability to function. Compounds KT5720, synthesised from fungus
Nocardiopsis sp and H89, isoquinoline derivative acts as a competitive antagonists for the
ATP-binding site on the PKA catalytic subunit (Kase et al. 1987; Chijiwa et al. 1990). Blockage
of the ATP-binding site on the catalytic subunit prevents it from phosphorylating the
relevant ser/thr residues, therefore inhibiting its function. PKA can also be inhibited by using
compounds such as Rp-adenosine-3’,5-cyclic monophosphorothioate (Rp-cAMPS) that
compete for the cAMP-binding site on the regulatory subunit of PKA, therefore preventing
enzyme activation (de Wit et al. 1984). These pharmacological compounds can be essential

tools to dissect and study PKA signalling pathway.
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Figure 1.7
a
S197 $338
C subunit o-_m"me__-t—‘
! 129 E261 . R366
D/D Domain A Domain B
R subunit — B ——
1 45 9 123 PBC-A 259 PBC-B 379
b
c

Inactive PKA Active PKA

Figure 1.7 — Overview of structure of Protein Kinase A holoenzyme

The illustration shows the structure of PKA holoenzyme, whereby the catalytic subunit
(shown in pale dirty green) is bound to regulatory subunit (shown in teal). The
domains are shown in and the inhibitor sequence is shown in dark red. The
structure of regulatory and catalytic subunits in (a) and the structure of the holoenzyme
is shown in (b). Figure adapted from (Kim et al. 2007). (c) Cartoon showing the PKA
holoenzyme in its inactive and active state. Binding of cAMP molecules shown in blue to

(shown in ) unleashes catalytic subunits (shown in green), which
can phosphorylate the PKA substrates. Figure adapted from (Murray 2008).
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1.5.2.1. Protein Kinase A substrates in platelets

Phosphorylation is a key regulatory mechanism in cells. Enhanced phosphorylation seen in
genetic conditions (Cohen 2001) and cancers (Radivojac et al. 2008) highlights the
importance of reversible phosphorylation in cells. In other cell types, the downstream
effects of CAMP are mediated by exchange proteins activated by cAMP (Epac)(de Rooij et al.
1998), cyclic nucleotide-gated ion channels (Nakamura & Gold 1987) and PKA (Hayes &
Mayer 1981). In contrast, platelet cAMP signalling is thought to be exclusively mediated
through PKA, due to the miniscule levels of cAMP activated Epac and the absence of cyclic
nucleotide gated ions channels (Schmidt, et al, 2013; Schwarz et al. 2001). To date it is
thought that PKA-mediated substrate phosphorylation functions as an inhibitory mechanism
in platelets. Phosphorylation of PKA substrates (as listed in Table 1.1) inhibits platelet
activation by compromising Ca®" elevation or cytoskeletal rearrangement and granule

secretion (Schwarz et al. 2001).

As described in §1.3, integrin allbB3 plays a vital role in platelet activation. In the process,
several cytoskeletal proteins participate in signalling pathways leading to actin
polymerisation and cytoskeletal rearrangement. For example, VASP a well-established
membrane-bound PKA substrate, is involved with regulation of actin polymerisation in cells
(Harbeck et al. 2000). PKA-phosphorylation of VASP at ser157 suppresses VASP binding to F-
actin and actin polymerisation. Furthermore, VASP phosphorylation at ser157 correlates
with down-regulation of fibrinogen receptor (allbf3) (Horstrup et al. 1994). Furthermore,
platelets from VASP knockout mice show impaired aggregation response (Aszddi et al.

1999), suggesting the importance of VASP in platelet regulation.

In addition to VASP, there are other PKA substrate proteins involved in regulation of platelet
cytoskeletal rearrangement. One such protein is Caldesmon, which binds actin and aids its
translocation (Hettasch & Sellers 1991; Hemric et al. 1994). PKA-mediated phosphorylation
of Caldesmon helps stabilise platelet cytoskeleton and control platelet activation (Hettasch
& Sellers 1991). Another cytoskeletal protein, Actin-binding protein (ABP) is involved in
stabilisation of actin filaments during platelet activation. It is also a reported PKA substrate
(Chen & Strachers 1989). PKA-mediated phosphorylation of ABP is reported to stabilise the

protein and protect from further ADP-induced fibrinogen binding (Chen & Stracher 1989;
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Bennett et al. 1999). In addition to these, other platelet cytoskeletal proteins such as
Myosin light chain kinase (MLCK) (Nishikawa et al. 1984) and RhoA (Aburima et al. 2013) are
also substrate for PKA (Table 1.1). PGE;-mediated activation of cAMP-signalling pathway
caused a time and concentration-dependant phosphorylation of RhoA at ser188 (Aburima et
al. 2013). The importance of RhoA as a physiological substrate is highlighted by reports
suggesting altered shape change, diminished response to G,q agonists and compromised
clot retraction response in megakaryocyte-specific RhoA knockout mice (Pleines et al. 2012).
Similarly, knocking out MLCK gene results in impaired cytoskeletal reorganisation in

response to fibrinogen-binding (Tournoij et al. 2010).

In addition to cytoskeletal proteins, an intracellular Ca®* channel protein, IPsR is also
reported to be a substrate for PKA (Ferris et al. 1991). On agonist-stimulated platelet
activation, IP3 is generated, which binds to IP3R and activates it. This causes the channel to
open leading to elevation in intracellular Ca**. However, PKA-mediated phosphorylation is
reported to interfere with this, therefore supporting platelet inhibitory pathways (Cavallini
et al. 1996). PKA-mediated phosphorylation is the focus of the work described here and is

discussed in more detail in Section §1.6, Chapter V.
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Table 1.1
M.W.
Protein (kDa) Proposed role of substrate phosphorylation Reference
(Chen &
ABP 240 | Stabilisation of platelet cytoskeleton Strachers
1989)
e (Hettasch &
Caldesmon 82 Stabilisation of platelet cytoskeleton Sellers 1991)
- . . (Manganello
Gag3 44 Inhibits TxA, induced aggregation et al. 1999)
GP1bp 24 Inhibition of collagen-induced actin polymerisation | (Fox & Berndt
and platelet-vWf binding 1989)
. o (Butt et al.
Hsp27 27 Reduced actin polymerisation 2001)
IPsR 313 | Inhibition of [Ca*']; release via IP3R SRl
} ' 3 al. 1996)
(Nishikawa et
MLCK 105 | Unknown al. 1984)
. (Macphee et
PDE3A 110 | Degradation of cAMP al. 1988)
(Altschuler &
Lapetina
Raplb 22 Unknown 1993;
Lapetina et al.
1989)
. . . (Aburima et
Rho A 22 Regulation of actin dynamics al. 2013)
. . . o (Reid &
TP 50 Inhibition of TxA, associated G protein activation Kinsella 2003)
H
VASP 46/50 | Regulation of actin dynamics (AT

al. 1994)

Table 1.1 — Summary of PKA substrates in platelets

The table lists the PKA substrates identified till date, with the proposed

role of

phosphorylation. The substrate(s) are group based on the proposed mechanism of platelet

inhibition. The substrate(s) highlighted in

inhibit platelets by

, those highlighted in grey regulate cytoskeletal rearrangement. The substrates

shown in

limit the activity of

al. 2001; Smolenski 2012).

. Table adapted from (Schwarz et
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1.6. Inositol 1,4,5 tris-phosphate receptor (IP3R)

While a number of PKA substrates have been identified in platelets, their precise role in
platelet function is unclear. IP3R1 is reported to be a substrate for PKA (Ferris et al. 1991).
Since cAMP signalling is a potent regulator of intracellular Ca®* concentrations (Ferris et al.
1989; Ferris et al. 1991), it is important to understand how this occurs. The IP3 system
(described in §1.3.2.) is critical to Ca®* mobilisation and therefore understanding its

regulation by cAMP signalling is important to how platelet function is modulated.

IPsR was first purified from brain tissue. Its reconstitution in lipid vesicles led to its
characterisation as an IPs-binding Ca®* release channel (Patterson et al. 2004). In mammals,
three types of IPsRs — IPsR1, IPsR2 and IPsR3 encoded by ITPR1, ITPR2 and ITPR3 genes
respectively have been reported (Nakagawa et al. 1991). All the three subtypes are
structurally homologous. Despite this, the receptors are differentially expressed, with IPsR1
being the most highly expressed of the three isoforms in platelets (EI-Daher et al., 2000) and
the focus of this work. The three subtypes of IPsRs have subtle functional differences, and
exhibit differential levels of PKA-mediated phosphorylation (Wojcikiewicz & Luo, 1998).
Transfection studies reveal that IPsRs also differ in their affinity towards the ligand, IPs. It
has been shown that IPsR2 and IP3R3 having the highest and lowest affinity respectively
towards IPs, irrespective of this IPs-binding to the receptor causes the channel to open and

cause release of intracellular Ca®* (Newton et al. 1994).

Apart from these three IPsR subtypes, ITPR1 undergoes alternative splicing therefore
generating IP3R1 S+ and SlI- splice variants (Figure 1.8). Sli+ is the longer isoform and is
predominantly found in brain, whereas SlI- variant is localised in neuronal tissues (Danoff et
al. 1991). No difference in the Ca* or IPs-regulation between the splice variants is observed
(Tu et al. 2002; Boehning et al. 2001), although these undergo differential PKA-mediated
phosphorylation (Danoff et al. 1991). Genetic ablation studies suggest functional
redundancy between IP3R isoforms. Deletion of IPsR1 can be embryonic lethal in mice but
IPsR2 and IP3R3 knockout mice are viable (Patterson et al., 2004). However, B-lymphocytes
deficient in IPsR1 and IP3sR2 were able to generate ca® signals suggesting that these were
functioning only on IP3R3. Conversely, Ca®" signals remained unaltered in B-lymphocytes

lacking only IP3R3 (Sugawara et al. 1997). The physiological significance of the presence of
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multiple subtypes and splice variants of IP3R can be explained by the findings that suggest
differential expression of these receptors at different time points during cellular
development in mammals (Vermassen et al. 2004; Foskett et al. 2007), however the precise

receptor expression patterns during platelet development remain to be studied.

1.6.1 Structure of IP;R

Functional IP3Rs are formed of four subunits; with each subunit comprising 2700 residues
(Taylor et al. 1999; Foskett et al. 2007). The primary structure of the IP3Rs comprise of N-
terminal ligand binding domains, C-terminal channel domain and the modulatory domain.
The C-terminal channel region houses six membrane-spanning helices with the C-terminal
projecting towards the cytoplasm (Jiang et al. 2002; Nakade et al. 1991). The receptor
selectivity filter is comprised of Gly-Val-Gly-Asp residues of which Asp2550 is vital for ca®
selectivity (Boehning et al. 2001). First 788 amino acids of the N-terminal bind to IP3,
although mutational analysis shows multiple ligand-binding sites on the N-terminal region.
The charged IP; molecule interacts with positively charged amino acids; this makes the
tertiary structure of the receptor to be crucial in defining the ligand-binding pocket
(Yoshikawa et al. 1996; Yoshikawa et al. 1999). The N-terminal of the channel directly binds
to the C-terminus of the adjacent subunit of the tetramer (Boehning & Joseph 2000).
However, its functional consequence remains to be understood. The modulatory domain of
the receptor lies between N- and C-terminal regions and is the least conserved of the
regions across IPsR subtypes (Patterson et al., 2004). The channel pore is relatively
separated from the N-terminal, which means that IP3-binding induces a significant
conformational alteration to stimulate Ca?* channel activity (Figure 1.8) (Mignery & Siidhof

1990).
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1.6.2. Regulation of IPsR

IP3 is the primary ligand for IP3Rs and its binding to the receptor causes a conformational
change that opens the channel pore and enables mobilisation of intracellular Ca’". However,
it is unclear if the occupation of all four IP3-binding sites is essential for IP3R activation
(Taylor & Tovey 2010). Cooperative binding of IP; and lag in receptor activation post-binding
of the first IP3 molecule is perhaps an evolutionary mechanism to protect against
spontaneous receptor activity (Marchant & Taylor 1997; Dufour et al. 1997). However,
mutational analysis reveals that occupancy of fewer than four IP3-binding sites is required

for receptor activation (Boehning & Joseph 2000; Marchant & Taylor 1997).

In addition to IP3, several small molecules can also regulate the channel activity. Cytosolic
ca® regulates IP3R activity (Suematsu et al. 1984; Jean & Klee 1986) in a biphasic manner.
Lower concentrations of Ca** potentiate the effects of IP3, whereas at higher concentrations
of cytosolic Ca** are inhibitory to IP3-mediated Ca?* mobilisation (Hirata et al. 1984; lino
1990). In the presence of IP3, the Ca**-binding site is activatory, however it switches to being
inhibitory in the absence of IP; (Mak et al. 2003). Platelet-specific studies relating to this
have yet to be performed, however it is speculated that this co-regulation of IPsR by Ca®'
and IP3; prevents spontaneous receptor activity (Marchant & Taylor 1997). Calmodulin, a
ubiquitously expressed accessory protein, is a prime candidate for the Ca**-sensor protein
that regulates all three isoforms of IP3R in mammalian cells. It is speculated that one lobe of
the bi-lobular protein binds to Ca®* and interacts with the Ca®*-sensitive suppressor domain
on the receptor (Kang et al. 2011; Taylor & Laude, 2002). However, mutational studies
preventing Ca’*-calmodulin binding have failed to show significant effect on IP3R function,
indicating that the precise mechanism of IP3R regulation by calmodulin remains to be

understood (Zhang & Joseph 2001).

IP3R in the mammalian cells also has two binding sites for ATP, and is regulated in a biphasic
manner in response to ATP-binding (Maeda et al. 1991; Furuichi et al. 1989). The
stimulatory effects of ATP are a consequence of it binding to adenine nucleotide-binding

regions, whereas the inhibitory effects occur at higher ATP concentrations. Due to charged
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Figure 1.8
a
b
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Figure 1.8 — Overview of structure of IP;R

(@) [lustration shows the tetrameric structure of IPsR, modelled from cryo-
electronmicroscopy data and biochemical data. The N- and C- terminals are annotated
on the model and are shown in . (b) The biochemical structure
of IP3R, with the regulatory and channel domain labelled on the illustration. The

and Ca’"-binding regions on the IPsR are shown in and red respectively.
Calmodulin-binding region is shown in lilac. The Sll+ splice variant contains the Sll region
shown on the illustration, however this region is missing in Sll- splice variant of I1P3R1.
Illustration adapted from (Patterson et al. 2004)
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nature of ATP, it competes for the IP3-binding site of IP3R, therefore inhibiting the receptor
(Willcocks et al. 1987; Nunn & Taylor 1990).

1.6.2.1 Phosphorylation of the IPsR by PKA

IPsR is a substrate for PKA (Ferris et al. 1991; El-daher et al. 2000), Protein Kinase G
(Komalavilas and Lincoln, 1994) and tyrosine kinases (Harnick et al., 1995) in multiple cells
types. However the current work is primarily focused on PKA-mediated phosphorylation of

IPsR1.

PKA phosphorylates two serine sites (Ser1589 and Ser1756), on the receptor (Ferris et al.,
1991), both of which are located in the regulatory domain. Alternative splicing of the
sequence between these two phosphorylation sites results in two splice variants of IP3R1,
which are termed SlI(+) and Sli(-) (Danoff et al.,, 1991). In many cells, PKA-mediated
phosphorylation activates the receptor by altering its sensitivity to IPs;. Both ser1589 and
serl756 are important for the activation of SlI(-) variant whereas Slli(+) variant is sensitised

to PKA on phosphorylation of ser1756 (Wagner et al., 2003).

There are contrasting reports in literature about the functional consequence of PKA-
mediated phosphorylation, depending upon if the IP3R was from intact cells or was purified
from cells. For example, PKA-mediated phosphorylation of IP3R is reported to potentiate
Ca®* mobilisation in intact liver cells (Hajnéczky et al. 1993), whereas PKA-mediated
phosphorylation of IP3R1 is reported to be inhibitory in purified hepatocytes (Volpe et al.
1990) and purified brain cells (Supattapone et al. 1988). Contrastingly in platelets, Quintion
et al suggest PKA-mediated phosphorylation to be activatory in IP3R1 from purified platelet
membranes (Quinton & Dean 1992) whereas Cavallini et al have shown it to be inhibitory in
intact platelets (Cavallini et al. 1996). The precise reasons for such discrepancies remain
unknown yet. PKA-mediated IPsR phosphorylation is however is reported to decrease the
receptor affinity to IP3 and inhibit calcium mobilisation in platelets (Cavallini et al. 1996;
Quinton & Dean 1992). The precise understandings of the mechanisms that drive cAMP-

mediated phosphorylation are yet unclear, however links between Ca?* responses during
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megakaryocytopoiesis and PKA pathway have been highlighted, therefore suggesting the

importance of cross talk between Ca®*and PKA signalling pathway.

The inhibitory effects of PGI, towards Ca?* mobilisation have been shown to develop during
later stages of megakaryocytopoiesis. This is also accompanied by increase in the expression
of PKA-c subunit (den Dekker et al, 2002a). lloprost has been shown to induce Ca’' elevation
in megakaryocytes. Furthermore, Forskolin has been shown to cause a similar response

independent of IPsR and PKA by inducing Rap1 activation (den Dekker et al, 2002b).
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1.7. Compartmentalisation of cAMP signalling

cAMP signalling is localised to specific cellular compartments by a group of functionally
linked proteins called the A-kinase anchoring proteins (AKAPs). AKAPs provide spatial and
temporal regulation of cAMP signalling by localising PKA isoforms to specific signalling sub-
domains. Since the first identification of AKAPs, over 50 different isoforms have been
identified (Taskén & Aandahl 2004). Although AKAP isoforms are not identical in structure,
certain structural features are conserved across the family. The highly conserved 14-18
amino acid amphiphatic helix binds to PKA R-subunit (Figure 1.9) and localises it in the
proximity of PKA substrate. The helical alignment is crucial for PKA-binding and is formed as
a result of orientation of all the charged residues along one face of the helix and the
hydrophobic residues towards the other (Carr et al. 1991). The amphiphatic helix of AKAP
binds residues 1-23 of the N-terminal of the D/D’ domain of Rll-subunit and residues 12-61
of Rl-subunit (Pidoux & Tasken 2010). The precise mechanism that determines the affinity of
the AKAPs to the type of PKA R-subunit remains to be understood. However,
phosphorylation of PKA Rlla-subunit at Ser99 is reported to increase the affinity of PKA to
AKAPs (Margarucci et al. 2011). This is in agreement with other studies that suggest that
increased anchoring of PKA-RII subunit to AKAP9 (Aye et al, 2009) could result in increased

phosphorylation of its targets.

Nevertheless, dual-specific AKAPs that have equal affinity for both Rl subunit dimerisation
domain and the D/D’ domain are also reported (Banky et al. 1998). Another feature
conserved across AKAP family of proteins is the presence of the tethering domain, which
exploits lipid-protein interactions to localise the AKAP at specified sub-cellular domains
(Carnegie & Scott 2003). For example, AKAP 15/18 undergoes myristoylation and
palmitoylation in the tethering domain such that it is localised in the proximity of L-type ca®
channel (Fraser et al. 1998). Tethering domains allow targeting of several AKAPs to one
subcellular region. For example, DAKAP1, DAKAP2, PAP7 and Rab32 are tethered to PKA in
mitochondria (Taskén & Aandahl 2004). This suggests that there may perhaps be yet

unknown mechanisms targeting the localisation of AKAPs to specific subcellular domains.
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Figure 1.9
a
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Figure 1.9 — Overview of AKAP binding to PKA regulatory subunit

(a) lllustration shows the RII structure of RIl. The AKAP binds to the D/D’ domain shown
in blue, and the RIl autophosphorylation site is shown in orange. Structure redrawn from
(Colledge et al. 1999). (b) Illustration shows the ribbon structure of PKA regulatory
subunit, with the C-terminal dimerization domain shown in dark red. The upper two
helices shown in blue maintain contact with the AKAP amphiphatic helix shown in teal.
Adapted from (Pidoux & Tasken 2010).
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In addition to mutational analysis and transfection studies, the AKAP-PKA disruptor peptides
have been used to gain a better understanding of the functional importance of AKAPs.
These AKAP-PKA disruptor peptides mimic the amphiphatic helix of the AKAPs and compete
for the PKA-binding site. Ht31 was the first disruptor peptide identified. Computer-aided
analysis shows the presence of an 18 amino acid long Ht31-amphiphatic helix, which aids its
interaction with PKA R-subunits (Carr et al. 1991; Carr et al. 1992). Ht31 disrupts the
anchoring of AKAPs to both PKA RI-subunit and RIl-subunit (Herberg et al. 2000). Specific
AKAP-RI subunit and AKAP-RII subunit interactions can be delineated by peptides such as R-I
Anchoring Disruptor (RIAD) peptide (Carlson et al. 2006) and SuperAKAP (Gold et al. 2006).

AKAPs provide spatial regulation of signalling pathways by integrating with various multi-
protein signalling complexes. Multiple AKAPs have been reported in platelets with each
AKAP potentially responsible for regulating a particular signalling node (Rowley et al. 2011;
Beck et al. 2012). Moesin, an AKAP identified in platelets is shown to target PKA-I to lipid
rafts, where it can phosphorylate GPIbB. PKA-mediated phosphorylation of GPIbp is thought
to interfere with thrombus formation and restrict binding of vWf to the receptor (Raslan et
al. 2015a). Of the 15 AKAPs that are known to be present in platelets, the functional role of
all has not yet been verified. For this reason, we rely on the studies performed in other cell
types to educate us on the potential role of AKAPs in platelets. For example, membrane-
associated AKAP79 associates with glutamate receptors and facilitates PKA-mediated
phosphorylation of Ser845 which regulates synaptic plasticity in brain cells (Taskén &
Aandahl 2004). Transfection studies in HEK239 cells suggest that cytoskeletal associated
AKAP-KL interacts with actin cytoskeleton and regulates cell polarity and transepithelial
signalling processes (Dong et al. 1998). Mutations in DAKAP2 and AKAP-Lbc are reported to
increase the susceptibility to breast cancer (Wirtenberger et al. 2007). This suggests that
AKAPs have a wide range of regulatory roles, and genetic mutations in AKAP genes are

associated with disease conditions.
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1.7.1. AKAP9

AKAP9, encoded by the AKAP9 gene located on 7921 exists as multiple splice variants.
AKAP9 splice variants exhibit cell- and tissue-specific patterns. AKAP9 is reported to be
primarily present in brain, liver and cardiac cells (Pidoux & Tasken 2010). Proteomics studies
have shown AKAP9 to be present in platelets (Margarucci et al. 2011). The smallest splice
variant of AKAP9 known as Yotiao was first identified to be associated with NMDA receptor
(Lin et al. 1998). Two other AKAP9 splice variants - AKAP350 (Schmidt et al., 1999) and
AKAP450 (Witczak et al., 1999) have also been identified. Yotiao is reported to be localised
to the plasma membrane whereas the other two isoforms are localised in centrosome and
golgi apparatus (Westphal et al. 1999; Schmidt et al. 1999; Lin et al. 1998; Witczak 1999).
Yotiao has an open reading frame of 5.1kb, which encodes a leucine-rich 1642 amino acid
protein, with GC-rich N-terminus. The C-terminus of the protein houses an in-frame stop
codon, followed by untranslated 3’ region and a poly-A tail (Lin et al. 1998). Not much is
known about the structures of various splice variants of AKAPs, however about 50% of the
coding sequences of Yotiao are found in AKAP350 (Schmidt et al. 1999). Irrespective of this,

AKAP9 (and its splice variants) are shown to form multi-protein complexes.

AKAP350 is reported to associate with centrosomes and is suggested to regulate cell cycle
(Schmidt et al. 1999), whereas Yotiao forms a scaffold protein that is of NMDA-PP1-PKA
signalling complex. NMDA receptor is a substrate for PKA (Murphy et al. 2014; Skeberdis et
al. 2006). Yotiao is shown to simultaneously interact with the C-terminal tail of NR1 subunit
of NMDA receptor (Lin et al. 1998), and PKA Rll-subunits along with type 1 phosphatase PP1.
Data from electrophysiological experiments suggests that PP1, when active binds to Yotaio,
which in turn limits the NMDA activity until activated PKA phosphorylates NMDA and
enhances channel modulation (Westphal et al. 1999). In cardiac cells, Yotaio directs PKA,
PDE and PDE4 towards the a-subunit of KCNQ1, a potassium channel. Here, Yotiao
coordinates PKA-mediated phosphorylation of KCNQ1l at Ser27 and PPl-mediated
dephosphorylation of this site, which in turn regulates cardiac repolarisation (Kurokawa et
al. 2004). Mutations in Yotiao or KCNQ which disrupt the complex formation are associated
with long Q-T syndrome, a type of inheritable arrhythmias (Chen & Kass 2006). Yotaio is also
concentrated in the brain cells and is known to regulate brain activity by directly complexing

with the N-terminus of AC2. Yotiao is also known associate with AC1,3 and 9, of which AC2
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and 3 are inhibited by Yotaio (Piggott et al. 2008). Critically in the context of this work,
Yotiao has also been reported to coordinate the association between PP1, PKA and IP3R1 in
brain. Moreover, the interaction between [P3sR1 and AKAP9 is mediated via
Leucine/Isoleucine zipper motifs, whereas PP1 interacts with the C-terminal of the IP3R1 (Tu
et al. 2004). Alternatively, the association of AKAP450 with IP3R1 and PKA Rl has also been
reported in golgi apparatus of cerebellar granule cells (Collado-Hilly & Coquil 2009). These

data reiterate the role of AKAPs in spatial regulation of cell signalling.
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1.8. Aims and Objectives

1.8.1 Hypothesis

Circulating platelets scan the vascular endothelium for damage and adhere to sites of injury
where the extracellular matrix proteins, collagen and vWF, has become exposed. Endothelial
cells release PGI; into the blood stream to counterbalance unwanted platelet activation.
PGI, stimulates cAMP-dependent signalling cascade and activates PKA. Downstream of this,
PKA can phosphorylate number of platelet proteins that are important to platelet function
(Table 1.1). PKA-mediated phosphorylation of these and other proteins is thought to be the

basis of inhibition of platelets in response to cAMP elevating agents.

A key target for cyclic nucleotide signalling and particularly cAMP/PKA pathway is the
control of intracellular Ca®* concentrations. The mobilisation of intracellular Ca®* upon
platelet activation is mediated by phospholipase-mediated release of IP3, which in turn
binds to IP3Rs, which are also substrates for PKA (Ferris et al. 1991; Haug et al. 1999). PKA-
induced phosphorylation of IPsR1 has been reported to inhibit Ca®* mobilisation and
therefore cause platelet inhibition (Cavallini et al. 1996). Although widely reported, a full
characterisation of PKA-mediated IPsR1 phosphorylation remains to be performed in
platelets. Furthermore, the association of IP3R1/PKA with scaffolding proteins that provide
the spatial control of PKA-mediated IPsR phosphorylation also remains unexplored in
platelets. The work described here examines the mechanism of PKA-mediated IP3R1
phosphorylation. We hypothesise PKA to be in a complex with IP3R1, with AKAP9 being the

scaffolding protein that ensures spatial regulation of PKA-mediated IP3R phosphorylation.
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1.8.2. Aims and Objectives

The aim of this work was to characterise the PKA-cAMP signalling pathway with respect to
IP3R1 in platelets and understand the functional effects of IPsR1 phosphorylation in

platelets.
This was achieved by addressing the following objectives -

1. Validate the presence of PKA in platelets and the activity of PKA signalling
pathway

2. Validate the presence of IP3R1 in platelets and characterise PKA-mediated IP3R1
phosphorylation

3. Identify the presence of multi-protein signalling complex between IP3R1-PKA-
AKAP9

4. Understand the functional consequence of disruption of IP3R1-PKA-AKAP9 using
AKAP-disruptor peptide, St-Ht31
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2.1. Antibodies

CHAPTER Il - MATERIALS AND METHODS

Table 2.1

Antibody target Details Supplier Experiment
conditions

B - tubulin Mouse Millipore IB:1/1000

AKAP9 Rabbit Santa Cruz IB:1/1000

AKAP9 Rabbit Custom-made IB: 1/2000

HRP-linked anti-Goat IB: 1/10000

HRP-linked anti-Mouse Amersham IB: 1/10000

HRP-linked anti-Rabbit Amersham IB: 1/10000

IPsR1 Rabbit Santa Cruz IB: 1/1000; IP: 2pug

IP3R2 Goat Santa Cruz IB: 1/1000; IP: 2pug

IPsR3 Goat Santa Cruz IB:1/1000

Normal Rabbit IgG Rabbit Millipore IP: 2pg

Normal Mouse IgG Mouse Millipore IP: 2ug

Phospho-IP;R1%™ 7> Rabbit | Cell Signalling 1B:1/1000

PKA c Mouse BD Transduction | 1B:1/1000

PKA —RI Mouse BD Transduction | 1B:1/1000

PKA —RI Rabbit Cell Signalling IB: 1/1000; IP: 2pug

PKA - RIIB Mouse BD Transduction | 1B:1/1000

Phospho-PKA substrate (RRXS*/T*) Rabbit Cell Signalling IB:1/1000

Phospho-VASP**™’ Rabbit | Cell Signalling 1B:1/1000

Table 2.1 — Antibodies and Suppliers

All the antibodies used in the work detailed in this thesis are detailed along with the

suppliers and the conditions of use

2.2. Chemicals and reagents

The chemicals, reagents and instruments are listed in Appendix |
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2.3. Methodologies used in the preparation of human blood platelets

Whole blood obtained from healthy, adult volunteers, in accordance with the ethical
permission granted by the ethics committee of the Hull York Medical School (UK). Exclusion
criteria were smoking, chronic illness, and taking Non-Steroidal Anti-inflammatory
medication within 14 days prior to bleeding. In all cases, informed consent was obtained in

accordance with the Declaration of Helsinki.

Blood was collected by venepuncture of the ante-cubital fossa vein, using 21G butterfly
needle (Abbot Laboratories, USA). The first 3ml of blood was discarded to exclude platelets
activated during the venepuncture. Subsequently, blood was drawn in 20mL syringes
containing pre-warmed anticoagulant acid-citrate dextrose (ACD) (ACD; 29.9mM sodium
citrate, 113.8mM, glucose, 72.6mM NaCl and 2.9mM citric acid, pH 6.5) in the ratio of 5:1
(v/v) (Riba et al., 2008). The blood was gently transferred to 50ml falcon tubes and mixed

gently.

2.3.1. Platelet Isolation by lowering the pH

Platelets were isolated by lowering the pH, using method adapted from Mustard and
colleagues (Mustard et al., 1989). Whole blood was centrifuged (Universal 320, Hettich) at
200g for 20 minutes at 20°C to obtain platelet rich plasma (PRP). After carefully removing
the PRP using a pasture pipette, such that the buffy coat remained undisturbed, the PRP
was treated with 0.3M citric acid (pH = 6.5) (1:50 v/v) and subsequently pelleted by
centrifugation at 800g for 12 minutes. The supernatant was discarded and the platelet pellet
was re-suspended in wash buffer (0.036M citric acid, 10mM ethylenediaminetetraacetic
acid, (EDTA), 0.005M KCl, 0.09M NaCl; pH 6.5) and centrifuged again at 800g for 10 minutes
at 20°C to remove any residual plasma. The final pellet was re-suspended in modified
Tyrode’s buffer (137mM NaCl, 2.7mM KCI, ImM MgCl,, 5.6mM Glucose, 3.3mM NaH,P0,,
20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); pH 7.4). The platelet

count was adjusted as per the requirement of the experiment.

41



METHODS AND MATERIALS

2.3.2. Quantification of platelet numbers

Platelet numbers were quantified using the Beckman Z1 Coulter® particle counter (High
Wycombe, UK). The Coulter counter works on the principle that when a particle passes
through an aperture, concurrent with an electric current, the change in electrical impedance

is proportional to the volume of particle passing through the aperture (Briggs et al., 2007).

Washed platelets were diluted in Coulter® Isoton® Il diluent (1:20,000) and processed by the

Coulter counter using a probe aperture of 50um.

2.4. Measurement of aggregation in suspended platelets.

Light transmission aggregometry is based on the principle that platelet aggregation in
response to agonists would increase the light scattering through the platelet suspension,
which is detected by a photocell (Born, 1962). It is assumed using small volumes of platelet
suspension with stirring, forms a homogenous suspension that is optically refractive.
However, post agonist stimulated activation, the platelets undergo shape change and
aggregate into clumps which allow more light to pass through (Born et al., 1978). Platelet
aggregation, which is dependent on the extent of platelet activation, is proportional to the

extent of light transmission.

Aggregation was monitored using a Chrono-log dual-channel light aggregometer. Washed
platelets (2.5 x 10® platelets/mL) were incubated at 37°C with stirring (1000rpm) for 1
minute prior to stimulation with the required agonist to ensure uniform distribution of
platelets in the suspension. Non-stimulated platelet suspension represents 0% aggregation.
The aggregometer was calibrated against modified Tyrode’s buffer, which represents
maximal light transmission. The aggregation was recorded for 4 minutes at 37°C with stirring
(1000rpm) for each sample and expressed as a percentage increase in light transmission
through agonist-stimulated platelet suspension compared to that through non-treated
platelet suspension. Percentage aggregation was calculated as [(Distance from base-line to
maximal aggregation achieved / Distance from baseline to theoretical 100% aggregation) x

100). Aggregation was performed in the absence of added Ca?*,
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Figure 2.1
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Figure 2.1 — Measurement of aggregation in suspended platelets using light transmission
aggregometry.

(a) lllustration shows the principle of platelet aggregation in a light transmission aggregometer.
Platelet response to agonist stimulation allows the light to refract through, which is detected by
the photocell and quantified using the Aggrolink computer software. (b) lllustration shows a
representative aggregation trace, showing the changes in light transmission with respect to time.
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2.5. Methodologies for assessment of platelet signalling

Platelet were analysed by solubilising their cellular membranes using Laemelli buffer (50mM
Tris base, 4% w/v SDS, 20% v/v Glycerol, trace bromophenol blue, 5% v/v 2-
mercaptoethanol, pH 6.8), followed by separation of proteins using gel electrophoresis and

identification using Immunoblotting.

2.5.1. Preparation of platelet samples

The sample preparation methodology for SDS-PAGE was based on the method described by
Laemmli (Laemmli, 1970). All the samples were prepared at 37°C with stirring (800rpm) as
per the requirement of the treatment. The platelets were lysed by the addition of 2x
Laemmli buffer. 2-mercaptoethanol, a reducing agent aided reduction of the proteins to
their primary structure. The samples were boiled for 5 minutes before analysing them by

SDS-PAGE or stored at 20°C.

2.5.1.1. Quantification of platelet protein concentration

Protein concentration in lysates solubilised in IP lysis buffer (150mM NaCl, 10mM Tris base,
1mM EGTA, 1mM EDTA, 1% lIgepal (v/v), pH 7.4), was quantified using the Bio-Rad DC
Protein Assay kit (Bio Rad, UK) according to manufacturer’s protocol, based on the Lowry
assay (Lowry et al., 1951). This colorimetric assay measures the intensity of blue colour,
which develops as a result of reaction between protein and copper tartrate in alkaline
medium and subsequent reduction (removal of 3 oxygen atoms) by Folin reagent. The
intensity of the blue colour measured at a wavelength of 750nm is directly proportional to
protein concentration in the sample. The standard curve was plotted using BSA solutions of
definite concentration. The samples and standards were diluted 1:1 in the assay buffer and
subsequently assayed in triplicate. The light absorption at a wavelength of 750nm was

measured using a multiplate reader (Tecan infinite M200, Mdnnedorf, Switzerland).
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2.5.2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Gel electrophoresis was performed to resolve proteins based on their electrophoretic
mobility through a porous gel matrix when electric current is applied. In polyacrylamide gel
electrophoresis (PAGE), the gels are mainly composed of linear polymers of acrylamide cross
linked by N, N’-methylene bisacrylamide. The polymerisation of acrylamide is initiated by N,
N, N’, N’-tetramethylethylenediamine (TEMED). TEMED catalyses the production of SO4 free
radicals from ammonium persulphate (APS), which in turn accelerates the polymerisation
process. The effective pore size of the polyacrylamide gel is inversely proportional to the
concentration of acrylamide in the gel mixture. SDS, an anionic reagent, imparts an overall
negative charge to the protein by binding to amino acids and denatures complex protein
structures rendering them in a rod-shaped conformation. In addition to SDS, the presence of
reducing agents such as 2-mercaptoethanol enables disruption of di-sulphide bridges linking
adjacent cysteine residues. SDS binds to denatured proteins in a mass-to-charge (m/z) ratio
(1.4g of SDS/1g protein), therefore allowing protein separation based on disparity in protein

migration.

2.5.2.1. Methodology for SDS-PAGE

SDS-PAGE was run using the Tris-glycine system under reducing conditions in accordance
with the method of Laemmli (Laemmli, 1970). Polyacrylamide gel (1.5mM) comprising of 4%
stacking gel (pH 6.8) and 10-18% acrylamide resolving gels (pH 8.8) or precast Mini-
PROTEAN® TGX™ gels (Bio-Rad, CA) comprising of 4-20% gradient acrylamide were used for
gel electrophoresis. Each gel contained 10 wells for protein loading. The biotinylated marker

and the pre-stained marker were also run along with the sample.

Densitometry on western blots was performed using Imagel software and the data were

expressed as Mean+SEM.
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2.5.3. Immunoblotting

Immunoblotting is used to detect the protein of interest from a protein homogenate
(Towbin et al., 1979), by transferring the proteins from a gel to adhesive matrix such as
nitrocellulose or polyvinylidene difluoride (PVDF) under electric current. Proteins bind to
PVDF membranes through hydrophobic interactions. Post transfer, the membranes can be
probed with specific primary antibodies against the target proteins. Subsequently, the
membrane is incubated with a secondary antibody, commonly conjugated to horseradish
peroxidase (HRP). Proteins can be visualised by exposing the photographic film by enhanced
chemiluminescence (ECL). Luminescence is caused by the oxidation of luminol by hydrogen
peroxide, which is catalysed by HRP and prolonged by an "enhancer" such as p-coumaric

acid (Thorpe et al., 1985).

2.5.3.1 Methodology for Immunoblotting

Proteins separated by SDS-PAGE were transferred to 0.2um PVDF supplied in the Trans
Blot® Turbo™ Transfer pack (Bio-Rad, CA), using the Trans Blot® Turbo™ blotting system
(Bio-Rad, CA). Unless specified otherwise, the membranes were blocked in either BSA/TBS-T
(10%, w/v) or semi-skimmed milk/TBS-T (5%, w/v) for 45 minutes with agitation at room
temperature to prevent non-specific antibody binding and subsequently probed with
primary antibody of interest, overnight at 4°C. The membranes were washed twice with
TBS-T for 15 minutes each and subsequently probed with HRP-conjugated secondary
antibody (1:10000) and anti-biotin (1:2000) for 1 hour. The membranes were washed with
TBS-T (5 washes, 15 minute each, unless specified otherwise). Membranes were incubated
with ECL solutions (ECL1, 90%v/v dH,0, 10% v/v 10% Trizma base, 0.065% H,0,; ECL2, 88.6%
v/v dH,0, 10% v/v 10% Trizma base, 0.996% v/v Luminol, 0.465% v/v Coumaric Acid) for 90
seconds and used to expose Amersham Hyperfilm ECL (GE healthcare) for times ranging
upto 5 minutes. The photographic films were developed using Carestream® Kodak®
autoradiography GBX developer/replenisher (St. Louis, MO) and Carestream® Kodak®

autoradiography GBX fixer/replenisher (St. Louis, MO).
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Figure 2.2
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Figure 2.2 — The principle of SDS-PAGE and Immunoblotting
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2.5.4. Immunoprecipitation

Immunoprecipitation was employed to isolate a specific protein from a mixture of proteins
in a cell lysate. An antibody raised against a specific epitope of the protein is allowed to bind
Protein A- or G-immobilised sepharose beads. Protein A and G, isolated from the cell wall of
Staphylococcus aureus, possess binding capabilities to the constant region of most
antibodies. This allows the study of single purified proteins and/or protein complexes or to

concentrate proteins that would otherwise be scant to be detected by western blotting.

2.5.4.1. Methodology for Immunoprecipitation

Samples were prepared as described in §2.5.1, with the exception that the reactions were
terminated by the addition of IP lysis buffer in the presence of protease (1:100) and
phosphatase (1:200) inhibitor cocktails (Sigma Aldrich, St. Louis, MO). The samples were
incubated with agitation, at 4°C for 30 minutes before being centrifuged (10,000rpm) to
isolate cell debris. IgePal, a non-ionic detergent used in the IP lysis buffer solubilised the

cellular proteins without disrupting the protein complexes.

A 50% (w/v) suspension of either Protein A or Protein G sepharose beads was prepared in
0.1% TBS-T (slurry). Cell lysates (500ug of protein) were pre-cleared by incubating with
slurry (25ul) at 4°C with agitation, to reduce non-specific binding of proteins to sepharose
beads. The beads and insoluble cell debris were pelleted by centrifugation at 10,000rpm for
1 minute using MiniSpin® plus centrifuge (Eppendorf; Hamburg, Germany). The supernatant

was used to perform the immunoprecipitation.

The pre-cleared lysates were incubated overnight, at 4°C with agitation, with the antibody
of interest to allow the protein-Ab binding. The lysate-Ab samples were subsequently
incubated with slurry (25uL per sample) for 1 hour at 4°C with agitation. The samples were
centrifuged for 1 minute at 10,000rpm; the resultant supernatant was discarded. The pellet
was sequentially washed once with IP lysis buffer and twice with 0.1% TBS-T to remove any
residual proteins. The beads were boiled with Laemmeli buffer for 5 minutes to liberate the

antibody and precipitated protein from the beads. The beads isolated by centrifugation at
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Figure 2.3
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10,000g for 1 minute in MiniSpin® plus centrifuge (Eppendorf; Hamburg, Germany). The
liberated protein was resolved by SDS-PAGE (§2.5.2) and further analysed by
immunoblotting (§2.5.3).

2.5.5. cAMP Pull-down assay

cAMP and PKA are heavily involved in regulation of platelet homeostasis. While
immunoprecipitation enables isolation of proteins from cell lysate, enrichment of proteins
specifically involved in cAMP-PKA signalling was important to better understand the
signalling cascade. cAMP binds exclusively to PKA in platelets; agarose beads with cAMP
immobilised on them were used to enrich proteins that directly bound to cAMP (i.e. PKA) or
indirectly bound to PKA. This technique was adapted from Scholten et al (Scholten et al.
2006). This technique was primarily used to study single purified protein and/or protein

complexes along with immunoprecipitation (§2.5.4).

2.5.5.1. Methodology for cAMP Pull-down assay

Samples were prepared as described in §2.5.1, with the exception that the reactions were
terminated by the addition of IP lysis buffer in the presence of protease (1:100) and
phosphatase (1:200) inhibitor cocktails (Sigma Aldrich, St. Louis, MO). Cell lysates (500ug of
protein) were pre-cleared to reduce non-specific protein binding, by incubating with slurry
25ul of slurry of Et-OH-NH agarose beads (BioLog, Germany) (50%v/w in 0.1% TBS-T) for 1
hour at 4°C with agitation. The beads and insoluble cell debris were pelleted by
centrifugation at 10,000g for 1 minute in the MiniSpin® plus centrifuge while the

supernatant containing the proteins and complexes was collected.

The collected supernatant was enriched for cAMP-binding proteins by overnight incubation,
at 4°C with agitation, with 8-AHA-cAMP beads slurry (30ul per sample). The samples were
centrifuged for 1 minute at 10,000rpm and the bead-protein complex was pelleted. The
resultant supernatant was discarded. The pellet was washed sequentially once with IP lysis

buffer and twice with TBS-T (0.1%) to remove any residual unbound proteins. The beads
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were boiled with Laemmeli buffer for 5 minutes to liberate the precipitated protein from
the beads. The beads isolated by centrifugation at 10,000rpm for 1 minute MiniSpin® plus
centrifuge (Eppendorf;, Hamburg, Germany), and the supernatant, containing liberated
proteins was resolved by SDS-PAGE (§2.5.2) and further analysed by immunoblotting
(§2.5.3).

2.6. PepTag® Assay for Non-Radioactive Detection of PKA activity (Kemptide assay)

Protein complexes were isolated and studied using protein enrichment techniques, however
the kinase activity associated with these complexes was studied using PepTag® Assay.
Historically, this was achieved using protocols that involved the transfer of radioactive
gamma phosphate onto the substrate of interest. While this was effective, due to technical
restrictions an alternative non-radioactive PepTag® Assay was employed for the detection of

PKA activity associated with the precipitated protein of interest.

The assay uses a brightly coloured, fluorescent peptide as a substrate (L-R-R-A-S-L-G)
(Kemptide) to the kinase of interest. PKA-mediated phosphorylation of the kemptide
substrate alters its net charge and the subsequent migration on the agarose gel. The
phosphorylated substrates gain a net negative charge and migrate towards the positive
electrode, whereas the non-phosphorylated substrates gain an overall positive charge and

migrate towards the negative electrode.

2.6.1. Methodology for Kemptide assay

Proteins were immunoprecipitated as described in §2.5.4, with the exception that proteins
were not eluted using Laemelli buffer. Instead, the beads complex was washed in PKA
extraction buffer (350mM KsPOQ,, pH = 6.8, 0.1mM DTT), followed by the addition of 1:1(v/v)
PKA extraction buffer: PKA activation solution (5uM cAMP in dH,0) to activate PKA. The
beads were incubated with agitation at room temperature for 1 hour. Post incubation

period, the tubes were removed from the rotator and incubated at 30°C for 1 minute.
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Reaction tubes were prepared as shown in Table 2.2 and incubated at room temperature for

30 minutes at room temperature.

Table 2.2
Reagent Sample Positive Negative Notes
control control
PepTag® PKA reaction Sul Sul Sul At 4°C
5x Buffer

(100mM Tris-HCI (pH
7.4) 50mM MgCl,, 5mM

ATP)

PepTag® Al Peptide Sul Sul Sul At 4°C
(L-R-R-A-S-L-G;

0.4ug/pl)

PKA activator solution S5ul S5ul At 4°C
cAMP-dependent PKA ¢ Sul At 4°C
PKA activator + Sample 15ul RT
Deionised water Sul 10ul RT

Total volume 25pl 25pl 25ul

Table 2.2 — Preparation of sample tubes for Kemptide Assay

The reactions were terminated by boiling the samples at 95°C for 10 minutes and resolved
on 0.8% agarose gel at 100V for 20 minutes. The gels were photographed using the Syngene

transilluminator (Syngene; Cambridge, UK)

To quantify phosphorylation, the excised and melted phosphorylation bands were treated
with glacial acetic acid and gel solubilisation solution to prevent agarose from solidifying.
The mixture was transferred to 96-well plate and the absorbance was read at a wavelength

of 570nm using TeCan plate reader (TeCan, Mdnnedorf, Switzerland).
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2.7. Measurement of intracellular Ca** concentrations in platelets

Agonist-induced intracellular Ca’* release is an absolute requirement for platelet activation.
For this reason, attempts have been made to measure intracellular Ca® using various
fluorescent indicators, for over 80 years. In the past Ca** research was primarily limited by
the restricted portfolio of the non-ratiometric Ca?* indicator dyes that were available,
however, now highly sensitive ratiometric dyes are available. In the present study
intracellular Ca®* was measured in platelets loaded with a cell-permeable ratiometric ca®
indicator, Fura-2-acetoxymethyl ester (Fura-2-AM). The compound being hydrophobic, can
permeate the cell-membrane. Once internalised, the intracellular esterases hydrolyse the
acetomethyl group while the Fura-2 remains contained inside the cell. Ultra-violet (UV) light
was passed through Fura-2-loaded platelet suspensions. Upon Ca2+—binding, Fura-2 has an

excitation ratio 340/380nm, which can be detected as analogue signals. These were

digitalised and recorded by specialist software.

2.7.1. Methodology for the measurement of intracellular Ca®* in platelets

To measure intracellular Ca®" in platelet suspensions, PRP was loaded with Fura-2-AM (2uM)
at 37°C for 45 minutes in dark. Henceforth, the platelet suspensions were kept in dark to
avoid photo-bleaching of the indicator. PRP was subsequently centrifuged at 350g for 20
minutes. The resulting pellet containing Fura-2 loaded platelets was collected and re-

suspended in nominally Ca’*-free saline (1:1v/v PRP/Ca*'-free saline).

Washed platelet suspensions (1ml) were transferred to 4.5ml UV grade plastic cuvettes,
which were pre-warmed at 37°C for 3 minutes with constant stirring (1000rpm). The Fura- 2
was excited by a 75W xenon arc lamp filtered by three pairs of band-pass filters centred at
340 and 380nm (10nm bandwidth) in a filter wheel which spun at 45Hz. Emission was
filtered between 490-600nm and measured by a photomultiplier tube (PMT). Data was
collected using 4-point averaging, giving a final data acquisition rate of 11.25Hz. The
analogue signals were then converted to digital signals and recorded using Carin proprietary

software (Carin Research, Kent).
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Ca”* levels were estimated from the ratio of the 340 and 380nm excited signals, the method

of Grynkiewicz et al was utilised (Grynkiewicz et al., 1985).

The maximal and minimal fluorescence ratio was measured for each experiment, allowing
the Spectrophotometer to be calibrated accordingly. The maximum fluorescence ratio was
measured by lysing the cells with digitonin (50uM), which released the Fura-2 into the saline
containing CaCl, (2mM). The minimum fluorescence ratio was measured by chelating Ca**
ions with EGTA (10mM) and TRIS base (10mM) to ensure that the pH remained alkaline for
optimum EGTA-mediated Ca”** buffering. The background fluorescence was measured by
guenching the dye with MnCl, (10mM). Background corrected values were used to calculate
Rmin (Minimum 340/380 ratio) and Rmax (maximal 340/380 ratio) and the proportionality
constant (ratio of the 380 signal at minimal vs maximal Caz). In calculating these, Rmin and
Rmax Were multiplied by a viscosity correction factor of 0.85 (Poenie, 1990). Background-
corrected 340/380nm ratios (R) were then converted to [Ca®']; using equation shown below,

where the dissociation constant for Fura-2 (Kq) = 224 nM (Grynkiewicz et al. 1985).

oo mex I — K min)
Fovomin (R max — R

[Ca*"], =Kdx

2.8. Statistical Analysis

Data are expressed as Mean = SEM. Quantification of western blots using densitometry was
performed using Imagel software. Percentage aggregation response was calculated as

follows
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Statistical comparisons of data were carried out using Student’s t-test and one-way ANOVA.
Student’s t-test was used to analyze the statistical difference between two groups whereas
ANOVA was used to compare three or more independent groups. Statistical tests were
performed between preparations using Microsoft Excel 2007 and GraphPad Prism 6.

Statistical significance was considered for values of p<0.05.
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CHAPTER Ill: CHARACTERISATION OF PKA-MEDIATED SUBSTRATE PHOSPHORYLATION

3.1. Introduction

Platelet activation is a tightly regulated by a number of interconnected biochemical
mechanisms. A balance between thrombogenic and anti-thrombogenic factors is required to
enable normal platelet function. NO and PGI, released from the endothelium, play a crucial
role in maintaining the platelets in quiescent state by inhibiting multiple aspects of platelet
function and controlling platelet recruitment at the site of injury (Schwarz et al., 2001,
Rivera et al., 2009). These endothelial-derived inhibitors regulate platelet function through
cyclic nucleotide activated signalling pathways, which represent the most potent
endogenous mechanism of inhibiting platelet activation. Though there are two main players
in cyclic nucleotide signalling - cAMP and cGMP, this thesis is primarily focused on cAMP-

PKA signalling pathway.

The binding of PGI, to the platelet IP receptor causes the activation of the stimulatory Gy
subunit of the receptor. Activated Ggs binds to transmembrane AC which hydrolyses the ATP
to form cAMP (Smolenski, 2012). cAMP can bind to the cAMP-binding regions of PKA
leading to enzyme activation and consequent phosphorylation at ser/thr residues of
substrates (Schwarz et al., 2001). Phosphorylation of substrates regulates calcium
mobilisation, integrin activation and reorganisation of actin cytoskeleton (Aburima et al.,

2013), therefore inducing platelet inhibition.

Using physiological (PGl,) and non-physiological compounds (forskolin, 8-CPT, KT5720), the
effect of PKA-mediated substrate phosphorylation on platelet signalling was studied.

Similarly, the presence of PKA, the primary effector of cAMP was also established.
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3.1.1. Hypothesis

This chapter tests the hypothesis that PGI, induces PKA activation and subsequent substrate

phosphorylation.

3.1.2. Aims and Objectives

This chapter aimed to establish the presence of various protein components involved cAMP-
PKA signalling in platelets. Furthermore, physiological and synthetic compounds were used

to characterise the cAMP signalling pathway. The objectives of this chapter were -

1. Investigate the effect of PG, on platelet aggregation and Ca’* release
2. Characterise PKA-mediated substrate phosphorylation

3. Establish the presence of PKA subunits in platelets
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3.2. Effect of PGI, on thrombin-induced platelet aggregation

In the first instance, the inhibitory effect of PGl, on thrombin-stimulated G-protein mediated
platelet aggregation was tested. Washed platelets were pre-incubated with increasing
concentration of PGl, (0.1nM - 100nM) for 1 minute at 37°C, followed by treatment with
thrombin (0.1U/ml). The aggregation response was measured for 3 minutes. Percentage

aggregation response was calculated as described in §2.8.

A concentration-dependent inhibition of platelet aggregation was observed on PGl,
treatment as illustrated by the representative traces (Figure 3.1a). Thrombin triggered
72+3.06% aggregation response, whereas pre-treatment with a 10nM PGl, gave only
12+4.33% aggregation response. At 100nM of PGl, a complete inhibition of aggregation was
observed as shown by the quantification data (Figure 3.1b). To conclude, at near
physiological concentrations, PGl, compromised platelet aggregation. These data are in line
with previous findings that direct towards an inhibitory nature of PGI, in platelet
aggregation. Furthermore, the ability of PGl, to compromise G-protein-mediated platelet

aggregation shows that PGl, targets platelet function common to different agonists.

57



CHARACTERISATION OF PKA-MEDIATED PHOSPHORYLATION

Figure 3.1

c
o
=
m
+Th]
g
[sT1]
(oT1]
<
=
0.1 1 10 100
PGIL, (nM
100 2(M)
1 minute
b
80
5
B
5
&
x

0.1 1 10 100

PGl, (M)

Figure 3.1 — The influence of the thrombin-induced platelet aggregation response to
increasing concentration of PGl,.

(a) Washed platelets (2.5x10%cells/ml) were pre-treated with increasing concentration of PGl,
(0.1-100nM) for 1 minute at 37°C, followed by treatment with thrombin (0.1U/ml). Aggregation
was monitored for 3 minutes under constant stirring (1000rpm) at 37°C using Chrono-log dual
channel aggregometer. The traces were generated by aggro-link computer software (n=3).
Representative trace shown. The arrow shows the point of addition of thrombin. The trace
shows a concentration dependant inhibition of platelet aggregation on PGI, treatment as
supported by (b) Quantification of aggregation data, presented as Mean + SEM (n=3).
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3.3. The effect of PGI, on protein phosphorylation in platelets

Phosphorylation, a key regulatory mechanism, alters platelet function by affecting platelet
signalling pathways. Therefore, the effect of PGl,-induced and PKA-mediated
phosphorylation of various PKA substrates was considered in a concentration-dependent
manner using increasing concentration (0.1-100nM) of PGl,. Similarly, the temporal effects
of phosphorylation were studied by treating the platelets with a constant concentration of

PGI; for increasing time intervals (0-60 minutes).

3.3.1. Substrate phosphorylation in response to increasing concentration of PG,

Substrate phosphorylation was studied in platelets treated with increasing concentration of
PGl, (0.1 - 100nM) for 1 minute at 37°C. The lysates were resolved by SDS-PAGE followed by
immunoblotting with anti-phospho-PKA substrate antibody (RRXS*/T*) (pPKAs), an antibody
that recognises PKA consensus phosphorylation sequence (-Arg-Arg-X-Ser/Thr-X). These

experiments also examined the phosphorylation of VASP at ser157 (pVASP>*™’

), a well-
established PKA substrate, which was used as a positive control for PKA phosphorylation.
Furthermore, discrepancies in protein loading were accounted for by using B-tubulin as the

protein loading control.

Washed platelets were treated with increasing concentration of PGl, (0.1 - 100nM). The
phosphorylation status of all PKA substrates was explored using pPKA substrate antibody.
Proteins corresponding to apparent molecular weight of 20, 42 and 52kDa were
phosphorylated under untreated conditions, as shown by the appearance of corresponding
protein bands. A proportional increase in band intensity of these was observed on
treatment with increasing concentration of PGl, (0.1 — 100nM) (Figure 3.2a). In addition to
these, proteins corresponding to the apparent molecular weight of 30, 40 and 70kDa were
not phosphorylated under untreated conditions but were phosphorylated in a
concentration-dependent manner in response to PGl,-treatment. The results suggest that
PKA phosphorylates multiple substrates; albeit each substrate possesses a unique
phosphorylation profile as shown by varying intensity of phosphorylation bands at a specific

time interval.
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Figure 3.2
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Figure 3.2 — PGIl, induces PKA substrate phosphorylation in a concentration and time-

dependant manner as examined by immunoblotting

(a) Washed platelets (5x10° cells/ml) were treated with increasing concentration of PGl, (0.1 -
100nM) for 1 minute at 37°C, with constant stirring for the first 15 seconds. At the end of 1
minute, the signalling was terminated by lysing the platelets with 2x Laemmli buffer (1:1v/v).

30ug of protein was loaded on 10-18% gradient gel and resolved as described previously.

Immunoblotted was performed using anti-phospho-PKA substrate antibody (1:1000) and anti-
pVASP>** antibody. Anti-B-tubulin (1:1000) was used as a loading control (n=3). A
concentration-dependant increase in PGl,-induced phosphorylation of substrate was seen, as

indicated by arrows (b) Similarly, washed platelets were treated with a constant dose of PGl,
(100nM) for increasing time period (0.5 - 60 minutes), and handled as previously detailed,
displayed a temporal regulation of phosphorylation, as indicated by arrows. (n=3).
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The phosphorylation pattern of VASP at serl57, a well-established PKA substrate was also

studied. An increase in the intensity of band corresponding to pVASP>*™*’

(50kDa) correlates
to the increasing concentration of PGl,; therefore suggesting that VASP undergoes

phosphorylation at ser157 in a concentration-dependent manner (Figure 3.2a).

3.3.2. Temporal pattern of substrate phosphorylation in response to PGl treatment

To assess the temporal patterns of PGl,-induced substrate phosphorylation, washed
platelets were treated with a constant concentration of PGl, (100nM) for varying time
intervals (0.5 to 60 minutes). Proteins corresponding to apparent molecular weight of 42, 52
and 60kDa were phosphorylated under untreated conditions, as shown by the appearance
of corresponding protein bands. The intensity of these bands increased on treatment with
PGl, (at 0.5 minutes onwards), and was maintained until 30 minutes, after which the band
intensity was blunted to untreated levels. This means that the substrates corresponding to
the molecular weights of 42, 52 and 60kDa underwent a rapid phosphorylation at 0.5
minutes, which was sustained until 30 minutes, before being blunted to untreated levels at
60 minutes (Figure 3.2b). Protein band corresponding to the apparent molecular weight of
120kDa showed basal phosphorylation, which increased in a time-dependent manner.
However, protein bands corresponding to the molecular weight of 32 and 50kDa showed an
increase in band-intensity corresponding rapid phosphorylation from 0.5 minutes, which
peaked around 2-5 minutes. The protein phosphorylation gradually diminished from there
on, however failed to reach band intensities corresponding to untreated levels. Likewise,
the band corresponding to pVASP (50kDa) underwent rapid PGl,-induced phosphorylation at
0.5 minutes, which peaked at 2 minutes and was maintained until 5 minutes, after which

the band intensity gradually diminished (Figure 3.2b).

Overall, the results indicate that there are multiple PKA substrates that undergo PGl,-
induced phosphorylation. The temporal regulation of each protein is distinctive though, i.e.
the phosphorylation peaks at different time-points and is maintained for varying time

intervals.

61



CHARACTERISATION OF PKA-MEDIATED PHOSPHORYLATION

3.3.3. Protein Kinase A mediates Protein Phosphorylation.

Having established concentration- and temporal effects of PGl,-induced substrate
phosphorylation, it was essential to by-pass the Ip receptor to investigate downstream
effects of PKA activation. To achieve this, Forskolin, an activator of AC (Seamon et al., 1981)

and 8-CPT-6-Phe-cAMP, a synthetic cAMP analogue were used.

Washed platelets were incubated with forskolin (5uM) and 8-CPT-6-Phe-cAMP (10uM)
respectively, for 5 minutes at 37°C, with constant stirring for the first 15 seconds, to enable
uniform distribution of forskolin and 8-CPT-6-Phe-cAMP throughout the washed platelet
suspension. Forskolin would cause a direct activation of AC and therefore stimulate cAMP-
signalling pathway, without the involvement of Ip receptor. 8-CPT-6-Phe-cAMP, is a
synthetic non-hydrolysable analogue of cAMP, which means it triggers the activation of
cAMP signalling pathway downstream of PKA. Washed platelets treated with PGl, (100nM)
for 1 minute at 37°C were used as a positive control. At the end of incubation period, the
samples were lysed with Laemelli buffer and handled as described in §2.5.1-2.5.3. PKA
substrate phosphorylation was studied by probing with anti-pPKAs and anti—pVASPSer157
antibodies. Forskolin and 8-CPT-6-Phe-cAMP, both caused substrate phosphorylation
downstream of PKA, as indicated by the appearance of phosphorylation bands. Proteins
corresponding to apparent molecular weights of 30, 50 and 120 kDa were not
phosphorylated under untreated conditions, however, underwent phosphorylation on
treatment; albeit to varying degree. The band intensity for these phosphorylation bands was
the most potent when treated with PGIl, and Forskolin. 8-CPT-6-Phe-cAMP also brought
about phosphorylation of these proteins, however was slightly weaker (Figure 3.3a). The
difference in the intensity of the phosphorylation could be explained by the difference in

the mechanism of PKA activation between the two compounds (§3.5).

PKA signalling mechanism was further dissected using inhibitors to block key proteins of the
pathway (Figure 3.3b). An Ip receptor antagonist, RO1138452 (1uM) was used to inhibit Ip
receptor. PKA inhibitors (Rp-8-CPT-6-Phe-cAMPS and KT5720) possessed limited specificity
when used independently, hence they were used in combination (Murray, 2008). Rp-8-CPT-
6-Phe-cAMPS competes for the cAMP binding site on PKA R-subunit,
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Figure 3.3
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Figure 3.3 - Confirmation of PKA-mediated substrate protein phosphorylation by
immunoblotting using PGl, independent activatory of cAMP signalling.

(a) Washed platelets (5x10° cells/ml) were treated with Forskolin (5SuM) and 8-CPT-6-Phe-cAMP
(50uM) for 5 minutes at 37°C, with constant stirring for the first 15 seconds. Platelets were
handled as described previously. Immunoblotting was performed using anti-phospho-PKA
substrate antibody (1:1000) and anti-pVASPserl‘r’7 antibody. Anti-B-tubulin (1:1000) was used as a
loading control (n=3). (b) Similarly, washed platelets were treated with RO1138452 and Rp-8-
CPT-6-Phe-cAMPS/KT5720 for 20 minutes at 37°C, prior to treatment with PGl, (100nM) for 1
minute. The samples were processed as described previously (n=3).Presence of substrate
phosphorylation bands on treatment Forskolin and 8-CPT-6-Phe-cAMP (as in (a)) and blunting of
phosphorylation response in (b) both indicate substrate phosphorylation is caused downstream
of PKA
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whereas KT5720 is a competitive inhibitor for the ATP-binding site on the PKA c-subunit
(Murray, 2008).

In both the cases, the platelets were pre-incubated with the respective compounds for 20
minutes at 37°C prior to treatment with PGI, (100nM) for 1 minute. A positive control, of
platelets treated with PGIl, was also analysed alongside the samples treated with the
antagonists. Protein bands corresponding to the molecular weight of 40, 55 and 80 kDa
showed no basal phosphorylation, but on treatment with PGl,, a phosphorylation band
appeared, suggesting that PGIl, induces the phosphorylation of these substrates. However,
treatment with RO1138452 and the PKA inhibitors blunted the phosphorylation response of
these proteins. VASP also mirrored the phosphorylation response of these proteins. This
primarily indicates that these proteins are PKA substrates and that the phosphorylation

response occurs downstream of PKA (Figure 3.3b).

To summarise, here we show that pharmacological activators of PKA (forskolin and 8-cPT-6-
Phe-cAMP) cause phosphorylation of PKA substrates. PKA-mediated phosphorylation is
blunted on treatment with PKA inhibitors (Rp-cAMP/KT5720) and lp receptor antagonist

(RO1138452). This suggests that substrate phosphorylation occurs downstream of PKA.
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3.4 Validating the presence of PKA in platelets

Having established that PGI, most likely signals through PKA, we wished to establish which
elements of the PKA heterodimer were present in platelets. This was an important element
of the study, since we will go on to establish how these subunits interact with specific PKA

substrates.

3.4.1. Characterisation of the PKA subunits present in platelets.

The presence of PKA, which is composed of two R-subunits and a pair of c-subunits is well
established in platelets (Kaulen and Gross, 1974, Booyse et al., 1976, Margarucci et al.,
2011), however, to validate these findings using western blotting, increasing concentration
of protein was resolved using SDS-PAGE followed by immunoblotting using antibodies
specific to PKA RI-, RIl- and PKA c-subunits respectively. The increase in band intensity
corresponding to the protein concentration implies the presence of all PKA subunits in
platelets (Aburima et al., 2013) (Figure 3.4a) as supported by findings from the

transcriptomics study (Margarucci et al., 2011).

Furthermore, PKA subunits were immunoprecipitated from the platelet lysates using the
corresponding antibodies. The presence of a protein band in the platelet lysate lane and
immunoprecipitation lane but the absence of the corresponding band in the IgG lane (Figure
3.4b) indicates successful precipitation of PKA Rl-subunit in platelets. Similar approach was
adopted to validate the presence of PKA Rll-subunit (Figure 3.4c) and the c-subunit (Figure
3.4d). Figure 3.4 confirms the presence of PKA in platelets. It was vital to be able to isolate
the PKA subunits using immunoprecipitation, as this approach is later applied to study the

interaction of PKA subunits with PKA substrates.

To summarise, here we show that PKA RI-, Rll- and the c-subunits are present in platelets as

can be detected by western blotting and immunoprecipitation.
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Figure 3.4
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Figure 3.4 — Identification of the presence of PKA in platelets using immunoblotting.

(a) Washed platelets (5x10® cells/ml), lysed with with 2x Laemmli buffer (1:1v/v) were resolved
on 10-18% gradient gel by SDS-PAGE for 90 minutes at 120V. Proteins were transferred onto a
PVDF membrane using the turbo blot system. Membranes were blocked with 10% BSA and
immunoblotted using anti-PKA RI, Anti-PKA RIl and anti-PKA c antibodies (1:1000). The increase
in band intensity corresponding to the protein concentration implies the presence of all PKA
subunits in platelets. Anti - B-tubulin (1:1000) was used as a loading control (n=3). (b) PKA RI
(2ug), (c) PKA RII (2ug) and (d) PKA c (2ug) were precipitated from untreated platelet lysates as
previously described. The presence of a protein band in the platelet lysate lane and
immunoprecipitation lane but not in the IgG lane indicates successful precipitation of PKA
Rl-subunit, RIl-subunit and c-subunit in platelets. This suggests the presence of PKA subunits
in platelets. 66
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3.4.2. Presence of PKA as a complex between R- and c-subunits

PKA, in its inactive state is reported to be a heterotetramer composed of two R-subunits and
two c-subunits (Taylor, 1989). To validate the existence of these protein-protein interactions
in platelets, co-immunoprecipitation approach was adopted, whereby the PKA c-subunit
antibody was precipitated by covalently coupling to amine-reactive resin and probing for
interacting proteins (PKA RI- and Rll-subunit). Post-elution, the lysate was resolved by SDS-
PAGE and immunoblotted using antibodies raised against individual PKA regulatory
subunits. The appearance of bands corresponding to the reported molecular weight of c-
subunit in the platelet lysate lane (Aburima et al., 2013) and the immunoprecipitate lane but

not in the IgG control lane (Figure 3.5) indicates the success of the precipitation protocol.

Furthermore, on probing with PKA Rll-subunit antibody, the bands corresponding to the
reported molecular weight of RIl-subunit appeared in the platelet lysate and the
immunoprecipitate lane but not in the 1gG control lane. This suggests an interaction
between c- and Rll-subunits. Using a similar approach, an interaction between c- and RI-
subunits was also detected, however the protein band corresponding to the apparent
molecular weight of Rl-subunit was very weak. This could perhaps suggest a weak
interaction between the two proteins (Figure 3.5). Due to the limitation of the experimental
technique, the strength of the interaction between R-subunits and c-subunits could not be
guantified. Alternatively, the possibility that RI-subunit is less abundant than Rll-subunit

cannot be ignored.

Here, using co-immunoprecipitation, we show the presence of PKA as a complex between R-

and c-subunits.
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Figure 3.5
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Figure 3.5 — ldentification of the presence of PKA subunits and their presence as a
heteromeric protein complex in platelets.

Protein-Protein interactions were studied by precipitating the antigen (bait protein) and probing
for any interacting proteins. Anti-PKA c antibody (2ug) was coupled covalently to amine-reactive
resin. Post-elution, the lysate was resolved on 10-18% gel at 120V for 90 minutes. The proteins
were transferred to PVDF membrane using the Turbo-Blot transfer system (Bio- Rad) and
immunoblotted for anti-PKA Rl and anti-PKA RIl. The presence of bands corresponding to the
reported molecular weight of PKA RI- and RIll-subunit in the platelet lysate and the
immunoprecipitate lane but not in the I1gG control lane suggests an association between the
PKA R-subunits and PKA c-subunit (n=2).
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3.4.4. Associated PKA catalytic activity with the R-subunits

PKA causes phosphorylation by transferring the terminal phosphate of the ATP to the
hydroxyl group of the protein. Having established the presence of PKA heterotetramer in
platelets, it was essential to assess the associated PKA activity. To achieve this, non-
radioactive PepTag PKA assay was used to measure associated PKA catalytic activity from
PKA RI and RIl immunoprecipitates (§2.5.4 and §2.6). Alongside the samples, a positive
control (of recombinant PKA catalytic subunit; 2ug/ml) and a negative control (no PKA/

sample added) were resolved.

Upon phosphorylation by PKA, the PKA substrate peptide tag (Leu-Arg-Arg-Ala-Ser-Leu-Gly)
acquires an overall negative charge and migrates towards the positive electrode on agarose
gel electrophoresis, therefore providing a visual representation of PKA activity, as shown by
the positive control. Similarly, in the absence of PKA or when the PKA is unable to
phosphorylate the substrate, the overall charge is positive, and therefore the net migration

is towards the negative electrode (Figure 3.6a).

PKA RIl-subunit displays a significantly higher associated PKA activity compared to the IgG
control (p=0.0024). RI-subunit also shows associated PKA activity, however the difference
compared to IgG is not significant (p=0.3379) (Figure 3.6b). Post PKA activation for the
PepTag Assay, the immunoprecipitated protein was eluted from the solid support using 2x
Laemmeli buffer and resolved to assess the success of immunoprecipitation. The presence
of a band corresponding to the supposed molecular weight of the protein in the
immunoprecipitate lane but its absence in the IgG lane confirms the success of the protein
immunoprecipitation (Figure 3.6c). The data suggests that PKA R-subunits display an

associated catalytic activity.
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Figure 3.6
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Figure 3.6 — Immunoprecipiated PKA regulatory subunits have and associated PKA catalytic
activity.

(a) PKA RI- and RIl-subunits were immunoprecipitated as described previously, except that the
associated PKA c was released and activated. The net PKA activity was assayed using a highly
specific coloured PKA substrate peptide tag and resolved on 0.4% Agarose gel. (b) The
coloured bands were melted and quantified using TeCan Spectrophotometer. PKA Rll-subunit
displayed a significantly higher associated PKA activity compared to the IgG control (p=0.0024).
(c) The success of the immunoprecipitation protocol was assessed by eluting the remaining
protein from the beads followed by Immunoblotting for the same. The presence of a band
corresponding to the supposed molecular weight of the protein in the immunoprecipitate lane
but its absence in the IgG lane confirms the success of the protein immunoprecipitation (n=3)
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3.5. Discussion

Reversible protein phosphorylation is a critical mechanism for cellular regulation. The
physiological significance of protein phosphorylation is highlighted by research showing
enhanced protein phosphorylation in several genetic diseases (Cohen, 2001), cancers
(Radivojac et al., 2008) and age-related diseases (Mattson et al., 2004). Reversible
phosphorylation as a post-translational modification first came under the scientific spotlight
with the identification of PKA (Smith et al., 1972). In other cell types, the downstream
effects of cAMP signalling are mediated by Epac (de Rooij et al., 1998), cyclic nucleotide-
gated ion channels (Nakamura & Gold, 1987) and PKA (Hayes & Mayer, 1981). However in

platelets, cAMP signalling is exclusive to PKA activation (Schwarz et al., 2001).

Using aggregation, we show the effect of PGl, on platelet function (Figure 3.1). A
concentration-dependent inhibition of thrombin-induced aggregation in the presence of
PGl, is observed. Elevation in cAMP is reported to compromise platelet granule secretion,
which is vital for platelet aggregation (Aburima et al., 2013). PKA is shown to down-regulate
Protein Kinase C (PKC) activity, a Ca2+—dependent protein by compromising the availability of
Ca®*. As a result, phosphorylation of PKC substrates, important in platelet granule release is
restrained. For example, PKC-mediated phosphorylation of MARCKS can cause
rearrangement of actin cytoskeleton and consequently dense granule secretion. PKA-
mediated inhibition of PKC prevents this process and therefore cause platelet inhibition
(Elzagallaai et al., 2000; Hartwig et al., 1992). A second major site of action for PKA is the
suppression of the mobilisation of intracellular Ca?* in cells. Since an increase in the
intracellular Ca* is critical for supporting platelet aggregation mechanism which target this
can modulate aggregation. The precise mechanisms that allow cAMP signalling to target
Ca?* are yet unclear, however speculations suggest the inhibition of Ca2+—dependant
enzymes (Geiger et al., 1994) and the phosphorylation of IP3R (Cavallini et al., 1996; El-daher

et al., 2000) could contribute towards platelet inhibition.

In the light of these findings, the concentration and temporal nature of PGl,-induced and
PKA-mediated phosphorylation of a variety of PKA substrates was also studied using
western blotting (Figure 3.2). A phospho-PKA substrate (pPKAs) specific antibody, which

detects the phosphorylated ser/thr residues with arg at -3 position, was used to detect the

71



CHARACTERISATION OF PKA-MEDIATED PHOSPHORYLATION

potential PKA substrates. In addition to this, pvASP>*™’

antibody was used as a positive
control since VASP is a known target for PKA in platelets (Holt et al.,1998). The results show
that activation cAMP signalling and PKA leads to phosphorylation of multiple substrates in
concentration and time-dependant manner. For each protein, the phosphorylation is
induced at specific concentration and time, and is prolonged for a specific time interval. This
is in parallel with previous reports that suggest unique protein-specific phosphorylation
patterns could be a consequence of compartmentalisation of specific cAAMP micro-domains,
that regulate specific signalling complexes (Zaccolo & Pozzan, 2002). Also, termination of
cAMP signalling conferred by PDEs, could also contribute to time-dependant blunting of
phosphorylation response (Pidoux & Tasken, 2010). To further dissect PKA-mediated
phosphorylation, pharmacological and localised activation of PKA was accomplished using
forskolin and 8-cPT-6-Phe-cAMP respectively (Figure 3.3a). Forskolin fits in the substrate-
binding cleft between the catalytic subunit pair of AC. This causes conformational
reorganisation of the enzyme and activates it (Tesmer et al., 1997). 8-cPT-6-Phe-cAMP, a
membrane permeable synthetic analogue of cAMP was used as a direct activator of PKA
(Sandberg et al., 1991; Schwede et al., 2000), however some non-specific effects on PKG in
platelets have also been reported (Christensen, 2003). Nevertheless, both forskolin and 8-
cPT-6-Phe-cAMP caused phosphorylation of PKA substrates including VASP. A closer look at
the results shows that forskolin and PGl, caused a more potent phosphorylation compared
to 8-cPT-6-Phe-cAMP (as indicated by the appearance of more/intense bands) (Figure 3.3a).
However, it is vital to recognise that while 8-cPT-6-Phe-cAMP causes a widespread elevation
of cAMP and therefore PKA activation, forskolin is a pharmacological activator of AC, which
subsequently causes localised activation of PKA. This could result in differing levels of PKA
activation and a consequent change in the pattern of substrate phosphorylation. Also, the
platelets may display a varying sensitivity to both these compounds, therefore resulting in
differing phosphorylation band intensities. Furthermore, the difference in the optimal
incubation time between the two compounds could also explain this difference. However, in
combination the data suggested that localised and pharmacological elevation in cAMP levels

in platelets successfully caused PKA-mediated substrate phosphorylation.

To further strengthen the findings, Ip receptor and PKA were blocked pharmacologically

(Figure 3.3b). RO1138452, an Ip receptor antagonist, competitively occupies to the agonist-
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binding site on the Ip receptor, therefore interfering with PGl,-induced receptor activation
(Bley et al., 2006; Jones et al., 2006). To address PKA directly we used a combination of
inhibitors that targeted different parts of the PKA holoenzyme. PKA, in its inactive state is
composed of a pair of c-subunits bound to two R-subunits (Corbin et al,; 1973; Potter et al.,
1979). KT5720 competes for the ATP—binding site on the PKA c-subunit. This interferes with
the ability of the c-subunit to transfer the gamma phosphate onto its substrate and cause
phosphorylation (Kase et al., 1987; Murray, 2008). Rp-cAMP, competes with cAMP for the
cAMP-binding site on the R-subunits. This restricts the conformational change associated
with PKA activation and subsequent unleashing of c-subunits (de Wit et al., 1984; Murray,
2008). We show here that pharmacological interference with the cAMP signalling pathway
compromises the PKA-mediated phosphorylation of substrates (Figure 3.3b). However, it is
interesting to note that the extent of effect is specific to each substrate. Again, this could
due to the differing affinities of PKA-mediated phosphorylation towards each substrate. This
means that the concentration of cAMP pathway antagonists used may perhaps not be
sufficient to completely ablate PKA activity and therefore the downstream phosphorylation
events. Furthermore, the varying sensitivity of platelets to pharmacological compounds

could also result in compromising phosphorylation to varying degrees.

There are significant structural differences between R- and c-subunits of PKA, but both of
these are conserved across the animal kingdom (Kim et al., 2007). However, multiple
isoforms of both the R- and c-subunits have been reported. Cloning of cDNAs have identified
two isoforms each of RI-subunit (Rla and RIB) (Clegg et al., 1988; Lee et al., 1983; Marten et
al., 1987) and Rll-subunit (Rlla and RIIB) (Scott et al., 1987). The existence of these R-subunit
isoforms gives rise to PKA type | and type Il, both of which exhibit differential localisation
(Corbin et al., 1975). Potential PKA isoforms have been reported to be present in platelets,
and we confirmed the presence of PKA Rl-, Rll- and c-subunits using western blotting and
immunoprecipitation (Figure 3.4). This was essential as we later endeavour to establish the
interaction dynamics between PKA and its substrates. Owing to the lack of isoform-specific
antibodies for PKA, we were unable to establish the abundance of each PKA subunit in
platelets. Nevertheless, RIB and RIIB have been reported to be the most abundant isoforms
in platelets (Rowley et al.,, 2011; Schwarz et al., 2001). Furthermore, using co-

immunoprecipitation, we show that in its inactive state PKA exists as a complex between
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the regulatory and catalytic subunits (Figure 3.5), as is supported by previous research
(Corbin et al., 1973; Potter et al., 1979). The results show the co-immunoprecipitation band
for Rll-subunit to be more robust as compared to that for RI-subunit. However, this may not
perhaps be representative of the potential abundance of Rl-subunit and Rll-subunit. It is
possible that the difference in band intensities for RI- and Rll-subunits could perhaps be as a
consequence of differing affinities of the antibodies in question towards the respective
proteins. Also, due to the limitation of the experimental approach used, the strength of this
interaction could not be established. However previous research suggests that perhaps
owing to structural differences between RI- and Rll-subunits, PKA c-subunit has a greater
affinity towards Rll-subunit (i.e. the formation of PKA Il holoenzyme is preferred), whereas
Rl-subunits are more likely to exist as a free dimer (Otten & McKnight, 1989). Alternatively,
the discrepancies in the efficiency of the antibodies to precipitate the relevant protein could

also result in variations in band sizes.

Having established the existence of the PKA holoenzyme as a complex between R-subunits
and c-subunits, it was essential to explore the potential of unactivated PKA to phosphorylate
protein substrates. To achieve this, PKA-c subunit associated with PKA RI- and Rll-subunits
was first extracted using immunoprecipitation. Next non-radioactive PKA assay was
employed, whereby a brightly coloured PKA-substrate is used as a marker of PKA activity.
On PKA-mediated phosphorylation of the substrate, the overall charge is altered to negative
and therefore altering its net migration on agarose gel towards positive electrode. A key
structural feature of each R-subunit is the presence of two cAMP-binding sites. On binding
of four cAMP molecules, the holoenzyme undergoes a conformational change and releases
the catalytically active PKA-c dimer from the cAMP-bound R-subunits (Kopperud et al.,
2002), which can phosphorylate protein substrates. Here we show that RIlI-subunit
immunoprecipitate displays a stronger kinase activity compared to RI-subunit
immunoprecipiate (Figure 3.6). Since kinase activity is primarily a consequence of PKA
catalytic activity, the results suggest that PKA c-subunit displays preferential association
towards RII- over Rl-subunit. These findings are in line with the suggestion of evolutionary
preference towards the formation of PKA RIl holoenzyme (Otten & McKnight, 1989).
However, it is important to consider that the assay is greatly affected by the efficiency of the

antibodies used for isolating RI- and Rll-subunits by immunoprecipitation. For this reason, it
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would be naive to conclude anything about the preferential existence of each type of PKA
holoenzyme. Nevertheless, the assay shows the PKA is active in platelets. PKA-mediated
phosphorylation of platelet proteins results in inhibition of actin reorganisation is one of the

mechanisms by which PKA inhibits platelet activation.

Platelet activation and aggregation primarily occurs as a consequence of inside-out
signalling. This involves conformational alteration of glycoprotein Ilb/Illa to enable binding
soluble fibrinogen (Bennett et al., 1999; Calderwood, et al., 2000). This process is also
complemented by platelet cytoskeletal rearrangement and actin reorganisation to drive the
key morphological changes. PGl,, the physiological activator of PKA, mediates platelet
inhibitory effects by binding to the Ip receptor, and activating AC (Armstrong, 1996). PGl,-
induced activation of AC causes the hydrolysis of ATP to form cAMP, which subsequently
binds and activates PKA. Activated PKA can inhibit platelet activation by compromising key
events in platelet activatory pathways such as intracellular Ca** elevation, platelet granule
secretion and cytoskeletal rearrangement. Some reports suggest Bs-endonexin, a crucial
fibrinogen-binding protein undergoes PKA-mediated phosphorylation (Kashiwagi et al.,
1997; Shattil et al., 1995), however the precise mechanisms regulation of integrin activation
remain unclear. Another key PKA substrate is the cytoskeleton-associated protein VASP,
which is localised in dynamic membrane regions and stress fibres (Reinhard et al., 2001).
Phosphorylation of VASP is reported to correspond to downregulation of actin
polymerisation (Harbeck et al., 2000) and inhibition of fibrinogen receptor (Horstrup et al.,

1994).

To summarise, this chapter demonstrates the presence of PKA signalling machinery in
platelets. Also, the role of PGIl, in platelet inhibition was also established. Having
characterised the PKA-mediated phosphorylation in this chapter, the following chapter will

focus on the effect of PGI, on Ca**  mobilisation in platelets.
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CHAPTER IV: CHARACTERISATION OF PKA-MEDIATED IP;R PHOSPHORYLATION

4.1. Introduction

Regulation of intracellular Ca®* is a key event in platelet haemostasis. The mobilisation of
intracellular Ca** upon agonist-induced platelet activation is mediated by phospholipase-
mediated release of IP; (Ferris, et al., 1989). This lipid messenger binds to IP3Rs, tetrameric
Ca’* channels, causing a structural rearrangement leading to the mobilisation of Ca’* stores
(Ferris et al., 1989). There are three isoforms of IPsR — IP3R1, IP3R2 and IP3R3, each encoded
by different genes — ITPR1, ITPR2 and ITPR3 respectively. Each of the three subtypes are
differentially located (Joseph, 1996); albeit all reported to be present in platelets with IPsR1
being predominant (El-daher et al., 2000). IP3R is reported to be phosphorylated by Protein
Kinase C (Ferris et al., 1991), Protein Kinase G (Komalavilas & Lincoln, 1996) and PKA (Ferris
et al., 1991). The specific sites of phosphorylation are yet to be determined. However, with
regards to the work described in this thesis, PKA-mediated phosphorylation and consequent
regulation of IP3R resulting in phosphorylation and consequent inhibition of the receptor
has been particularly appealing (Cavallini et al., 1996; Supattapone et al., 1988). IP3R1 has
been reported to undergo PKA-mediated phosphorylation at ser1756 and ser1589, both of
which are located in the regulatory region of the receptor (Ferris, et al., 1991). However a

platelet-specific characterisation of the sites remains to be performed in platelets.

Intracellular signalling is thought to be controlled through compartmentalisation. Protein
components of a signalling cascade are proposed to be organised in a macromolecular
complex with each other, therefore providing specificity for cell signalling (Zaccolo &
Pozzan, 2003). Previous studies have shown an association between PKA and IPsR1 in rat
brain (Collado-Hilly & Coquil, 2009; Tu et al., 2004) and rat adrenal cells (Hur et al., 2005),
however this remains to be studied in human platelets. In this chapter, we explore and
characterise the phosphorylation profile of IP3R1 using physiological agents (such as PGl,)
and non-physiological compounds (such as Forskolin, 8-cPT-6-Phe-cAMP, Rp-8-CPT-6-Phe-
cAMPS and KT5720). Furthermore, the effect of this phenomenon on mobilisation of
intracellular Ca®* was also studied. Subsequently, the technique of co-immunoprecipitation

was applied to study the association between IP3R1 and PKA in platelets.
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4.1.1. Hypothesis

This chapter tests the hypothesis that IP3R1 is a substrate for PKA and examines the possible
consequences of PGIl, treatment on Ca®* release. The possible association between IP3R1

and PKA in platelets was also explored.

4.1.2. Aims and Objectives

This chapter aims to establish the presence of IP3R1 in platelets and characterise its

phosphorylation patterns. The objectives of this chapter were to -

1. Confirm the presence of IP3R1 in human platelets
2. Characterise the PKA-mediated phosphorylation of IP3R1
3. Identify IP3R1-PKA complex in platelets
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4.2. Intracellular Ca®* mobilisation in platelets

4.2.1 Intracellular Ca®* mobilisation in response to Thrombin

Platelet activation in response to stimulatory agonists (such as thrombin) is associated with
the increase in intracellular Ca®* (Authi, et al., 1993). Thrombin has been shown to induce
platelet aggregation in a concentration-dependent manner. Here, we aim to test this in
principle and study the effect of thrombin treatment on Ca’* mobilisation. To achieve this,
intracellular Ca** levels were measured in Fura-2-AM labelled platelets suspended in
nominally Ca’*-free saline, that were treated with an increasing concentration of thrombin
(0.001U/ml to 1 U/ml) for 1 minute at 37°C. The Ca®* levels were monitored for 3 minutes
post stimulation. Elevation in Ca®* correlated with increasing concentration of thrombin
(Figure 4.1b); however the time taken for Ca®* mobilisation showed an inverse relationship
with thrombin concentration (Figure 4.1c). For example, at the highest concentration of
thrombin used (1U/ml), it took 5.07 seconds to reach a maximal Ca®" of 300.31nM. On the
other hand, at the lowest thrombin concentration (0.001U/ml), the maximal Ca*
concentration of 72.08nM was reached in 158.01 seconds (Figure 4.1). As can be seen, 0.001
U/ml and 0.01U/ml of thrombin does not induce a measurable increase over basal, hence
these concentrations were not considered appropriate for the use in subsequent
experiments. 1U/ml could be intoxicating to platelets. From our results and others in the
lab, 0.1U/ml was considered an optimal concentration to use for these experiments (Figure

4.1).

To summarise, the results suggest that stimulation of platelets with thrombin causes an
elevation in Ca?*. The Ca®' levels do not return to basal levels within the 3 minutes post
treatment. The concentration of thrombin used caused a proportional elevation in Ca®,

. . . . . . 2
whereas an inverse relationship with time taken to achieve those Ca“* levels was observed.
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Figure 4.1
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Figure 4.1. — Thrombin-induced intracellular Ca”* mobilisation

(a) Calcium release was measured in Fura-2 loaded washed platelets (2.5x10%cells/ml). Labelled
platelet suspension was pre-treated with PGI, (1-1000nM) for 1 minute at 37°C, prior to
stimulation with Thrombin (0.1U/ml). The calcium release was measured in dark using Carin
Spectrophotometer. The signals were recorded using Cairn proprietary software. A
concentration dependant elevation in thrombin was observed. (b) The maximal calcium release
post-thrombin treatment was proportional to the increase in thrombin concentration but (c)
showed an inverse relationship with the time required to release the maximal amount of ca®
(n=1).
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4.2.2. Thrombin-induced intracellular Ca** mobilisation in the presence of PGl,

PGI, has been suggested to inhibit platelet activation by interfering with intracellular Ca”
mobilisation. Studying the effects of PGl, on thrombin-induced intracellular Ca®'

mobilisation validated these suggestions.

Ca®* mobilisation was measured in suspended Fura-2-AM labelled platelets. The platelets
were treated with increasing concentration of PGl, (1-1000nM) for 1 minute at 37°C. At the
end of the incubation period, the platelets were treated with thrombin (0.1U/ml) and the
Ca® levels were measured for 3 minutes post-stimulation. PGI, inhibited Ca** mobilisation in
a concentration-dependent manner (Figure 4.2a). Thrombin (0.1U/ml) stimulation caused a
maximal release of 415.8#11.9 nM of Ca’* in 20.9+2.9 seconds (at the rate of
(26.743.4nM/sec), whereas on pre-treatment with PGl, (1000nM) blunted this to
255.7+26.5 nM in 81.84+1.14 seconds (at the rate of 2.0+0.3nM/sec). Treatment with PGl,
(1nM) caused a maximal release of 386.9+20.3nM Ca®" in 30.2+1.1 seconds. The rate of Ca*'
mobilisation in response to treatment with 1nM (23.2+2.3) and 10nM (21.6+2.4nM/sec) of
PGl, was comparable with stimulation with thrombin (0.1U/ml) (26.8+3.nM/sec). Pre-
treatment of suspended platelets with 100nM PGl, caused Ca’* mobilisation at the rate of
3.22+0.52nM/sec (Figure 4.2b-d). The variability in the maximal Ca®* mobilised can be
explained by inter-donor variation. In the light of results from §3.2 and these, 100nM PGl,
was considered to give optimal inhibition of thrombin-induced Ca** mobilisation. To
conclude, thrombin-induced Ca®* mobilisation was blunted in a concentration-dependant

manner by PGl,.
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Figure 4.2
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Figure 4.2. - Thrombin-induced intracellular Ca®* mobilisation in the presence of PGl,

(a) Calcium release was measured in Fura-2 loaded washed platelets (2.5x10%cells/ml). Labelled
platelet suspension was pre-treated with PGI, (1-1000nM) for 1 minute at 37°C, prior to
stimulation with Thrombin (0.1U/ml). The calcium release was measured as described
previously. As shown in the representative traces (b) the rate of Ca* release for the first 1
minute post-treatment, (c) the time taken to reach the maximal Ca** and (d) the maximal Ca**
concentrations were quantified and plotted as Mean+SEM (n=3). A t-test was performed on the
data, the p values of which are shown on the figures. Considering these results, 100nM PGl, was
considered to give the optimal inhibition of thrombin-induced Ca”** mobilisation (n=3).
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4.2.3. Effect of inhibiting IP3R on intracellular Ca** mobilisation

IP3sR1 has been reported to be primary source for the mobilisation of intracellular Ca® in
platelets (Varga-Szabo, Braun, & Nieswandt, 2009). 2-Aminoethoxydiphenyl borate (2-APB),
a membrane-permeable antagonist was used to block the IPs-induced Ca®* release
(Maruyama et al.,, 1997). Here, we set to investigate the effect of inhibiting IP3R using 2-APB
on intracellular Ca** mobilisation. To investigate this, intracellular Ca*" levels were measured
in a suspended Fura-2-AM labelled platelets that were treated with increasing concentration
(10-100uM) of 2-APB, for 3 minutes at 37°C in the dark, followed by treatment with a fixed
concentration (0.1U/ml) of thrombin. Calcium mobilisation was measured as described in

§2.7.

The rate of Ca®* release induced by thrombin was 25.72 nM/seconds, which was reduced to
0.18 nM/sec in the presence of 100uM 2-APB; (Figure 4.3a, b). On further analysis it was
also noted that 2-APB pre-treatment increased the time required to cause the maximal Ca®
release in a concentration-dependent manner compared to the control. The rate of Ca®'
release in response to 10uM and 100uM of 2-APB treatments was 22.67 seconds and 155.20
seconds compared to 8.62 seconds in control (Figure 4.3a,c). Similarly, while the maximal
Ca®* release was 281.2nM on stimulation with thrombin, treatment with 2-APB (10uMm)
reduced it to 198.9nM. Pre-treatment with the highest concentration of 2-APB (100uM)
reduced the Ca® levels to 45.53nM (Figure 4.3a,d). Overall, a concentration dependent
impediment in the maximal Ca’* release and rate of Ca®' release was observed in the
presence of 2-APB, whereas the time required to cause a maximal release of Ca®" was

inversely proportional to the concentration of 2-APB used.
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Figure 4.3
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Figure 4.3. - Calcium mobilisation in response to IP3R1 inhibition using 2-APB.

(a) Calcium release was measured in Fura-2 loaded washed platelets (2.5x10%cells/ml). Labelled
platelet suspension was pre-treated with 2-APB (10-100uM) for 3 minutes at 37°C, prior to
stimulation with Thrombin (0.1U/ml). The calcium release was measured as described
previously. (b) The rate of Ca** release for the first 1 minute post-treatment, (c) the time
required to release the maximal Ca** and (d) the maximal Ca” released post-treatment was
guantified and plotted as Mean. 2-APB pre-treatment blunted the initial rate of Ca” release and
maximal Ca’* released in concentration-dependent manner. The time to release the maximal
amount of Ca** showed an inverse relationship with 2-APB concentration (n=1).
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4.2.4. Effect of inhibiting IPsR on thrombin induced platelet aggregation

The contribution of extracellular Ca®" in platelet aggregation has been well understood
(Born, 1962). Although Authi et al have shown platelets to aggregate in response to
exogenous IP5 (Authi et al, 1986), the effects antagonising IPsR-mediated Ca®* mobilisation
on platelet aggregation remain to be studied. To investigate this, washed platelets (2.5 x 108
cells/ml) were pre-treated with increasing concentration of 2-APB (10-100uM) for 3 minutes
at 37°C in the dark, followed by treatment with a fixed concentration of thrombin (0.1U/ml)
(Figure 4.4a). Platelet aggregation response was measured for 3 minutes. Treatment with
thrombin caused 70+8.2% aggregation, whereas pre-treatment with 10uM 2-APB blunted
the aggregation response to 45+5.7%. Treatment with 50uM 2-APB or higher caused a
complete inhibition of thrombin-induced platelet aggregation. A concentration-dependent
reduction in platelet aggregation on 2-APB treatment (Figure 4.4) suggests a function of
IPsR1-mediated Ca®" mobilisation in platelet aggregation, however technical limitations
prevented further exploration of the same. It is interesting to note that, even at the highest
concentration of 2-APB, a mild platelet shape change is observed. This suggests that
perhaps the platelet shape change pathway was independent of IPsR-mediated ca*

elevation.
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Figure 4.4
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Figure 4.4 - Platelet aggregation response to increasing dose of 2-APB.

(a) Washed platelets (2.5x10%cells/ml) were pre-treated with increasing dose of IP3R1 inhibitor,
2-APB (10-100uM) for 3 minute at 37°C, followed by treatment with thrombin (0.1U/ml). The
point of thrombin addition is shown by the arrow. Aggregation was monitored for 3 minutes
under constant stirring (1000rpm) at 37°C using Chrono-log dual channel aggregometer. The
traces were generated by aggro-link computer software. The representative traces and (b) the
quantified aggregation data presented as Mean + SEM suggest that platelets pre-treated with
varying concentrations of 2-APB show a concentration-dependant blunting of aggregation but
not shape change in response to thrombin (n=3).
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4.3. Validating the presence of IP3R in platelets by immunoblotting

IP3R has been reported to be the primary intracellular Ca’' release channel. In the light of
findings described in Figure 4.2, it is vital to appreciate the potential effects of PGI, on IP3R

modulation. To begin with, it is essential to test the presence of IP3R in platelets.

4.3.1. Validating the presence of IPsR in platelets

Three different subtypes of IP3R have been reported to be present in platelets (El-Daher et
al., 2000) and we set out to validate these findings using immunoblotting. Increasing
concentrations of protein from platelet lysate was resolved on Precast 4-20% Mini-PROTEAN
TGX Gel followed by immunoblotting using antibodies specific to IPsR1, IPsR2 and IP3R3
respectively. Bands corresponding to the apparent molecular weights of 300, 260 and 250
kDa were observed, suggesting the presence of IPsR1, IPsR2 and IPsR3 respectively. A
proportional increase in the band intensity to protein concentration supports the presence
of all three IP3R isoforms in platelets. B-tubulin was used as the loading control to account

for discrepancies in protein loading (Figure 4.5a).

As a next step, IP3R were isolated using immunoprecipitation. Unlike western blotting where
proteins are detected from a homogenous mixture, immunoprecipitation allows the
purification of a single protein from the cell lysates. This makes immunoprecipitation much
specific technique of protein detection. IPsR1 has been reported to be the most abundant of
all three IPsR isoforms in platelets, hence was the focus of this project. The
immunoprecipitation conditions for IPsR1 required optimisation with respect to amount of
antibody and solid support. In the first instance increasing concentration of antibody was
conjugated with a fixed volume of solid support (either Protein A or Protein G beads).
Immunoprecipitation was then performed as described previously (§2.5.4). Data obtained
showed that 0.5pug of antibody could precipitate detectable amount of IP3R1. This was
increased until 2pg, but beyond that failed to show any detectable increase in protein
precipitation yield. Furthermore, IPsR1 was undetectable following incubation with protein
A beads coated with 1gG, suggesting the absence of non-specific binding of IPsR1 antibody
(Figure 4.5b).
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Figure 4.5
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Figure 4.5 - Validation of the presence of IPsR in platelets.

(a) Platelet lysates were loaded in increasing protein concentration and resolved and
processed as described previously. The PVDF membranes were probed for anti-IPsR1, IPsR2,
IP3R3 and B-tubulin antibodies (1:1000), followed by protein visualisation using ECL (n=3). The
appearance of protein bands corresponding to the reported molecular weights suggests the
presence of IP3R isoforms in platelets. (b) Platelet lysates (500ug protein) were pre-cleared and
IPsR1 was immunoprecipitated as described previously. The protein was eluted by the addition
of Laemelli buffer. The samples were boiled for 10 minutes before being resolved and treated
as described previously. (c) The immunoprecipitation input was also resolved to assess the
efficiency of immunoprecipitation. The optimal protein yield was obtained on using 2ug of
antibody with Protein A beads, hence these conditions were used for subsequent experiments.
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Input from the immunoprecipitation was also analysed for the presence of residual protein.
Although, IP3R1 could be immunoprecipitated using 0.5ug of antibody, a significant amount
of protein still remained in the input. Further analysis of the input did not show any
significant difference in the residue remaining from IP performed using 2ug or 5ug antibody
(Figure 4.5c). For this reason, subsequent immunoprecipitation experiments were
performed using 2ug of IP3R1 antibody. IP3R1 enrichment was possible using both the types
of solid support. However, on comparing the immunoprecipitation yields with the residual
protein in the input, we were biased towards Protein A beads being able to precipitate IP3R1
more efficiently (Figure 4.5c). Similarly, immunoprecipitation of IP3R2 and IPsR3 was also
attempted, however was unsuccessful, perhaps owing to the limitation of the antibodies

available.

To summarise, Figure 4.5 shows the presence of all three IP3R subtypes in platelets. IP3R1,
being the most abundant (Patterson et al, 2004) was the focus of this project was
immunoprecipitated from platelet lysates using 2ug of IPsR1 antibody and Protein A beads
as the solid support. These conditions were deemed optimal for the use in subsequent

experiments.
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4.4 Characterisation of Serine phosphorylation of IP;R1

4.4.1. Confirmation of specificity of phospho-IPsR1 antibody

cAMP signalling pathway is a key pathway that regulates platelet activity. Over 150 PKA
substrates, including IPsR1 have been identified and reported (Beck et al, 2012; El-daher et
al., 2000; Margarucci et al.,, 2011). However, a detailed characterisation of IP3R1
phosphorylation in response to cAMP signalling is yet to be performed. A specific PKA
phosphorylation site on ser1756 has been recognised in other cell types (Joseph, 1996). An
antibody specific to this site was acquired. Here, we validate the specificity of phospho-

IPsR1 antibody.

IP3R1 (2ug) was immunoprecipitated from the lysates of untreated and PGl,-treated platelet

and the phosphorylation status was screened using Anti-plPsR1°*"7%°

antibody. Under these
conditions IP3R1 was found to become phosphorylated on ser1756 after treatment with PGl,
(100nM) but not under basal conditions. As a means of secondary confirmation, we also
probed the immunopreciptate with an antibody that recognised phosphorylated PKA
substrates. Again, we observed a strong phosphorylation after treatment with PGIl,, but not
under basal conditions (Figure 4.6). The data suggests that IPsR1 is phosphorylated on
treatment with PGI, but not under untreated conditions. Furthermore, the data establishes

Serl756
1

that Anti-plPsR antibody reliably detects IPsR1 phosphorylation and was used for

subsequent experiments to study IP3R1 phosphorylation.
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Figure 4.6
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Figure 4.6 - Confirmation of specificity of phospho-IP;R1 antibody.

Untreated and PGl,-treated (100nM) platelet lysates (500ug protein) were pre-cleared by
incubation with 25ul Protein A slurry at 4°C for 2 hours. The immunoprecipitation was
performed as described previously. The protein was eluted by the addition of Laemelli buffer.
The samples were resolved followed by protein resolution using ECL as described previously
(n=3). The results suggest that IP3R1 is phosphorylated on treatment with PGIl, and that
Anti-pIP3R1°*™7%® antibody reliably detects IPsR1 phosphorylation. The antibody was
therefore used to detect phosphorylation in subsequent experiments.
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4.4.2. Phosphorylation of IPsR1 in response to PGl, occurs in a concentration and time-

dependant manner

The previous chapter shows that protein substrates are phosphorylated by PKA in a
temporal and concentration-dependent manner. Here we characterised PKA-mediated

IP3R1 phosphorylation.

Under basal conditions we found that IP3R1 was not phosphorylated. However, treatment
with increasing concentration of PGIl, (0.1 — 100nM) led to a concentration-dependent
increase in band intensity corresponding to the apparent molecular weight of IP3R1 suggests
that IP3sR1 undergoes concentration-dependent phosphorylation (Figure 4.7a). Maximal
phosphorylation was observed at 100nM (highest concentration tested) (Figure 4.7c).
Phosphorylation of VASP (at serl57), an established PKA substrate, was used as a positive
control for PKA mediated phosphorylation. Overall, VASP also displayed a concentration-
dependent pattern of phosphorylation (Figure 4.7a). However, it can be noticed that the
phosphorylation bands for IP3R1 are stronger as compared to VASP, especially at lower
concentration of PGl,. This could perhaps highlight the spatial differences in PKA-mediated
substrate phosphorylation, i.e. the possibility of IP3R1 being more sensitive to PKA-mediated
phosphorylation compared to VASP cannot be ignored. Alternatively, these differences

could also result from differing sensitive of the antibodies in question.

Temporal pattern of IPsR1 phosphorylation was also studied by treating platelet lysates with
a fixed concentration of PGl, (100nM) for increasing time intervals (0.5 — 60 minutes). On
immunoblotting with it was revealed that IPsR1 undergoes a rapid phosphorylation starting
at 30 seconds (Figure 4.7b). The phosphorylation peaks around 5 minutes, but by 15
minutes it returns back to untreated levels. Unlike IPsR1 phosphorylation, pVASPSer157
phosphorylation peaked around 2 minutes and was blunted after 15 minutes, however
weak phosphorylation could still be detected at 60 minutes (Figure 4.7b, d). This suggests a

difference in the temporal regulation of PKA-mediated substrate phosphorylation (discussed

in §4.8). B-tubulin was used as a control for discrepancies in protein loading (Figure 4.7b,d).
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Figure 4.7
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Figure 4.7 - PGly-induced IPsR1 phosphorylation.

(a) Washed Platelets (5x10° cells/ml) were treated with increasing concentration of PGl, (0.1-
100nM) for 1 minute at 37°C, with constant stirring for the first 15 seconds. At the end of 1 minute,
the signalling was terminated by lysing the platelets with 2x Laemmli buffer (1:1v/v). 30ug of protein
was loaded on 4-20% Precast gel and resolved by SDS-PAGE followed by probing with anti-
pIPsR1>*™7® antibody (1:1000) and anti-pVASP>*™’ antibody. B-tubulin (1:1000) was used as a
loading control (n=3). The blots suggest concentration-dependant increase in IP;R1 phosphorylation
as quantified in (b) using densitometry (n=3). (c) As in (a), except that washed platelets were treated
with a constant concentration of PGl, (100nM) for increasing time periods (0.5-60 minutes). The
samples were treated as described previously, and display time-dependant phosphorylation of IP;R1
as quantified in (d) (n=3).
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4.4.3. 1P3R1 phosphorylation is mediated by PKA

Having established PGIl,-induced phosphorylation of IPsR1, it was essential to explore
phosphorylation events downstream of the Ip receptor. We aimed to achieve this by
circumventing the PGIl, receptor and directly activating AC using forskolin and then
activating PKA directly using 8-CPT-6-Phe-cAMP, but also using a number of receptor

antagonists and pharmacological inhibitors that targeted various elements of the pathway.

Incubation of washed platelets with forskolin (5uM) and for 5 minutes at 37°C resulted in a
significant increase in phosphorylation of IP;R1 compared to untreated platelets, confirming
a role for cAMP. When the experiments were repeated with 8-CPT-6-Phe-cAMP (50uM), we
again found significantly elevated phosphorylation of the receptor, suggesting that IP3R1 is
phosphorylated at ser1756 downstream of PKA (Figure 4.8a,c). As a control, platelets
treated with PGl, (100nM) for 1 minute at 37°C were used as a positive control. In contrast
no IP3R1 phosphorylation was observed under untreated conditions. Furthermore, the
phosphorylation pattern of VASP at ser157 was also studied in these samples and was found

to mirror that of IP3R1.

We next used a combination of PKA inhibitors (Rp-8-CPT-6-Phe-cAMPS and KT5720) to
confirm the role of the kinase. In the presence of these inhibitors we observed a reduction
in phosphorylation of IP3R1 at ser1756 (Figure 4.8b,d), while the phosphorylation of VASP at
serl57 induced by PGI, (100nM) for 1 minute was ablated. Finally we used R01138452, an
Ip receptor antagonist to confirm the contribution of this receptor in the signalling process.
Incubation of the platelets with the receptor antagonists prior to PGl, abolished the
phosphorylation of IP3R1 at ser1756 and VASP at ser157 Together these data suggest that
PGl, through Ip receptor induces the phosphorylation of IP3R1 at serl756 using a pathway
that involves both cAMP and an isoform of PKA (Figure 4.8).
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Figure 4.8
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Figure 4.8 - PKA-mediated IP3R1 at serine 1756 phosphorylation.

(a) Washed platelets (5x10° cells/ml) were treated with Forskolin (5uM) and 8-CPT-6-Phe-cAMP
(50uM) for 5 minutes at 37°C, with constant stirring for the first 15 seconds. At the end of
incubation period, signalling was terminated by lysing the platelets with 2x Laemmli buffer
(1:1v/v). 30ug of protein was loaded on 10-18% gradient gel and resolved as previously
described, followed by immunoblotting using anti-IP;R1%7°® antibody (1:1000) and anti-
pVASP*™” antibody. B-tubulin (1:1000) was used as a loading control. (b) [IP3R1
phosphorylation was quantified using densitometry (n=3). (c) Similarly, washed platelets were
treated with RO1138452 and Rp-8-CPT-6-Phe-cAMPS/KT5720 for 20 minutes at 37°C, prior to
treatment with PGI, (10nM) for 1 minute. The samples were treated as described previously and
(d) IP3R1 phosphorylation was quantified using densitometry (n=3). The data suggests that IPsR1
phosphorylation occurs downstream of PKA.
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4.5 Identification of association of IP3R1 with PKA

4.5.1. Identification of IP3R1 as a PKA binding protein

Since we established IPsR1 as a substrate for PKA, we endeavoured to determine its status
as a PKA binding protein using the cAMP-linked beads enrichment protocol. Washed platelet
lysates were incubated with either 8-AHA-cAMP beads or 8-AHA-cAMP beads saturated with
ADP, overnight at 4°C to capture PKA binding proteins. Examination of the proteins in the
pull-down demonstrated the presence of bands corresponding to the apparent molecular
weight of PKA-RI, PKA-RII and PKA-c (Figure 4.9a). Furthermore, quantification of IP3R1 band
intensity suggests a 200-fold increase in band intensity in the cAMP pull-down lane over
cAMP saturated control (Figure 4.9b). In contrast lysates from beads saturated with ADP
failed to enrich the PKA subunits. The inability to detect bands in the cAMP saturated lane
points towards the success of the technique and that it can be used to isolate PKA binding
proteins. On establishing the success of PKA enrichment, the membranes were probed with
antibody against IP3R1 to assess its status as a PKA-binding protein. The presence of a band
corresponding to the apparent molecular weight of IP3R1 in the pull-down lane and the
platelet lysate lane, but not in the cAMP saturated lane. These data suggested that IP3R1 is
associated with PKA binding although it is unclear if this is a direct or indirect association.

The association of IP3R2 and IPsR3 with PKA was not investigated.
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Figure 4.9 — Status of IP3R1 as a PKA-binding protein

(a) Platelet lysates (500ug protein) were pre-cleared by incubation with 25ul EtO-NH beads
slurry at 4°C for 2 hours. The samples were centrifuged at 10000rpm for 1 minute and the
supernatant was collected and incubated overnight at 4°C with either 8-AHA-cAMP beads slurry
or 8-AHA-cAMP beads saturated with ATP. At the end of the incubation period, the beads were
pelleted by centrifugation at 10000rpm for 1 minute and washed sequentially with lysis buffer
and TBS-T. The protein was eluted by the addition of Laemelli buffer. The samples were boiled
for 10 minutes before being resolved and treated as described previously. The presence of a
band corresponding to the apparent molecular weight of IPsR1 in the pull-down lane and the
platelet lysate lane, but not in the cAMP saturated lane (n=3) (b) as is further supported by the
densitometry data showing increased IPsR1 band intensity in the cAMP pull-down lane over
cAMP saturated control.
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4.5.2. 1P3R1 associates with PKA type | and II

The suggestion from cAMP pull-down experiments was that IP3R1 is a PKA-binding protein
(Figure 4.9). This was further tested using co-immunoprecipitation approach. The IP3R1 was
immunopreciptated using standard conditions described previously and subjected to
immunoblotting. Probing of the IP3R1 immunoprecipates for PKA RI-subunit found that this
was associated with receptor under basal conditions and that this was not affected by
treated of the platelets with PGI, (100nM for 1 minute). Similarly, the association of PKA RII-
subunit and c-subunit with IP3R1 remained unaltered by PGl treatment (Figure 4.10a). The
guantification data shows no difference in the band intensity, suggesting that the
association between IP3R1 and RI/RIl-subunits is unaltered by PGI, treatment (Figure 4.10b).
In all cases the IgG controls showed little or no protein precipitation (Figure 4.10a-b). These

findings propose an association between IPsR1 and PKA.

To further strengthen the findings, reverse co-immunoprecpitation experiments were
performed. Here PKA RI-subunits (Figure 4.10d and PKA RIll-subunits (Figure 4.10c) were
immunoprecipitated from untreated and PGl,-treated lysates and the membranes were
probed with the respective immunoprecipitation controls and IP3R1. Protein bands
corresponding to IPsR1 were found, albeit weak in both the immunoprecipitation
experiments. Nevertheless, it suggests an association with both PKA RI- and Rll-subunits.
Owing to the presence of multiple PKA substrates, it is possible that only a small percentage
of PKA binds to IPsR1, which could perhaps explain the presence of weak bands in the

reverse co-immunoprecipitation experiments.
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Figure 4.10
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Figure 4.10 — Association of IP3R1 with PKA in platelets

(a) IP3R1 was immunoprecipitated from platelet lysates as described previously, followed by
immunoblotting using anti-PKA RI, anti-PKA RIl and anti-PKA c-subunit antibodies to explore if
association of IP3R1 with either PKA-I or PKA-Il is altered on PGI, treatment. (b) The protein
bands were quantified using densitometry. The densitometry data shows no difference in the
band intensity suggesting association between IP;R1 and RI/RII-subunits is unaltered by PGl,
treatment (c) PKA RIl-subunits (n=3) and (d) PKA Rl-subunits (n=2) were immunoprecipitated
from lysates as described previously. The membranes were subsequently probed with anti-IP3R1
(1:1000) and the respective immunoprecipitation controls to support the findings using reverse

co-immunoprecipitation approach.
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4.6. Activity of PKA associated with IP;R1

Having established the possible association between PKA and IP3R1, it was essential to
investigate if the PKA associated with IPsR1 had any kinase activity. This was done using
non-radioactive PepTag PKA assay (§2.6), which works on the principle that upon
phosphorylation, PKA substrate peptide tag (Leu-Arg-Arg-Ala-Ser-Leu-Gly) acquires an
overall negative charge and migrates towards the positive electrode on agarose gel
therefore providing a visual representation of PKA activity. Alongside the samples, a positive
control (of recombinant PKA catalytic subunit; 2ug/ml) and a negative control (no PKA/

sample added) were resolved.

To achieve this, IP3R1 was immunoprecipitated from treated and untreated lysates with the
notion that PKA associated with IP3R1. On being subjected to the kinase activity assay, IP3R1
immunoprecipitated from untreated lysate displayed an average of 1.5-fold increase over
IgG control, whereas PGl,-treated lysate displayed a kinase activity similar to I1gG control
(Figure 4.11). Although, untreated lysate displayed a higher kinase activity compared to
PGl,-treated samples, on quantification of the same, the difference between the two failed
to reach significance. There was also no significant difference between the associated PKA
activity in untreated and IgG control samples (Figure 4.11a,b). Apart from the samples, the
positive and negative controls migrated towards negative and positive electrodes

respectively.

Post PKA activation for the PepTag Assay, the immunoprecipitated protein was eluted from
the solid support using 2x Laemmeli buffer and resolved to assess the success of
immunoprecipitation. The presence of a band corresponding to the supposed molecular
weight of IP3R1 in the immunoprecipitate lane but its absence in the IgG lane confirms the

success of the protein immunoprecipitation (Figure 4.11c).
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Figure 4.11 - Associated PKA catalytic activity with the regulatory subunits.

(a) IPsR1 was immunoprecipitated as described previously, except that the associated PKA c was
released and activated. The net PKA activity was assayed using a highly specific coloured PKA
substrate peptide tag and resolved on 0.4% Agarose gel and imaged using Syngene Bio
Imagining system (b) The coloured bands were melted and quantified using TeCan
Spectrophotometer and represented as fold-increase over IgGiSEM (n=3). There was no
significant difference between the associated PKA activity in untreated and IgG control samples
(c) The remaining IP;R1 was eluted from Protein A beads using 2x Laemmelli buffer. The
samples were resolved and treated as described previously, followed by Immunoblotting with
anti-IP;R1 antibody. The presence of a band corresponding to the supposed molecular
weight of IPsR1 in the immunoprecipitate lane but its absence in the IgG lane confirms the
success of the protein immunoprecipitation.
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4.7. Discussion

Ca®* is a universal second messenger, therefore Ca® signalling is at the core of various
processes such as muscle contraction, fertilisation (Takahashi, et al., 1999) to platelet
activation (Hovig, 1964). Elevation of intracellular Ca®* contributes to various platelet
activatory mechanisms such as cytoskeletal reorganisation to enable platelet shape change
(Hathaway & Adelstein, 1979), platelet aggregation and dense granule secretion (Shattil &
Brass, 1987). A significant proportion of the increase in intracellular Ca** occurs through the
release of Ca** from DTS primarily via the IP3Rs (Varga-Szabo et al., 2009). In that sense, the
dynamics of intracellular Ca’* release would ideally be studied by the addition of IP; and
therefore isolating this aspect of Ca®* signalling. This would bind to its receptor and cause
Ca?* mobilisation. This technique has been applied to study the Ca’' release through the
IP3Rs (Keularts, et al., 2000; van der Meijden et al., 2008; van Gorp, et al., 2002). Our initial
aim was to replicate this approach to examine how cAMP signalling targeted IP3-mediated
effects. However, despite numerous attempts we were unable to effectively supplement the
platelets with enough IP; to cause a measurable Ca** mobilisation. For this reason, we
attempted to employ an alternative approach, whereby Ca**-mobilisation in platelet

suspension was measured using thrombin as the agonist.

Although widely reported, thrombin-induced Ca** elevation in platelets (Fung et al., 2012;
Keularts et al., 2000; van der Meijden et al., 2008; van Gorp et al., 2002) was first validated.
Fura-2-AM, a ratiometric Ca®* sensitive indicator was used for these experiments. Fura-2
labelled platelets were treated with thrombin in a concentration-dependant (0.001-1U/ml)
manner. Increasing concentration of thrombin mirrored the elevation in Ca’* and elongation
of the time required to cause a maximal Ca** release (Figure 4.1). The lower concentrations
of thrombin (0.01 and 0.0001U/ml) were unable to induce measurable Ca®* mobilisation;
perhaps as a result of being unable to mediate generation of sufficient levels of IP3
molecules to bind and activate IP3 receptors; these concentrations were therefore not used
for subsequent experiments. Though the highest concentration of thrombin (1U/ml) used
caused a significant Ca®* mobilisation, this concentration was deemed toxic for platelets.
Reports suggest that potent concentrations of thrombin can have an apoptotic effects on
platelets (Leytin, et al., 2007). From the work of others in the laboratory and my own work,

a concentration of 0.1U/ml of thrombin was considered optimal for the use in Ca®
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mobilisation studies. It is interesting to note here, that although the maximal Ca®
mobilisation is affected by the concentration of thrombin, once elevated the ca’*
concentration do not return to the basal levels. The reason for this is unclear, although the
possibility of Ca®* entry contributing to this cannot be ignored. Further support for this
hypothesis comes from the work by Hassock et al, which suggests TRPC6 stimulation in

response to thrombin, causes non-SOCE, non-selective cation entry (Hassock et al, 2002).

Having replicated the Ca’* elevations during platelet activation in-vitro, Ca®* modulation
traces on physiological inhibition of platelets (by PGIl,) were studied. Figure 4.2 shows a
concentration-dependent impediment of Ca®* mobilisation on PGl, treatment, but never a
complete inhibition. While studies using physiological concentrations of PGl (0.6ug/ml)
mirror our findings (Cavallini et al., 1996). It is important to appreciate that although the
rate of Ca®" mobilisation and the maximal Ca*" are reduced in response to PGl,, at the end of
the time course the Ca?* concentration was consistent irrespective of the concentration of
PGl,. Thus, it seems that at more physiologically relevant concentrations of PGl, used here,
PGl, acts to blunt but not block Ca?* mobilisation. It is known that PKA activation inhibits
non-SOCE medicated Ca®" entry through TRPC6 (Hassock et al, 2002). It is well recognised
that STIM1 initiates Ca®" influx by activating SOCE in response to low intracellular Ca* levels
(Authi, 2009). Therefore, the results could perhaps be a consequence of the rate of SOCE
being higher than the rate of Ca?* mobilisation at 3 minutes. In the context of cAMP
signalling, we speculate moderation but not complete inhibition of Ca’' levels by cAMP due
to the physiological involvement of Ca?* in various platelet activatory pathways. This means
that cAMP-mediated regulation would moderate the platelet activatory pathways, therefore
supporting platelet inhibitory mechanisms. At higher concentrations PGl, is reported to
cause a complete inhibition of Ca®* mobilisation (Fung et al., 2012). It could be argued that
this is perhaps as a result of using a highly potent dose of PGIl, (60uM) in response to
stimulation by 0.03U/ml of thrombin, unlike the case in our experiments (where 0.1U/ml of
thrombin was used) (Fung et al., 2012). It is also possible that inter-individual variation and
the effect of confounding variables (age, gender, diet) in platelet responses may contribute
to the overall response (Jones et al., 2009). The above discussion highlights the difference in

the balance of activatory and inhibitory pathways between the two studies.
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To further support the findings that in the absence of extracellular Ca®*, thrombin-induced
Ca®* mobilisation is primarily IPs-mediated 2-APB, a membrane-permeable antagonist was
used to block the IPs-induced Ca®" release. 2-APB has displayed coherent blockage of IP3Rs
in platelets (Dobrydneva & Blackmore, 2001; Maruyama et al., 1997). Also, these effects
have been reported to be inconsistent across cell types. Since it has also been suggested to
display non-specific effects such as interfering with IPs-generating stimulus in cells or
impediment of Ca** release in striated muscles (Maruyama et al., 1997) making its an non-
specific IP3R inhibitor. Dose-dependent reduction in platelet Ca* levels (Figure 4.3) and
platelet aggregation (Figure 4.4) in response to a concentration range (10-100uM) of 2-APB
was seen. A concentration-dependent reduction in intracellular Ca’* release and platelet
aggregation on pre-treatment with 2-APB, was supported by research from other groups
(Maruyama et al., 1997, Dobrydneva & Blackmore, 2001, Ma et al., 2001). Furthermore, the
concentrations of 2-APB tested here have been used and confirmed by other researchers to
show Ca’' release through IP3Rs (Bootman & Lipp, 1999). Kukknoen et al suggest an isoform-
specific selectivity of 2-APB (Kukkonen et al., 2001). In line with these findings, 2-APB has
been most effective in cells highly expressing IPsR1 and IP3R3. In platelets, IPsR1 is the most
highly expressed of all the three isoforms (Patterson et al., 2004), suggesting that IPsR1 may
play a major role in the mobilisation of Ca** in response to thrombin. Given that we found
that PGl, modulates Ca%, it could suggest that cAMP has a major effect on the signalling by
IPs. While we were unable to show directly that cAMP blocks IPs-mediated release, this
could be inferred from the experimental data with PGl, and 2-APB. Work by Watson et al
suggests that cAMP and PGI, influence the factors that generate IP3 including PLC isoforms.
A possible indirect mechanism of PGl,-mediated regulation of IP; production could be
depletion of PIP, in the membrane by either down regulating the kinase responsible for its
synthesis or up regulating the membrane-bound PDEs to initiate hydrolysis (Irvine, 1982;
Watson, et al., 1984). Therefore, perhaps using D-myo-IP3 or caged IP3 to study this would
be ideal. Furthermore, it can also be inferred from Figure 4.4 that although there is a 2-APB-
dependent reduction in Ca’* mobilisation, the platelet shape change remained unaltered. It
can be speculated that the shape-change could be induced by Rho-kinase pathway, which is
not known to be regulated by elevation in cytosolic Ca®* or via the Ca2+—dependent

activation of MLC kinase (Bauer et al, 1999). To summarise, we show a concentration-
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dependent reduction in intracellular Ca’* release and platelet aggregation on pre-treatment

with 2-APB, but no significant effects on platelet shape change.

One possible mechanism by which cAMP signalling could modulate IP3 signalling is through
targeting of its receptor. IPsRs are known to exist as three different isoforms — IP3R1, IP3R2
and IP3R3. Though these subtypes share a significant sequence similarity, their affinity
towards IP3, the ligand differs. These findings direct towards the possibility that these
subtypes perhaps play independent roles in Ca® regulation. Using western blotting, we
showed the presence of all three subtypes of IP3R in platelets (Figure 4.5). These findings are
supported by the studies in platelet transcriptome (Margarucci et al., 2011) and in highly
purified platelet membranes (El-daher et al., 2000). IPsR1 was also immunoprecipitated
using 2ug of antibody and Protein A-sepharose beads as the solid support. Although, all
three subtypes of IP3R were found in platelets, the research discussed in this thesis focuses
primarily on IP3R1 — the predominant form of IPsRs (Patterson et al., 2004) in platelets.
Immunoreprecipitation of IP3sR2 and IP3R3 was attempted but its success was hindered by
the tools available. This could perhaps be a limitation of the respective antibodies used.
Alternatively, protein concentration of the lysate could be the limiting factor, therefore

restricting the immunoprecipitation of IP3sR2 and IP3R3.

IP3Rs have been identified as a substrate for PKA (Ferris, et al., 1991). However, a systematic
characterisation of PKA-mediated IP3sR1 phosphorylation in platelets has not been
performed. In the context to platelet function, it is vital to study PKA-mediated IPsR
phosphorylation as it is reported to alter the sensitivity to IP; and subsequent Ca®*
mobilisation (DeSouza et al., 2002; Haug, et al., 1999). To address this, concentration and
time-dependent phosphorylation patterns of IPsR1 were studied in response to PGlI,-
induced PKA activation. VASP, a well-established PKA substrate (Walter et al., 1993) was
used as a positive control and a marker of PKA phosphorylation. PGl,-induced
phosphorylation occurred in a concentration and time-dependent manner (Figure 4.7).
However, it should be recognized that even though the concentration-dependent
phosphorylation pattern of IPsR1 mirrored that of pVASP (Figure 4.7a), the temporal
phosphorylation patterns of IP3R1 at ser1756 and that of VASP at ser157 differed (Figure
4.7b). It is worth noting here that, neither of the two phosphorylation sites on IP3R1 have

been reported in platelets. VASP phosphorylation was sustained for longer than IP3R1

104



CHARACTERISATION OF PKA-MEDIATED IP3R1 PHOSPHORYLATION

(Figure 4.7). A possible explanation for this could perhaps be the two substrates being
phosphorylated by different isoforms of PKA. This can perhaps be due to the varied
functions and localisations of the two proteins in question. IP3R1 is localised on the DTS,
whereas VASP is membrane-bound. In addition to this, there is also a possibility that
different subtypes and perhaps splice variants of PDEs regulate the localised cAMP levels
around the two substrates, which could lead to discrepancies in the time cAMP levels
sustain for. Further support for this hypothesis comes from the data suggesting that PDEs

display differential localisation in myocytes (Omori & Kotera, 2007).

Nevertheless, to fully dissect the cAMP signalling pathway, it was essential to by-pass
various signalling components and study PKA phosphorylation. Forskolin-induced elevation
in cAMP levels circumvented the PGI, receptor (Metzger & Lindner, 1981), by directly
activating AC. Similarly, 8-CPT-6-Phe-cAMP, a synthetic analogue of cAMP, which is resistant
to PDE-mediated hydrolysis (Miller et al., 1980), was also used. Both the stimulants caused
phosphorylation of IPsR1, which was mirrored by VASP (Figure 4.8a). Similarly, RO1138452,
an lp receptor antagonist (Bley et al., 2006) was used to study the consequence blocking
PGl, signalling on IP3R1 phosphorylation. PKA inhibitors Rp-8-CPT-6-Phe-cAMPS and KT5720
were used in combination owing to their weak individual effects. ATP binding to PKA
catalytic subunit is crucial to cause substrate phosphorylation; KT5720 is a completive
inhibitor for the ATP-binding site on PKA catalytic subunit. Rp-8-CPT-6-Phe-cAMPS on the
other hand is a competitive inhibitor of the cAMP-binding site (Murray, 2008) on the
regulatory subunit. Treatment with both the antagonists blunted the IPsR1 phosphorylation
response, which was mirrored by VASP (Figure 4.8). The findings described above suggest
that IP3R1 is phosphorylated in response to PGl, through a pathway that increases cAMP

and activates an isoform of PKA.

Having established the status of IPsR1 as a PKA substrate, we next investigated the
association dynamics of the two proteins and in particular testing the possibility that the
consistent with other cells that PKA exists complexed to its substrates. A protein enrichment
approach used by Scholten et al was adapted and used to precipitate cAMP-binding proteins
(Scholten et al., 2006). Using this approach we showed that IPsR1 could be enriched
suggesting that it was associated with a cAMP binding protein. In this case it was most likely

that this occurred through its association with a PKA isoform (Figure 4.9). This interaction
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was further cross-validated using the co-immunoprecipitation approach (Figure 4.10).
Interestingly these data suggest that presence of IP3R1 in a complex with PKA-I and IPsR1-
PKA-II, although it is unclear if this is the same complex or two separate complexes. We for
the first time report an association between IP3sR1 and PKA RI, however data suggesting
IPsR1-PKA RII association is in parallel with the reported findings (Collado-Hilly & Coquil,
2009; Tu et al., 2004; Zaccolo & Pozzan, 2003). The preference for the formation of PKA-II
over PKA-I (Otten & McKnight, 1989) might perhaps reason the presence of a weaker IP3R1
band in the Rl and RIl immunoprecipitates. However, the inefficiency of the Rl antibody to
precipitate the protein could also provide a possible explanation for the weak bands.
Nevertheless, the association of IPsR1 with both PKA-I and PKA-II suggests its importance in
regulation of signalling events. Although these findings suggest the presence of a
macromolecular complex between PKA-IP3R1, the strength of the association needs to be

guantified.

In an ideal world, the presence of such a macromolecular complex can be investigated using
immunoprecipitation to isolate the complex, followed by resolving the eluates using 2-D gel
electrophoresis. The relevant bands from the gel should be excised and subjected to
LC/MS/MS analysis. Similarly, the eluates from reverse immunoprecipitation experiments
should also be treated as described previously. This should reveal the precise identity of the
associated proteins. The data may be further supported by PLA assay, which would shed

light on the proximity of the proteins in the macromolecular complex.

The activity of the associated PKA also needs to be investigated. To do this, Non-radioactive
PepTag® Assay was used. This assay measures the catalytic activity of PKA. The results show
that a higher catalytic activity in IPsR1 immunoprecipitates from untreated lysates
compared to PGl,-treated lysates (Figure 4.11). A possible explanation for the results could
be that on PGl,-induced PKA activation, the catalytic subunit is unleashed (Kopperud et al.,
2002), which could cause the kinase activity of the sample to diminish. It is also valuable to
appreciate that the sample processing times are crucial when dealing with a colorimetric
assay such as this. The assay protocol suggests the quantification of kinase activity be
performed within less than 10 minutes of the completion of gel electrophoresis to avoid the

PepTag® dye to diffuse into surrounding agarose. Therefore, possibly owing to the slightly
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prolonged sample processing times between the samples, the diffusion of PepTag® dye

could affect the output readings.

Nevertheless, to summarise, the results described in this chapter establish the presence of
IP3R1 in platelets and characterise the PKA-mediated phosphorylation of IPsR1. The
presence of PKA-IP3sR1 complex in platelets was also investigated, however the other
components of the PKA-IPsR1 complex and the scaffolds holding the complex together

remains to be explored.
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CHAPTER V: EXAMINATION OF THE POTENTIAL ASSOCIATION OF AKAP9 WITH IP3;R1-PKA

COMPLEX

5.1. Introduction

PKA-mediated substrate phosphorylation is regulated in a spatial and temporal manner. The
temporal regulation of the pathway is provided by the action of PDEs, which degrade cAMP.
This ensures the maintenance of cAMP levels (Baillie et al. 2005). The spatial regulation of
cAMP-signalling pathway is however provided by a group of functionally similar proteins
called the A-kinase Anchoring Proteins (AKAPs). A structural hallmark of AKAPs is the
presence of an amphiphatic helix which can bind to the D/D’ domain of PKA (Carr et al.
1991; Kinderman et al. 2006). There are over 50 individuals AKAPs identified in a variety of
different cells types (Pidoux & Tasken 2010). Of these AKAPs, AKAP9 was of particular
interest to this project due to its reported association with IPsR1 (Tu et al. 2004; Collado-
Hilly & Coquil 2009) in other cell types. AKAP9 was initially believed to be concentrated in
the neuromuscular junction and identified as a protein associated with the glutamate
receptor (Lin et al., 1998). More recent proteomics and transcriptomics studies have
reported its presence in platelets (Pidoux & Tasken, 2010, Margarucci et al., 2011, Rowley et
al., 2011). The biology of AKAP9 is complicated by the existence of three splice variants —
AKAP250, AKAP350 and AKAP450. The precise reasons for such a large difference in the
molecular weights of the splice variants are not known. These variants can be differentially
localised depending on the cell type (Lin et al. 1998; Schmidt et al. 1999; Witczak 1999).
AKAP250, also known as Yotiao, is localised in the cellular membranes, whereas the other

two are predominant in the cytosol (Lin et al. 1998).

Attempts have been made to dissect the functional importance of PKA-AKP interaction using
several approaches such as siRNA-mediated knockdown, expression of mutant AKAPs and
the generation of AKAP knock-out mice (Pidoux & Tasken 2010). However, these techniques
are far from being extrapolated to platelets. As an alternative approach, inhibitory peptides
that mimic the amphiphatic helix of AKAPs and compete for binding to the D/D’ domain of
PKA have been developed to study the functional importance of PKA-AKAP interaction (Carr

et al. 1991; Carr et al. 1992). To date, there are three main types of disruptor peptides
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available — Ht31, Rl anchoring disruptor (RIAD) and SuperAKAP. Ht31 can potentially
delineate the interaction of AKAP with both PKA | and PKA Il (Herberg et al. 2000). RIAD and
SuperAKAP are specific to interactions with PKA | and PKA 1l respectively (Gold et al. 2006;
Carlson et al. 2006).

In this chapter, we endeavour to firstly validate the presence of AKAP9 in platelets. We then
explore the association of AKAP9 with IP3R1-PKA complex using immunoprecipitation.
Lastly, the effect of disruption of PKA-AKAP complex using St-Ht31 (and St-Ht31P, the

control peptide) on IPsR1 phosphorylation and Ca®* mobilisation was studied.

5.1.1. Hypothesis

This chapter tests the hypothesis that AKAP9 complexes with IPsR1 and PKA in platelets to

facilitate the spatial regulation of IP3R1 phosphorylation.

5.1.2. Aims and Objectives

This chapter aims to establish the presence of AKAP with the IP3R1-PKA complex.
Furthermore, disruption of the complex using synthetic cell-permeable peptides was
attempted and the phosphorylation-specific and functional effects of the same were

studied. The objectives of this chapter were -

1. Validate the presence of AKAP9 in platelets
2. Investigate the association of AKAP9 with IP3R1-PKA complex
3. Investigate the functional effect of disrupting the AKAP-PKA complex on IPsR1

phosphorylation and Ca?* mobilisation
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5.2 Detection of AKAP9 proteins in human platelets

5.2.1. Validation of presence of AKAP9 in platelets using Immunoblotting

The presence of AKAP9 has been reported in platelets (Margarucci et al. 2011; Rowley et al.
2011) through proteomics studies. Although detection of the protein by other methods is
yet to emerge, we used antibodies that were both commercially available and donated by
collaborators combined with immunoblotting to examine the presence of AKAP9. Increasing
concentrations of protein from platelet lysate was resolved on Precast 4-20% Mini-PROTEAN
TGX Gel followed by immunoblotting using a custom-made antibody specific to AKAP9 (a gift
from Prof. Dessauer). This antibody was designed to recognise all three-splice variants of
AKAP9 at 250kDa, 350kDa and 450kDa (Oral communication with Prof. Dessauer). Protein
bands corresponding to the apparent molecular weight of 250kDa and 350kDa appeared at
both protein concentrations (Figure 5.1). In contrast band corresponding to 450kDa only
appeared at higher protein concentrations. This could perhaps be due to the lower
abundance of the AKAP450 splice variant. Nevertheless, the band intensity displayed an
increase proportional to the protein concentration, indicating the presence of all three

isoforms of AKAP9 in platelets (top panel, Figure 5.1).

Although the next step to validate these findings would be to isolate the protein using
immunoprecipitation, the limited quantity of the AKAP9 antibody gifted from Dessauer
laboratory restricted the progress in this direction. For this reason, it was essential to
explore an alternative option. A commercially available AKAP9 antibody (Saonta Cruz
Biotechnologies) that recognised Yotiao (250kDa) isoform was first tested on platelet lysates
as described previously. A band corresponding to the apparent molecular weight of the
protein appeared and showed an increase in intensity proportional to the protein
concentration. This suggests the presence of Yotiao isoform in platelets (second panel,
Figure 5.1) and further validates the blotting results from the custom-made AKAP9 antibody.
B-tubulin was used as a loading control to account for discrepancies in protein loading.

These results suggested that platelets potentially express all three isoforms of AKAP9.
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Figure 5.1
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Figure 5.1 — Confirmation of the presence of AKAP9 in platelets using immunoblotting.
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Washed platelets (5x10® cells/ml), lysed with with 2x Laemmli buffer (1:1v/v) were resolved as
described previously. Membranes were blocked with 10% BSA and immunoblotted using a
custom made anti-AKAP9 antibody (1:2000) (a gift from Prof. Carmen Dessauer). The
membranes were also probed with commercially available anti-Yotiao antibody (1:1000). Anti-
B-tubulin (1:1000) was used as a loading control (n=3). The presence of a band corresponding to
the apparent molecular weight of the protein suggests the presence of Yotiao isoform in
platelets. Immunoblotting using commercially available anti-AKAP9 antibody further supports
these results.
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5.2.2. Validation of presence of AKAP9 in platelets using Immunoprecipitation

To further validate the presence of AKAP9 in platelets, attempts were made to
immunoprecipitate AKAP9 from untreated platelet lysates. Owing to the limited quantity of
custom-made antibody supplied, AKAP9 immunoprecipitation experiments were performed
exclusively using the commercial antibody, while the custom-made antibody was used for

immunoblotting (Table 5.1).

Pre-cleared platelet lysates (500ug) were incubated with commercial anti-Yotiao antibody
(5ug), overnight at 4°C with agitation to allow for Protein-antibody binding. The protein-
antibody complex was then precipitated out using Protein A-sepharose beads as described
in §2.5.4. To assess the success of protein enrichment, the eluted protein was resolved on 4-
20% precast gel, followed by immunoblotting using commercially available anti-Yotiao
(Santa Cruz). Bands corresponding to the apparent molecular weight of the protein failed to
appear in the immunoprecipitate lane. This remained unchanged despite multiple exposures
of increasing time intervals. However, a faint band corresponding to the reported molecular
weight of Yotiao appeared in the platelet lysate lane. This suggests that though the antibody
detected Yotiao in platelet lysates, it was unable to detect immunoprecipitated protein

(Figure 5.2).

The same experiment was repeated, however in this instance the immunoblotting was
performed using the custom-made AKAP9 antibody (Table 5.1). A band corresponding to the
correct molecular weight of AKAP9 appeared in the immunoprecipitate and platelet lysate
lane. The same band also appeared in the IgG control lane, therefore indicating that the

antibody possibly interacts non-specifically with Protein A beads (Figure 5.2).

Owing to the limitation of the antibodies available, AKAP9 could not successfully be
immunoprecipitated from platelet lysates. Custom-made AKAP9 was considered more
reliable than anti-Yotiao antibody for immunoblotting, therefore used in further

experiments.
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Table 5.1
Immunoprecipitation Immunoblotting
Panel | Yotiao (Santa Cruz Biotech) Yotiao (Santa Cruz Biotech)
Panel Il Yotiao (Santa Cruz Biotech) AKAP9 (Custom-made)

Table 5.1 — Antibody combinations used for detection of AKAP9 using immunoprecipitation

Figure 5.2
2
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Figure 5.2 - Immunoprecipitation of AKAP9 from platelet lysates.

Lysates prepared from untreated and PGl,-treated were pre-cleared with 25ul of Protein A
sepharose bead slurry (50% v/w) for 60 minutes at 4°C with agitation. The pre-cleared
lysates (500ug protein) were then incubated overnight, with agitation at 4°C with anti-AKPA9
antibody (5ug) and handled as described previously. The membranes were probed for anti-
AKAP9 from Santa Cruz (1:1000) and custom-made antibody (AKAP9 (USA)) (1:2000). The
membranes were incubated with HRP-conjugated secondary antibody for 60 minutes at
room temperature, followed by protein resolution using ECL (n=3). The anti-AKAP9 antibody
from Santa Cruz provided with limited Immunoblotting success. The custom-made anti-
AKAP9 antibody was considered more reliable than the commercial anti-AKAP9 antibody and
used for subsequent experiments.
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5.3 Presence of AKAP9 in IP3R1-PKA complex

5.3.1. AKAP9 as a PKA-binding protein

AKAPs are known to interact with PKA through the D/D’ domain of the kinase (Carr et al.
1991; Kinderman et al. 2006). Here, we examined the potential of AKAP9 as a PKA-binding
protein using cAMP pull-down approach, which has been shown previously to enrich PKA-
binding proteins for proteomic analysis (Scholten et al. 2006). Washed platelet lysates were
incubated with either 8-AHA-cAMP beads or 8-AHA-cAMP beads saturated with ADP,
overnight at 4°C to capture PKA binding proteins. The beads were sequentially washed with
TBS-T and lysis buffer, before eluting the protein (§2.5.5). The proteins were resolved on

SDS-PAGE and the membranes were treated as described previously (§2.5.2-3) (Figure 5.3).

To test for PKA enrichment and the success of the technique, the membranes were probed
with antibodies against individual PKA subunits. Immunoblotting of the bead eluates
revealed the presence and bands with apparent molecular weights of the three PKA
subunits including PKA RI, PKARII and PKA-catalytic. On Immunoblotting with PKA-catalytic
antibody a doublet appeared for unknown reason. Nevertheless, on resolving and probing
for PKA-catalytic subunit alongside recombinant PKA-catalytic subunit in a separate
experiment (data not shown), it was revealed that the bottom band corresponds to the PKA-
catalytic subunit. The identity of the top band remains unknown. The eluates taken from
beads that had been saturated with ADP showed none of the cAMP binding proteins when
tested by immunoblotting. The inability to detect bands in the cAMP saturated lane points

towards the success of the technique to isolate cAMP binding proteins.

Having confirmed the specificity of the pull-down approach we began to determine whether
key proteins in our proposed complex could be isolated in this manner. This assay is based
on the premise that cAMP-immobilised beads bind and precipitate cAMP-binding proteins
such as PKA. For this reason, in theory, proteins associated with PKA should also be to be
enriched using this approach. As described in the previous chapter, bands corresponding to
the apparent molecular weight of IP3sR1 appeared in the pull down, indicating that IPsR1 is a
PKA-binding protein. Next, the membrane was probed with the custom-made AKAP9
antibody, which recognises all three splice variants of AKAP9. Bands corresponding to the

reported molecular weight of 250kDa and 350kDa were observed in the pull-down and
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platelet lysate lane, but not in the negative control lane. This suggests that Yotiao and
AKAP350, could both be potential PKA-binding proteins (Figure 5.3), however we cannot
conclude if the precise nature of association. These results support the finding that AKAPs
possess PKA-binding domains that helps anchor them to PKA. Alternatively, the speculation

that AKAPs possess direct cAMP-binding sites should also not be ignored.
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Figure 5.3
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Figure 5.3 —AKAP9 may form for a of multi-protein complex with IP3;R1 and PKA

Platelet lysates (500ug protein) were pre-cleared by incubation with 25ul EtO-NH beads slurry
at 4°C for 2 hours. The samples were centrifuged at 10000rpm for 1 minute and the supernatant
was collected and incubated overnight at 4°C with either 8-AHA-cAMP beads slurry or 8-AHA-
cAMP beads saturated with ATP. At the end of the incubation period, the beads were pelleted
by centrifugation at 10000rpm for 1 minute and washed sequentially with lysis buffer and TBS-
T. The protein was eluted by the addition of Laemelli buffer. The samples were boiled for 10
minutes before being resolved on PreCast 4-20% gel as described previously and probed for
anti-IPsR1, PKA RI, PKA RII,PKA c (1:1000) and custom-made anti-AKAP9 (1:2000) antibody as
discussed previously. The data suggests the existence of a possible multi-protein complex with

IP3R1 and PKA.
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5.3.2. Establishing AKAP9 as an IPsR1-binding protein

Having established the status of AKAP9 as a potential PKA-binding protein, we endeavoured
to test the possibility of an association between AKAP9 and IPsR1. To investigate this
further, IP3R1, was precipitated from pre-cleared lysate (500ug) using anti-IPsR1 antibody
(2ug) as described in §2.5.4. The appearance of protein bands corresponding to the
expected molecular weight of IP3R1 in the immunoprecipitate and platelet lysate lane show
the success of the protein precipitation protocol. The absence of the bands in the IgG
control lane suggests that the antibody does not bind non-specifically to the Protein A beads

(Figure 5.4q).

We next probed the membranes using the custom-made AKAP9 antibody. The absence of a
band corresponding to the molecular weight of AKAP9 in the IgG lane suggests a lack of non-
specific interaction with Protein A beads. Although this antibody detects all three splice
variants of AKAP9, only a single band corresponding to the approximate molecular weight of
250kDa seems to appear. This suggests that out of all the three AKAP9 isoforms, perhaps
only Yotiao interacts with IP3R1 in platelets. However, owing to poor reagent quality we
were unable to explore this further. The bands corresponding to the apparent molecular
weight of Yotiao seems to appear in immunoprecipitation samples from untreated and PGl,-
treated lysates with the same intensity (Figure 5.4b). This suggests that PGl,-treatment may
not alter the IPsR1-Yotiao interaction, however we cannot confirm this due to poor reagent
quality. Also, we cannot yet speculate if the association with both IPsR1 (Figure 4.10) and
AKAP9 (Figure 5.3) is direct or via PKA.
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Figure 5.4
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Figure 5.4 - Co-immunoprecipitation of AKAP9 with IP;R1.

(a) Lysates prepared from untreated and PGl,-treated platelets were treated and IP;R1 was
immunoprecipitated as detailed previously. The membranes were immunoblotted with anti-
IPsR1 (1:1000) and custom-made anti-AKAP9 antibody (1:2000). The bands corresponding to the
apparent molecular weight of Yotiao seems to appear in immunoprecipitation samples from
untreated and PGl,-treated lysates, as quantified using densitometry in (b) (n=2), suggesting
that PGl,-treatment may not alter the IP;R1-Yotiao interaction, however we cannot confirm this
due to poor reagent quality.
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5.4. Effect of disruption of AKAP-PKA interactions on IP;R1 phosphorylation

The previous sections have suggested the presence of AKAP9 as a potential PKA-binding
protein. However it was also essential to investigate the functional role of AKAPs. Specific
AKAP knock-out mice are unavailable, however peptides that mimic the amphipathic helixes
have been developed. These display an affinity towards PKA, therefore disrupting the
association between PKA-AKAPs (Carr et al. 1992; Carr et al. 1991). Ht31, based on AKAP-
Lbc, contains an 18-amino acid amphiphatic helix that can bind to PKA, therefore interfering
with PKA-AKAP interaction. Ht31 can delineate the AKAP interaction with both PKA | and
PKA 1l (Carr et al. 1992; Carr et al. 1991; Herberg et al. 2000). However, the negative control
peptide, Ht31P, contains two isoleucine to proline substitutions in the helix, therefore it is
unable to interfere with the PKA-AKAP binding (Carr et al. 1991; Colledge et al. 1999, Leray
2012; Goueli & Hsaio, 2000). Additionally, peptides such as RIAD and SuperAKAP are specific
to interactions with PKA | and PKA Il respectively (Gold et al. 2006; Carlson et al. 2006).

5.4.1. Optimisation of St-Ht31 concentration to study the effect of disruption of AKAP-PKA

interactions on IP;R1 phosphorylation

St-Ht31, a stearated peptide derived from Human Thyroid Hormone, and based on AKAP-
Lbc, was used to disrupt the association of AKAPs with both PKA | and PKAII. Treatment with
St-Ht31 should potentially disrupt the interaction between PKA and AKAP, and therefore
interfere with the PKA-mediated phosphorylation of IP3R1. Here, we study the consequence
of St-Ht31 treatment on IP3R1 phosphorylation in platelets. As a negative control, St-Ht31P
peptide has been used. In both the peptides, the stearated hydrophobic moiety allows the
uptake of the compound through the plasma membrane (Leray 2012; Goueli & Hsaio, 2000).
Washed platelet were incubated with either increasing concentration of St-Ht31 (1-5uM) or
St-Ht31P (1-5uM) for 30 minutes at 37°C to allow for the penetration of stearated peptide.
At the end of the incubation period, the platelets were treated with a fixed concentration of
PGIl, (100nM) for 1 minute at 37°C, and subsequently lysed using Laemelli buffer. The
proteins were resolved on SDS-PAGE and the membranes were treated as described
previously (§2.5.2-3). Immunoblotting was performed using Anti-pPKAs antibody to study

the effect of PKA-AKAP complex disruption on phosphorylation of all the PKA substrates.

119



POTENTIAL ASSOCIATION BETWEEN AKAP9-1P;R1-PKA

Figure 5.5
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Figure 5.5 — Effect of disruption of AKAP interaction on substrate phosphorylation in platelets

(a) Washed platelets (5x10° cells/ml) were pre-treated with increasing concentration of St-
Ht31/St-Ht31P (1-5uM) for 30 minutes at 37°C, followed by treatment with PGI, (100nM) for 1
minute at 37°C to initiate PGl,-induced PKA signalling. The reaction was terminated by lysing the
samples with 2x Laemmli buffer (1:1v/v). The lysates were resolved as described previously and
immunoblotted with pPKA substrate (1:1000) (b) and pIPsR1°*™7® (1:1000). Anti - B-tubulin
(1:2000) was used as a loading control. The protein bands displaying altered phosphorylation
pattern compared to PGl, control are shown by arrows. (c) The band intensity was quantified
using densitometry. We failed to detect a significant difference in the band intensities for pIP3R1
post treatment with St-Ht31 and St-Ht31P (n=3).
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Under untreated conditions, only proteins at molecular weights corresponding to 40kDa,
50kDa and 65kDa showed phosphorylation. However upon treatment with PGIl, (100nM),
the phosphorylation bands corresponding to approximate molecular weights of 200kda,
80kDa, 42kDa appeared, in addition to the proteins that displayed protein phosphorylation
under untreated conditions. On pre-treatment with St-Ht31, some phosphorylation bands
weaken (as shown by arrows; Figure 5.5a). For example, protein band corresponding to the
approximate molecular weight of 40kDa and 42kDa were not phosphorylated under basal
conditions, but undergoes phosphorylation on PGl, treatment. On pre-treatment with St-
Ht31 (5uM) the protein band intensity subsided to basal levels, however this was not the
case when treated with St-Ht31P (Figure 5.5a). Similarly, the phosphorylation of protein
corresponding to 40kDa was also blunted on treatment with St-Ht31 (5uM), but not with
the control peptide St-Ht31P. The lower concentration of St-Ht31 (1-2uM) did not affect the

phosphorylation patterns (Figure 5.5a).

Similarly, the effect of delineation of PKA-AKAP interaction on IPsR1 phosphorylation was
also studied (Figure 5.5b). IP3R1 was not phosphorylated at ser1756 under basal conditions,
but undergoes phosphorylation on treatment with PGIl, (100nM for 1 minute at 37°C). There
was no apparent difference in the extent of IP3R1 phosphorylation on treatment with St-
Ht31 (1uM) as compared to treatment with 1uM St-Ht31P (Figure 5.5b,c). Treatment with
St-Ht31 (2uM) also did not cause blunting of IPsR1 phosphorylation at ser1756. Treatment
with 5uM St-Ht31/St-Ht31P caused a blunting of IP;R1 phosphorylation. However, there was
no significant difference in effect of St-Ht31 as compared to the control peptide suggesting

non-specific effects of St-Ht31/St-Ht31P at the concentrations used (Figure 5.5b,c).

The weak effect of St-Ht31 on the phosphorylation of PKA substrates (Figure 5.5a) including
IPsR1 (Figure 5.5b,c) suggests that this could perhaps be a result of St-Ht31 not being able to
permeate the cells. Alternatively, the lack of effect could also be a consequence of
imbalance between the concentrations of PGl, used as compared to the concentration of St-
Ht31 used. To summarise, St-Ht31 treatment was both ineffective and lacked reproducibility
in significantly altering PKA substrate phosphorylation including IPsR1. However, this could
be corrected by achieving the correct balance between the St-Ht31-PGl, concentrations in

platelets.
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5.4.2. Optimisation of PGl, concentration to study the effect of disruption of AKAP-PKA

interactions on IP3R1 phosphorylation

The effect of St-Ht31 maybe subtle and masked if the concentration of PGl, is too high. In
order to achieve a balance between the concentrations of St-Ht31 and PGl,, washed
platelets were incubated with St-Ht31 (5uM) or St-Ht31P (5uM) at 37°C to allow for the
penetration of the peptide through the plasma membrane. Previous work from colleagues
has suggested 30 minutes to be an appropriate time to allow for peptide penetration. At the
end of the incubation period, the platelets were treated with PGl; (either 1nM or 10nM) for
1 minute at 37°C, and subsequently lysed using Laemelli buffer. The proteins were resolved
on SDS-PAGE and the membranes were treated as described previously (§2.5.2-3).
Immunoblotting was performed using pPKAs antibody to study the effect of PKA-AKAP

complex disruption on phosphorylation of all the PKA substrates.

Under untreated conditions, several proteins including those corresponding to approximate
molecular weights of 60 and 140kDa showed phosphorylation. Treatment with PGIl, (10nM)
increased the phosphorylation of bands corresponding to approximate molecular weights of
40, 50 and 80kDa, in addition to the proteins that displayed protein phosphorylation under
untreated conditions. On pre-treatment with St-Ht31, the phosphorylation of some bands is
reduced (as shown by arrows). For example, protein bands corresponding to the
approximate molecular weight of 40 and 50kDa were not phosphorylated under basal
conditions, but underwent phosphorylation on treatment with PGI, (10nM). The
phosphorylation of these proteins was comprised on pre-treatment with St-Ht31 but was
recovered on treatment with St-Ht31P (Figure 5.6a). Treatment with 1nM PGl, did not
induce an intense phosphorylation, which means the pre-treatment with St-Ht31 only
induced subtle differences in phosphorylation patterns. Phosphorylation of VASP, an
established PKA substrate, in response to St-Ht31 pre-treatment was also studied. As can be
seen from Figure 5.6a, VASP displayed minor basal phosphorylation, which intensified on
treatment with 1nM and 10nM PGl, in a concentration-dependent manner. Pre-treatment
with St-Ht31 (5uM), blunted the phosphorylation of VASP in response to treatment with
10nM PGl,. In contrast, treatment with 1nM PGI, did not seem to alter the extent of VASP

phosphorylation (Figure 5.6a).

122



POTENTIAL ASSOCIATION BETWEEN AKAP9-1P;R1-PKA

Figure 5.6
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Figure 5.6 — Effect of disruption of AKAP interaction on substrate phosphorylation in platelets

(a) Washed platelets (5x102 cells/ml) were pre-treated with a fixed concentration of St-Ht31/St-
Ht31P (5uM) for 30 minutes at 37°C, followed by treatment with PGl, (1nM or 10nM) for 1
minute at 37°C to initiate PGI,-induced PKA signalling. The reaction was terminated by lysing the
samples with 2x Laemmli buffer (1:1v/v). The lysates were resolved and immunoblotted with
pPKA substrate (1:1000) and pVASP**™’ (1:1000) (b) and pIPsR1°*"">® (1:1000). Anti - B-tubulin
(1:1000) was used as a loading control. The protein bands displaying altered phosphorylation
pattern compared to PGl, control are shown by arrows and (c) quantified using densitometry
(n=3). The data suggests that treatment of platelets with 5uM St-Ht31/St-Ht31P at 37°C for 30
minutes followed by treatment with 10nM PGl, for 1 minute was considered appropriate to be
used to study IP3R1 phosphorylation.
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To summarise, treatment of platelets with 5uM St-Ht31/St-Ht31P at 37°C for 30 minutes
followed by treatment with 10nM PGI, for 1 minute was considered appropriate to be used

to study IP3R1 phosphorylation.

Next, platelets were pre-treated with St-Ht31/St-Ht31P (5uM) for 30 minutes at 37°C,
followed by treatment with PGI, (10nM) for 1 minute at 37°C to study the effect of AKAP-
PKA complex disruption on the phosphorylation of IP3R1. Figure 5.6b,c shows that on
treatment with 10nM PGl,, the IP3R1 undergoes phosphorylation. Although the supposed
disruption of PKA-AKAP complex with St-Ht31 alters the phosphorylation of certain
substrates (Figure 5.6a), IP3sR1 phosphorylation pattern remained unaltered on St-Ht31
treatment as shown by the quantification data (Figure 5.6c). This could suggest that perhaps
IP3R1-PKA-AKAP macromolecular complex is inaccessible to the competitive peptide. To aid

the entry of peptide, cell permeabilisation was considered.
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5.4.3. Optimisation of permeabilisation conditions to study the effect of disruption of AKAP-

PKA interactions on IP3R1 phosphorylation

The addition of stearic acid residues to compounds allows passage through the plasma
membrane (Leray 2012). However a complete access to the site of action may still perhaps
be limited due to the subcellular localisation of the PKA-AKAP-IP3R1 complex. Recognising
the potential inability of St-Ht31 to access the protein complex of interest, platelets were
permeabilised with mild non-ionic detergent, digitonin. We speculate St-Ht31 to have a
greater accessibility to the macromolecular complex of interest in digitonin-permeabilised
platelets. Digitonin permeabilises the cells by complexing with the membrane cholesterol
(Ahnert-Hilger & Gratzl 1988). Therefore, the platelet permeabilisation protocol was first

characterised, before investigating the effect of St-Ht31 on IP3R1 phosphorylation.
5.4.3.1. Alkaline phosphatase assay

Alkaline phosphatase is found in platelet cytosol. Under alkaline conditions it can catalyse
the hydrolysis of phosphate esters to form organic radical and inorganic phosphate. A
phosphatase substrate, p-Nitrophenyl phosphate (pNPP) when dephosphorylated by
alkaline phosphatase turns yellow and the absorbance can be detected at 405nm. In non-
permeabilised platelets, alkaline phosphatase is contained within the cell and therefore
unable to catalyse the hydrolysis of phosphate esters. However, on platelet
permeabilisation, this enzyme is released to bring about the hydrolysis of esters. Therefore,

this property of the cell is exploited to confirm platelet permeabilisation.

Washed platelets (2.5 x 10® cells/ml) were treated with an increasing concentration of
digitonin (1-20uM) at 37°C for a fixed interval of time (10 minutes). Non-permeabilised
platelets were used as a negative control. The colour change of pNPP was measured at an
absorbance wavelength of 405nm. The absorbance values per sample were measured in
triplicate. All samples displayed an absorbance value over non-permeabilised indicating that
digitonin caused platelet permeabilisation. At a concentration of 1uM, the absorbance
values showed a 4-fold increase over basal, whereas a concentration of 2uM caused 15-fold
increase. However, the absorbance values did not alter on increasing the concentration of

digitonin in excess of 2uM (Figure 5.7a).
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Figure 5.7
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Figure 5.7 — Testing for Digitonin-induced permeabilisation of platelets using Alkaline
phosphatase assay

(a) Washed platelets (2.5x10%cells/ml) treated with increasing concentration of Digitonin (1 -
50uM) at 37°C for 10 minutes in a 96-well plate. At the end of the incubation period, p-
Nitrophenyl phosphate (pNPP) was added to initiate the de-phosphorylation reaction. The
reaction was terminated by the addition of stop solution (NaOH, 2M). The absorbance was
measured 405nm in TeCan PlateReader (n=1). The absorbance values did not alter on
increasing the concentration of digitonin in excess of 2uM (b) Washed platelets
(2.5x10%cells/ml) treated with a fixed concentration of digitonin (2uM) for increasing time
interval (1 — 30 minutes) at 37°C for 10 minutes in a 96-well plate. At the end of the incubation
period, the samples were processed as described in (a) (n=1). Although the digitonin
permeabilised the platelets, the optimal concentration at which their functional integrity was
preserved remained to be explored.
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Next, to measure the optimum time required for platelet permeabilisation, washed platelets
were treated with a fixed concentration of digitonin (2uM) for increasing interval of time (1-
20 minutes) at 37°C. The absorbance values displayed a time-dependant increase until 2
minutes, after which there was a steady decline in the absorbance values. At 1 minute, the
absorbance value of 8.10 over basal was seen, which peaked at 2 minutes (14.83), however
did not change significantly until 10 minutes (13.44). At 20 minutes, the increase in
absorbance over non-permeabilised platelets reduced to 9.25 units (Figure 5.7b). These data
suggest that digitonin permeabilised the platelets, however it needed to be investigated if
the functional response of permeabilised platelets was preserved. From the results
described above, platelets were permeabilised with a concentration range of 2-20uM

digitonin for 10 minutes to study the functional response.

5.4.3.2. Aggregation response in permeabilised platelets

On confirming digitonin-induced platelet permeabilisation, it was essential to investigate if
the platelets retained their functional capacity on permeabilisation as we wanted to
perform work on functional platelets. To achieve this, platelets (2.5x 102 cells/ml) were first
treated an increasing concentration of digitonin (2-20uM) at 37°C for a fixed time (10
minutes) as established in the previous sections. Platelet aggregation response was
monitored for 3 minutes in response to Thrombin (0.1U/ml). Non-permeabilised platelets
displayed approximately 72% aggregation in response to thrombin. This aggregation
response remained unaltered on treatment with digitonin (2-10uM). However, on
treatment with 20uM digitonin, platelet aggregation was blunted to 10% (Figure 5.8a). Next,
the platelets were incubated with a fixed concentration of digitonin (2uM) for increasing
time intervals (1-30 minutes) at 37°C. Platelet aggregation response was monitored for 3
minutes in response to thrombin (0.1U/ml). Non-permeabilised platelets displayed
approximately 86% aggregation in response to thrombin. On permeabilisation with 2uM
digitonin for 1 minute, the aggregation remained unaltered at 86%. At 10, 20 and 30
minutes, the aggregation response was 84%, 83% and 80% respectively, therefore

suggesting that platelets remained functional for 30 minutes post-permeabilisation. This
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Figure 5.8 — Aggregation in response to Thrombin in platelets permeabilised with Digitonin

(a) Washed platelets (2.5x10%cells/ml) treated with increasing concentration of Digitonin (2 -
20uM) at 37°C for 10 minutes. At the end of the incubation period, platelets stimulated with
thrombin (0.1U/ml). (b) Washed platelets (2.5x10%cells/ml) treated with a fixed concentration of
digitonin 2uM at 37°C for increasing time period (1-30 minutes). At the end of the incubation
period, platelets stimulated with thrombin (0.1U/ml). The arrow shows the point of addition of
thrombin. Aggregation was monitored for 3 minutes under constant stirring (1000rpm) at 37°C
using Chrono-log dual channel aggregometer. The traces were generated by aggro-link
computer software (n=1). The data suggests that digitonin permeabilisation (2uM for 10
mintues) did not interfere with the ability of platelets to aggregate.
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indicates that the aggregation response remained relatively unaltered for up to 30 minutes,
at (Figure 5.8b). To summarise, Figure 5.8 shows that platelet permeabilisation with
digitonin (2uM) for 10 minutes does not interfere with the platelets ability to aggregate in

response to thrombin (0.1U/ml).
5.4.3.3. cAMP Signalling in permeabilised platelets

Digitonin exclusively permeabilises cholesterol-rich membranes such as the plasma
membrane, but not endoplasmic reticulum. However, at saturating concentrations of
digitonin, the integrity of ER may also be affected (Ahnert-Hilger & Gratzl 1988). Reports
have also suggested the loss of cell proteins (Thines-Sempoux et al. 1969). Having
established that permeabilising platelets with digitonin (2uM) for 10 minutes, retains its
ability to aggregate, we then wished to study if permeabilisation compromised the

biochemical pathways in platelets.

To achieve this, platelets were permeabilised with digitonin (2uM) for 10 minutes at 37°C.
At the end of the permeabilisation period, the platelets were treated with PGI, (10nM) for 1
minute at 37°C, before being lysed using Laemmelli buffer. The platelet lysates centrifuged
at 1000rpm and the supernatant were resolved as described previously (§2.5.2-3). The
possibility of PKA subunits leaking out of the permeabilised platelets was explored using
immunoblotting. Figure 5.9a shows that all three PKA subunits were present in both
untreated and PGl,-treated permeabilised platelets. The ability of PKA to phosphorylate
IPsR1 was also tested in permeabilised platelets, using anti-pIP3sR1°*">® antibody (Figure
5.9a). Like that in non-permeabilised platelets, IPsR1 was not phosphorylated under
untreated conditions however on PGl,-treatment, IPsR1 underwent significant PGl,-induced
phosphorylation (Figure 5.9a,b). Considering the results from §5.4.3.1., which suggest the
leakage of alkaline phosphate in permeabilised platelets, it is interesting to note that the
IPsR1 still undergoes phosphorylation in permeabilised cells. Given that alkaline
phosphotase activity was detected outside the cell under these conditions it possible that
ATP could also leak. We did not measure this, but our data suggest that sufficient ATP was
present to facilitate phosphorylation. To summarise, the data suggests that PKA levels and

potential to phosphorylate IPsR1 remained unaltered on platelet permeabilisation with
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Figure 5.9
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Figure 5.9 — PGl,-induced IPsR1 phosphorylation in platelets permeabilised with Digitonin

(a) Washed platelets (5x10° cells/ml) were permeabilised with Digitonin (2uM) for 10 minutes
at 37°C. At the end of the incubation period, platelets were treated with PGIl, (10nM) for 1
minute at 37°C to initiate PGl,-induced PKA signalling. The signalling was terminated by lysing
the samples with 2x Laemmli buffer (1:1v/v) and the lysates were centrifuged and processed as
described previously. Immunoblotting was performed using anti-PKA RI, Anti-PKA RIl and anti-
PKA c antibodies (1:1000). Anti - B-tubulin (1:1000) was used as a loading control. Additionally,

the membranes were also probed with pIP;R1%™"">°

to assess PGl,-induced IP3R1
phosphorylation in permeabilised platelets (n=3) (b) Densitometry showing PGl,-induced IPsR1
phosphorylation in permeabilised platelets (n=3). The data suggests that PKA levels and
potential to phosphorylated IPsR1 remained unaltered on platelet permeabilisation, meaning

that platelet permeabilisation does not compromise cAMP-signalling machinery.
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(2uM) for 10 minutes, meaning that platelet permeabilisation does not compromise cAMP-

signalling machinery.
5.4.3.4. Effect of disruption of AKAP interaction in permeabilised platelets

On characterising the permeabilisation conditions, washed platelets were once again
treated with St-Ht31 to study the effect of disruption of AKAP-PKA interaction on IP3R1
phosphorylation. To achieve this, platelets were permeabilised using digitonin (2uM) for 10
minutes at 37°C, treated with St-Ht31/St-Ht31P (5uM) for 30 minutes, followed by
treatment with PGl, (10nM) for 1 minute at 37°C. Platelet lysates were prepared as
previously described and subjected to immmunoblotting with anti-pIPsR1°*"*"*® to assess the
effect of St-Ht31-mediated disruption of PKA-AKAP complex on IP3sR1 phosphorylation. It
can be seen from Figure 5.10, that in IP3R1 is not phosphorylated under non-treated
conditions, whereas undergoes phosphorylation on PGIl, treatment. These results are
consistent with our previous findings. On treatment with St-Ht31, the IP3sR1 phosphorylation
did not undergo blunting, instead was midly potentiated as compared to PGl, treatment/St-
Ht31P treatment (Figure 5.10b). VASP, a well-established PKA substrate was used as a
positive control to assess the success of St-Ht31 treatment. Data shows that VASP is not
phosphorylated under basal conditions, however undergoes phosphorylation on treatment
with PGl,. Treatment with St-Ht31 blunted the PGl,-induced VASP phosphorylation as

compared to the control peptide, St-Ht31P and PGl,-treatment (Figure 5.10a).

To summarise, although St-Ht31 treatment is effective at compromising VASP
phosphorylation, the same is not true for IPsR1 phosphorylation. This suggests that perhaps
St-Ht31 treatment conditions are substrate-specific and are dependent on the cellular
localisation of the substrate. Here, in spite of trying various approaches, we were unable to

show any significant effect of PKA-AKAP complex disruption on IPsR1 phosphorylation.
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Figure 5.10 — Effect of disruption of AKAP interaction on IP3;R1 phosphorylation in platelets
permeabilised with Digitonin

(a) Washed platelets (5x10° cells/ml) were permeabilised with Digitonin (2uM) for 10 minutes,
followed by treatment with St-Ht31/St-Ht31P (5uM) for 30 minutes at 37°C. At the end of the
incubation period, platelets were treated with PGIl, (10nM) for 1 minute at 37°C to initiate PGl,-
induced PKA signalling, which was terminated by lysing the samples with 2x Laemmli buffer
(1:1v/v) and handled as previously described, until immunoblotting with anti—pIP3R1Ser1756
(1:1000). Similarly, the membranes were also probed with anti-pVASP**""’(1:1000). Anti - B-
tubulin (1:1000) was used as a loading control. The data shows that St-Ht31 treatment is
effective at compromising VASP phosphorylation, the same is not true for IPsR1

phosphorylation (b) as shown by densitometry data for IP3R1 phosphorylation (n=2).
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5.5. Effect of disruption of AKAP-PKA interaction on Ca>* mobilisation

Previous research has shown the presence of PKA-AKAP9-IPsR1 macromolecular complex
(Tu et al. 2004; Collado-Hilly & Coquil 2009). These findings were further supported by our
results (Figure 5.3-5.4). Here, we once again attempt to disrupt this potential
macromolecular complex using St-Ht31 and study its consequence on Ca®* mobilisation in

platelet suspension.

To achieve this, intracellular Ca** levels were measured in a suspended Fura-2-AM labelled
platelets that were pre-treated with St-Ht31 (5uM) or the control peptide St-Ht31P (5uM) at
37°C for 30 minutes. The platelet suspension was treated with PGl, (100nM) for 1 minute.
At the end of the incubation period, thrombin (0.1 U/ml) was used to stimulate Ca®'
mobilisation. The Ca** response was measured for 3 minutes post-stimulation. From the ca®
mobilisation trace (Figure 5.11a) and the quantified data, it can be seen that on treatment
with thrombin platelets mobilised a maximal of 450.14+89.03nM of Ca®* at the rate of
35.3+9.0nM/sec, whereas on treatment with PGl,, this reduced to 356.5+82.5nM at the rate
of 4.3+2.4nM/sec. The time taken to bring about Ca®* mobilisation was also prolonged on
PGIl, treatment, from 16.0%+3.1sec to 103.2+20.1sec. It can be speculated this to be a
consequence of PKA-mediated IPsR1 phosphorylation, which is inhibitory (Cavallini et al.
1996). A similar pattern of compromised Ca" mobilisation was observed on treatment with
IP3R1 antagonist such as 2-APB (as described in §4.2.3) further suggesting that indeed PGl,-

induced phosphorylation of IP3R1 is inhibitory.

Platelets were pre-treated with St-Ht31 on the assumption that this would delineate the
interaction between PKA-AKAP and therefore prevent PKA from phosphorylating IP3R1. This
means that the potential inhibitory effects of PGIl, on Ca®* mobilisation could be
compromised by the presence of the peptide. On treatment with St-Ht31, the rate or
maximal Ca®* mobilisation did not differ significantly compared to treatment with PGI, (rate,
p=0.1731 and Peak Ca®, p = 0.7677). However, treatment with St-Ht31 caused a quicker
Ca®* mobilisation (69.35+15.45sec) as compared to PGl,-treatment (103.20+20.14sec)
(p=0.0266). However, no significant difference in any of the parameters was observed
between the St-Ht31 and control St-Ht31P questioning the specificity of the peptide and

making interpretation of the data challenging.
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Figure 5.11. — Effect of disruption of PKA-AKAP complex on thrombin-induced intracellular
Ca** mobilisation

(a) Calcium release was measured in Fura-2 loaded washed platelets (2.5x10%cells/ml) pre-
treated with St-Ht31/ St-Ht31P (5uM). Labelled platelet suspension was then treated with PGI,
(100nM) for 1 minute at 37°C, prior to stimulation with Thrombin (0.1U/ml). The calcium
release was measured in dark using Carin Spectrophotometer. The signals were recorded using
Cairn proprietary software. The traces for thrombin and PGl, treatment are shown in black and
grey respectively. The traces corresponding to St-Ht31 and St-Ht31P treatment are shown in
dark blue and light blue respectively. (b) The rate of Ca” release for the first 1 minute post-
treatment was quantified and plotted as Mean. St-Ht31-treatment did not significantly blunt the
initial rate of Ca* release but (c) impeded the time required to release the maximal amount of
Ca”" as compared to PGl, treatment (d) The maximal calcium release post-St-Ht31 treatment
was not significantly escalated compared to PGl, treatment (n=3).
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Ideally, we would expect to see a complete recovery of Ca®* mobilisation on St-Ht31
treatment, therefore making the response comparable to thrombin stimulation. However, it
can be seen that there is a significant difference between the two conditions (Figure 5.11),
thus suggesting that the effect of St-Ht31 have been compromised. This could perhaps be
due to a limited concentration of the peptide used. Alternatively the limited accessibility of
the peptide to the macromolecular complex of interest could also explain these results.

Also, the questions on specificity of St-Ht31 and St-Ht31P cannot be ignored.
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5.6 Discussion

AKAPs are responsible for the coordination of signals by various macromolecular complexes
that form the cAMP signalling pathway (Pidoux & Tasken 2010). All AKAPs bind to PKA via a
PKA-binding domain and a unique targeting domain is responsible for the spatial regulation
of PKA signals. Additionally, AKAPs are also known to bind to other members of signalling
complexes such as PDE and phosphatases. The macromolecular complex is then localised at
specific subcellular sites via lipid-protein interactions at the tethering domains (Feliciello et
al. 2001; Coghlan et al. 1995; Pidoux & Tasken 2010). Conversely, protein-protein
interactions are responsible to ensuring that the kinase is orientated towards the substrate

(Carnegie & Scott 2003).

There are over 50 AKAPs that have been identified so far, however this chapter is primarily
focused on AKAP9 due to its reported association with IP3R1 (Tu et al. 2004; Collado-Hilly &
Coquil 2009). AKAP9 exists as three splice variants Yotiao (250kDa), AKAP350 (350kDa) and
AKAP450 (450kDa). The precise reasons for such a large difference in the molecular weights
of the splice variants are not known. AKAP9 has been reported to be present in platelets
(Margarucci et al. 2011; Rowley et al. 2011), however we validated these findings using
western blotting. A commercial antibody that recognised all the splice variants of AKAP9
was not available hence the antibody was requested from Prof. Carmen Dessuaer. This
antibody was synthesised by Sigma Genosys against a purified H6-tagged portion of Yotiao
(amino acid 808—-957) (Piggott et al, 2008). The antibody was kindly gifted by Prof. Dessuaer,
however the quantity of the antibody supplied was restrictive. Also, the concentration of
the antibody was not supplied, which meant we were unable to perform
immunoprecipitation experiments using this antibody. Nevertheless, this antibody was used
exclusively for Immunoblotting. Using this we suggest the presence of all three splice
variants of AKAP9 in platelets (Figure 5.1). In addition to our data, transcriptomics data from
Rowley et al (Rowley et al. 2011), also shows the presence of AKAP9 in platelets. An
alternative antibody recognising the Yotiao (250kDa) isoform of AKAP9 was first tested on
platelet lysates (Figure 5.1) and subsequently used for immunoprecipitation. Owing to the
issues with specificity, the use of peptide used for immunisation as a competitive peptide
for antibody recognition site was considered. However, we were unable to access the

peptide, therefore this option was not explored further.
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In order to study the presence and behaviour of AKAP9 protein in isolation, attempts were
made to immunoprecipitate AKAP9 from untreated platelets lysates using the Yotiao
antibody. However AKAP9 could not be successfully immunoprecipitated owing to the
presence of non-specific band in 1gG control lane (Figure 5.2). This issue was addressed by
altering the combination of immunoprecipitation/immmunoblotting antibodies, whereby
the protein was immunoprecipitated using the commercially available Yotiao antibody,
whereas immunoblotting was performed using the custom-made AKAP9 antibody. A non-
specific protein band was observed in the I1gG control lane, suggesting 1gG cross-reactivity
(Figure 5.2). This could be because both these antibodies were raised in rabbit, which would
theoretically be the reason for cross-reactivity between antibodies. Although we wanted to
isolate the protein by immunoprecipitation and study its interaction with the IP3R1-PKA
macromolecular complex, the tools available proved to be a limiting factor in pursuing this
any further; hence we could not isolate AKAP9 by immunoprecipitation. However,
antibodies raised against different species could be used in the future to answer these

questions.

The PKA-binding capacities of AKAP are well known (Gold et al. 2006), however the
presence of a potential PKA-AKAP complex was investigated using protein enrichment
approach adapted from Scholten et al (Scholten et al. 2006). This approach was based on
the principle that cAMP immobilished on agarose beads would bind to PKA and precipitate
any other PKA-associating proteins. Here, we show that using this approach two of the three
AKAP9 isoforms (Yotiao and AKAP350) are PKA binding proteins (Figure 5.3). On the other
hand, co-immunoprecipitation data suggest IP3R1-Yotiao interaction (Figure 5.4). Although
the comparative levels of the three AKAP9 isoforms have not been quantified thus far, it
could be speculated that the relatively lower abundance of AKAP450 could explain the
absence of band corresponding to its molecular weight in Figure 5.4. Also, the poor reagent
quality limits further experimental analysis. Nevertheless, the results from Figure 5.3 show
the association between PKA-AKAPS. This is in parallel with findings showing the presence

of PKA-binding domain on AKAPs (Gold et al. 2006; Carr et al. 1991; Herberg et al. 2000).

In addition to these findings, we have already shown an association between PKA and IP3R1
(Figure 4.9). Considering both these results, the existence of IP3R1-PKA-AKAP9

macromolecuar signalling complex in platelets can be suggested, as is shown in other cell
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types (Tu et al. 2004; Collado-Hilly & Coquil 2009). Furthermore, AKAP9 has been shown to
be associated with IP3R1 in platelets (Figure 5.4) and brain cells. IP3R1 interacts with AKAP9
via leucine/isoleucine zipper (LIZ) motifs present in the IP3R1 coupling domain and the LIZ
motifs on AKAP9. Moreover, of the three subtypes of IP3R, AKAP9 interacts with IP3R1 only
(Tu et al. 2004).

Having suggested the presence of IP;R1-PKA-AKAP9 complex in platelets, it was essential to
understand its functional importance in platelets. To achieve this, cell permeable synthetic
peptide, St-Ht31 was used. Computer-aided analysis of the secondary structure of Rll-
binding human thyroid protein recognised a 14 amino acid region which could potentially
form the amphiphatic helix (Carr et al. 1992; Carr et al. 1991; Herberg et al. 2000). Peptides
corresponding to this region of Ht31 can compete for the binding site to PKA regulatory
subunit and disrupt PKA-anchoring to cells, therefore compromising substrate
phosphorylation (Carr et al. 1991; Colledge et al. 1999). The control peptide, St-Ht31P on
the other hand contains two isoleucine to proline substitutions (I502P, I507P) which alters
the helical structure of the peptide and abolishes binding to the regulatory subunits of PKA,
therefore it does not interfere with PKA—AKAP binding (Carr et al. 1991; Colledge et al. 1999,
Leray 2012; Goueli & Hsaio, 2000). Since St-Ht31 competes with the AKAP in binding to PKA,
it is important to get the correct balance between the peptide and PGl, in order to notice
the effects of St-Ht31 treatment. In addition to this, the challenges of working with St-
Ht31/St-Ht31P are well recognised. For these reasons the concentration of St-Ht31 and PGl,
were optimised using established markers of phosphorylation, pPKAs and pVASP antibodies
(Figure 5.5 - 5.6a). However, on extrapolating these conditions to IP3R1, no effect of St-Ht31
on IP3R1 phosphorylation response was observed (Figure 5.6b). It is essential to appreciate
that, although the concentration of the peptide remains the same, different substrates may
react differently to St-Ht31 treatment. This suggests that the affinity of PKA-AKAP
interaction is perhaps determined by the functional role of the substrate. We speculate that
substrates such as IPsR1 that are central to the calcium signalling pathways and therefore
platelet function, could possibly be more tightly associated with the PKA-AKAP complex.
This could perhaps be the reason why St-Ht31 at the concentration used was unable to
disrupt the spatial regulation of PKA-mediated IP3R1 phosphorylation enough to notice a

significant effect. On the other hand, an effect was noticed on the PKA-mediated

138



POTENTIAL ASSOCIATION BETWEEN AKAP9-1P;R1-PKA

phosphorylation of VASP. Again, this leads us to hypothesise that PKA-AKAP-VASP
interaction may be weaker as compared to that of PKA-AKAP-IPsR1. Alternatively, the
accessibility of the disruptor peptide also determines the extent to which it would compete
for the AKAP-binding site on PKA. Considering the subcellular location of IP3R1 on the ER, it
was hypothesised that perhaps St-Ht31 was not being able to access the PKA-AKAP
associated with it. Also, St-Ht31 could possibly be confined to inclusion bodies in the cell on

being uptaken and not be localised at its site of action (Ma et al, 2010).

To try and circumvent this issue, the platelets were permeabilised using ionic detergent,
digitonin. Digitonin complexes with the membrane cholesterol to permeabilise the
membranes, however the challenges involved with detergent-induced cell permeabilisation
are well recognised. For example, it has been suggested that at higher concentration or if
the contact is prolonged, the non-ionic detergent can permeablise the intracellular
membranes along with the plasma membrane (Ahnert-Hilger & Gratzl 1988). This could
compromise the cell function. Therefore, a complete characterisation of permeabilisation
protocol was performed. Firstly, the ability of digitonin to permeabilise the platelets in a
concentration and temporal manner was tested using alkaline phosphotase assay (Figure
5.7). The assay was based on the premise that the cytosolic alkaline phosphate would leak
out upon permeabilisation, which could be detected as a colour change on the addition of
phosphatase substrate. Data showed the digitonin permeabilised the platelets, and a
concentration of 2uM digitonin for 10 minutes was sufficient to permeabilise the platelets
optimally since (Figure 5.7), functional integrity of platelets was maintained (Figure 5.8).
Suggestions of protein leakage from permeabilised platelets have also been made (Ahnert-
Hilger & Gratzl 1988), this too was tested using western blotting. It was found that at the
concentration of digitonin used for these experiments did not compromise the integrity of
cAMP signalling components. Furthermore, the ability of PKA to phosphorylate IP3R1 at
serl756 in permeabilised platelets was also tested. This was essential since one would
assume that like alkaline phosphatase leakage from permeabilised cells, ATP, which is a key
to phosphorylation, would also leak out from permeabilised platelets therefore
compromising the phosphorylation of substrates. Nevertheless, the data (Figure 5.9)

indicate that the cAMP signalling machinery is intact even in permeabilised platelets.
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Measuring the ATP levels in before studying signalling pathways in permeabilised platelets

would shed more light on the substrate phosphorylation dynamics in permeabilised cells.

Next, IPsR1 phosphorylation in permeabilised platelets pre-treated with St-Ht31 was
studied, however even in permeabilised platelets St-Ht31 treatment failed to alter IP3R1
phosphorylation (Figure 5.10). Having said that, a noticeable difference in VASP
phosphorylation at ser157 was observed on St-Ht31 treatment. This suggests that perhaps
our previous hypothesis of St-Ht31 being unable to access IP3R1 still holds true. Due to the
inconsistencies and the well-known challenges associated with using PKA-AKAP disruptor

peptides, we chose not to pursue this any further.

Consequently, instead of focusing the effect of St-Ht31 treatment on substrate
phosphorylation, the effect of disruption of PKA-AKAP interaction on Ca?* mobilisation was
studied. Ca®* mobilisation was studied in Fura-2 labelled platelets were pre-treated with St-
Ht31/St-Ht31P. On stimulation with thrombin, there was a rapid mobilisation of Ca2+, which
was blunted on treatment with PGI,. This shows that in the absence of PGl,, IP3R1 is not
phosphorylated, therefore can facilitate the mobilisation of Ca’". However, PGl,-treatment
causes PKA-mediated phosphorylation of IPsR1. Phosphorylation of IP3R1 is reported to be
inhibitory (Cavallini et al. 1996), therefore blunting the extent of Ca®* mobilisation. It is also
essential to value the role of AKAPs in spatial localisation of PKA in the proximity of IP3R1.
Hypothetically, St-Ht31 should competitively delineate the interaction between PKA-AKAP.
This means that PKA is now unable to phosphorylate the IP3R1, therefore the ca®
mobilisation response should mimic that seen on thrombin treatment (Figure 5.11).
Although a marginal recovery of ca® response was seen on St-Ht31 treatment, it was not
significant. The very similar effects of St-Ht31 and the control peptide St-Ht31P, could
suggest this to be a consequence of membrane-disruption and not especially as a result of
disruption of PKA/AKAP interaction. It is also possible that the concentration of St-Ht31/St-
Ht31P used for this assay could be restrictive. Also, it should be appreciated that St-Ht31 is a
generic PKA-AKAP disruptor peptide, which means it could compete with the PKA-AKAP
complexes that it first interacts with. This could perhaps mean that it is more effective at
disrupting membrane-bound PKA-AKAP complexes. The subcellular location of IPsR1 on the
DTS, could perhaps make the complex inaccessible to St-Ht31, therefore limiting its effects.

The AKAP field in platelets is still in its infancy, therefore not much research evidence is
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available to fully understand these mechanisms. However, in the future the use of
alternative PKA-AKAP disruptor peptides such as SuperAKAP and RIAD could be attempted.
SuperAKAP specifically delineates the interaction between AKAP and PKA Il, whereas RIAD
interferes with AKAP-PKA | interactions (Gold et al. 2011; Carlson et al. 2006). Attempts can
also be made to perhaps use these peptides could also perhaps be used in combination. In
addition to this, the use of new generation of peptides known to be more specific to PKA |

should also be considered (Wang et al. 2015).

To summarise, this chapter validates the presence of AKAP9 in platelets. The presence of
IP3R1-PKA-AKAP9 complex in platelets was also shown. Although attempts were made to

delineate the PKA-AKAP interaction, the tools available were restrictive.
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CHAPTER VI: GENERAL DISCUSSION

6.1. Discussion

Cellular response and processing of extracellular signals is crucial to cell survival and
function. Although there are a wide range of stimuli and cell surface receptors, the
multiplicity of signalling molecules is processed by a limited number of signalling pathways.
The cAMP signalling pathway is a one such regulatory pathway, which is ubiquitous in
mammalian cells. This pathway involves enzymes that synthesise, propagate and terminate
cAMP signalling, with the specificity of cellular effects coordinated through a group of
scaffolding proteins called AKAPs. Significantly aberrant cAMP signalling is implicated in
cancers (Radivojac et al. 2008; Almeida & Stratakis 2011), genetic diseases (Cohen 2001)
such as autosomal recessive cytosolic phospholipase A, deficiency, P,Y1, deficiency (Freson
et al. 2014), and other age-related diseases (Mattson, 2004). Furthermore, platelets from
patients with schizophrenia (Tardito et al. 2000) and panic disorders (Tardito et al. 2002)
also display dysfunctional PKA signalling. In the context of the work presented in this thesis,
dysfunctional cAMP signalling causes cardiovascular disease-associated platelet

hyperactivity (Mueller et al. 1986).

It is well recognised that agonist-induced elevations in intracellular Ca?* is a hallmark of
platelet activation. This occurs primarily through the mobilisation of Ca®* from intracellular
stores (such as DTS) via IPsR, a Ca’*-release channel (Varga-Szabo et al. 2009). The cAMP
signalling pathway is thought to downregulate the bioavailability of platelet intracellular
ca® by phosphorylating IP3R and blunting its activity (Quinton & Dean 1992) and thereby
contributing to the inhibition of platelet activation (Cavallini et al. 1996). The work described
in this thesis examined the spatiotemporal regulation of cAMP pathway in platelets, with a

particular focus on IP3R1 as a substrate for cAMP signalling.

In other cell types, cAMP-signalling is mediated through both Epac (de Rooij et al. 1998) and
PKA (Hayes & Mayer 1981). In contrast in platelets, PKA isoforms are the sole effectors of
this pathway (Schwarz et al. 2001). This means that in platelets, PKA-mediated substrate
phosphorylation can be recognised as the definitive end-point of cAMP pathway activation.
The work described in this thesis was performed exclusively using human platelets. While

PKA knock-out mice as a tool to study cAMP signalling was initially considered, however
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platelet-specific PKA knock out mice are not available. Furthermore, the peri-natal viability
of mice lacking the gene for PKA catalytic or regulatory subunits is compromised making
them unsuitable for use in platelet studies (Kirschner et al. 2009), thus limiting us to the use
of human platelets. Employing Western blotting and using physiological activator of cAMP
pathway, PGl,, we showed a time and concentration-dependent phosphorylation of several
PKA substrates in human platelets (Figure 3.2). In retrospect, measurement of cAMP levels
in response to PGl, treatment would aid the understanding of how cAMP levels alter in
response activation of platelet inhibitor pathways. Furthermore, these can be correlated to
substrate phosphorylation and platelet aggregation under similar treatment conditions.
These data would have further strengthened the above described findings. Nevertheless,
PGl,-mediated activation of PKA correlated with inhibition of platelet function (Figure 3.1),
therefore confirming that activation of cAMP pathway has inhibitory effects on platelet
function. These findings are in parallel with the previous reports (Ehrman & Jaffe 1980;

Higgs et al. 1997).

One of the key mechanisms by which cAMP pathway blunts platelet activation is thought to
be the PKA-mediated phosphorylation of intracellular Ca’' release channel, IPsR1 (Quinton
& Dean 1992; Cavallini et al. 1996; El-daher et al. 2000). The importance of Ca** mobilisation
through IP3R function was further explored by pharmacological inhibition of IP3R. Heparin is
a commonly used IP3R blocker, but it is also known to uncouple G-protein signalling (Jonas
et al. 1997). For this reason heparin was eliminated as the IPsR antagonist of choice.
Another compound, Xestospongin is a potent IP3R antagonist, however, its slow mode of
action and inconsistent results (Gafni et al. 1997) made interpretation of its effects difficult.
Therefore, a low-cost membrane permeable compound, 2-APB was our antagonist of
choice. 2-APB is a non-specific IPsR antagonist, and is known to interfere with SOCE and
antagonise TRP channels. Some reports have suggested 2-APB to be inconsistent at blocking
IPs-induced Ca’' release, but its pharmacological effects are known to be specific to each
cell type. Studies have shown 2-ABP to be consistent in antagonising IPs-induced ca®
release in platelets (Maruyama et al. 1997; Dobrydneva & Blackmore 2001) in the
concentration range of 1-100uM (Bootman et al. 2002). In the present study, we show that
pharmacological blockade of IPsR using 2-ABP blunts Ca** mobilisation (Figure 4.3) and

platelet aggregation response (Figure 4.4). These data reflect the importance of IPs-
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mediated Ca** mobilisation on platelet function. A limitation of this approach, however is
that the antagonists are not specific to the IP3R sub-type. A number of options were
considered to try and focus on a single subtype. As detailed in Authi et al’s work, an
alternative approach where exogenous IP; is used to study aggregation (Authi et al. 1986)
and TxB, formation (Authi et al. 1987) could have been adopted. Alternatively, the use of
IP3R knock-out mice was also considered. However, due to the abundance of IP3R1 in the
brain, elimination of this gene is embryonically lethal, making these unsuitable for use with
regards to this project. However IPsR2 and IP3R3 knock-out mice survive (Patterson et al.
2004). Nevertheless, here using a holistic approach, we showed the importance of IP3R

receptor activity in platelet function.

Transcriptomics studies show the presence of all three IP3R isoforms in platelets (Rowley et
al. 2011). Furthermore, using highly purified platelet membranes, El-daher et al not only
show the presence of all three IP3R subtypes in platelets, but also suggest these subtypes to
undergo differential phosphorylation in response to PKA activation (El-daher et al. 2000).
We successfully validated the presence of all three IP3R subtypes in platelets (Figure 4.5),
but we specifically focused on the characterisation of PKA-mediated IP3R1 phosphorylation
at serl756 using site-specific antibody (pIPsR1°*7°®). This is primarily because IP3R1 is
reported to be the predominant subtype present in platelets (Varga-Szabo et al. 2009).
There are two serine sites on IP3R1, ser1589 and serl1756, that can undergo PKA
phosphorylation in brain, however serl756 was the predominant site for PKA-mediated
phosphorylation (Danoff et al. 1991; Krizanova & Ondrias 2003). This makes
phosphorylation at ser1756 a crucial regulator of channel activity. It is for this reason; we
focused our attention to characterisation of PKA-mediated phosphorylation at IP3R1
ser1756. Using PGl, (Figure 4.6-4.7) and isolating various components of cAMP pathway
using pharmacological compounds (Figure 4.8), we show for that IPsR1 is direct a substrate
for cAMP signalling and is targeted by a PKA isoform. Although IP3R1 has been previously
reported as a substrate for PKA (Ferris et al. 1991), we for the first time perform a full

characterisation of phosphorylation at ser1756 in platelets.

We next wished to determine the physiological importance of the phosphorylation event.
Using exogenous IPs in permeabilised platelets, Cavallini et al show PGIl, counteracts the IP3-

induced elevation in Ca** mobilisation, therefore suggesting that IP3R phosphorylation
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modulates the channel opening, and limits the release of Ca®* from DTS (Cavallini et al.
1996). This is an elegant approach whereby thapsigargin was used to inhibit SERCA, which
means that Ca’* measurements were exclusively due to IP3R channel opening. We
attempted to replicate this experimental approach under the guidance of Prof. Martyn
Mahaut-Smith (University of Leicester, UK). However, we were unable to reproduce
previous studies. Cavallini et al performed experiments using Indo-1-labelled platelets,
whereas we attempted to label platelets using Fura-2 dyes; albeit both belong to the group
of ratiometric Ca** indicators. Both the approaches differed in the choice of detergent for
platelet permeabilisation too. We used digitonin which complexes with membrane
cholesterol to permeabilise the platelets, as opposed to saponin which complexes with
saccharides (Ahnert-Hilger & Gratzl 1988). In both the studies D-myo-IP; was used to trigger
IPsR activation. However, even after repeated attempts we were unable to detect any
alternations in Ca”** levels. To make progress in this direction, an alternative holistic
approach was adopted whereby Ca®* mobilisation was measured in Fura-2-labelled washed
platelet suspension. This approach was based on the premise that DTS is the largest store of
intracellular Ca** and IPsR is the primary Ca’* release channel on DTS (Varga-Szabo et al.
2009), which means that IP; produced as a result of thrombin-induced platelet activation
would bind IP3R. Ligand binding should activate IPsR and cause channel opening, through
which Ca?" from DTS would be released. Using this approach, we showed that PGlI,-
treatment caused a reduction in Ca** mobilisation in response to thrombin (Figure 4.1-4.2).
These findings are in parallel with the previously published work in cerebellar cells
(Supattapone et al. 1988) and platelets (Quinton & Dean 1992; Cavallini et al. 1996). It is
interesting to note that physiological concentrations, PGl, modulates Ca?* mobilisation but
does not block it. A complete blockade of Ca®*-mobilisation in response to IPsR
phosphorylation could compromise the activity of a multitude of other platelet signalling
pathways regulated by Ca’*. Therefore, we speculate that PKA-phosphorylation mediated
modulation of Ca®" release through IPsR to be an evolutionary mechanism to protect the

integrity of platelet signalling pathways.

In the next part of the study we begin to examine the molecular mechanism that allows
cAMP signalling to target IPsR1. Using protein enrichment and co-immunoprecipitation

approach, we suggest IP3R1 could be associated with both PKA | and PKA Il (Figure 4.9 —
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4.10). These findings are novel with regards to platelets and suggest towards spatial
regulation of PKA signalling. It is essential to appreciate that whilst PKA | is concentrated the
cytosol, PKA Il is membrane-bound (Skalhegg & Tasken 2000). It should also be recognised
that there are two PKA phosphorylation sites on IP3R1 — ser1589 and ser1756 (Ferris et al.
1991). It can be speculated that perhaps one isoform of PKA phosphorylates the
predominant site of ser1756, whereas the other phosphorylates the ser1589 site. However,
this is merely a speculation as phospho-specific antibody towards IPsR1 Ser1589 was
unavailable to test this hypothesis. Alternatively, considering the vital regulatory role of
IPsR1 in Ca®* homeostasis, the idea that both PKA isoforms contribute towards ser1756
phosphorylation should not be ignored. PKA | and PKA Il respond differently to localised
elevation in cAMP (Skalhegg & Tasken 2000). Association of IPsR1 with both PKA | and PKA Il
could therefore be a mechanism to control IP3sR1 phosphorylation in response to activation
of both the PKA isoforms. Perhaps, this could therefore be a physiological fine-tuning
mechanism to ensure appropriate ca® response to localised elevation in cAMP levels. The
association between IPsR1 and PKA Il has been previously reported in brain cells (Collado-
Hilly & Coquil 2009), but that of IP3R1-PKA | has not. It is vital to recognise that the strength
of these findings is dependent on the specificity of the antibodies in question. Ideally, using
LC/MS/MS the precise identity of IP3R binding proteins can be revealed. To achieve this, the
IP3R1 immunoprecipitates should be subjected to 2-D gel electrophoresis, the bands
corresponding to the molecular weights of interest be excised, melted and subsequently
analysed using LC/MS/MS. In addition to this, the strength of the IP;R1-PKA interaction and
the proximity of the two proteins also remain to be determined. Ideally, this could be
studied using the proximity ligation assay. This assay identifies the cellular localisation and

interactions between the proteins of interest.

The compartmentalisation of PKA signalling is regulated by AKAPs. Although over 50 AKAPs
have been identified so far, we focused our attention towards AKAP9. This is because
previous research has shown an association between IP;R1 and AKAP9 (Tu et al. 2004;
Collado-Hilly & Coquil 2009). However, due to the limitation of the antibodies available, we
were unable to conclusively show the presence of AKAP9 in platelets (Figure 5.1 — 5.2).
Although it is noteworthy that AKAP9 had been identified in platelet transcriptomics study

and gave us the confidence in pursuing it further. Furthermore, AKAP9 was also detected by
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LC/MS/MS in a study investigating all the PKA-binding proteins in platelets (Rowley et al.
2011; Margarucci et al. 2011). Using co-immunoprecipitation (Figure 5.4) and PKA-binding
protein enrichment (Figure 5.3), we speculate the presence of IP3R1-PKA-AKAP9 complex in
platelets, although we cannot conclusively determine its presence owing to the challenges
with detecting AKAP9 in platelets. Next, we tested the hypothesis that, PKA-AKAP disruptor
peptides should disrupt the PKA-AKAP association and consequently lead to a loss of spatial
regulation of PKA activity. Firstly, the effect lack of compartmentalisation of PKA signalling
on IP3R1 phosphorylation was tested, using St-Ht31. Whilst the effect of PGI, on IP3R1
phosphorylation were not compromised, that on PGl,-induced VASP phosphorylation was
(85.4). This suggests that the affinity of PKA-AKAP interaction could perhaps be determined
by the functional role of the substrate. Also, the suggestion that two PKA isoforms target
the phosphorylation of IP3R1 (Figure 4.9 — 4.10) further supports this theory. We speculate
that perhaps due to the functional importance of IP3R, the affinity of PKA-AKAP interaction
associated with IPsR1 is perhaps stronger than that in PKA-AKAP-VASP macromolecular

complex.

The effect of St-Ht31 treatment on Ca®* mobilisation in suspension was also studied using
Fura-2 labelled platelets. We tested the hypothesis that St-Ht31-induced loss of spatial
regulation of PKA should revert the inhibitory effect of PGl, on Ca?* mobilisation through
IP3R. Here, we show that pre-treatment with St-Ht31 compromises the effect of PGI, on Ca**
mobilisation; albeit only partially (Figure 5.11). Although St-Ht31 is widely marketed as a
generic PKA-AKAP disruptor, it has an affinity towards delineation of AKAP interaction with
RIl (Gold et al. 2006). In hindsight, the use of an alternative PKA-AKAP disruptor peptide,
RIAD could not have gone amiss. RIAD interferes with the RI-AKAP interaction (Gold et al.
2006). Furthermore, owing to the challenges associated with disruption of PKA-AKAP

complex, the use of these peptides in combination could also have been explored.
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6.2. Future Work

The key findings from this work provide an insight into spatiotemporal regulation of cAMP

pathway, further work is required to gain an in-depth understanding of the same and

answer the unanswered questions as outlined below —

Use of exogenous IP;3 to study platelet shape change and aggregation

Previous research has shown saponin-permeabilised platelets to undergo aggregation
(Authi et al. 1986; Watson et al. 1986) and formation of platelet eicosanoids such as TxB,
(Authi et al. 1987) in response to exogenous IPs. In the context of this work, platelet
aggregation and shape change should be measured in response to exogenous IP3 in
digitonin permeabilised platelets. The findings described in this thesis suggest that the
pharmacological blockade of IP3R using 2-ABP compromises platelet aggregation and
Ca?* mobilisation. Not only should these findings be tested using exogenous IP3, but also
physiological and pharmacological activators of cAMP pathway should be employed to

understand the functional consequence of IP3R1 phosphorylation.

Successful identification of the presence of IPsR1-PKA-AKAP complex in platelets

The results discussed in this thesis suggest towards the presence of IP3R1-PKA-AKAP
complex in platelets. However, due to limitations of the antibodies in question we were
unable to pursue it further. Nevertheless, to conclusively identify this macromolecular
complex in platelets, data from the steps discussed below should be analysed in

combination -

oUsing PKA enrichment approach, the PKA binding proteins can be precipitated and
analysed using Mass Spectrometry as described by Burkart et al (Burkhart et al.
2014). This would suggest if proteins corresponding to the m/z ratio of IPsR1 and
AKAP9 are associated with PKA. Additionally, other potential PKA-binding proteins
such as PDEs and phosphatases can also be identified.

oTo identify the association between IP3R1 and PKA, the two proteins be isolated
using immunoprecipitation. These can then be subjected to 2D gel electrophoresis.

The bands corresponding to the protein of interest can be excised and subjected
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to LC/MS/MS analysis. LC/MS/MS analysis identifies a particular m/z ratio, which
means that the protein of interest can be conclusively identified.

oTo identify the AKAP of interest, the eluates from IP3R1 and PKA
immunoprecipitation can be subjected to RIl overlay assay. This is a well-
established protocol to identify AKAPs (Carr & Scott 1992). Using this approach all
the potential AKAPs binding to IP3R1 and PKA can be identified.

oFinally, using PLA assay and confocal microscopy, the localisation of proteins of

interest should be performed.

Use alternative AKAP-PKA disruptor peptides to understand the consequence of PKA-
AKAP complex disruption on the function of IPsR

The work described in this thesis was limited to the use of St-Ht31 to delineate the PKA-
AKAP interaction, however the use of alternative traditional disruptor peptides such as
RIAD and SuperAKAP should also be explored. Furthermore, the use of these peptides in
combination with each other should also be attempted. What’s more, the use of new
generation high affinity AKAP-PKA disruptor peptides such as RI-STapled Anchoring
disruptors (RI-STADs) should also be considered. These peptides are cell-permeable and
are reported to specifically interfere with PKA I-mediated phosphorylation (Wang et al.
2015). The use of these peptides will not only enable understand the functional
consequence of PKA-AKAP complex disruption, but also help recognise the importance

specific PKA isoforms in protein macromolecular complexes.
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6.3 Conclusion

To summarise, here we show the activity of PKA signalling pathway in platelets, and provide
robust evidence to the PKA-mediated phosphorylation of IPsR1. The possible association of
IP3R1 with PKA | and PKA Il was also explored. PKA-mediated phosphorylation was
suggested to compromise Ca’*-mobilisation through IPsR. We speculate this to be a
consequence of spatial regulation of PKA signalling, mediated by the possible presence of
IPsR1-PKA-AKAP complex in platelets. On disruption of this complex using peptides, the
restraining effect of PGl, on Ca**-release through IPsR1 was partially reverted (Figure 6.1).
However, more work is needed to conclusively identify this complex and understand its

functional significance.
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Figure 6.1
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Figure 6.1 — A hypothetical model of Ca®* mobilisation in platelets based on the
findings described in this thesis

PGI, binds IP receptor and activates AC. Activated AC can hydrolyse ATP to form of
cAMP. cAMP can in turn bind and activate the cytosolic PKA | (shown as black
rectangle) and membrane bound PKA Il (shown as white rectangle). Activated PKA can
phosphorylate substrates such as IPsR1, located on the intracellular membrane of DTS,
a store of intracellular Ca*. IP;R1 and PKA are suggested to be in a complex, with
AKAP9, which is suggested to regulate PKA in a spatial manner. PKA-mediated
phosphorylation blunts the ca* mobilising ability of IP3R1. However, more work is
required to conclusively identify this macromolecular complex and understand its
functional importance.
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APPENDIX | : CHEMICALS AND REAGENTS

Chemical | Function Final Supplier
Concentration
0.2um polyvinylidene | Immunoblotting N/A Sigma Aldrich
difluoride (PVDF) (St. Louis, MO)
1,4-Dithiothreitol (DTT) | Extraction buffer As required Sigma Aldrich
(St. Louis, MO)
2-Mercaptoethanol | Ingredient in Laemmli 5% v/v Sigma Aldrich
buffer (St. Louis, MO)
8-AHA-cAMP beads | cAMP pull-down assay N/A BiolLog
(Bremen,Germany)
8-CPT-6-Phe-cAMP | PKA activator 50uM BiolLog
(Bremen, Germany)
Acrylamide | Gel electrophoresis As required BioRad
(Hercules, CA)
Ammonium Persulphate | Gel electrophoresis 10% solution Sigma Aldrich
(APS) (St. Louis, MO)
Anti-biotin | Gel electrophoresis 1:2000 BioRad
(Hercules, CA)
Bio-Rad DC Protein Assay | Protein assay N/A BioRad
kit (Hercules, CA)
Biotinylated Marker | Protein marker N/A BioRad
(Hercules, CA)
Bovine Serum Albumin | Blocking agent As required Sigma Aldrich
(BSA) (St. Louis, MO)
Bromophenol Blue | Ingredient in Laemmli Trace Sigma Aldrich
buffer (St. Louis, MO)
Calcium chloride | Calibrator for CA2+ 2mM Sigma Aldrich
measurement (St. Louis, MO)
Citric Acid | Ingredient in ACD 2.9mM Sigma Aldrich
(St. Louis, MO)
Coulter® Isoton® Il diluent | Platelet counting 1:20,000 Beckam Coulter,
(High Wyecombe,
UK)
D- glucose | Ingredient in various As required Sigma Aldrich
buffers (St. Louis, MO)
Digitonin | Platelet As required Sigma Aldrich
permeabilisation (St. Louis, MO)
Ethylenediaminetetraacetic | Ingredient in various 0.1M Sigma Aldrich
acid (EDTA) | buffers (St. Louis, MO)
Ethyleneglycoltetraacetic | Ingredient in Lysis 1mM Sigma Aldrich
acid (EGTA) | buffer (St. Louis, MO)
Et-OH-NH agarose beads | cAMP pull-down assay As required BioLog
(Bremen,Germany)
Forskolin | Adenylyl Cyclase 10uM Sigma Aldrich
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Activator (St. Louis, MO)
Fura-2 (AM) | Ca** dye 2uM Sigma Aldrich
(St. Louis, MO)
Glacial Acetic Acid | Kemptide assay As required Sigma Aldrich
(St. Louis, MO)
Glycerol | Ingredient in various As required Sigma Aldrich
buffers (St. Louis, MO)
HEPES | Buffering agent As required Sigma Aldrich
(St. Louis, MO)
Human a-thrombin | Platelet agonist As required Sigma Aldrich
(St. Louis, MO)
Hydrogen Peroxide | Ingredient in ECL 65ul Sigma Aldrich
(St. Louis, MO)
Hyperfilm ECL | Immunoblotting N/A Amersham, GE
healthcare
IgePal | Lysis buffer 1% v/v Sigma Aldrich
(St. Louis, MO)
INCELLect™ AKAP St-Ht31 | AKAP disruptor peptide 5uM Promega
Inhibitor Peptide / St-Ht31P (Madison,
Control Peptide Wisconsin)
Kodak® autoradiography | Immunoblotting N/A Sigma Aldrich (St.
GBX developer Louis, MO)
Kodak® autoradiography | Immunoblotting 1:50 Sigma Aldrich (St.
GBX developer/replenisher Louis, MO)
Kodak® autoradiography | Immunoblotting Sigma Aldrich (St.
GBX fixer Louis, MO)
Kodak® autoradiography | Immunoblotting 1:50 Sigma Aldrich (St.
GBX fixer/replenisher Louis, MO)
Luminol | Ingredient in ECL 0.996% v/v Sigma Aldrich (St.
Louis, MO)
Magnesium chloride | Ingredient in Tyrode’s 1mM Sigma Aldrich (St.
buffer Louis, MO)
Manganese Chloride | Calibrator 10mM Sigma Aldrich (St.
Louis, MO)
P-Coumaric Acid | Ingredient in ECL 0.465% v/v Sigma Aldrich (St.
Louis, MO)
PepTag® Assay for Non- | PKA activity assay N/A Promega
Radioactive Detection of (Madison,
PKA activity Wisconsin)
Phosphatase Inhibitor | Sample preparation 1:200 Sigma Aldrich (St.
Cocktail Louis, MO)
Potassium Chloride | Ingredient in Wash 0.05M Sigma Aldrich (St.
buffer Louis, MO)
Potassium phosphate | Extraction buffer As required Sigma Aldrich (St.
Louis, MO)
Precast 4-20% Mini- | Gel electrophoresis N/A BioRad (Hercules,
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PROTEAN® TGX™ gels CA)
Protease Inhibitor Cocktail | Sample preparation 1:100 Sigma Aldrich (St.
Louis, MO)
Protein A sepharose beads | Immunoprecipitation As required Sigma Aldrich
(St. Louis, MO)
Protein G sepharose beads | Immunoprecipitation As required Sigma Aldrich
(St. Louis, MO)
RIAD | AKAP-PKA disruptor As required Promega
peptide (Madison,
Wisconsin)
Semi skimmed milk powder | Blocking agent 5% w/v Tesco
Sodium Chloride (NaCl) | Ingredient in various As required Sigma Aldrich (St.
buffers Louis, MO)
Sodium Citrate | Ingredient in various As required Sigma Aldrich (St.
buffers Louis, MO)
Sodium dodecyl sulphate | Ingredient in various As required Sigma Aldrich (St.
buffers Louis, MO)
Sodium Hydrogen | Ingredient in Tyrode’s 3.3mM Sigma Aldrich (St.
Phosphate | buffer Louis, MO)
Tetramethylethylenediamin | Gel electrophoresis As required Sigma Aldrich (St.
e (TEMED) Louis, MO)
Trizma Base | Ingredient in various As required Sigma Aldrich (St.
buffers Louis, MO)
Tween-20 | Immunoblotting As required Sigma Aldrich (St.
Louis, MO)
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APPENDIX Il : COMPOSITION OF POLYACRYLAMIDE GELS

Gradient gel compositions for 1.5mm casting plates

Stacking gel Resolving gel
Ingredient
3% 10% 18%
dH,0 4.87 mL 1.418 mL 0.708 mL
Acrylamide (30%) 0.75 mL 1.182 mL 1.961 mL
Bufferl | - 0.886 mL 0.886 mL
Buffer Il 1.87 mL - -
APS (10%) 75.00 pL 18.00 pL 18.00 pL
TEMED 10.00 pL 2.00 pL 2.00 pL
10% gel compositions for 1.5mm casting plates
Stacking gel Resolving gel
Ingredient
3% 10%
dH,0 4.87 mL 6.40 mL
Acrylamide (30%) 0.75 mL 5.30 mL
Bufferl | - 4.00 mL
Buffer Il 1.87 mL -
APS (10%) 75.00 pL 75.00 pL
TEMED 10.00 pL 5.30 uL
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7.5% gel compositions for 1.5mm casting plates

Stacking gel Resolving gel
Ingredient

3% 7.5%
dH,0 4.87 mL 9.90 mL
Acrylamide (30%) 0.75 mL 6.25 mL
50% (v/v) Glycerol/Water | ----- 1.60 mL
Buffert |- 6.00 mL
Buffer Il 1.87 mL —-
APS (10%) 75.0 pL 90.00 pL
TEMED 10.0 pL 8.00 uL










