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Abstract

Platelet activation initiates a series of events, such as shape change, degranulation
and aggregation, which results in the formation of a haemostatic plug and arrest of
blood loss at the sites of vascular damage. Shape change is accompanied by
remodelling of the actin cytoskeleton and formation of an acto-myosin contractile
ring. This process is regulated by phosphorylation of the myosin light chain (MLC),
which in turn is controlled by the relative activities of myosin light chain kinase
(MLCK) and phosphatase (MLCP). MLCP is a target of both inhibitory and activatory
signalling molecules. Here we focussed on the control of MLCP activation by the
cyclic adenosine 3', 5 monophosphate (CAMP) signalling pathway. cAMP signalling
is @ major inhibitory pathway that inhibits platelet function through its effector
protein kinase A (PKA). One of the downstream targets of PKA is MLCP. In vascular
smooth muscle cells cAMP activates MLCP to dephosphorylate MLC and regulate
cytoskeletal rearrangement. However, the relationship between cAMP signalling,
MLCP and platelet function is unclear. Here we investigated the molecular and

biochemical regulation of MLCP by cAMP signalling.

We found that MYPT1, the targeting subunit of MLCP, is phosphorylated in
platelets in response to cAMP elevating agents, suggesting that the phosphatase is
a direct target for cAMP signalling. Our data suggests the possibility of at least two
different splice variants of MYPT1 in platelets, but only one splice variant, possibly
full length, was phosphorylated downstream of cAMP signalling. Using co-
immunoprecipitation, cAMP pull-down assays and GST pull-down approaches we
found that MYPT1 and PKA are part of the same complex and MYPT1 interacts
with all four regulatory subunits of PKA (PKA-R) in platelets. Using a series of
truncated proteins in HEK cells the interaction of MYPT1 and PKA-R was mapped to
the central region of MYPT1 (aa501-706). Moreover, co-sedimentation assays with
recombinant proteins confirmed the direct association of MYPT1 (aa501-706) with
PKA-R. The conserved dimerisation and docking (D/D) domain of PKA-R, which

facilitates interactions with A-kinase anchoring proteins (AKAP) was not required
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for the interaction. Consistent with this observation, the AKAP disruptor peptide
Ht31 did not disrupt the interaction, indicating that the interaction of MYPT1 with

PKA-R does not occur in an AKAP modus.

These results were complemented with immunohistochemistry studies showing
that MYPT1 co-localised with all four PKA regulatory subunits in both non-
activated and spread platelets. In summary, our data identify MYPT1 as a novel
PKA binding protein in platelets. The interaction of MYPT1 with PKA emerges as an
important component of the signalling pathways that protect platelets from a
hyperreactive state and may constitute a target towards preventing thrombogenic

disorders.
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Chapter 1: General introduction

Platelets are specialised blood cells that play pivotal roles in haemostasis,
thrombosis, immune cells recruitment, inflammation, wound healing and
angiogenesis (Boilard et al., 2010; Leslie, 2010). Out of these functions, the primary
physiological role of platelets is the formation of a haemostatic plug that arrests
blood loss at the site of vascular injury. However, this function must be tightly
regulated as excessive activation leads to thrombosis and results in pathological
conditions such as myocardial infarction, ischemic heart failure, stroke, deep
venous thrombosis and pulmonary embolism (Davi and Patrono, 2007). On the
other hand, defective activation of platelet leads to life threatening bleeding
disorders including Bernard-Soulier syndrome, Glanzmann's thrombasthenia,
platelet storage pool diseases and platelet-type von Willebrand disease (PTVWD)
(Kirchmaier & Pillitteri, 2010).

Under normal physiological conditions platelets are in a quiescent “non-adherent”
state due to the presence of endothelial derived anti-thrombogenic factors such as
nitric oxide (NO) and prostacyclin (PGlz). Both NO and PGIl;, trigger a series of
intracellular events via cyclic nucleotide-mediated protein kinase G (PKG) and
protein kinase A (PKA) that keeps platelets in a non-activatory state (Smolenski,
2012). However, the exact molecular mechanism of PKA and PKG mediated
platelet inhibition is not clearly defined. In platelets, there is a wide range of
substrate proteins of PKA, such as glycoproteins, G-protein coupled receptors
(GPCRs), cytoskeleton proteins, phosphatases and kinases, indicating that the PKA
signalling pathway is involved in almost every aspect of platelet function. This
chapter will review in detail the literature regarding platelet biology with particular

focus on PKA-mediated regulation of myosin light chain phosphatase (MLCP).
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1.1 Platelets

Blood platelets were first described by Max Schutze in 1865 as small “spherules” of
the circulatory system. They were later characterised in detail by G. Bizzozero in
1882, who described them as piastrine, “little plates” that play an important role in
blood coagulation and thrombosis (Bizzozero, 1882). Mammalian platelets are
microscopic (0.5 to 3 um in diameter), anucleated disc shaped fragments of the
megakaryocytes with a life span of 5-9 days in circulation. The normal platelet
count in healthy individual is 150-400 x 103/ul of blood. A healthy person can
produce up to 10! platelets per day (Italiano & Hartwig, 2007).

1.1.1 Platelet formation

Platelets are produced from the cytoplasm of their progenitor cells, the
megakaryocytes in a process called thrombopoiesis (Ogawa, 1993).
Megakaryocytes are the largest (50-100 um) bone marrow cells that account for
less than 1% of the total nucleated bone marrow cells (Patel et al., 2005). Like
other blood cells, they are also derived from pluripotent haematopoietic stem cells
in the bone marrow through a process called megakaryopoiesis. However, recent
studies have revealed that stem cell-like megakaryocyte progenitors share many
features with the pluripotent haematopoietic stem cells and are directly involved
in megakaryopoiesis during acute inflammation (Haas et al., 2015). To assemble
and release platelets, megakaryocytes undergo a series of endomitosis (DNA
replication without cell division), differentiation and maturation stages in which
their cytoplasm is arranged into long pseudopodial projections called proplatelets
and the nucleus is extruded. These proplatelets are then released into circulation
through a mechanism requiring thrombopoietin, a cytokine required for
megakaryocytes to synthesis platelets (Patel et al., 2005). Thrombopoietin is a
primary megakaryocyte growth and development factor responsible for
proliferation, maturation and differentiation of megakaryocytes (Kaushansky,
2006). Although megakaryocytes develop in the bone marrow, they can migrate

into the blood circulation and as a result platelet biogenesis may occur at non-
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marrow sites (Machlus & Italiano, 2013). Recent literature suggests the presence
of a large number of megakaryocytes in intravascular sites within the lung, where
they actively release platelets. The contribution of the lungs to platelet formation

accounts for almost 50% of the total circulating platelets (Lefrancais et al., 2017).

A single megakaryocyte can produce up to 2000-5000 new discoid shaped
platelets. The total time required for megakaryocyte from endomitosis to platelets
release is approximately 5 days in human and 2-3 days in mice (Machlus & Italiano,
2013). Mouse platelets are similar to human platelets; however, they are smaller
in size (mean volume ~4.7 vs. ~7.5-10 fl) and more abundant in circulation (~1.1x
10%/ul of blood) (Schmitt et al., 2001). Once aged, platelets are removed from
circulation via phagocytosis by reticuloendothelial cells primarily in the spleen and

liver.

1.1.2 Platelet ultrastructure

Studies investigating the ultrastructural features of platelets distinguish three
different zones, peripheral zone, sol-gel zone and organelle zone. The peripheral
zone comprises the thicker external coat called glycocalyx. This dynamic structure
is randomly embedded with numbers of glycoprotein receptors, such as GPlb-IX-V,
a2B1 and aupPs that are involved in platelet aggregation and adhesion to the
exposed subendothelial matrix (White & Gerrard, 1976). Underneath the
glycocalyx is the lipid bilayer that is composed of phosphatidylcholine and
sphingomyelin in the outer leaflet and phosphatidylserine and
phospatidylethanolamine in the inner leaflet. During platelet activation these inner
leaflet anionic phospholipids play an important role in blood coagulation (Zwaal et
al., 1998). Underneath the lipid bilayer is a submembrane area that takes part in
signal transduction due to the presence of signalling and cytoskeleton molecules
as well as the cytoplasmic domains of transmembrane receptors. The surface

connected open canalicular system (SCCS) is not only part of the plasma
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membrane but also weaves through the platelet cytoplasm and functions in

granule release (White, 2007).

The sol-gel zone is composed of a marginal band of microtubules, a spectrin-based
membrane skeleton and a filamin-based cytosolic actin network. This zone is
primarily responsible for the shape, stability and contours of plasma membrane in

non-activated platelets and rapid changes in shape in the activated platelets.

The organelle zone is majorly comprised of alpha granules, dense granules,
lysosomal granules, mitochondria, dense tubular system (DTS), free glycogen
particles and energy storing glycosomes. Alpha granules are the most abundant of
all platelet organelles, 40 to 80 per platelet, are approximately 200-500 nm in
diameter and comprise 10% of total platelet volume. Alpha granules are rich in von
Willebrand Factor (VWF), P-selectin, thrombospondin, coagulation factor V,
fibrinogen and chemokines, which plays an important role in haemostasis,
immunity, inflammation and wound healing (Blair & Flaumenhaft, 2009). Dense
granules are less abundant, 3 to 8 per platelet, approximately 150 nm in diameter
and contain nucleotides (ADP, ATP, GTP, GDP), membrane proteins (CD63/LAMP3,
LAMP2), neurotransmitters (serotonin) and ions (pyrophosphate, calcium and
magnesium) that take part in platelet activation (Flaumenhaft & Koseoglu, 2016).
Platelet lysosomal granules are few in number, 0-3 per platelet, are approximately
200-250 nm in diameter and are rich in lysosomal membrane proteins (LAMP1,
LAMP2, CD63), cathepsins, and acid hydrolases that are involved in the
degradation of carbohydrates, proteins and lipids (Fukami et al., 2001). Platelet
mitochondria and glycosomes are fewer in numbers and are significantly involved
in the energy metabolism of platelets (Flaumenhaft & Koseoglu, 2016). The
platelet DTS is believed to be the residual of smooth endoplasmic reticulum from
the bone marrow megakaryocyte that mainly store calcium and magnesium and is
also involved in the thromboxane synthesis (Blair & Flaumenhaft, 2009). The

ultrastructural features of platelet are shown in Figure 1.1.
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Figure 1.1: Schematic representation of ultrastructural components of blood

platelets. The peripheral zone is composed of exterior coat (EC) also called glycocalyx, trilaminar
unit membrane (CM), submembrane area (SMF) and channels of surface connected canalicular
systems (SCCS). The sol-gel zone comprises a circumferential microtubules band (MT),
submembrane actin filaments (SMF) and cytosolic actin network that is embedded with
mitochondria (M), alpha granules (G), dense granules (DB), glycogen (Gly) and channels of dense

tubular system (DTS). Taken from White & Gerrard, 1976.
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1.2 Role of platelets in haemostasis

Haemostasis is an essential physiological process that stops bleeding at sites of
vascular injury. This process is primarily divided into two waves, primary
haemostasis and secondary haemostasis. Blood platelets are considered as chief
mediators of both primary and secondary haemostasis. Under normal
physiological conditions platelets are in an inactive state, however, upon vascular
damage platelets react quickly, undergo a series of sequential events such as
adhesion, activation, granule secretion and aggregation (primary haemostasis
events); and, moreover, take part in cell based thrombin synthesis (secondary
haemostatic response), which markedly increases haemostatic events and arrest

of blood loss at the site of vascular damage.

1.2.1  Platelet adhesion

Under physiological conditions the majority of blood platelets never interact with
the endothelial surface during their entire life. However, following vascular injury
to the blood vessel wall, the endothelial barrier is compromised and the
prothrombotic extracellular matrix (ECM) proteins such as vWF, collagen, laminin,
fibronectin and thrombospondin are exposed to flowing blood (Ruggeri &
Mendolicchio, 2007). Circulating platelets promptly adhere to these exposed
thrombogenic proteins via an array of surface adhesion receptors that result in

platelet adhesion and subsequent activation.

This initial interaction is a coordinated process that varies among different types
and sizes of blood vessels (Varga-Szabo et al., 2008). In venous circulation and
large arteries, where platelets are in low shear rate (20-200/s), platelets interact
mainly with collagen, fibronectin and laminin, whereas in arterioles (300-800/s)
and stenotic blood vessels (800-10,000/s) platelets are in high shear rate
environment and interact primarily with immobilised vVWF via their surface
glycoprotein Ib alpha (GPlba) (Dopheide et al., 2002; Goto et al., 1995). These

initial interactions of platelets with ECM proteins are very important to decelerate

31



circulating platelets, establish stable adhesion and subsequent activation
responses that are prerequisite for normal haemostasis. The model of platelet

adhesion and activation is illustrated in figure 1.2.

1.2.1.1 Initial interaction of platelets with vWF

vWEF, a multimeric adhesive glycoprotein is mainly generated by endothelial cells
and bone marrow megakaryocytes. Endothelial vWF is either stored in Weibel-
Palade bodies or secreted in the blood stream, whereas megakaryocytic VWF is
primarily stored in the a-granules of blood platelets (De Meyer et al., 2009). Upon
vessel damage, circulating vWF interacts with exposed collagen via its A1 and A3
domains (Hoylaerts et al., 1997; Lankhof et al., 1996). This immobilised VWF then
sequesters circulating platelets by interacting with the GPlba subunit of the GPIb-

V-IX complex via its A1 domain (Lopez & Dong, 1997).

Under normal conditions, circulating vVWF is unable to associate with platelet
GPlba as the binding domain A1l stays encrypted (Martin et al., 2007). This initial
tethering of VWF and GPlba is responsible for platelets to slow down and a rolling
effect is seen in the direction of blood flow where platelets stay in close contact
with the exposed ECM until stable adhesion takes place via several high affinity 1
and B3 integrins. The importance of GPIba-vWF interaction is evident in both von
Willebrand disease and Bernard-Soulier syndrome where patients have severe
bleeding disorders due to deficiencies of either VWF or GPlba (De Meyer et al.,

2009; Salles et al., 2008).

1.2.1.2 Initial interaction of platelets with collagen

Collagen is considered as one of the most potent prothrombotic factors of the
ECM that trigger platelet activation, aggregation and coagulation activity through
both direct and indirect (via VWF) pathways (Varga-Szabo et al., 2008; Broos et al.,
2011; Clemetson, 2012). Over 20 different types of collagen have been reported so

far of which 9 are mainly present in the vessel wall. Collagen type | and Il are
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considered as the two major components of the ECM of blood vessel (Nieswandt &
Watson, 2003). In platelets there are at least two different types of collagen
receptors, GPVI and integrin azP1 (Farndale et al., 2004). Despite extensive studies,
the differential contribution of these receptors in platelet function remains a
subject of intense debate (Nieswandt & Watson, 2003). However, it is now
generally accepted that GPVI is important for platelet activation and aggregation

and integrin a1 for stable adhesion (Varga-Szabo et al., 2008).

GPVI is a member of the immunoglobulin superfamily consisting of two
immunoglobulin-like  extracellular domains (D1 & D2), a mucin-like
serine/threonine stalk, a transmembrane region and a short cytoplasmic tail. It
interacts with Fc receptor (FcR) y-chain via a salt bridge that acts as a signalling
transduction subunit of the receptor (Moroi & Jung, 2004). Despite its major role
in platelet activation, GPVI is unable to initiate stable platelet adhesion. This is
majorly due to its low affinity for collagen with rapid association and dissociation
rates (Pugh et al., 2010). Like other tyrosine kinase receptors, GPVI activation
requires dimerisation in the membrane. In resting platelets, GPVI is predominantly
expressed as a monomer; however, once activated, GPVI dimerises for collagen
binding and triggers intracellular signalling events (Jung et al., 2012). The role of
GPVI dimerisation for ligand binding and signalling is debateable. Onselaer et al.’s
(2017) work, for instance, has shown that novel GPVI ligand, fibrin, binds to
monomeric GPVI and induces GPVI signalling. The same reserachers have also
reported that fibrin mediated platelet aggregation is attenuated in GPVI KO
platelets and the D-dimer of fibrinogen inhibits both fibrin and collagen mediated
platelet aggregation.

The importance of GPVI for platelet-collagen interaction has been well illustrated
through the use of antibodies against the receptor and GPVI knockout mice.
Platelets of these respective models failed to establish stable adhesion to a
collagen matrix (Sachs & Nieswandt, 2007). On the other hand, collagen

interaction with integrin a1 not only triggers the integrin conformation change
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from low affinity to high affinity state but also promotes cellular activation by
augmenting GPVI-collagen interaction. Furthermore, collagen interaction with a1

also initiates outside-in signalling that ultimately leads to the activation of aubBs,

an integrin responsible for stable platelet adhesion and aggregation (Bernardi et

al., 2006).
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Figure 1.2: Platelet adhesion and activation at sites of vascular injury. Platelet

adhesion to the ECM is triggered by GPlba-vWF interaction followed by GPVI-collagen interaction
that shifts integrins a2B1 and ouiPBs to high-affinity state and releases ADP, TXA. At the same time
exposed tissue factor (TF) triggers formation of thrombin that also contributes in platelet

activation. Taken from Sachs & Nieswandt, 2007.
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1.2.2 Platelet activation

Following adhesion to the exposed subendothelial matrix protein collagen, the
platelet triggers the activation process via several intracellular signalling pathways
that ultimately lead to platelet shape change, degranulation, integrins activation,
aggregation and formation of a haemostatic plug. These pathways are summarised

as follows.

1.2.2.1 Tyrosine kinase-mediated platelet activation

The initial interaction of collagen via GPVI or vVWF via GPlba triggers clustering of
their respective receptors and initiates phosphorylation of FcRy chain at the
immunoreceptor tyrosine-based activation motif (ITAM) by Src-family kinases
(SFK), Lyn and Fyn. The activation of Lyn and Fyn remains in question; however,
both either stay in close proximity or bound to the proline rich region of the
cytoplasmic tail of GPVI via their Src homology 3 (SH3) domain (Senis et al., 2013).
The phosphorylation of ITAM then results in docking of spleen tyrosine kinase (Syk)
via its SH2 domain, which is subsequently activated by SFK. Activation of Syk
results in the phosphorylation of downstream adaptor proteins like LAT, SLP-76,
Btk and Gads that causes the formation of a signalling hub called signalosome. The
signalosome then finally causes the activation of phospholipase Cy2 (PLCy2) via
tyrosine phosphorylation of its SH2 domains (Watson et al., 2010) (Figure 1.3).
Activated PLCy2 hydrolyses phosphatidylinositol 4, 5 bisphosphate into inositol 1,
4, 5 trisphosphate (IP3) and membrane bound diacylglycerol (DAG) (Watson et al.,
2005). IPs diffuses through the cytosol, interacts with IP3 receptors located on the
DTS and triggers an efflux of calcium ions from DTS into the cytoplasm. This
increased cytosolic concentration of calcium also triggers the activation of
membrane bound calcium release-activated calcium channel protein (Orail)
allowing further calcium to enter into the cell (Ahmad et al., 2011). Furthermore,
increased levels of cytosolic calcium trigger the surface exposure of
phosphatidylserine that recruits prothrombinase complex to the cell membrane

and causes the formation of thrombin from prothrombin, an important player of
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the coagulation cascade (Kodigepalli et al., 2015). On the other hand, membrane
bound DAG together with calcium activates serine/threonine protein kinase C
(PKC). Both increased intracellular calcium level and activation of PKC play a major
role in platelet shape change, granule secretion and integrin activation (Bye et al.,

2016).
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Figure 1.3: Diagram of the tyrosine kinase signalling pathway in blood platelets.

Collagen mediated cross-linking of GPVI induces phosphorylation of tyrosine residues in the FcR y-
chain ITAM via SFK (Fyn and Lyn). This provides docking sites for Syk. SFK activates Syk and initiates
phosphorylation of downstream effectors, LAT, SLP-76, Btk (signalosome) that results in PLCy2
activation. PLCy2 then propagates signals via PIP2 into DAG and IPs. IPs activates calcium release
from the DTS and DAG activates PKC that leads to platelet shape change, degranulation and
subsequent platelet aggregation. Abbreviations: PH, pleckstrin-homology domain; SH2, Src-
homology 2 domain; C; Cysteine, R; Arginine, D; Aspartic acid Y; Tyrosine. Taken from Moroi & Jung,
2004.
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1.2.2.2 GPCR-mediated platelet activation

Platelet expresses a variety of seven transmembrane G-protein coupled receptors
(GPCR) that initiate both activatory and inhibitory signalling events through
heterotrimeric G-proteins. The G-proteins are composed of a, f and y subunits
(Offermanns, 2006). In an inactive state the GDP bound Ga remains tightly
associated with B and y subunits. Upon activation by agonists the GDP is
substituted by GTP, the a subunit dissociates from the By subunits and interacts
with the downstream target proteins to transmit GPCR signals. By subunits have
also been reported to interact with the downstream effectors such as
phosphatidylinositol 3-kinase (PI3K) and PLCP during GPCR signalling, however
very little is known about their function (Gurbel et al., 2015). G-proteins are
generally divided into four families based on the identity and function of a
subunits, such as Gai, Gog, Gaiz/13 and Gas (Offermanns, 2006). All of these G-
proteins are coupled to a variety of GPCRs that are activated by numbers of locally
produced platelet agonists, including ADP, thromboxane A; (TXA;), thrombin, ATP
and PGla.

The ADP receptor P2Y1, TXA; receptors TPa and TPB, thrombin receptors PAR1 and
PAR4 (PAR3 and PAR4, respectively, in mice) are all coupled with Gag that
stimulates the activity of phospholipase CB (PLCB), which in turn hydrolyses PIP;
into IP3 and DAG. Both IP; and DAG then activate PKC and trigger the release of
calcium from the intracellular DTS depot (Brass et al., 1997) (Figure 1.4). TP and
PAR receptors are also linked with Gaiz/13 that activates the small GTPase RhoA
(Klages et al., 1999). RhoA activates Rho kinase (ROCK), which phosphorylates and
inhibits MLCP; this promotes the phosphorylation of myosin light chain (MLC) and
MLC-mediated platelet contractile events. These contractile events are associated
with platelet shape change and granule secretion (Getz et al., 2010). Recent
studies have shown that Gaus also directly interacts with the cytoplasmic domain
of B3 integrin and plays an important role in the integrin outside-in signalling (Gong

et al., 2010). One of the ADP receptors, P2Y1; is coupled with Gai, which not only
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prevents the formation of cAMP by inhibiting adenylyl cyclase activity but also
stimulates PI3K. This kinase in turn activates Akt/protein kinase B (PKB), which

results in calcium mobilisation and granule secretion (Garcia et al., 2010).

Thrombin PAR1 P2Y, ADP

Shape change B3

Fibrinogen — aggregation

Figure 1.4: GPCR signalling in blood platelets. Schematic diagram of platelet agonists,

GPCRs and their respective G-protein-mediated platelet signalling cascades that result in platelet

activation.
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1.2.2.3 Integrin cuibB3z mediated platelet activation

The final target of the above signalling pathways initiated via GPlb, GPVI and
GPCRs is the activation and cross-linking of integrin a3, the primary integrin for
stable platelet adhesion and aggregation (Ma et al., 2007). Under resting
conditions integrin a;pPs stays in a low affinity conformation for its ligands
fibrinogen and vVWF. This low affinity state that keeps the extracellular domains of
integrin aypPs bent is mainly due to the association of the cytoplasmic tail regions
of a and B subunits (Vinogradova et al., 2002). The Increased cytosolic calcium
concentration that ensues upon platelet activation activates guanine nucleotide
exchange factor | (CalDAG-GEFI) (Crittenden et al., 2004). CalDAG-GEFI then
activates the Ras family small GTPase Raplb, which interacts with Rapl GTP-
interaction adaptor molecule (RIAM) and activates cytoskeleton protein talin that
leads to interact with the cytoplasmic tail of the integrin aunfs (Li et al., 2010).
Consequently, the interaction between the integrin a and B subunits is disrupted,
stimulating a conformational change that propagates from the cytoplasmic tail
through transmembrane regions to the extracellular domains. This is referred to as
inside-out signalling, which results in low affinity conformation “bent”
transforming into the high affinity state “stretch”, exposes integrin sites for ligand
binding and mediates stable platelet adhesion, aggregation and thrombus

formation (Broos et al., 2011).

Recently it has been shown that the interaction of kindlin-3 with the cytoplasmic
domain of integrin B3 also plays an important role in the activation process as mice
lacking this protein have defective integrin activity (Malinin et al., 2009; Moser et
al., 2008). However, the precise molecular mechanism how kindlin-3 activates
integrin remains unclear. The importance of integrin aubBs is evident in a severe
bleeding disorder, Glanzmann’s thrombasthenia, where ai,Bs3 is either missing or

non-functional (Bellucci & Caen, 2002).

After integrin aupB3 becomes activated fibrinogen interacts with it and triggers a
series of intracellular signalling events referred to as outside-in signalling. These
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signalling events result in the interaction of Gais with the cytoplasmic domain of
Bs and trigger the activation of SFK. SFK activates Syk and facilitates the formation
of a signalosome as seen in GPVI mediated ITAM signalling (see section 1.2.2.1 and
figure 1.3), which is required for PLCy activity and subsequent platelet activation
(Li et al., 2010). Furthermore, interaction of fibrinogen with oypBs also initiates

aggregation responses via formation of molecular bridges between platelets.

1.2.3  Platelet shape change

Once a platelet becomes activated, the intracellular signalling events induce rapid
remodelling of the platelet cytoskeleton that is responsible for shape change from
biconcave disc shaped to fully spread cells at the sites of vascular injury. During
this process activated platelets form various actin based molecular structures such
as filopodia, lamellipodia, actin nodules and stress fibres that help platelets to

increase its surface area at the site of injury (Calaminus et al., 2008).

In circulation, blood platelets have a discoid shape. This discoid shape is
maintained by the cytoskeleton, which is composed of a marginal band of
microtubules and two sets of actin networks, the spectrin-based membrane
skeleton and the filamin-based cytosolic actin network (Hartwig, 2013). In resting
platelets, nearly 50% of the total tubulin content is in polymerised state forming
numbers of acetylated and tyrosinated microtubules organised in a circumferential
marginal band (Sadoul, 2015). The antagonistic microtubule motor proteins, such
as dynein and kinesin keep the marginal band in resting state, which is responsible
for discoid shape of quiescent platelets. During platelet activation, the kinesin
actions are inhibited and the dynein slides microtubules apart, which leads to
marginal band extension. This then induces the disc-to-sphere shape transition of
activating platelets (Diagouraga et al., 2014). This process is similar to dynein-
mediated microtubules extension, which drives proplatelet production and
elongation in megakaryocytes (Bender et al., 2015; Patel et al., 2005).
Furthermore, upon activation the intracellular signalling events trigger the

marginal band to compress at the cell centre and the microtubules become
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deacetylated by histone deacetylase 6 (HDAC6), which also contributes in platelet
shape change from discoid to spheroid (Aslan et al., 2013; Sadoul et al., 2012).
Concurrent intracellular signalling events activate small Rho family GTPases,
Cdc42, RhoA and Racl, which are considered as chief regulators of the platelet
cytoskeleton. These proteins trigger rapid polymerisation and branching of actin
filaments leading to the formation of different cytoskeleton structures. In
platelets, RhoA activation causes stress fibre formation via the RhoA-ROCK
pathway (Yusuf et al., 2017), whereas Cdc42 and Racl have been reported in the
formation of molecular structures such as filopodia and lamellipodia via activation
of the Arp2/3 complex mediated by Wiskott-Aldrich Syndrome protein (WASp) and
Scar/Wave proteins, respectively (Pula & Poole, 2008; McCarty et al., 2005; Jaffe &
Hall, 2005) (Figure 1.5).

Previous reports have also suggested that a strong correlation exists between the
phosphorylation of regulatory light chain of myosin lla and the initiation of platelet
shape change (Daniel et al., 1984). Agonist mediated platelet activation results in
the phosphorylation of MLC at Serl9 via two independent pathways,
calcium/calmodulin and RhoA-ROCK (Paul et al., 1999). This allows myosin lla, a
motor protein, to push two long actin filaments to one another by hydrolysing ATP
to generate a contractile force that is responsible for platelet shape change,

granule secretion and wound closure (Klages et al., 1999).

Figure 1.5: Scanning electron micrographs of various stages of platelet shape

change. A) Resting platelet of discoid shape, B) filopodia, finger like projections formed after

platelet activation, C) lamellipodia (sheet-like structures) formation and early spreading D) fully

spread platelet. Taken from White, 2007.
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1.2.4 Platelet secretion

Following platelet activation and cytoskeleton rearrangement, the centralisation
and secretion responses of platelet granules take place. In resting state platelet
granules are randomly distributed throughout the cytoplasm. Upon activation
granules accumulate in the centre of the cell and fuse with one another and with
the OCS before emptying their contents in the local extracellular environment
(Flaumenhaft, 2003). Degranulation via interaction with the plasma membrane has
also been reported in blood platelets (Offermanns, 2006). The molecular
mechanism behind this involves a group of proteins present both on platelet
granules and plasma membrane called soluble NEM-sensitive attachment protein
receptors (SNARE) proteins that regulate degranulation responses (Flaumenhaft,
2003). Following secretion, the granular contents not only recruit nearby platelets
at the site of injury but also promote platelet activation in both autocrine and
paracrine fashion (Broos et al., 2011) that significantly contribute in thrombus

growth.

As mentioned earlier (section 1.1.2), in platelets there are three different types of
granules, alpha, dense and lysosomal that play a critical role in normal platelet
activity. Alpha granules release a number of adhesive (fibrinogen, VWF,
fibronectin, thrombospondin, vitronectin), coagulative (factor V, XI, Xlll),
angiogenic (VEGF, IGF-1), anti-angiogenic (endostatin) and fibrinolytic (PAI-1, TAFI)
proteins that are responsible for platelet-platelet interaction, angiogenesis, clot
formation and clot dissolution (Italiano et al., 2008; Ren et al., 2008). Studies
suggest that platelets contain a heterogeneous population of alpha granules that
are differentially packaged with certain angiogenesis regulatory proteins.
Immunofluorescence and immunoelectron microscopy showed that pro-
angiogenic protein, VEFG, is housed in one set of alpha granules, while anti-
angiogenic protein, endostatin, in second set of alpha granules (ltaliano et al.,
2008). Similar heterogeneous populations of alpha granules were also reported in

mouse megakaryocytes. Consistently, other studies have also reported similar
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heterogeneous populations of alpha granules that are separately housed with vWF
and fibrinogen (Sehgal & Storrie, 2007). Furthermore, stimulating platelets with
different agonists cause differential release of certain granular cargo (Chaterjee et
al., 2011). This leads to the idea that platelet releases specific sets of cargo in
response to specific agonist. Furthermore, alpha granules also release various
proinflammatory chemokines and cytokines, such as CXCL4 (PF4), CXCL7 (B-
thromboglobulin), CCL5 (RANTES), CXCL8 (IL-8), CCL2 (MCP-1), CCL3 (MIP1a) that
promote the activation and the chemotaxis of leukocytes and take part in the

inflammatory and immune responses (Blair & Flaumenhaft, 2009).

Dense granules, on the other hand, contain fewer proteins but are equally
important in the direct amplification of platelets activation. They release large
amounts of small molecules including ADP, ATP, serotonin and calcium that
amplify activation responses, aggregation and thrombus formation (Ren et al.,

2008).

ADP strongly activates platelets via interaction with two purinergic GPCRs on the
platelet surface, P2Y;1 and P2Y1, (Murugappa & Kunapuli, 2006). Binding of ADP
with Gag coupled P2Y: increases intracellular calcium level that triggers platelet
shape change and aggregation responses via activation of PLCB2 (Kahner et al.,
2006). Studies have also shown that ADP induced platelet shape change does not
necessarily require calcium mobilisation because it also triggers the RhoA-ROCK
pathway that directly induces shape change via MLC phosphorylation (Suzukiet al.,
1999). Binding of ADP with Gai coupled P2Y1, is essential for increased platelet
aggregatory responses by inhibiting adenylyl cyclase activity. Thus, the activation
of both ADP receptors is important for maximum calcium mobilisation and full
platelet aggregatory responses. Foster and co-workers (2001) have reported that

the deficiency of ADP receptors markedly affects platelet aggregation.

The increased intracellular calcium also triggers the activation of cytoplasmic

phospholipase A; (PLAz), which cleaves membrane bound phosphatidylcholine (PC)
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into arachidonic acid. The arachidonic acid is then converted by cyclooxygenase-1
(COX-1) and thromboxane synthase into TXA;, a potent but short-lived prostanoid
(Offermanns, 2006). Following production, TXA, diffuses through the plasma
membrane into the microenvironment where it acts on its receptors in autocrine
and paracrine manner. TXA; binds to two thromboxane receptors, TPa and TP,
which are both associated with Gag and Gai/13, activate calcium mobilisation, and
platelet aggregation, thus drastically amplifying platelets activation responses (Bye
et al., 2016). Deficiency of TP receptors significantly prolonged bleeding time and

impaired platelet aggregatory responses (Thomas et al., 1998).

1.2.5 Platelet aggregation

Platelet aggregation is a dynamic and a complex process that is initiated by platelet
adhesion, activation and subsequent platelet-platelet interaction facilitated by
numerous soluble adhesive proteins (fibrinogen, vWF, fibronectin) and membrane
receptors (GPlb, auibB3) at the site of vascular injury (Jackson, 2007). This complex
process has long been recognized as an important physiological event that is
responsible for haemostatic plug formation and thrombosis (Bizzozero, 1882).
Recent technical advances in platelet aggregation processes confirmed that this
dynamic mechanism chiefly relies on the rate of blood flow at the sites of vascular
injury (Goto et al., 1998). Three distinct mechanisms of platelet aggregation have

been proposed in vivo.

Under low shear rates (<1000 s?) usually found in venules and large veins, this
process is primarily initiated by aubBs and fibrinogen interactions. In vitro studies
have shown that this process is independent of vWF-GPlba interactions, as
inhibition of VWF did not abolish platelet aggregation on collagen-coated surfaces
(Savage et al., 1998). However, in vivo studies in deep vein thrombosis mouse
models have revealed that vWF is also a requirement for platelet aggregation

under low shear rate (Brill et al., 2011).
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At shear rates between 1000-10000 s, which are typically found in small arteries,
platelet aggregation is proposed to occur in two stages. The first stage relies on the
adhesive properties of GPlba of flowing platelets with the immobilised vVWF. This
interaction initiates dynamic thin membrane protrusions termed membrane
tethers. The rate and extent of elongation of these membrane tethers are under
the influence of high shear rate and are responsible for slowing down circulating
platelets for sustained platelet-platelet interactions and subsequent platelet
aggregation. Dopheide and co-workers (2002) have reported the importance of
vWF and GPIba in the formation of membrane tether by using antibodies targeting
the VWF-GPIba interaction under flow. They have reported that an antibody
against the A1 domain of vVWF markedly reduced membrane tether formation and
significantly affected the slowing down of circulating platelets. The second stage
depends on the irreversible activation of integrin oaupBs that is significantly
mediated by soluble agonist released in the micro environment by stable platelet
adhesion and activation responses and is also responsible for the formation of
stable platelet aggregates (Kulkarni et al., 2000). The functional importance of
integrin aupPBs is evident in many mouse models of thrombosis where mice lacking

Bs integrin exhibit no thrombi.

Finally, at shear rate greater than 10,000 s mostly seen in stenotic vessels,
platelet aggregation is entirely dependent on vVWF and GPlba interactions and
independent of platelet or integrin aiuPs activation; however, the physiological

relevance of this interaction is not clear (Ruggeri, 2007; Reininger, 2008).

1.2.6 Thrombus consolidation

The irreversible activation of oupBs and the fibrinogen mediated platelet
aggregation lead to the formation of initial haemostatic plug. This initial plug
provides a procoagulant surface area, expressing phosphatidylserine (PS), which
facilitates the conversation of prothrombin into thrombin by forming

prothrombinase complex (activated factor X, activated factor V and calcium). Once
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active, thrombin, a key serine protease of the blood coagulation cascade, further
encapsulates and strengthens the haemostatic plug by hydrolysing auBs bound
fibrinogen into fibrin mesh (Brass et al., 2005). Recent studies have reported that
the centre of the growing thrombus (called the core), where the concentration of
thrombin is at peak, is composed of fully activated platelets. By contrast, the
periphery of the thrombus (called the shell) contains less activated platelets and is
mainly under the influence of ADP (Welshet al., 2014; Stalker et al., 2013; Brass et
al., 2006). In this core/shell model the core is proposed to arrest blood loss at the
site of injury, whereas the shell restricts the growth of thrombus by reducing
platelet accumulation (Golebiewska & Poole, 2015). Several other participants
have also been reported to take role in the thrombus stability, such as junctional
adhesion molecules (JAM-A and JAM-C), ephrine family kinases (EphA4, EphB1 and
ephrin B),gap junction proteins (connexin 37 & connexin 40) and soluble CD40
ligand; however, a3 is regarded as the key player (Vaiyapuri et al., 2013 & 2012;
Naik et al., 2012; Prevost et al., 2002; Andre et al., 2002).

1.3 Regulation of platelet function

Upon vascular injury, platelets adhere to immobilised vVWF or exposed collagen of
the injured vessel wall, which triggers a series of intracellular activatory events
including calcium mobilisation, degranulation, integrins activation and subsequent
platelet thrombus formation required for haemostasis (Ozaki et al., 2005). Under
physiological conditions, these intracellular events are tightly regulated due to the
presence of various negative regulatory mechanisms. For example, platelet
activatory signals trigger phosphorylation of platelet endothelial cell adhesion
molecules like PECAM-1 or CD31. PECAM-1 is a member of the Ig superfamily that
is composed of immunoreceptor tyrosine-based inhibitory motif (ITIM) that
inhibits platelet activation. PECAM-1 attenuates thrombin and opBs mediated
platelet activation as well as GPVI and GPlba mediated thrombus formation (Wee
& Jackson, 2005; Rathore et al., 2003; Cicmil et al., 2002). The ITIM-containing

receptor G6b-B has emerged as a critical regulator of platelet production and
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activation recently (Geer et al., 2018). However, the molecular mechanism by
which G6b-B inhibits platelet function is not fully understood. It is thought that
G6b-B mediates its inhibitory functions by interacting with SH2 domain-containing
protein-tyrosine phosphatases, Shpl and Shp2, which then dephosphorylate and
inactivate signalling proteins of the ITAM-containing receptor pathway (Coxon et
al.,, 2017). Mice lacking G6b-B showed severe macrothrombocytopenia and
aberrant proplatelet formation (Mazharian et al.,, 2012). Proteomic and
transcriptomic studies revealed several other ITIM-containing receptors that
regulate various platelet activatory signals. Some of these are TREM-like
transcript-1, carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1), CEACAM2 and Leukocyte immunoglobulin-like receptor subfamily B
member 2 (LILRB2) (Coxon et al., 2017). ADAMTS13, a metalloprotease, has also
been reported to down regulate platelet adhesion and thrombus formation in the
injured vessel wall via cleaving large vVWF multimers that are formed on the surface
of growing thrombus (Chauhan et al., 2006). Furthermore, CD39, an ecto-
nucleoside triphosphate diphosphohydrolase-1 (E-NTPDase-1) present on the
membrane of endothelial cells and platelets continuously degrade platelet
activators ADP and ATP into platelet inhibitor adenosine. Adenosine binds to the
platelet adenosine receptor (Az), triggers cAMP production via adenylyl cyclase
and thus restricts the activation of platelets and growth of thrombus at the injury

site (Marcus et al., 1997).

Several studies have indicated that the endothelial-derived nitric oxide (NO) and
prostacyclin (PGIl,) are the chief among all platelet negative regulators as they
suppress various nodes of platelets haemostatic events including adhesion,
activation, calcium mobilisation, cytoskeletal rearrangement, degranulation and
aggregation (Smolenski, 2012). Both NO and PGl initiate intracellular cyclic
nucleotides (cAMP and cGMP) signals that interfere with platelet activity via two

known serine/threonine kinases, PKA and PKG (Schwarz et al., 2001).
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1.3.1 Platelet regulation by nitric oxide

1.3.1.1 Nitric oxide

NO is a free radical gaseous messenger that functions as platelet negative
regulator, inhibits platelet adhesion, secretion and aggregation responses (Naseem
& Riba, 2008). NO is synthesised from the amino acid L-arginine by the enzyme
nitric oxide synthase (NOS) in either a constitutive or inducible manner (Palmer et
al., 1988). To date three distinct isoforms of NOS have been identified, nNOS
mainly expressed in neuronal cells, iNOS primarily found in immune cells and small
amount in platelets and eNOS expressed in endothelial cells, red blood cells,
cardiomyocytes, megakaryocytes and platelets (Gkaliagkousi et al., 2007; Naseem

& Riba, 2008).

It is generally accepted that endothelial-derived NO regulates platelet function.
However, in 1990, Radomski et al (1990) were the first to report the role of
platelet-derived NO in the regulation of platelet activity. They have shown that
platelet-derived NO is calcium/calmodulin dependent and inhibits platelet
aggregation and adhesion to the growing thrombus in a negative feedback
mechanism. Malinski and co-workers (1993) and later Freedman and colleagues
(1997, 1999) have shown that platelet derived NO significantly inhibits platelet
aggregation. Although the role of platelet derived NO is controversial, the chief
regulatory of platelet functions is the endothelial cell derived NO (Naseem & Riba,

2008; Gambaryan et al., 2008; Lafrati et al., 2005; Oziiyaman et al., 2005).

Once released by endothelial cells into the lumen of blood vessels, NO diffuses into
the platelet and stimulates soluble guanylyl cyclase (sGC), which converts GTP into

the cyclic guanosine 3', 5’monophosphate (cGMP) (Schmidt et al., 1993).

1.3.1.2 Guanylyl cyclase and cyclic GMP synthesis
Guanylyl cyclases (GCs) are a family of enzymes that catalyzes the conversion of

GTP into cGMP. The family is composed of two types of GCs, soluble guanylyl
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cyclases (sGC) located in the cytoplasm and particulate guanylyl cyclases (pGC)
located in the membrane. In platelets only sGC has been reported so far. GCs are
heterodimeric proteins composed of a and B subunits; each of the subunit
comprises an N-terminal heme binding domain, a central dimerisation domain and
a C-terminal catalytic domain responsible for the conversion of GTP into cGMP
(Friebe & Koesling, 2003) (Figure 1.6). In platelets only a; and B1 subunits are well
characterised (Zabel et al., 1998). Once NO diffuses across the plasma membrane
into the platelet cytoplasm it binds to the prosthetic heme group of the sGC and
causes increase in the catalytic activity of the enzyme that result in an
approximately 10-fold elevation of the cGMP level (Smolenski, 2012). Increased
cGMP level activates the foremost effector, PKG that regulates various platelet
activatory signalling pathways including calcium mobilisation, cytoskeleton

remodelling, integrin activation and degranulation (Schwarz et al., 2001).

It is generally accepted that most inhibitory effects of NO in platelets are mainly
regulated by sGC and cGMP. However, recent studies using platelet-specific sGC
knock-out mice have also reported the stimulatory role of sGC in platelet
activation. Zhang et al (2011) reported that sGC deficient platelets have significant
defects in aggregation and ATP secretion responses to low doses of thrombin and
collagen. More importantly, these mice had prolonged bleeding times and
impaired thrombus formation in vivo. Similarly, Dangel and colleagues (2010) have
also noticed prolonged bleeding time in whole body sGC deficient mice. However,
Gambaryan and co-workers (2012) used similar platelet-specific and whole body
sGC knock-out mouse models and found no stimulatory role of sGC in platelets
activation. They suggested that NO/sGC/cGMP pathway exclusively play an
inhibitory role in platelets. Hence, a possible role of sGC in platelet activation
requires further investigations. Functional role of platelet sGC has also been
reported in various diseases conditions, such as ischemic heart disease, diabetes

and heart failure (Chirkov & Horowitz, 2007). Furthermore, NO mediated
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activation of sGC and elevation of cGMP protect platelets from apoptosis

(Rukoyatkina et al., 2011).

Amino Terminal

Heme Binding
Domain

Dimerization Domain

Guanylyl Cyclase
Catalytic Domain

Carboxyl Terminal

Figure 1.6: Schematic diagram of soluble guanylyl cyclase. The N-terminal heme-
binding domain with a ferrous (Fe*?) core that is ligated with His105 of the B subunit, followed by a
central domain mediating dimerisation of a and B monomers required for catalytic activity. The C-

terminal catalytic domain converts GTP into cGMP. Taken from Lucas et al., 2000.
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1.3.1.3 Protein kinase G

Protein kinase G (PKG) is a homodimeric serine/threonine kinase that is widely
distributed in many cell types including blood platelets (Hofmann et al., 2009). In
mammals there are two homologous forms of PKG. PKG type | is usually found in
the cytoplasm and is encoded by the PRKG1 gene, whereas PKG type Il is generally
associated with the membrane and is encoded by PRKG2 gene (Francis et al.,
2010). PKG type | is further divided into two closely related isoforms generated by
alternative splicing of the PRKG1 gene, PKGlae and PKGIB. Structurally, PKG is
composed of three functional domains, N-terminal domain, regulatory domain and
C-terminal catalytiFc domain on a single polypeptide chain. The N-terminal domain
carries a leucine zipper motif required for homodimerisation and inhibitory
residues involved in autoinhibition; the regulatory domain contains two non-
identical cGMP binding sites arranged in tandem and the catalytic domain includes
a Mg?*/ATP subdomain and a protein substrate binding subdomain (Feil et al.,
2003). The binding of two cGMP molecules to each regulatory domain of a
homodimer triggers a conformational change that leads to the release of the
catalytic domain from the N-terminal inhibitory residues and allows the
phosphorylation of downstream substrate proteins (Wall et al., 2003). In platelets,
PKGIB is reported to be the predominant cGMP effector and is mainly membrane
associated (Eigenthaler et al., 1992). Once activated, PKGIB regulates various
platelet activatory pathways and intracellular molecules including MLC-kinase
(Nishikawa et al., 1984), vasodilator-stimulated phosphoprotein (VASP) (Halbriigge
et al., 1990), PKC (Gopalakrishna et al., 1993), PI3-Kinase (Pigazzi et al., 1999),
extracellular stimuli-response kinase (ERK) pathway (Li et al.,, 2001), and
thromboxane A2 receptor (Reid & Kinsella, 2003) (See section 1.3.3 and Table 1.3

for more detail).

The importance of cGMP-mediated PKG in the inhibition of platelet functions has
been well studied in the PKGI-knock-out models. PKGI knock-out mice have shown

a strong prothrombotic phenotype. Platelets from these knock-out mice exhibited
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rapid accumulation at the site of vascular injury and were unresponsive to both
cGMP analogues and NO donors (Massberg et al., 1999; Haslam et al., 1999). As
cGMP analogues and NO donors increase intracellular cGMP level, physiological
agonists, such as thrombin, collagen, ADP, are also observed to increase cGMP
level in platelets (Haslam et al., 1999), indicating that cGMP may possibly be taking
part in the activation of platelets. Later, Li et al (2003) have demonstrated the
activatory role of PKGI in platelet functions. They reported that PKGI knock-out
mice showed prolonged bleeding time and platelets from these mice exhibited
impaired responses to VWF. Furthermore, studies by Stojanovic and colleagues
(2006) revealed the biphasic role of membrane permeable cGMP analogues; low
doses trigger PKGI mediated platelet activation, whereas high doses initiated
platelet inhibition. However, this biphasic concept has been questioned by other
researchers (Marshall et al., 2003; Gambaryan et al., 2004). They have shown that

platelet activation at low doses is an unspecific effect of cGMP analogues.

1.3.2 Platelet regulation by prostacyclin

1.3.2.1 Prostacyclin

Prostacyclin (PGl2), an endogenous prostanoid, has strong vasodilatory and
antithrombotic effects. It was first discovered by John Vane in 1976 and is
produced from arachidonic acid in a multistep process involving the enzymes COX
and prostacyclin synthase. COX exists in two main isoforms, COX-1, a constitutive
isoform and COX-2, an inducible isoform synthesised by inflammatory responses
(Mitchell & Warner, 2006). The first step in the production of PGI; involves
liberation of arachidonic acid from membrane phospholipids by phospholipase A;
(PLA2) (Mitchell & Warner, 1999). PLA; exists in multiple forms; however, the
cytosolic PLA; activated by intracellular calcium and in some cases the calcium
independent PLA; are thought to be involved in the release of arachidonic acid in
many cell types including endothelial cells. Studies have also shown that

arachidonic acid can also be liberated after PLC hydrolyses inositol triphosphate
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group into DAG, which then Ilater hydrolysed by lipases to generate
monoacylglycerol and free arachidonic acid (Rindlisbacher et al., 1990). Once
liberated in the cytoplasm, the arachidonic acid is metabolised by COX enzyme in
two stages. In the first stage the arachidonic acid is converted via an oxygenase
reaction into prostaglandin G, (PGG3). In the second stage, PGG; is then converted
via peroxidase reaction into the unstable prostaglandin endoperoxide H (PGH,).
The third and final stage is the conversion of PGH; into PGI, by the enzymatic
activity of prostacyclin synthase, which is one of a number of synthases

downstream of COX (Weksler et al., 1977).

These downstream synthases are of critical importance as their relative expression
decides the profile of prostanoids released by the specific cell type under certain
conditions. For example, endothelial cells are rich in COX and prostacyclin synthase
enzymes and activation of PLA; leads to the production of PGIl; as their main
prostanoid, which inhibits platelet activation. Platelets are also rich in COX
enzymes but they have little or no prostacyclin synthase and therefore the
activation of PLA; leads to the production of TXA;, a strong platelet activator and
vasoconstrictor. This is because platelets primarily express thromboxane synthase
(Needleman et al., 1976). As a result, although both endothelial cells and platelets
highly express COX enzyme, their downstream prostanoid products have opposed
functions in the cardiovascular system and therefore the balance between them
helps maintaining the vascular homeostasis. Drugs such as aspirin that selectively
lower TXA; synthesis tip the balance in favour of PGl, and establish an anti-
thrombogenic environment, which protects people from cardiovascular diseases.
Similar to COX, the expression of prostacyclin synthase in the endothelial cells is

regulated by physiological shear stress and growth factors (Frangos et al., 1985).

In the blood vessel the PGI; released by the intact endothelium not only inhibits
platelet adhesion to the vascular wall, activation and aggregation, but also
regulates the functional activity of neighbouring vascular smooth muscle cells
(Armstrong, 1996).
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1.3.2.2 Prostacyclin receptor

The human PGl, receptor (IP) belongs to the prostanoid family of seven
transmembrane GPCRs that performs critical roles in the regulation of platelet
functions and vascular smooth muscle reactivity (Narumiya et al., 1999). IP
receptor is distributed throughout body tissues with most abundant expression on
blood platelets and vascular smooth muscle cells. The human IP receptor is
classified as a Class A, rhodopsin type. The extracellular domain includes a short N-
terminal region and three extracellular loops. The transmembrane region
comprises seven transmembrane-spanning a-helices that carry the ligand binding
site. The intracellular domain is made up of three intracellular loops, a putative
intracellular eight helix and a C-terminal tail region (Reid et al., 2010; Narumiya et
al., 1999). Within each of these regions, several post-translational modifications
are required for normal function of the IP receptor. These modifications are
glycosylation, disulfide bond formation, phosphorylation, isoprenylation and
palmitoylation. Glycosylation (Zhang et al., 2001) and disulfide bond formation
between cysteine residues (Stitham et al., 2006) in the N-terminal are reported to
be important for ligand binding, receptor activation, agonist-induced
sequestration, cell-surface expression and trafficking. Phosphorylation of serine
residues (Ser328 and Ser374) in the C-terminal is mediated by GPCR kinases or PKC
that causes receptor desensitisation and subsequent internalisation, followed by
either recycling to the plasma membrane or later degradation by lysosomes
(Donnellan & Kinsella, 2009; Miggin & Kinsella, 2002). Isoprenylation of the C-
terminus is required for G-protein coupling (Hayes et al., 1999; Miggin et al., 2003)
and palmitoylation of the C-terminus at Cys311 for agonist-induced intracellular
trafficking, respectively (Reid et al., 2010). Studies have also reported the
homodimerisation of the IP receptor, which may possibly be required for receptor
trafficking (Giguere et al., 2004); however, this homodimerisation concept requires

further studies to understand the mechanism behind it.
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Upon ligand binding, the IP receptor undergoes a conformational change that
directly activates intracellular receptor-associated stimulatory G-protein (Gas)
subunit, which is mainly involved in signal transduction. Numerous studies have
shown the importance of the IP receptor in the regulation of the cardiovascular
system by using IP knock-out mouse models. Murata et al. (1997) have reported
that mice lacking IP receptor exhibited increased propensities toward thrombosis.
Similarly, Xiao and co-workers (2001) have noticed reperfusion injuries in these
mice. Egan and colleagues (2004) have shown that the IP knock-out mice,
particularly female ones, lost the atheroprotective role of the IP receptor. Patients
lacking IP receptor have also shown increased severity of coronary artery disease
(Arehart et al., 2008). Thus, the expression of IP receptor both on platelets and
vascular smooth muscle cells is pivotal for normal haemodynamic activity and

protection against thrombogenic disorders.

1.3.2.3 Adenylyl cyclase and cAMP synthesis

Adenylyl cyclases are a family of ubiquitously expressed transmembrane
glycoproteins that catalyze the synthesis of cAMP from ATP. To date, 9 membrane-
associated isoforms of AC and two splice variants of AC8 have been cloned and
characterised in mammalian tissues. Proteomics and transcriptomics data suggests
that platelet expresses three different isoforms of AC, AC3, AC5 and AC6 (Burkhart
et al, 2012, Rowley et al., 2011). However, their biochemical confirmation in
platelets is still missing, mainly due to low expression of ACs and poor isoform-
specific antibodies. Membrane-bound ACs are activated by G-protein-associated
receptor signalling. Ligation of PGI; to its IP receptor on the surface of platelets
initiates the activation of intracellular receptor-coupled Gas. Once activated, Gas
then binds to the cytoplasmic domain of ACs and triggers the hydrolysis of ATP
into cAMP.

All nine AC share a primary structure consisting a highly variable intracellular N-
terminus, two hydrophobic domains (TM1 and TM2), each containing 6

transmembrane-spanning helices and two cytoplasmic domains (C1 and C2)
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(Figure 1.7). The physiological role of the transmembrane region is not clearly
understood aside from membrane localisation. The cytoplasmic domains, C1 and
C2 are further divided into Cla and Clb; and C2a and C2b, respectively (Hurley,
1999). The homo or heterodimerisation of Cla and C2a regions initially initiated by
Gas or forskolin (FSK) forms the catalytic core that harbours a single ATP binding
site, regions for FSK and G-proteins sites (Zhang et al., 1997). Gai has been
reported to inhibit the heterologous association of Cla and C2a, which
subsequently prevents the formation of catalytic core and thus inhibits enzymatic
activity of AC (Dessauer et al., 2002). Both In vitro and in vivo studies have shown
that PKA act as a feedback inhibitor, reducing AC activity by phosphorylating
Ser674 residue in the C1b domain (Beazely et al., 2005; Chen et al., 1997). There
are also extracellular N-glycosylation sites (Asn850 and Asn890) on the 5™ and 6%
extracellular loop of TM2 helices. Wu et al. (2001) have reported that mutation
and deglycosylation of these extracellular N- glycosylation sites not only impaired
catalytic activity of the AC in response to forskolin, but also altered its regulation
by Gai and PKC. Several studies have also reported PKC-mediated phosphorylation
of the N-terminus that impairs the enzymatic activity of ACs (Lin et al., 2004; Lai et
al., 1999; Lai et al., 1997). Once activated, the catalytic core hydrolyses ATP into
cAMP, which inhibits numbers of platelet functions via its foremost downstream

effector PKA (Smolenski, 2012).

In mammalian tissues there is also a soluble isoform of AC (sAC). Unlike
membrane-bound ACs, it is not regulated by G-proteins but directly activated by
bicarbonate and calcium. sAC also works as a sensor for calcium, ATP, bicarbonate
at different intracellular locations including nucleolus, organelles, vesicles
(Steegborn, 2014). This particular AC mainly expresses in testes and to some
extent in kidney and bones, plays an important role in sperm activation, glucose

metabolism and in many cancerous conditions (Pierre et al., 2009).
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Figure 1.7: Structure of membrane-associated adenylyl cyclase (AC). Five structural
domains of ACs: The N-terminus, the first transmembrane helices (TM1, blue cylinders), the first
cytoplasmic loop comprised of Cla (red) and C1b (black), the second transmembrane helices (TM2,
blue cylinders) with extracellular N-glycosylation regions, and the second cytoplasmic loop
comprising C2a (orange) and C2b (black). Heterologous binding of Cla and C2a forms a catalytic

core with ATP-binding region. Taken from Willoughby & Cooper, 2007.
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1.3.2.4 Protein Kinase A

Protein kinases are a large family of enzymes that regulate various cellular
responses by addition of inorganic phosphate group to target substrate proteins. A
member of protein kinase family, PKA is a broad specificity heterotetrameric
serine/threonine kinase that is ubiquitously expressed in all eukaryotic cells. The
PKA holoenzyme is composed of two regulatory subunits and two catalytic
subunits (Corbin et al., 1973; Potter & Taylor, 1979). Proteomic and biochemical
studies have confirmed four functionally non-redundant regulatory (Rla, RIB, Rlla,
RIIB) and four catalytic (Ca, CB, Cy, PrkX) subunits that are differentially expressed,
giving rise to four different PKA isoforms with varying structural and biochemical
properties and cellular distribution (Pidoux & Taskén, 2010). The PKA isoforms are
categorised into two main classes, type | and type Il on the basis of their regulatory
subunit (Corbin et al., 1975). The type | comprises either homo or heterodimers of
Rla and RIB, whereas type Il comprises only homodimers of Rlla and RIIB (Pidoux &
Taskén, 2010).

The binding of cAMP molecules to four nucleotide-binding sites on the regulatory
subunit dimer leads to a conformational change that reversibly unleashes the
catalytic subunits from the complex (Johnson et al., 2001) (Figure 1.8). The free
catalytic subunits then phosphorylate numbers of nearby substrate proteins on
serine and threonine residues at a conserved consensus sequence (Arg-Arg-X-
Ser/Thr, Arg-Lys-X-Ser/Thr, Lys-Arg-X-Ser/Thr, or Lys-Lys-XSer/Thr) (Taylor et al.,
2008).

Proteomic and transcriptomic data suggest that both human and mouse platelet
expresses all four PKA regulatory subunits and two catalytic subunits (Ca & CB)
(Zeiler et al., 2014; Burkhart et al., 2012; Rowley et al., 2011) (Table 1.1 & 1.2).
However, the relative roles of individual PKA isoforms in platelet function are not
clearly understood (Smolenski, 2012). Recent studies have shown that platelets
lacking PKA RIIB have reduced activatory responses, indicating unregulated
inhibitory activity of the catalytic subunits (Nagalla et al., 2011). Research studies

have also reported a cAMP-independent mechanism of PKA activation in platelets
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involving the release of PKA catalytic subunit from a nuclear factor-NFkB-IkB
complex (Gambaryan et al., 2010). Both thrombin and collagen elicit the release of
the PKA catalytic subunit from IkB that subsequently phosphorylates VASP and
Rap1GAP2 proteins, suggesting a negative feedback mechanism for thrombin and
collagen-induced platelet activation (Gambaryan et al., 2010).

In vivo, the PKA regulatory subunits exhibit different binding affinities to cAMP,
giving rise to PKA with different thresholds for activation, with PKA type |
activating at 2-4 fold lower levels of cAMP than PKA type Il (Jarnaess et al., 2008).
PKA isoforms also exhibit different subcellular distributions in different cell types.
In lymphoid cells and cardiomyocytes PKA type | is mainly found in the cytosol,
whereas type Il is chiefly recovered in particulate fractions (Di Benedetto et al.,
2008; Skalhegg & Taskén, 2000). However, in platelets PKA type | is mainly found
in the membrane fraction, whereas type Il is found in the soluble fraction (Raslan
et al., 2015). These differences in subcellular distribution and cAMP binding
affinities between PKA isoforms are suggested to contribute to the specificity in

the cAMP-mediated PKA-signalling.
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Figure 1.8: cAMP-mediated activation of PKA. PKA holoenzyme is composed of two

regulatory (R) and two catalytic subunits (C). Each regulatory subunit has two cAMP binding sites (A
and B). When four cAMP molecules bind to regulatory subunits, unleash the catalytic subunits and

result in PKA activation. Taken from Murray, 2008.
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Table 1.1: PKA regulatory and catalytic subunits protein and RNA expression
levels in human platelets.

Accession no | Gene name | Protein name Human platelet
(UniProt) Protein Gene
expression expression

P10644 PRKARI1A PKA Rla 7900 96.65
P31321 PRKAR1B PKA RIB 2600 50.38
P13861 PRKAR2A PKA Rlla 3500 0.69
P31323 PRKAR2B PKA RIIB 7600 647.41
P17612 PRKACA PKA Cata 3400 8.06
P22694 PRKACB PKA Catp 3400 7.71

Table 1.2: PKA regulatory and catalytic subunits protein and RNA expression
levels in mouse platelets.

Accession no | Gene name | Protein name Mouse platelet
(UniProt) Protein Gene
expression expression

Q9DBC7 Prkarla PKA Rla 10,674 215.66
P12849 Prkarlb PKA RIB Not detected 0.015
P12367 Prkar2a PKA Rlla Not detected 0.08
P31324 Prkar2b PKARIIB 18,614 526.20
P05132 Prkaca PKA Cata 6825 42.04
P68181 Prkacbh PKA Catp 1604 5.67

Protein expression, estimated number of copies per platelet in human and mouse
quantitative proteomic studies (Zeiler et al., 2014; Burkhart et al., 2012); gene
expression, mean reads per kilobase of exon model per million mapped reads
values in human and mouse platelet quantitative transcriptomic studies (Rowley

etal., 2011).
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1.3.2.5 Protein kinase A structure: regulatory subunits

PKA regulatory subunits are the primary intracellular receptors for cAMP in many
cell types including platelets. The domain organisation of all PKA regulatory
subunit isoforms is highly conserved and comprises stable and well-folded an N-
terminal dimerisation and docking domain (D/D domain) followed by a highly
variable linker region that harbours an inhibitor site, and two highly homologous
cAMP binding domains (CNB) in tandem at the C-terminus, designated as A and B
(Figure 1.9). The D/D domain, which is highly conserved in all regulatory subunits,
provides a docking site for A kinase anchoring proteins (AKAPs) (see section 1.4).
The inhibitor site within the linker region contains an autoinhibitory sequence that
resembles a peptide substrate and docks to the active cleft of the catalytic
subunits and thus either autophosphorylate or pseudophosphorylate the
holoenzyme. The Rl regulatory subunits posses alanine or glycine residues in the
inhibitor site, which acts as pseudosubstrate for catalytic subunits that is, they
mimic the substrate. On the other hand, RIl regulatory subunits carry serine
residue in the inhibitor site that act as substrate for catalytic subunit and thus
maintain the holoenzyme complex. This is a fundamental difference between PKA
Rl and RIl types. Structural studies have also revealed that each CNB domain
carries a phosphate-binding cassette (PBC) that act as universal docking sites for

cAMP molecules (Taylor et al., 2012 & 2008).
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Figure 1.9: Schematic representation of PKA regulatory subunit. A) Domain
organisation of PKA regulatory subunits Rla and RII: N-terminal dimerisation and docking domain
(D/D), followed by a linker region housing phosphorylation residue, serine (red circles), a proline
box (green square looks cyan, not green), inhibitor site (IS) (red rectangle) and two C-terminal cyclic
nucleotide binding domains (CNB-A and CNB-B). B) Ribbon illustration of the NMR structure of PKA
Rla dimmer including AKAP binding site D/D domain, inhibitor sites (red rectangular box), serine
residues (red circles) in the linker region followed by four cyclic nucleotide binding domains

designated as CNB-A and CNB-B. Modified from Taylor et al., 2005.
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1.3.2.6 Protein kinase A structure: catalytic subunit

The PKA catalytic subunit is a bilobal enzyme with two major domains, N-terminal
and C-terminal lobes that are highly conserved throughout the protein kinase
family (Knighton & Zheng, 1991). The N-terminal lobe (N-lobe) constitutes the
nucleotide binding domain is short and highly dynamic, composed of five anti-
parallel strands of beta sheets, a short linker strand followed by a large a-helical C-
terminal lobe (C-lobe) that carries substrate docking sites and many conserved
residues that are important for the catalytic machinery (Figure 1.10). In addition,
the C-lobe is flanked by an N-terminal tail (N-tail) and a C-terminal tail (C-tail). The
C-tail, which is highly conserved and a vital part of the enzyme, can be further
divided into three parts. The part tethered to the N-terminal lobe, called N-lobe
Tether (NLT), and the part tethered to the C-terminal lobe, known as C-lobe Tether
(CTL). Both these two parts are quite stable and have allosteric role in organising
the active conformation of the enzyme for catalysis. The middle part of the C-tail is
called Active Site Tether (AST). AST is highly dynamic and is responsible for ATP
binding. The N-tail on the other hand, is not structurally conserved among
members of the protein kinase family and is reported to play a major role in the
subcellular localisation of PKA via interaction with membranes (Taylor et al., 2012

& 2008).

In the inactive holoenzyme, only the CNB-B site is exposed and available for cAMP
interaction. Once occupied by a cAMP molecule the CNB-B undergoes a
conformational change and exposes the CNB-A for cAMP interaction (Skalhegg &
Taskén, 2000; Taylor et al., 1990). Binding of a cAMP molecule to a CNB-A site then
triggers a global conformational change in the regulatory subunits that reduces
their affinity towards catalytic subunits and subsequently releases catalytic
subunits, which then are able to act on their nearby substrate proteins (Taylor et

al., 2008).

Although extensive structural and biochemical studies have provided insight into
the mechanism of cAMP-mediated PKA activation, very little is known about how
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catalytic subunits reassociate with the regulatory subunits in mammalian cells.
Moorthy et al. (2011) have suggested that cAMP-associated RI first binds to PDE,
which in turn hydrolyses RI-bound cAMPs. The free catalytic subunits then displace
PDE and reassociate with cAMP-free Rl to regenerate the inactive PKA
holoenzyme. On the other hand, Oliveria et al. (2007) have proposed that a
calcineurin-mediated dephosphorylation of RIl is involved in the reassociation

cycle of PKA regulatory and catalytic subunits after activation.
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Figure 1.10: Schematic representation of PKA catalytic subunit. Ribbon diagram of

the catalytic subunit of PKA: contains an N-lobe and a C-lobe flanked by N-tail and C-tail

respectively. Adapted from Taylor et al., 2012.
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1.3.3 Protein kinase A and G targets in blood platelets

cAMP-mediated PKA and cGMP-mediated PKG inhibit various platelet functions
both in vitro and in vivo settings, such as platelet adhesion, activation, shape
change, calcium mobilisation, degranulation, aggregation, apoptosis, thrombosis
(zhao et al., 2017; Aburima et al., 2017; 2013; Smolenski, 2012; Schwarz et al.,
2001). However, the precise molecular mechanism by which both PKA and PKG
inhibit these platelet functions is not clearly explained. PKA and PKG
phosphorylate numbers of downstream substrate proteins in platelets including
Gaus, inositol triphosphate receptor (IP3), VASP, actin binding proteins (ABP) and
many more as listed in Table 1.1 (Smolenski, 2012). Nevertheless, the physiological
importance of the phosphorylation of these substrate proteins is unclear, as most
of the knowledge has been gained from in vitro studies by using cAMP/cGMP
mimetics that act as global cAMP/cGMP modulators or evade adenylyl/guanylyl
cyclases. An interesting point about these substrate proteins is that the majority of
them are phosphorylated by both PKA and PKG; however, some are differentially
regulated in a kinase specific manner (Schwarz et al.,, 2001). Unlike other
mammalian cell types, blood platelets contain micromolar concentrations of both
PKA and PKG proteins, pointing to the functional importance of protein
phosphorylation in regulating platelet activity (Eigenthaler et al., 1992). To date
only small numbers of PKA and PKG substrates have been characterised in detail,
total numbers and identities of substrate proteins still needs to be investigated.

Some PKA and PKG substrates are briefly summarised in the following subsections.

1.3.3.1 Receptor mediated signalling events

As mentioned earlier, platelet adhesion and activation at the site of vascular injury
are two critical events for both haemostasis and thrombosis. These events are
triggered by numbers of surface glycoproteins and GPCRs. Most of these receptors
are under the influence of both PKA and PKG signalling in blood platelets. GPIbp, a
subunit of the GPIb-V-IX complex, is involved in initial platelet adhesion to

immobilised VWF at the sites of vascular injury. PKA-mediated phosphorylation of
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GPIbpB on Ser166 not only negatively regulates GPIbf interaction with vWF but also
impairs VWF mediated platelet aggregation (Bodnar et al., 2002; Raslan et al.,
2015b). Furthermore, platelet interacts with collagen via azB1 and GPVI receptors.
Both in vivo and in vitro studies have reported that PKA and PKG inhibit initial
platelet interaction with collagen via down regulating integrin axp1 activity (Sim et

al., 2004; Polanowska-Grabowska & Gear, 1994).

In addition to surface adhesion molecules, Raplb, a most abundant small GTPase
of the Ras family in platelets, is also regulated by PKA and PKG signalling. Agonist-
induced platelet activation rapidly activates Raplb, which strongly regulates
integrin aypBs activation and platelet aggregation (Franke et al., 1997). Raplb
knock-out mice exhibited increased bleeding time due to defective platelet
function. Furthermore, platelets from Raplb-deficient mice have impaired agonist-
induced platelet aggregation and defective integrin auibPs activation (Chrzanowska-
Wodnicka et al,, 2005). Both PKA and PKG phosphorylate Raplb at Ser179;
however, very little is known about the functional relevance of this
phosphorylation in platelets (Siess et al., 1990; Danielewski et al., 2005) apart from
its impact on the subcellular distribution of Raplb (Hata et al.,, 1991). Schultess et
al. (2005) have identified Rap1GAP2, a GTPase-activating protein that is required
to terminate signalling by Rap1. However, platelet activation by thrombin and ADP
significantly increases Rap1GAP2 association with 14-3-3 protein. This interaction
may possibly dampen RaplGAP2 activity. Both PKA and PKG phosphorylate
RaplGAP2 at Ser7, inhibit its interaction with 14-3-3 and result in marked
reduction in Raplb activity in blood platelets (Hoffmeister et al., 2008). Recent
studies have also shown that CalDAG-GEFI, a Rap1lb GEF, is directly phosphorylated
by PKA at Ser587, which prevents Raplb activation (Subramanian et al., 2013).

In platelets, TXA, receptors are also reported under the influence of cyclic
nucleotides signalling. These receptors have seven transmembrane domains that
are coupled to Gag and Gaus. In platelets activation of Gaus is responsible for stress
fibre formation through RhoA-ROCK pathway. PKA directly phosphorylates Gais at
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Thr203 and thus inhibits RhoA activation, which is required for activation of RhoA-
ROCK pathway that is responsible for platelet shape change (Manganello et al.,
2003). Investigations in human embryonic kidney 293 (HEK293) cells have
suggested that the TXA; receptor (TPa) is desensitized by both PKA-mediated
phosphorylation at Ser329 and PKG-mediated phosphorylation at Ser331 (Reid &
Kinsella, 2003; Walsh et al., 2000). However, in platelets, PKA and PKG-mediated

TPa phosphorylation has not been confirmed yet.

1.3.3.2 Intracellular calcium mobilisation

Agonist-induced platelet activation is responsible for increased intracellular
calcium concentration. This increased intracellular calcium facilitates the
regulation of many calcium-dependent enzymes including protein kinase C, MLCK,
PLA; and Raplb (Smolenski, 2012). Stimulation of various platelet surface
receptors activates PLCB and PLCy isoforms that trigger the synthesis of IP3 by
hydrolysing PIP,. IP3 then binds to IP3R receptors and triggers the release of
calcium from cytoplasmic depots. The increased cytoplasmic calcium also triggers
entry of the extracellular calcium via Orail store-operated calcium entry (SOCE)
channels (Varga-Szabo et al., 2009). Both cyclic nucleotide-mediated PKA and PKG
strongly inhibit calcium release by targeting various stages of platelet activatory
pathways. Studies have suggested that PKA and PKG inhibit PLC mediated
synthesis of IP3 possibly by inhibiting PIP2 resynthesis (Ryningen et al., 1998). PKA
and PKG have also been reported to target IP3 receptors downstream of PLC.
Platelet expresses all three isoforms of IPsR and all are inhibited via
phosphorylation by PKA and PKG at yet unknown sites (Tertyshnikova et al., 1998;
El-Daher et al., 2000). However, the exact molecular mechanism in the inhibition

of IP3Rs via phosphorylation is not clearly defined.

Like in smooth muscle cells, PKG has also been shown to inhibit calcium release via
IPsR from DTS in platelets mainly by phosphorylating IPsR-associated PKG substrate
protein (IRAG) at Ser664 and Ser667 residues (Schinner & Schlossmann, 2011; Antl
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et al., 2007). The importance of PKG-mediated phosphorylation of IRAG has been
investigated in both IRAG knock-out and mutant mouse platelets, where

intracellular calcium release was significantly impaired (Antl et al., 2007).

As of SOCE, PKA indirectly decrease extracellular calcium entry possibly via down-
regulating IP3 receptors (Nakamura et al., 1995). In vitro studies have shown that
high concentration of NO donors significantly reduced extracellular calcium entry

in thrombin activated platelets (Blackmore, 2011).

Besides SOCE, other calcium entry mechanisms also exist in platelets. For example,
TRPC6 has been demonstrated to form a non-store operated calcium (non-SOC)
channels (Hassock et al., 2002). These channels are activated downstream of PLC
and are independent of intracellular calcium release from DTS. Hassock et al.
(2002) have demonstrated that TRPC6 is phosphorylated both by PKA and PKG
signalling; however, functional importance of this phosphorylation is not clearly

explained and requires further investigations.

1.3.3.3 Cytoskeletal remodelling

One of the initial platelet activation events is shape change, which is essential for
stable adhesion, degranulation, aggregation and spreading, and requires the
reorganisation of the actin cytoskeleton. This initial event is driven by both
signalling events and cytoskeleton binding proteins that rearrange the platelet
cytoskeleton, causing nucleation and polymerisation of actin filaments and
deacetylation of microtubules; this leads to disintegration of the marginal band
and centralisation of platelet granules. PKA and PKG have been shown to inhibit
cytoskeleton remodelling by phosphorylating numerous cytoskeleton-binding

proteins.

One of the major substrates of PKA and PKG is VASP (Halbrigge & Walter, 1989).
In platelets VASP is present in high concentration and carries three functionally

important phosphorylation sites, Ser157, Ser239 and Thr278 (Butt et al., 1994
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Eigenthaler et al., 1992; Smolenski et al., 1998). All three sites are phosphorylated
by PKA and PKG, however, with varying affinities in intact platelets (Butt et al.,
1994). Analysis of phosphorylation kinetics both in vivo and in vitro has indicated
that PKA prefers the Ser157 residue. On the other hand, PKG shows different in
vivo and in vitro kinetics, with preference for Ser239 in vitro and similar kinetics for
both Ser157 and Ser239 in vivo (Smolenski et al., 1998). In mammalian cells VASP
has been shown to affect and regulate both actin polymerisation and F-actin
bundling via binding of profilin that recruit monomeric G-actin to the barbed ends
of F-actin (Fox, 2001). In vitro studies have shown that PKA-mediated
phosphorylation of VASP down-regulates its actin polymerisation-promoting
activity and F-actin bundling (Harbeck et al., 2000). VASP phosphorylation has also
been reported to regulate focal adhesion dynamics (Smolenski et al., 2000) and
actin cytoskeleton rigidity (Galler et al., 2006). In platelets, VASP phosphorylation
is associated with integrin auB3 regulation (Horstrup et al., 1994). VASP knock-out
mice have shown enhanced collagen and thrombin-mediated fibrinogen binding
ability with integrin cupPs (Aszédi et al., 1999; Hauser et al., 1999); hence
suggesting a possible role of VASP in integrin activation. Both cAMP and cGMP-
mediated inhibition of thrombin and collagen-induced platelets aggregation was
also impaired in VASP knock-out mice. Furthermore, platelets from VASP knock-
out mice revealed increased thrombin-mediated oyibB3 activation, increased rate of
degranulation, increased P-selectin expression and reduced aggregation time
(Aszodi et al., 1999; Hauser et al., 1999). Together these studies suggest that VASP
phosphorylation is required by PKA and PKG-mediated inhibition of integrin o3
activation. VASP phosphorylation at Serl57 is also known to be triggered by PKC
and Rho kinase in platelets stimulated with thrombin (Wentworth et al., 2006),
thus questioning the reliability of VASP phosphorylation as a marker for platelet
inhibition. However, in platelets the molecular consequences of VASP
phosphorylation on cytoskeletal remodelling and integrin activation still needs to

be characterised in detail.
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Other important proteins that regulate the platelet cytoskeleton via
phosphorylation by PKA and PKG are Lim and SH3 domain protein (LASP), heat
shock protein 27 (HSP27), filamin-A, caldesmon and MLCK. In vitro PKA and PKG
mediate phosphorylation of LASP at Serl46 and inhibit its F-actin and focal
adhesion interactions (Butt et al., 2003). HSP27 play important roles in actin
polymerisation during platelet activation. Both PKA and PKG significantly reduced
its actin polymerisation activity especially via phosphorylation at Thr143 (Butt et

al., 2001).

Another actin binding protein involved in the regulation of the platelet
cytoskeleton is filamin-A. Filamin A was initially described as actin-myosin binding
protein (ABP) (Wang et al., 1975). In platelets, filamin A is responsible for the
organisation of the cytosolic network of actin filaments. Filamin-A cross-links
cytosolic actin filaments into a three-dimensional gel. It also anchors the platelet
cytoskeleton to the plasma membrane primarily via interacting with the
cytoplasmic tail of glycoprotein GPIbB (Fox, 2001). During platelet activation
calcium-sensitive calpain proteolyses filamin-A, resulting in irreversible loss of its
actin cross-linking properties that may contribute to cytoskeleton rearrangement
(Truglia & Stracher, 1981). The phosphorylation of filamin-A by PKA at Ser2152
increases its resistance to calpain cleavage and thus blocks cytoskeleton

rearrangement (Chen & Stracher, 1989; Jay et al., 2004).

Caldesmon is an actin and myosin binding protein that facilitates the translocation
of myosin to the actin cytoskeleton during platelet activation (Hemric et al., 1994).
In vitro studies have shown that purified platelet caldesmon can be
phosphorylated by PKA, however the functional relevance of this phosphorylation
in respect to platelet cytoskeleton rearrangement has not been explained

(Hettasch & Sellers, 1991).

Another important effect of PKA and PKG on blood platelets is the inhibition of

MLC phosphorylation at Serl9, which plays critical roles in cytoskeletal
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remodelling during shape change and granule secretion. In platelets MLC
phosphorylation is induced by two pathways, the calcium/calmodulin-dependent
MLC kinase (MLCK) pathway and the calcium/calmodulin-independent RhoA-ROCK
pathway (Klages et al., 1999; Paul et al., 1999). In-vitro studies have shown that
MLCK is directly phosphorylated by both PKA and PKG, resulting in reduced activity
of this enzyme and subsequent inhibition of MLC phosphorylation at Serl9
(Nishikawa et al., 1984). Recent studies have also revealed that cyclic nucleotides
signalling specifically targets RhoA-ROCK pathway during platelet activation. PKA
and PKG phosphorylate RhoA at Ser188 and prevent the RhoA association with the
ROCK kinase, which is required for the inhibition of myosin light chain phosphatase
(MLCP) and increased phosphorylation of MLC (Aburima et al., 2013, 2017). There
is also a possibility that both PKA and PKG may directly phosphorylate MLCP at its
activatory residue, Ser695 in platelets. This direct effect may possibly enhance the
activity of MLCP, which inhibits both RhoA-ROCK and MLCK-mediated
phosphorylation of MLC. However, this direct effect needs to be confirmed in
platelets. The PKA-mediated phosphorylation of MLCP is the focus of this study

and is discussed more in detail in section 1.5.
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Table 1.3: List of known PKA and PKA substrates
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etal., 2013
Hunter et al.,
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Hassock et al.,
2002
Wooldridge et
al., 2004
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1.3.4  Cyclic nucleotides degradation and phosphodiesterases

Cyclic nucleotides (cAMP and cGMP) are considered important inhibitory
intracellular second messengers that regulate numbers of platelet activatory
signalling events (Haslam et al., 1999; Gresele et al., 2011). In many cell types
including platelets, the intracellular levels of cyclic nucleotides are not only
regulated by their synthesis but also by their hydrolysis. The later is achieved

primarily by a group of enzymes called phosphodiesterases (PDEs).

PDEs are a superfamily of metalophosphohydrolases that selectively catalyse
hydrolysis of cAMP and cGMP into biologically inactive 5-AMP and 5'-GMP
metabolites. These enzymes limit the intracellular level of cyclic nucleotides and
consequently regulate amplitude, duration and localisation of cyclic nucleotide
signalling within subcellular compartments. To date over 60 isoforms and splice
variants of PDEs have been identified that are encoded by 21 different genes in
mammalian tissues (Francis et al., 2011). These isoforms are grouped into 11
different familiesf (PDE1-PDE11) based on their amino acid sequence, regulatory
properties, intracellular localisation, cellular expression and sensitivity to
endogenous regulators and chemical inhibitors. Structurally, PDEs comprise an N-
terminal domain specifically involved in cyclic nucleotide binding and subcellular
localisation and a C-terminal domain involved in enzymatic activity (Omori &
Kotera, 2007). Platelet expresses three different types of PDEs: the cGMP-
stimulated PDE2, the cGMP-inhibited PDE3 and the cGMP-specific PDE5 (Hidaka &
Asano, 1976). Together these three isoforms account for at least 90% of platelet

PDE activity.

PDE2 is a dual substrate enzyme that hydrolyses both cAMP and cGMP at similar
rates. It has two GAF domains (GAF-A and GAF-B) in the N-terminus. The GAF
domain is named after the proteins it was initially found in cGMP-specific
phosphodiesterases, adenylyl cyclases and FhlA. GAF-A is involved in
homodimerisation, whereas GAF-B is identified as a specific cGMP-binding site.
Once cGMP interacts with GAF-B the protein undergoes a conformational change
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that results in increased enzyme activity (Haslam et al., 1999; Bender & Beavo,
2006). Hence increased level of cGMP is responsible for the enzymatic activity of

PDE2 (Bender & Beavo, 2006).

PDE3 hydrolyses both cAMP and cGMP, although it has higher affinity towards
cAMP. Unlike PDE2, PDE3 is inhibited by the binding of cGMP and is therefore
called the cGMP-inhibited PDE. In fact, there is substantial evidence suggesting
that cGMP exerts most of its inhibitory effects on platelet function by acting as a
competitive inhibitor of PDE3 (Maurice & Haslam, 1990). Studies by Manns et al.
(2002) have demonstrated the physiological role of PDE3 in platelet function. They
reported that the selective inhibition of PDE3 with cilostazol results an increased
level of cAMP that compromised thrombin-induced platelet aggregation and
calcium mobilisation responses. Several groups working on PDE3 in platelets have
shown that the hydrolytic activity of this enzyme is upregulated by PKA mediated
phosphorylation, suggesting a negative feedback loop, which rapidly decreases not
only cAMP level but also imposes a reduced cAMP-regulated threshold for platelet
activation (Grant et al., 1988; Macphee et al., 1988). Recent studies have also
shown that the PDE3 activity is upregulated via phosphorylation by PKC and
possibly by Akt, indicating an increased cAMP hydrolysis mechanism required for

agonist-induced platelet activation (Zhang & Colman, 2007; Hunter et al., 2009).

PDE5 was first identified in platelets and is described as cGMP-binding, cGMP-
specific PDE. It is activated by binding of cGMP at the GAF-A domain, which
significantly increases enzymatic activity. Unlike the other two PDEs, it selectively
hydrolyses cGMP. Biochemical studies have also reported the phosphorylation-
dependent activation of PDE5 by PKA and PKG that may possibly provide negative
feedback on cGMP levels (Corbin et al., 2000).

1.3.5 Compartmentalisation of cyclic nucleotides signalling
It is now generally accepted that the precision of cellular function mainly relies
upon how an extracellular signal triggers correct intracellular second messengers
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and effector proteins both spatially and temporally. This is known as
compartmentalisation of the cellular signalling. This concept was first proposed by
Buxton and Brunton in the early 1980s while studying cAMP signalling in
cardiomyocytes. They observed that different Gas-coupled GPCRs triggered
common an intracellular second messenger, cAMP, that differentially activated
foremost effectors PKA type | and type Il isoforms (Buxton & Brunton, 1983). This
led to the idea of different PKA compartments that are selectively regulated by
cAMP within the cell. The discovery of A-kinase anchoring proteins (AKAPs) and
PDEs consolidated this concept further. AKAPs are scaffold proteins that not only
tether different PKA isoforms close to their substrate proteins in distinct
subcellular locations but also scaffold various signalling molecules, including PDEs.
Thus, AKAPs dictate PKA isoforms distribution in distinct cellular compartments,
whereas PDEs provides an enzymatic barrier to that particular compartment and
restrict not only intracellular diffusion of cAMP from that particular compartment
but also limit cAMP level and cAMP mediated PKA activation (Figure 1.11). This
spatio-temporal regulation of cAMP gradients and PKA isoforms distribution
contributes to the formation of distinct subcellular cAMP signalling hubs (Wong &
Scott, 2004; Mongillo et al., 2004). Furthermore, the development of various
fluorescent probes has allowed us to visualise cAMP concentrated microdomains
inside the cells, contributing enormously to this PKA tethering hypothesis and the
role of PDEs in compartmentalised cAMP signalling (Zaccolo & Pozzan, 2002). The
advantages of this compartmentalised signalling would enable faster activation of
target proteins that generate specific responses with limited pools of second

messenger molecules.

In platelets the idea of compartmentalisation of cyclic nucleotides signalling was
first proposed by El-Daher et al. (1996, 2000). They suggested differential
localisation of both PKA and PKG and their substrate proteins in the distinct
subcellular compartments of blood platelets. Later, the compartmentalisation and

compartment-specific regulation of cAMP and cGMP signalling in platelet function
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was proposed by Wilson et al. (2008) and Bilodeau et al. (2007). They have
demonstrated that both cAMP and cGMP signalling in particular subcellular
compartments are spatio-temporally regulated by sets of AKAPs, GKAP (guanylate
kinase-associated protein) and PDEs. However, none of these studies has
investigated the selective distribution of different PKA isoforms in these
intracellular compartments. Recently, Raslan et al. (2015) have suggested
differential distribution of PKA isoforms in human platelets. PKA type | is mainly
found in the membrane fraction, whereas PKA type Il in supernatant fraction. They
have also noticed that in the membrane fraction, especially in the lipid rafts, a pool
of PKA type | is localised, possibly tethered there via association with a novel AKAP,
moesin. This anchored-PKA then potentially phosphorylates lipid raft resident
glycoprotein GPIbB and results in restriction of vVWF interaction with raft GPIbp.
This is the first line of evidence of membrane compartmentalisation of PKA
signalling in blood platelets. However, in platelets this concept of
compartmentalisation is still in early stages and requires further investigation to
understand the mechanism facilitating the formation of signalling hubs that
contain kinases, target substrates, AKAPs, GKAPs and PDEs in particular

compartments.
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Figure 1.11: Compartmentalisation of cAMP signalling by AKAPs and PDEs.
Stimulation of various GPCRs activates membrane-bound adenylyl cyclases that form localised
pools of cAMP. The increased cAMP level activates the downstream effector PKA. AKAPs tether
different PKA isoforms close to their substrate in these cAMP rich areas. AKAPs may also scaffold
PDEs, which control concentration and distribution of cCAMP in these pools, thus providing spatio-

temporal specificity of the cAMP signalling. Adapted and modified from Pidoux & Taskén, 2010.
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1.4 A-Kinase anchoring proteins

A-kinase anchoring proteins, AKAPs, are a family of structurally diverse but
functionally similar proteins that share the capacity to interact with PKA (Pidoux &
Taskén, 2010). To date more than 70 different AKAPs including splice variants
have been identified in mammalian cells that are encoded by 43 different genes
(Rababa’h et al., 2014). The majority of these AKAPs associate only with the type Il
PKA isoform; however, some AKAPs have dual specificity and interact with type |
PKA too (Means et al., 2011; Alto et al., 2003). The characteristic feature of all
AKAPs, even though they do not share any sequence homology, is an anchoring
domain that comprises a conserved 14-18 amino acids long amphipathic helix that
associates with the N-terminal dimerisation and docking (D/D) domain of the PKA
regulatory subunit dimer (Carr et al., 1991) (Figure 1.12). The distinctive feature of
an amphipathic helix is the arrangement of hydrophobic residues on one side and

hydrophilic residues on alternate sides forming hydrophobic and hydrophilic faces.

AKAP amphipathic helix
peptide

Helix A’ Helix A

Antiparallel RIl 1-45 dimer

Helix B’ Helix B

o

Figure 1.12: The structural complex of AKAP-PKA interaction. The NMR-solved

illustration of an AKAP amphipathic helix (green) associated with the D/D domain of PKA dimer
(red and blue). Taken from Pidoux & Taskén, 2010.

The functional importance of AKAPs has been well documented in many cell types
by disrupting the PKA-AKAP interaction (Carr et al., 1992). This is mostly achieved
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by using a disruptor peptide, Ht31 (aa493-515), a fragment of an endogenous
AKAP cloned from human thyroid that forms a PKA binding domain (Carr et al.,
1992). In cardiac and skeletal muscles Ht31 has been shown to disrupt PKA-
AKAP79 interaction, which is involved in the regulation of L-type calcium channels
(Gao et al., 1997). In the pancreatic B-cell line RINm5F, Ht31 disruptor peptide has
been reported to block cAMP mediated insulin secretion and intracellular calcium
elevation (Lester et al., 1997). Similarly, in mammalian sperm cells Ht31 prevented
cAMP-dependent motility both in a dose and a time dependent manner
(Vijayaraghavan et al., 1997). Additionally, in cardiomyocytes Ht31 mediated
disruption markedly reduced phosphorylation of PKA substrates and cardiac
contractile forces after stimulation with isoproterenol (McConnell et al., 2009).
Together, these studies clearly suggest the importance of PKA anchoring for the

regulation of various cellular responses.

Besides targeting PKA to different subcellular loci, many AKAPs also function as a
scaffold for several other proteins that are involved in signal transduction, such as
PDEs, protein phosphatases and other kinases, and thus provide precise
spatiotemporal regulation of cAMP-PKA signalling (Taskén et al., 2001). The ability
of AKAPs to scaffold enzymes other than PKA was first reported by Coghlan et al.
(1995) for AKAP79, which also interacts with phosphatase 2B (PP2B). As the
numbers of regulatory enzymes found to interact with AKAPs has increased, the

notion of cAMP-PKA signal compartmentalisation has developed accordingly.

Proteomic and transcriptomic studies suggest that platelets potentially express 15
different types of AKAPs including AKAP1, AKAP2, AKAP5, AKAP7, AKAP8, AKAPSL,
AKAP9, AKPA10, AKAP11, AKAP13, microtubule-associated protein 2 (Map2),
ezrin, moesin, Ras-related protein 32 (Rab32), small membrane AKAP (smAKAP)
and WAS protein family member 1 (WAVE-1) (Burkhart et al., 2012; Margarucci et
al., 2011; Rowley et al., 2011). However, the functional role of only one AKAP,
moesin, has been verified so far. It is believed that in platelets moesin targets PKA
type | to lipid rafts, where it facilitates the phosphorylation of raft-residing GPIbf
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receptor that results in inhibition of platelet-vWF interactions and interferes with

thrombus formation (Raslan et al., 2015b).

1.5 Myosin light chain phosphatase

Platelet shape change is one of the earliest events during platelet activation and is
accompanied by a dramatic reorganisation of the actin cytoskeleton (Fox, 1993).
The major factor in this rearrangement is thought to be phosphorylation of non-
muscle myosin lla and its increased association with the actin cytoskeleton (Fox,
1993). However, the precise details of these changes are not clear. Myosin lla is a
hexameric ATPase motor protein composed of two heavy chains and four light
chains. The 220 kDa heavy chains form two globular motor head domains
containing ATP and actin binding sites, a neck region, a long a-helical coiled-coil
forming a rod-shaped domain, which dimerises the myosin and enables it to form
shorter filaments of 20-30 molecules and a short non-helical domain (Billington et
al., 2013). Two regulatory light chains of 20 kDa interact with the neck region of
the heavy chains and regulate myosin activity via phosphorylation at Ser19. Two
essential light chains of 17 kDa stabilise the myosin heads along with the
regulatory light chains (Clark et al., 2007) (Figure 1.13). In its inactive form non-
muscle myosin lla forms a compact molecule in which the coiled-coil tail wraps
around the motor heads and unables the motor heads to interact with actin
filaments and generate force. When the regulatory light chains are phosphorylated
at Ser19, their interaction with the tail domain of the heavy chains is disrupted and
the myosin then adopts an extended conformation and forms filaments. The
extended myosin head domains are then able to interact with actin filaments and
generate contractile force that causes cytoskeletal rearrangement and subsequent
platelet shape change. Dephosphorylation of MLC at Serl9 reverses the myosin
extended conformation back to inactive compact conformation (Vicente-
Manzanares et al., 2009). However, the mechanism behind these conformational

changes is not clearly understood.
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Previously, it was thought that only the non-muscle myosin heavy chain lla was
expressed in platelets but recent proteomic studies have reported other class Il
isoforms, such as myosin |IB, myosin lic as well as several unconventional myosins,
myosin V, myosin VI, myosin VII, in platelets (Burkhart et al., 2012; Qureshi et al.,
2009). Genetic mutations of the non-muscle myosin heavy chain gene (MYH9) are
associated with MYH9-related disorders, which comprise four different autosomal-
dominant diseases previously known as May-Hegglin anomly, Fechtner syndrome,
Sebastian syndrome and Epstein syndrome. All affected individuals display
macrothrombocytopenia, characteristic leukocyte inclusions and abnormal myosin
aggregates (Léon et al., 2007). Similarly, Léon et al. (2007) showed that genetic
deletion of the non-muscle myosin lla in megakaryocytes caused severe defects in
platelet myosin expression levels with a phenotype, which was similar to that of
MYH9-related disorders. Furthermore, platelet shape change, outside-in signalling,
thrombus growth, bleeding time and clot retraction were markedly impaired in
MYH9 KO platelets, however; platelet aggregation and granular secretion

responses were only moderately attenuated (Léon et al., 2007).
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Figure 1.13: Domain architecture of non-muscle myosin lla. Myosin lla is composed of
two regulatory light chains (RLC), two essential light chains (ELC) and two heavy chains including
two motor heads containing actin and ATP binding regions, neck, coiled-coil rod and non-helical tail
domains. The RLCs and ELCs interact with the head domains at neck region and link head and
coiled-coil rod domains. In the absence of RLC phosphorylation, myosin lla organised in a compact
conformation, once phosphorylated at RLC, myosin adopts an extended conformation. Adapted

from Vicente-Manzanares et al., 2009.
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Numerous platelet agonists trigger phosphorylation-dependent activation of
myosin lla. The level of myosin phosphorylation is basically dependent on the
activities of two regulatory enzymes, MLCK and MLCP. MLCK triggers
phosphorylation of MLC at Ser19 that facilitates the generation of acto-myosin
contractile forces responsible for platelet shape change and granule secretion
(Johnson et al., 2007). MLCP dephosphorylates MLC at the same residue, which
prevents the initiation of acto-myosin contractile forces and thus inhibits platelet
shape change (Muranyi et al., 1998). In smooth muscle cells MLCP acts as a focal
point for both activatory and inhibitory signalling, which controls the acto-myosin
contractile machinery of the cells required for smooth muscle tone. In platelets,
soluble agonists, such as thrombin and TXA, stimulate simultaneously a
Ca?*/calmodulin-dependent MLCK activation and Ca?*-independent RhoA-ROCK-
mediated MLCP inhibition that promotes net phosphorylation of MLC required for
platelet shape change, and granule secretion (Aburima & Naseem, 2014). By
contrast, platelet inhibitory agonists such as PGl; and NO stimulate cyclic
nucleotide-mediated PKA and PKG that activate MLCP required dephosphorylating
MLC and inhibit acto-myosin contractile forces (Figure 1.14). Both platelets and
vascular smooth muscle cells contains similar isoforms of MLCP (Nakai et al., 1997;
Muranyi et al., 1998); however, the molecular and biochemical mechanisms of

MLCP activity are poorly defined in blood platelets.
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Figure 1.14: Putative mechanisms of MLCP regulation in blood platelets. PGl, and
NO induce MLCP activation via cAMP/cGMP-mediated PKA/PKG that leads to dephosphorylation of
myosin lla, which is required for inhibition of acto-myosin contractile forces. Whereas thrombin
and TXAz induce inhibition of MLCP activity either via RhoA-ROCK pathway or via PKC-mediated CPI-
17 and thus increases net calcium sensitivity that leads to MLCK activation and results in acto-

myosin contractile events responsible for platelet activation.
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MLCP is a primary serine/threonine phosphatase that is composed of a 38 kDa
catalytic subunit of the protein phosphatase type 1 (PP1c6), a 130 kDa regulatory
myosin phosphatase targeting subunit 1 (MYPT1) and a 20 kDa small subunit
(M20) of yet not known function (Figure 1.12) (Alessi et al., 1992). The regulatory
subunit MYPT1 interacts with PP1cd via its N-terminus and with M20 via its C-
terminus, thus forming the holoenzyme of MLCP. The majority of the
characteristics of MLCP are determined by MYPT1, which acts as targeting protein
and drives the catalytic subunit of the holoenzyme complex to particular cellular
locations where it is in close proximity to its substrate proteins (Ito et al., 2004).
Terrak et al. (2004) has reported that PP1c in complex with MYPT1 has increased
phosphatase activity (~15 fold) and -~10 fold higher affinities towards
phosphorylated myosin than the isolated catalytic subunit. Phosphorylation of
MYPT1 via RhoA-ROCK pathway markedly reduced phosphatase activity, while
phosphorylation of MYPT1 via cAMP/PKA signalling moderately increased
phosphatase activity (Ahmed et al., 2013). These findings suggest that MLCP
activity is primarily modulated by phosphorylation of MYPT1.

1.5.1 MYPT1

1.5.1.1  Structure of MYPT1

A characteristic feature of MYPT1 (1030aa) is the presence of 8 ankyrin repeats at
the N-terminus (aa39-296) that are divided into two groups separated by a hinge
at Glul72. Each ankyrin repeat is ~33 aa long and consists of two antiparallel a-
helices connected by B-hairpin loops (Sedgwick & Smerdon, 1999). Based on
structural studies it is generally accepted that ankyrin repeats are involved in
protein-protein interactions. In MYPT1 ankyrin repeats play an important role in
modulating the catalytic activity of PP1c (Terrak et al., 2004). Biochemical studies
also suggested that ankyrin repeats provide increased MYPT1 specificity towards
binding with the substrate protein myosin lla (Hirano et al., 1997; Gailly et al.,

1996). Structural domains of MYPT1 are represented in figure 1.15.
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At the beginning of the first ankyrin repeat sits the PP1c-binding motif commonly
known as the RVXF motif (aa35-38). This motif interacts with the hydrophobic
grove of PP1c without influencing the catalytic activity of the enzyme. In MYPT1
RVXF act as a primary interaction site for PP1c; however, there are two more
regions that are involved in the interaction. First, the N-terminal 34 basic and C-
terminal 22 acidic residues flanking the RVXF motif are required for MYPT1
interaction with PP1c (Terrak et al., 2004). Second, ankyrin repeats 5-8 interact
with the C-terminus of PP1c, involving Tyr305 and Tyr307 residues (Terrak et al.,
2004). There are also two nuclear localization sequences (NLS) present in the N-
terminus (aa27-33) and C-terminus (aa845-854). These sequences are involved in

subcellular distribution of MYPT1 (Wu et al., 2005).

At the centre of MYPTL1 is a highly variable central insert (aa552-608) region that
generates different isoforms of MYPT1 in different species once alternatively
spliced. There are four heptad repeats of leucine zipper motif (aa1003-1030) at the
end of the C-terminus that play an important role in PKG-mediated MYPT
phosphorylation. There is also a binding site for the small subunit M20 of MLCP
holoenzyme at the C-terminal end between amino acids 934 and 1006 (Butler et

al., 2013).

Additionally, MYPT1 also contains many serine and threonine phosphorylation
sites mostly at the C-terminal half including Ser692, Ser695, Thr696, Ser852,
Thr853, however, only three of them are well studied, namely Ser695 and Thr696
and Thr853, which directly influence the activity of MLCP. Phosphorylation of
Thr696 and Thr853 causes inhibition of MLCP activity. Numbers of protein kinases
phosphorylate MYPT1 at Thr696, such as zipper-interacting protein kinase (ZIPK),
ROCK, PKC, integrin-linked kinase (ILK) and p21-activated protein kinase (PAK) (Ito
et al., 2004; Hirano et al., 2003). Phosphorylation of MYPT1 at Thr853 is thought to
be specifically ROCK mediated (Matsumura & Hartshorne, 2008). On the other
hand, phosphorylation of Ser695 was demonstrated to cause activation of MLCP
activity possibly via impeding the phosphorylation of neighbouring Thr696 by
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ROCK (Wooldridge et al., 2004; Nakamura et al., 2007). The Thr853 is also
preceded by a serine residue; however, the effect of phosphorylation of Ser852 on
the neighbouring Thr853 has not been investigated yet due to lack of phospho-

specific antibodies of Ser852.

The C-terminal half of MYPT1 also acts as a scaffold for many signalling and
cytoskeletal molecules, such as PKA, PKG, GTP-RhoA, ROCK, myosin and moesin
(Aburima & Naseem, 2014; Buttler et al., 2013; Grassie et al., 2011). These
molecules either inhibit or activate MLCP activity via targeting serine and

threonine residues of MYPT1 protein.
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Figure 1.15: Structural domains of MYPT1 and its association with the catalytic

PP1cd and small subunit M20 of MLCP holoenzyme. N-terminal domain with PP1c

binding site (RVXF, aa35-38), followed by 7-8 ankyrin repeats (aa39-296) serves as stage for
protein-protein interaction, a highly variable central insert that produces different splice variants in
different species and a coiled-coil C- terminal domain with four repeats of leucine zipper motifs
(2a1003-130) and binding sites for cGKla (PKG), RhoA, myosin, and M20 binding domain are
indicated. The C-terminus also carries three well-characterised phosphorylating residues, Ser695,

Thr696 and Thr853. Adapted from Ito et al., 2004.
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1.5.1.2 Isoforms of MYPT1

The human MYPT1 protein expression is encoded by a single gene, Protein
Phosphatase 1 Regulatory Subunit 12A (PPP1R12A), which is located on
chromosome 12. Numerous MYPT1 splice variants are also reported in various
species and tissues. These splice variants are product of cassette-type alternative
splicing of MYPT1 gene at two regions, the central part and the 3’-end of the

transcript near the leucine zipper domain.

In rats and mice, alternative splicing of 123 bp exon 13 or 14 in the central part
generate five different splice variants of MYPT1 that vary in size from 50 to 100
amino acids at the central insert (Cl) region (Dirksen et al., 2000; Ito et al., 2004).
In human alternative splicing of exon 15, corresponding to rats exon 13 or avian
exon 12, also occurs that generates MYPT1 central insert positive or negative
variants. These central insert splice variants are not evolutionarily conserved;
however, their expression is tissue specific in birds and to some extent in
mammals. The functional relevance of MYPT1-Cl variants is not very well
explained. Recent In vitro studies have reported differences in the rate of
phosphorylation of MYPT1-Cl positive vs MYPT1-Cl negative variants at Ser695 by
PKG suggesting that Cl may possibly regulate MYPT1 phosphorylation (Yuen et al.,
2011).

Similarly, the cassette-type alternative splicing of a 31 bp alternative exon at the
3’-end generates distinct C-terminal leucine zipper positive (LZ+) or negative (LZ-)
splice variants of MYPT1 (Khatri et al., 2001). The isoform lacking leucine zipper
domain contains an additional 31 bp exon (in mice exon 23 and in human exon 25,
in birds exon 24) that shifts the reading frame resulting in a premature termination
codon, which produces a completely different C-terminal amino acid sequence (Fu
et al., 2012). This C-terminal splicing is evolutionarily conserved, highly tissue-
specific, developmentally regulated, and modulated by disease states (Fisher,
2010). The MYPT1-LZ negative splice variant is predominantly expressed in the
phasic smooth muscle cells of the gut, bladder, intestine, portal vein and small
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mesenteric arteries, whereas the MYPT1-LZ positive splice variant is primarily
expressed in the tonic smooth muscle cells of the large arteries and veins (Payne et
al., 2006). In chicken gizzard the expression of these LZ variants is developmentally
regulated with switching of LZ positive to LZ negative variant at about the time of
hatching (Khatri et al., 2001). Many researchers have reported a functional
importance of these LZ splice variants of MYPT1 in various mammalian tissues
(Karim et al., 2004; Payne et al., 2006; Zhang & Fisher, 2007). For example, tissues
that express MYPT1-LZ negative variant, such as chicken gizzard, rat portal vein
and intestine, failed to exhibit calcium desensitisation in response to cGMP-
mediated PKG, whereas tissues including aorta with LZ positive variant
demonstrated cGMP-dependent PKG dimerisation and activation of MLCP (Dippold
& Fisher, 2014).

1.5.1.3  Subcellular distribution of MYPT1

Several immunofluorescence and cell fractionation studies have reported distinct
subcellular distribution of MYPT1 in different cell types including vascular smooth
muscle cells, fibroblasts, epithelial cells, endothelial cells and platelets (table 1.2).
In permeabilised fibroblasts and smooth muscle cells MYPT1 was localised on
stress fibers in the cytoplasm along with myosin lla. However, in non-
permeabilised fibroblasts and smooth muscle cells MYPT1 was primarily localised
in the cytoplasm and nucleus, whereas myosin was mainly observed in the cell
periphery (Murata et al., 1997). In the rat embryo fibroblast cell line REF-52 and
non-confluent monolayer of Madin-Darby Canine Kidney (MDCK) epithelial cells,
MYPT1 was observed in the cytoplasm along with myosin on stress fibers.
However, in confluent MDCK cells MYPT1 was mostly seen in cell-cell adhesion
sites, whereas myosin was mainly in cell cytoplasm (Inagaki et al., 1997).
Additionally, in MDCK cells, MYPT1 was also reported in the tetradecanoylphorbol-
13-acetate (TPA)-induced membrane ruffling area along with the ERM family

member moesin (Fukata et al., 1998). Similarly, in confluent endothelial cells and
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intestinal epithelial cells MYPT1 is only observed in cell-cell contact sites and not in

the cytoplasm (Zha et al., 2016; Hirano et al., 1999).

In ferret portal vein cells, MYPT1 was distributed throughout the cytoplasm along
with PP1c. However, upon stimulation with prostaglandin F2a (PGF2a) the MYPT1-
PP1c complex translocated from the cytoplasm to the cell periphery, where PP1c
dissociated and returned to the cytosol, whereas MYPT1 remained in the cell
periphery for at least 15min. This agonist-mediated translocation of MYPT1 was
accompanied by phosphorylation of MYPT1 at Thr696, which was significantly
blocked by ROCK inhibitor, Y27632 (Shin et al., 2002).

Similarly, Lontay et al. (2005) have showed that in non-stimulated human
hepatocarcinoma (HepG2) cells, MYPT1 is distributed throughout the cytoplasm
including the nucleus. Once stimulated by the cell permeable phosphatase
inhibitor okadaic acid, MYPT1 translocated from the cytoplasm to the plasma
membrane in association with an increased phosphorylation of Thr696, which was
not affected by the ROCK inhibitor Y27632. MYPT1-Thr853 phosphorylation
induced by okadaic acid triggered perinuclear and nucleus distribution of MYPT1,
which was significantly blocked by Y27632, indicating that phosphorylation of
MYPT1 at Thr853 is mostly ROCK dependent. In colonic smooth muscle cells
acetylcholine-mediated phosphorylation of Thr696 triggered MYPT1 translocation
along with HSP27 to the insoluble membrane fraction (Patil & Bitar, 2006). This
phosphorylation-mediated translocation of MYPT1 has been challenged by Neppl
et al. (2009). They have reported that phosphorylation of MYPT1 at Thr696 or
Thr853 is not a prerequisite for membrane translocation. They demonstrated that
in intact cerebral vasculature, pre-treatment with 8-Br-cGMP (a cGMP analogue)
completely inhibited U-46619 (TXA. analogue)-mediated membrane association
without inhibiting U-46619-mediated phosphorylation of MYPT1 at Thr696 and
Thr853. In platelets MYPT1 is majorly reported in the actin cytoskeleton and

membrane fractions (Muranyi et al., 1998; Kiss et al., 2002). However, there is no
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immunofluorescence based data that can verify the presence of platelet MYPT1 in

these fractions.

Together these studies clearly suggest that MYPT1 is distributed in various
subcellular locations in different cell types. Whether the translocation of MYPT1 is
under the influence of phosphorylation at activatory serine and inhibitory

threonine residues requires further investigations.
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Table 1.4: Summary of cellular distribution of MYPT1.

- Cytoplasm, Murata et al.,
nucleus 1997
Cytoplasm, Murata et al.,
nucleus 1997
Caco-2 Cell-cell Zha et al., 2016
Cells contacts
Cell-cell Hirano et al.,
contacts 1999
Cytoplasm PGF2a: Thr696- cell  Shin et al., 2002
periphery
- Cytosol Acetylcholine- Patil & Bitar,
membrane fraction 2006
Cytoplasm U-46619: Neppl et al.,
membrane 2009
association.
Cytoskeleton, Muranyi et al.,
membrane 1998; Kiss et al.,
fractions 2002
- REF-52  Cytoplasm Inagaki et al.,
Cells 1997
MDCK  Cytoplasm, Inagaki et al.,
Cells cell-cell 1997; Fukata et
contacts, al., 1998
membrane
ruffling area
HepG2 Cytoplasm, Okadaic acid: Lontay et al.,
cells nucleus Thr696- plasma 2005
membrane and
Thr853-
perinuclear,
nucleus.
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1.5.1.4 Members of the MYPT family

The mammalian MYPT family comprises four other isoforms that are encoded by
separate genes with varying degrees of similarity to MYPT1, namely MYPT2,
MYPT3, protein phosphatase 1 myosin binding subunit of 85kDa (MBS85) and TGF-
B-inhibited membrane associated protein (TIMAP) (Grassie et al., 2011) (Figure
1.15). An RNA-sequence analysis of both human and mouse platelet
transcriptomes suggested the presence of all family members of MYPT protein;

however, only two of them were confirmed by proteomics (see table 1.5 & 1.6).

MYPT2 is encoded by PPP1R12B gene containing 982 residues with a molecular
weight of 110 kDa and having 61% sequence similarity to MYPT1. As with MYPT1,
the N-terminus of MYPT2 contains a PP1c binding motif (RVRF) followed by 7
ankyrin repeats and a C-terminal leucine zipper domain (Fujioka et al., 1998).
There is also the inhibitory ROCK phosphorylation site (Thr646) at the central
sequence and ROCK-mediated phosphorylation of Thr646 inhibits phosphatase
activity (Okamoto et al., 2006). MYPT2 specifically interacts with PP1cd and
increases its activity toward phosphorylated striated muscle myosin. Similar to
MYPT]1, it also associates with RhoA via its C-terminus (Okamoto et al., 2006). Two
splice variants of MYPT2 (MYPT2A and MYPT2B) have been reported with marked
difference at the C-terminus, although both contain leucine zipper domain. These
splice variants are the products of alternatively spliced exon 24 and are
preferentially expressed in heart, skeletal muscle and brain (Arimura et al., 2001).

MBS85 was first identified as a substrate protein for myotonic dystrophy kinase-
related Cdc42 binding kinase (MRCK) that mediates Cdc42-induced actin
rearrangement (Tan et al.,, 2001). This protein is encoded by PPP1IR12C gene
comprising 782aa with a molecular weight of 85 kDa. MBS85 has 39% sequence
similarities with MYPT1 containing N-terminal PP1c binding motif (RTVRF) and 7
ankyrin repeats followed by conserved central sequence inhibitory

phosphorylation site (Thr560) and C-terminal leucine zipper motif resembling
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those of MYPT1 and MYPT2. MBS85 is ubiquitously expressed; however, with

higher concentration in cardiac muscle (Tan et al., 2001).

MYPT3 is encoded by the PPP1R16A gene. It displays 30 to 40% similarity to other
members of the MYPT family (MYPT1/2) and contains 524 residues with a
molecular weight of 58 kDa. It has an N-terminal PP1c binding motif (KHVLF), 5
central ankyrin repeats and a C-terminal prenylation motif (CAAX box; where “A”
represents an aliphatic amino acid) possibly involved in membrane interaction. It
also has an ATP/GTP binding-motif (Walker A type) and two SH3 sites. Contrary to
other MYPT family members, the inhibitory phosphorylation site is absent in
MYPT3. In the mouse it is predominantly expressed in heart, brain and kidney at
higher concentrations. Interestingly, MYPT3 has also been reported to inhibit
PP1cé activity towards phosphorylated myosin, whereas MYPT1/2-PP1c6 activates
phosphatase activity towards phosphorylated myosin (Skinner & Saltiel, 2001).

TIMAP is encoded by PPP1R16B gene, comprises 567 residues and has a molecular
weight of 64 kDa. It has 44% sequence similarity to MYPT3, contains an N-terminal
nuclear localisation consensus sequence, 5 ankyrin repeats, a PP1c binding motif
(KVSF) and a C-terminal CAAX box. TIMAP is highly reported in endothelial,

haematopoietic cells, central nervous system, lung and spleen (Cao et al., 2002).

The physiological roles of the above described four members of MYPT family are
not well established. The MYPT2-PP1c complex is thought to be involved in the
dephosphorylation of skeletal and cardiac muscle myosin (Okamoto et al., 2006).
MBS85 appears to be involved in interaction with phosphorylated myosin and
targeting PP1c to dephosphorylate MLC (Tan et al., 2001). MYPT3 is possibly
involved in targeting myosin phosphatase to the plasma membrane where it
regulates cytoskeletal protein (Skinner & Saltiel, 2001). Similarly, TIMAP appears
involved in restoring endothelial barrier activity by directing PP1c to the plasma
membrane of endothelial cells, where it dephosphorylate proteins involved in the

regulation of the actin cytoskeleton (Cao et al., 2002).
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Table 1.5: MYPT family protein and RNA expression levels in human platelets.

Accession | Gene name | Protein name Human platelet
no Protein Gene
(UniProt) expression expression
014974 PPP1R12A MYPT1 2700 1.58
060237 PPP1R12B MYPT2 Not detected 0.086
Q96134 PPP1R16A MYPT3 Not detected 1.24
Q9BZL4 PPP1R12C MBS85 1400 10.99
Q96T49 PPP1R16B TIMAP Not dectected 0.52

Table 1.6: MYPT family protein and RNA expression levels in mouse platelets.

Accession | Gene name | Protein name Mouse platelet
no Protein Gene
(UniProt) expression expression
Q9DBR7 Ppplri2a MYPT1 10,620 2.11
Q8BG95 Ppplri2b MYPT2 Not detected 1.98
Q923M0 Ppplri6a MYPT3 Not detected 1.62
Q3UMT1 Ppplri2c MBS85 4020 40.39
Q8VHQ3 Ppplri6b TIMAP Not detected 1.01

Protein expression, estimated number of copies per platelet in human and mouse

quantitative proteomic studies (Zeiler et al., 2014; Burkhart et al., 2012); gene

expression, mean reads per kilobase of exon model per million mapped reads

values in human and mouse platelet quantitative transcriptomic studies (Rowley

etal., 2011).
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Figure 1.16: Domain structure of mammalian MYPT family members. PPic binding
motif indicated as bold black line near the N-terminus followed by ankyrin repeats indicated as
rectangular boxes and a central sequence containing inhibitory phosphorylation residue conserved
in MYPT1, MYPT2 and MBS85. The leucine zipper domain of MYPT1, MYPT2 and MBS8S5 is located
at the C-terminus are indicated. A CAAX box (prenylation motif) at the C-terminus of MYPT3 and

TIMAP is shown as bold black line. Taken from Ito et al., 2004.
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1.5.2 Protein phosphatase type 1

PP1cis a member of the large phosphoprotein phosphatases (PPP) family, which in
humans comprises seven different members: PP1, PP2A, PP2B (calcineurin), PP4,
PP5, PP6 and PP7 (Shi, 2009). In mammalian tissues PP1c is encoded by three
different genes that generate three isoforms of PP1c, a, y and 6 (also known as B).
Both a and y isoforms generate two splice variants each (Cohen, 2002). The main
differences between PPlc isoforms reside in the N-terminal and C-terminal
extremities. PP1c is a primary serine/threonine phosphatase that regulates a
variety of cellular functions via interaction with the regulatory subunit. To date
over hundred different regulatory subunits have been identified that associate
with PP1c in various cell types including platelets (Butler et al., 2013). These
regulatory subunits direct PP1c to specific subcellular locations; modulate
substrate specificity possibly by an allosteric mechanism or sometimes act as
substrates themselves. Thus, the association of PP1c with the regulatory subunit is
central to phosphatase activity (Cohen, 2002). MYPT1 specifically interacts with
PP1cd and this interaction significantly enhances the activity and specificity of the
catalytic subunit towards a substrate protein, such as MLC in smooth muscle cells

(Ito et al., 2004).

1.5.3 Small subunit M20

M20 is a non-catalytic subunit of MLCP that interacts with the C-terminal end of
MYPT1 (Hartshorne et al., 1998). M20 was first cloned from chicken gizzard and
has two splice variants, M18 (161aa) and M21 (186aa). The structural difference
between these two splice variants is the presence of a leucine zipper motif at the
C-terminal part in M21 that is absent in M18 variant. Similar to MYPT1 isoforms,
the expression of these splice variants is also tissue specific, M18 is mainly
expressed in gizzard, whereas M21 is mainly expressed in aorta (Mabuchi et al.,
1999). Moorhead and co-workers (1998) have revealed that M20 may possibly be
encoded by PPP1R12B, the gene encoding MYPT2, as the last 120 residues of M20
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are identical to the last residues of MYPT2. However, M20 has not been observed

in tissues expressing MYPT2, i.e. brain and striated muscle.

The functional relevance of M20 has not been reported. It is thought that M20
may increase calcium sensitivity in renal artery and cardiac myocytes (Arimura et
al., 2001). Additionally, it is suggested that M20 may bind to microtubules and
regulate microtubule dynamic by enhancing the rate of tubulin polymerisation
(Takizawa et al., 2003). Furthermore, the interaction of M20 with MYPT1 does not

influence the activity of the phosphatase (Hartshorne et al., 1998).

1.5.4 Role of MLCP in platelets

In platelets MLCP is chiefly responsible for regulating the acto-myosin contractile
machinery that is required for platelet shape change, spreading, granule secretion
and aggregation. When platelets become activated by an agonist such as thrombin
or TXA,, the stimulatory signalling events activate Rho-specific guanine nucleotide
exchange factor (p115RhoGEF), which converts GDP bound RhoA to active GTP-
RhoA. GTP-RhoA once translocated to the plasma membrane binds and activates
the downstream effector ROCK that leads to the phosphorylation of MYPT1 at
Thr696 and Thr853 and results in the formation of a complex molecule
RhoA/ROCK/MYPT1 (Aburima et al., 2013; Watanabe et al., 2001). As in smooth
muscle cells, phosphorylation of MYPT1 at threonine residues inhibits MLCP
activity in platelets and elicits increased phosphorylation of MLC at Ser19, which is
required for platelet shape change (Aburima et al., 2013; Watanabe et al., 2001).
Previous studies have reported that platelet shape change and MLC
phosphorylation also requires calcium/calmodulin-dependent activation of MLCK
(Bauer et al., 1999). Thereby, indicating that both RhoA-ROCK and MLCK
simultaneously contribute in the MLC-mediated platelet shape change.
Overexpression studies have shown the increased association of ubiquitously
expressed 14-3-3 adaptor protein with RhoA-ROCK phosphorylated MYPT1. This
interaction reduces MLCP activity by dissociating MLCP from myosin lla (Koga et

al., 2008). In platelets, ROCK-mediated phosphorylation of MYPT1 results in
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translocation and dissociation of MYPT1 from PP1cd (Aburima et al., 2013). Once
free, PP1cd showed low affinity and catalytic activity towards substrate proteins
(Terrak et al., 2004). It has also been reported that the substrate site of PP1c6 is
only approachable when the inhibitory residues of MYPT1 are not phosphorylated.
After phosphorylation these inhibitory residues interact physically with the PP1cé
active site and result in autoinhibition of MLCP activity (Khromov et al., 2009). In
platelets PKC-mediated phosphorylation of inhibitory phosphoprotein of myosin
phosphatase (CPI-17) at Thr38 inhibits MLCP activity independent of MLCK and
RhoA-ROCK pathways (Watanabe et al., 2001); however, the detailed picture of
this inhibitory pathway is not clear. Aburima & Naseem (2014) have suggested that
RhoA-ROCK mediated phosphorylation of MYPT1 results in dissociation of PP1cd
from MLCP holoenzyme and may potentially bind to PKC-mediated CPI-17 in a

pseudosubstrate manner.

1.5.5 Regulation of MLCP activity in platelets

Initially it was assumed that the activity of MLCP is not regulated; however, later
agonist-dependent inhibition and activation of MLCP activity in many cell types
including platelets was discovered (Aburima & Naseem, 2014; Hartshorne & lIto,
2004). Inhibition of MLCP is more extensively studied and several mechanisms
have been proposed as mentioned above in section 1.5.1.4; however, activation of
MLCP is less defined. In general, this is thought to be associated with an increase in
cAMP and cGMP levels that promote MLC dephosphorylation through targeting
calcium-dependent MLCK and calcium-independent RhoA-ROCK pathways. In
platelets, cyclic nucleotides-mediated PKA and PKG inhibit the activation of G-
protein (Gais) that is responsible for the activation of RhoA-ROCK pathway
required for MLCP inhibition (Manganello et al., 2003). Biochemical studies have
also suggested that Gais-coupled TXA; receptor (TPa) is desensitised by both PKA
and PKG-mediated phosphorylation (Reid & Kinsella, 2003; Walsh et al., 2000). In
platelets cyclic nucleotide-mediated TPa receptor desensitisation have not been

confirmed yet but would clearly reduce signalling events that lead to MLCP
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inhibition. Moreover, in platelets, cAMP-mediated PKA and cGMP-mediated PKG
directly block the activation of RhoA via phosphorylation at Serl88 and
subsequent ROCK mediated inhibitory phosphorylation of MYPT1 at threonine
residues that leads to reactivation of MLCP activity and inhibition of acto-myosin
contractile responses (Aburima et al., 2013; Aburima et al., 2017); however, the

molecular mechanism that lead to MLCP disinhibition is not very clear.

In smooth muscle cells, cGMP-mediated PKG controls MLCP activity via directly
phosphorylating MYPT1 at Ser695 that is required for MLC dephosphorylation and
smooth muscle relaxation (Nakamura et al., 2007; Wooldridge et al., 2004). Cyclic
nucleotides-mediated phosphorylation of MYPT1 at Ser695 does not, in fact,
activate MLCP, but rather disinhibits MLCP by inhibiting RhoA-ROCK mediated
inhibitory phosphorylation of Thr696 and Thr853 (Nakamura et al., 2007;
Wooldridge et al., 2004). Similar to smooth muscle cells, in platelets cyclic
nucleotides prevent thrombin-mediated dissociation of PP1c from MYPT1, which is
a prerequisite for holoenzyme complex formation and MLCP activity (Aburima &

Naseem, 2014).

In platelets PKC-dependent phosphorylation of CPI-17 has been shown to inhibit
MLCP activity during agonist-induced platelet activation (Watanabe et al., 2001).
However, the role of cyclic nucleotides in the regulation of CPI-17 dependent
inhibition of MLCP in platelets has not been investigated yet. Only in endothelial
cells, cAMP/PKA restores endothelial barrier function via inhibiting thrombin-

mediated CPI-17 phosphorylation that inhibits MLCP activity (Aslam et al., 2010).

Collectively these studies clearly suggest the possible role of cyclic nucleotides in

the regulation of MLCP activity in platelets.

100



1.6 Aims of the study

Under normal conditions platelet functions are chiefly regulated by endothelial
derived PGI; and NO (Palmer et al., 1987, Weksler et al., 1977). Both exert their
effect via membrane bound adenylyl and soluble guanylyl cyclases which
synthesize cAMP and cGMP, respectively. cAMP activates downstream effector
PKA, whereas cGMP stimulates PKG to phosphorylate a number of substrate
proteins that inhibit multiple aspects of platelet function, such as adhesion,
granule secretion and aggregation in vitro and thrombosis in vivo (Smolenski,
2012). A recent study has shown the effects of cAMP/PKA signalling on the activity
of MLCP, which modulates platelet shape change (Aburima et al., 2013); however,
the molecular and biochemical regulation of MLCP activity by cAMP/PKA signalling
is poorly clarified. Therefore, the overall aim of this study is to identify in detail
how cAMP/PKA signalling regulates MLCP at the molecular level. To achieve this,

we propose:

1. To characterise in detail the phosphorylation of the targeting subunit of MLCP
(MYPT1) by PGl and thrombin signalling in platelets.

2. To determine the presence of different splice variants of MYPT1 and their

differential regulation by cAMP and PKC signalling in platelets.

3. To study a possible association of MYPT1 with the different PKA regulatory

subunits.
4. To investigate whether MYPT1 is an AKAP.

5. To examine the subcellular distribution of MYPT1 and PKA regulatory subunits

in platelets.
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Chapter 2: Materials and Methods

2.1. Materials

2.1.1. Primary antibodies used in this study

No Antibody Host Dilution 2% (w/v) Source
WB IF Blocking
1 MYPT1 Rabbit poly* 1:500 1:50 BSA Santa Cruz
2 MYPT1 Mouse mono* | 1:500 1:50 BSA Santa Cruz
3 pMYPT15erés> Rabbit poly 1:100 1:50 Milk Santa Cruz
4 pMYPT1Th69% Rabbit poly | 1:1000 | 1:50 Milk Cell Signalling
5 pMYPT1Th853 Rabbit poly | 1:1000 | 1:50 Milk Cell Signalling
6 PKA cat sub Mouse mono | 1:1000 1:50 BSA BD Sciences
7 PKA RI Mouse mono | 1:1000 1:50 BSA BD Sciences
9 PKA Rl Rabbit poly 1:1000 | 1:50 BSA Cell Signalling
10 PKA Rla Mouse mono | 1:1000 1:50 BSA BD Sciences
11 PKA RIB Mouse mono | 1:1000 1:50 BSA Santa Cruz
12 PKA RIla Mouse mono | 1:1000 1:50 BSA BD Sciences
13 PKA RIIB Mouse mono | 1:1000 1:50 BSA BD Sciences
14 PP1c Rabbit poly 1:500 - BSA Millipore
15 Myc Mouse mono - - - Angelika A.
Noegel (U. of
Cologne)
16 GST Rabbit poly 1:5000 - - Angelika A.
Noegel (U. of
Cologne)
17 GAPDH Mouse mono | 1:6000 - Milk Calbiochem
18 pVSAPSerts? Rabbit poly | 1:1000 - BSA Cell Signalling
19 pMLC3erte Mouse mono | 1:1000 - BSA Cell Signalling
20 CD36 Rabbit poly 1:1000 - BSA Cell Signalling
21 Syk Mouse mono | 1:1000 - BSA Santa Cruz
22 RhoA Mouse mono 1:500 - BSA Santa Cruz
23 Beta3 Rabbit poly 1:1000 - BSA Millipore
integrin
24 Myosin lla Rabbit poly - 1:300 - Novus Biological
25 HRP-B-Actin | Mouse mono | 1:5000 - BSA Abcam

*Polyclonal antibody has multivalent affinity that recognises different epitopes of a
particular antigen, whereas monoclonal has monovalent affinity that reacts with a

single epitope of a particular antigen.
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2.1.2. Secondary antibodies used in this study

No Antibody Host wB IF Source
1 Anti-rabbit IgG, HRP Goat 1:10,000 - Sigma-
conjugated Aldrich
2 Anti-mouse IgG, HRP Goat 1:10,000 - Sigma-
conjugated Aldrich
3 | IR Dye 800CW Anti-rabbit IgG, Goat 1:20,000 - Li-Cor
fluorescently labelled
4 | IR Dye 680CW anti-rabbit IgG, Goat 1:20,000 - Li-Cor
fluorescently labelled
5 IR Dye 800CW Anti-mouse Goat 1:20,000 - Li-Cor
IgG, fluorescently labelled
6 IR Dye 680CW anti-mouse Goat 1:20,000 - Li-Cor
IgG, fluorescently labelled
7 IR Dye 800CW Anti-mouse Donkey | 1:20,000 - Li-Cor
IgG, fluorescently labelled
8 IR Dye 680CW anti-mouse Donkey | 1:20,000 - Li-Cor
IgG, fluorescently labelled
9 Anti-mouse IgG, Alexa 488 Goat - 1:1000 | Invitrogen
conjugated
10 Anti-mouse IgG, Alexa 568 Goat - 1:1000 | Invitrogen
conjugated
11 Anti-rabbit I1gG, Alexa 488 Goat - 1:1000 | Invitrogen
conjugated
12 Anti-rabbit 1gG, Alexa 568 Goat - 1:1000 | Invitrogen
conjugated

2.1.3. Primers used for cloning purposes

PCR Forward primer Reverse primer
amplicon (5'to3') (5'to3')
HsMYPT1-FL | CCG GA ATT CGG ATG AAG ATG GCG GAC GCG CGG GGT ACCTTATTT GGA AAG TTT GC
HsMYPT1-
NT A_GGA TCCATG CAG ATG GCG GAC GCG AAG CTTTCAATT TTT CTCTGG TTC
HsMYPT1-
cT GA ATT CAACCA GAG AAA AAT GC GCGGCCGCTTATTT GGA AAG TTT GC
HsMYPT1- CCG GA ATT CCA GAG AAA AAT GCA TCC CGG GGT ACCTCA TCT CCT TGT ATATGA
C1f - ACT AC
HsMYPT1- CCG GA ATT CCA AGA CGA CTA GCC AGT AC CGG GGT ACCTCATTC TTG AAG ATC AGT
C2 - TAATG
HSMC\;PTL CCG GA ATT CAA GAG TCT GAA TCC CAA AG '?S(? CG GTACCTCATTCTTT CTT ATT GGA
HSMCY 4PT1- CCG GA ATT CAA GAA GGA GAA GAT AAATCAC (T:(ASTG AGiAGCT ACCTTATIT GGAAAG TTT GCT
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HsPKARIa GGA TCCATG GAG TCT GGC AGT ACC CTC GAGTCA GAC AGA CAG TGA CAC

HsPKARIB AAGA TCTGGA TGG CCT CCC CG A GAA TTCTCA GAC GGT GAG
HsPKARIla | GGA TCCATG AGC CAC ATC CCG CCG CTC GAGCTA CTG CCC GAG GTT GCC
HsPKARIIB | AAGA TCTGGA TGA GCATCG AGATCC CG AGAATTCTCATGCAGT GGG TTC AAC
HsMYPT1-ClI | CCG GA ATT CAAAGT TGCTCCTTT GGT AG ?(G;g GGT ACCTCA ACT GCTTTG TGT GCC
HsMYPT1- CCG GA ATT CCA AGA CGA CTA GCC AGT AC CGG GGT ACCTCATTT ATG ATACGT TGA
C2NCI - TCC
HsMYPT1- CGG GGT ACCTCATTC TTG AAG ATC AGT
cacal CGG GA ATT CGT ACCTCA AAT CGTTTG TGG TAATG
HsMYPT1-LZ | CCG GA ATT CGG ATG AAG ATG GCG GAC GCG _?22 GGTACCTCAAGATATTCTTCTTTC
HsPKARIB- CGG GGT ACCTCA GAC GGT GAG GGA
D/D CCG GG ATC CCAAACTCA CAGTCG GACTCC GAT GAA G
HsPKARIIB- | CCG GG ATC CTC TGC CAT GAG GGC AGG ACC CGG GGT ACCTCA TGC AGT GGG TTC AAC
D/D TG AAT ATC

Built-in restriction enzyme sites are underlined, start or stop codons are bold.
Bases are grouped by codons according to the reading frame in both forward and

reverse primers. All primers were custom made by Eurofins Genomics.

2.1.4. Primers used for sequencing

Vector Forward primer
pCMV- myc GATCCGGTACTAGAGGAACTGAAAAAC
pRK5-myc GAAATTTGTGATGCTATTGC
pGEX GGGCTGGCAAGCCACGTTTGGTG
pQE CCCGAAAAGTGCCACCTG
pEGFP CATGGTCCTGCTGGAGTTCGTGAC

2.1.5. List of vectors used

Vector Features Source
pCMV-Myc 3.8 kb; Myc-N-terminal, ampicillin resistance,
. . . Clontech
for transient expression in mammalian cells
pRK5-Myc 5.4 kb; Myc-N-terminal, ampicillin resistance, Clontech
for transient expression in mammalian cells
pPpGEM-Teasy | 3.15kb, ampicillin resistance, for transient
. . . Promega
expression of proteins in bacteria.
pPGEX-3X, 4.9 kb, GST-N-terminal, ampicillin resistance, for GE
PGEX-4T-2 expression of GST fusions in E. coli. Healthcare
pEGFP-C2 4.7 kb, GFP-N-terminal, kanamycin resistance, for
) . . . Clontech
expression of GFP fusions in mammalian cells.
pQE32 3.46 kb, 6X His-N-terminal, ampicillin resistance, .
. L . Qiagen
for transient expression in bacteria.
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2.1.6. Mammalian cell lines and bacterial strain

Name Origin Description
Mammalian | 293T HEK cells | Homo sapiens | Human embryonic kidney cells
cell lines transformed with large T
antigen of SV40, used for
mammalian protein expression
Hela cells Homo sapiens | Cervix carcinoma, used for
mammalian protein expression
Bacterial XL1-Blue E.coli For routine cloning
strains
M15 (pREP4) E.coli Expression host for pQE
vectors
Rosetta-gami E.coli Enhanced expression of
eukaryotic proteins
Rosetta 2 E.coli Enhanced expression of
eukaryotic proteins
BL21 E.coli For general protein expression

2.1.7. cDNA clones used as template

cDNA Backbone Source
HsMYPT1 pCR-Bluntll-TOPO Purchased from cDNA repository
HsPKA Rla pRSETB Gift from
Prof Kjetil Taskén
HsPKA RIB pCMV-SPORT6 Purchased from cDNA repository
HsPKA Rlla pDEST Gift from
Prof Kjetil Taskén
HsPKA RIIB pCR-BluntlI-TOPO Purchased from cDNA repository

2.1.8. Expression constructs used in HEK cells

Insert Residues Backbone
Myc-HsMYPT1-FL 1-1030 pCMV-Myc
Myc-HsMYPT1-NT 1-330 pRK5-Myc
Myc-HsMYPT1-CT 327-1030 pCMV-Myc
Myc-HsMYPT1-C1 327-531 pCMV-Myc
Myc-HsMYPT1-C2 501-706 pCMV-Myc
Myc-HsMYPT1-C3 676-881 pCMV-Myc
Myc-HsMYPT1-C4 825-1030 pCMV-Myc

HsPKARIB 1-381 pPEGFP-C2
HsPKARIIB 1-418 pEGFP-C2

All of these plasmids were specifically constructed for this study.
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2.1.9. Expression constructs used in E.coli

Insert Residues Backbone
HsPKARIa 1-381 PGEX-4T-2
HsPKARIB 1-381 pGEX-3X
HsPKARIla 1-404 pPGEX-4T-2
HsPKARIIB 1-418 pPGEX-3X
HsMYPT1-C2 501-706 pPGEX-4T-2
HsMYPT1-Cl 552-608 pPGEX-4T-2
HsMYPT1-C2NCl 501-551 PGEX-4T-2
HsMYPT1-C2CClI 609-706 pPGEX-4T-2
HsMYPT1-C2fwdClrev 501-608 PGEX-4T-2
HsMYPT1-ClfwdC2rev 552-706 pPGEX-4T-2
HsMYPT1-lack LZ 1-995 PGEX-4T-2
HsPKARIB lack DD 71-381 pQE32
HsPKARIIB lack DD 51-418 pQE32

All of these plasmids were specifically constructed for this study.

2.1.10. Molecular biology enzymes used in this study

Name

Source

Q5 High fidelity DNA polymerase

New England BiolLabs

Pfu DNA polymerase

New England Biolabs

Tag DNA polymerase

ThermoScientific, Promega

Ribonuclease A (RNAse A)

Macherey-Nagel

Restriction endonucleases

Fermentas, ThermoScientific, Jena
Biosciences, New England Biolabs

Shrimp alkaline phosphatase (SAP)

Roche

T4 DNA ligase

Fermentas, Promega

Klenow fragment (DNA polymerase |)

Roche

Mung bean nuclease

New England BiolLabs

2.1.11. Fluorescent dyes

Name Source
4’, 6’- diamidino — 2 phenylindol (DAPI) Sigma
TRITC-Phalloidin Sigma
FITC-Phalloidin Sigma
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2.1.12. Inhibitors

Name Source
Phenylmethylsulfonyl fluoride (PMSF) Sigma
Protease Inhibitor Cocktail Sigma
Calyculin A Sigma
Latrunculin A &B Calbiochem
Indomethacin Sigma-Aldrich
Apyrase Sigma-Aldrich
Sodium orthovanadate (Na3VOg) Sigma-Aldrich
AKAP St-Ht31 inhibitor peptide (St-Ht31) | Promega
2.1.13. Transfection reagent
Name Source
Lipofectamine® Transfection | Invitrogen
Reagent
(Cat no: 18324012)
2.1.14. Antibiotics
Name Source
Ampicillin Sigma
Kanamycin Melford Laboratories
Penicillin/Streptomycin Thermo Fisher Scientific
2.1.15. Molecular weight markers
Name kDa Source

Rec protein ladder

EZ-Run™ Prestained | 170/130/95/72/55/43/34/26/17/10 Fisher

Scientific

standards (Dual Color)

Precision Plus protein | 250/150/100/75/50/37/25/20/15/10 | Bio-Rad

marker

Low molecular weight | 97/66/45/30/20/14.4 Amersham

Biosciences

1 kb Full scale DNA | 10000, 8000, 6000, 4000, 3000, 2000, | Fisher
Ladder 1550, 1400, 1000, 750, 500, 400, 300, | Scientific
200, 100, 50 bp

100 bp scale DNA | 2000, 1550, 1400, 1000, 750, 500, | Fisher
Ladder 400, 300, 200, 100, 50 bp Scientific
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2.1.16. Kits

prep)

Name Source
PGEM-T easy cloning kit Promega
High Pure plasmid purification kit (for mini | Roche

Nucleobond AX 100 (for midi prep)

Macherey Nagel

NucleoSpin gel and PCR cleanup Kit

Macherey Nagel

Pierce® BCA protein assay kit

Pierce (ThermoScientific)

Precision Red advanced protein assay

Cytoskeleton Inc.

2.1.17. Laboratory materials

Name Source
6-well plates Nunc
24-well plates Nunc
Petri dishes: 60x15 mm, 100x20 mm, 140x20 | Nunc
mm
Serological pipettes: 5 ml, 10 ml, 25 ml| Sarstedt
Cell scraper 25 cm Sarstedt

Coverslips: 12 mm in diameter

Fisher Scientific

Microscope slides 76x26 mm

Fisher Scientific

Neubauer improved chamber depth: 0.100 | Labor Optik
mm; 0.0025 mm?

PCR reaction tubes: 0.2 ml VWR
Filters: 0.20 um, 0.45 pm Millipore
Falcon tubes: 15 ml, 50 ml Star Labs
Eppendorf tubes: 0.5 ml, 1.5 ml, 2 ml Eppendorf
Pipette tips (10, 200, 1000 pl) Star Labs
Parafilm Pechiney
Cryotubes 1 ml Nunc
Nitrocellulose transfer membrane Pall

PVDF transfer membrane Pall, Bio-Rad,

GE Healthcare Life Sciences

Hyperfilm ECL 18x24 cm

GE Healthcare Life Sciences

1000 pl

Syringes BD Plastipak
Needles BD Plastipak
Pipettes: 1-10 ul, 1-20 ul, 20-200 pl und 200- | Gilson
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2.1.18. Chemicals
Laboratory reagents and materials were obtained from following suppliers:
Amersham, Biomol, Fluka, Invitrogen, Melford Laboratories, Merck, National

Diagnostic, Pharmacia, Promega, Sigma-Aldrich, Serva, Roche and Roth.

2.2. Sterilisation
Media, buffers, glassware and agar were sterilised by autoclaving at 120°C and 15
psi. If sterilisation by autoclaving was not possible, 0.2 um or 0.45 um filter units

were used.

2.3. Molecular biology methods

Below are the molecular biology techniques used to analyse and manipulate DNA,

RNA or protein applied in this study.

2.3.1. Polymerase chain reaction (PCR)

This is one of the most important techniques used in molecular biology to copy a
single DNA sequence into millions of DNA molecules in a very short period of time.
It can also be used to introduce a mutation in a particular base of DNA or add

restriction enzyme sites to the ends of DNA.

In this study standard PCRs were performed in a Bio-Rad Thermo Cycler C1000 to
amplify particular cDNA templates of our proteins of interest. Amplification

reactions were as follows.

10 ul of 5x Q5 Reaction Buffer

1 ul of 10 mM deoxynucleotide triphosphates (dNTPs)
2.5 pl of 10 pmol/ul forward primer

2.5 pl of 10 pmol/ul reverse primer

0.5 pl Q5 High-Fidelity DNA polymerase

1 ul of cDNA as template
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32.5 pl of ultrapure water
50 ul of PCR reaction was gently mixed in PCR tubes, tubes spun to collect all the
liquid at the bottom of the tube and then transferred to the thermocycler for

amplification.

Thermocycling conditions for PCR using high-fidelity DNA polymerase are as

follows:

Step Temperature Time

Initial Denaturation 98°C 30 sec
98°C 5-10 sec

32 Cycles 53°C 30 sec
72°C 30 sec/kb

Final Extension 72°C 2 min
Hold 4-10 °C Indefinite

2.3.2. DNA agarose gel electrophoresis

Agarose gel electrophoresis was performed to resolve and purify DNA fragments
after PCR or restriction endonuclease digestions. Gel was prepared by boiling 1%
(w/v) agarose in 1x TAE buffer. After agarose had cooled down, ethidium bromide
or midori green was added (final concentration 0.1 ug/ml) and the gel was poured
in a casting chamber containing appropriate size of combs. After gelation the gel
was submerged in a horizontal electrophoresis tank containing 1x TAE buffer. All
DNA samples were mixed with DNA loading buffer. DNA size marker (100 bp or 1
kb) and DNA samples were loaded before electric current was applied. The gel was
run until the bromophenol blue dye present in the DNA-loading buffer had
migrated the appropriate distance through the gel. The gel was examined under
UV light and a picture was taken using either a phone camera or a Bio-Rad

VersaDoc 1000 imaging system (Bio-Rad laboratories, Hertfordshire, UK).

TAE buffer, pH 8.3 DNA loading buffer TE buffer, pH 8.0
40 mM Tris base 6% (v/v) Glycerol 10 mM Tris base
20 mM Acetic acid 0.05% (w/v) Bromophenol blue 1 mM EDTA

2 mM EDTA Dissolve in TE buffer
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2.3.3. Recovery and purification of PCR amplified products from agarose gels

A commercial NucleoSpin Extraction Kit was used to clean the PCR product from
the agarose gel after electrophoresis. The desired DNA fragment was quickly and
carefully cut out from the agarose gel with a clean scalpel on a UV
transilluminator. The excised piece of gel was dissolved in a clean labelled
eppendorf tube containing NT1 buffer (200 ul NT1 buffer/100 mg of gel) for 10 min
at 50°C and 300 rpm. The mix was loaded into a PCR cleanup column with
collection tube before spinning at 11,000xg for 30 sec. The flow through was
discarded and the DNA bound column was washed twice with NT3 buffer. Next the
column was dried prior to elution with elution buffer. The concentration and
quality of the eluted DNA was tested on by spectrophotometry (see 2.4.10) and by

running an aliquot on an agarose gel.

2.3.4. Restriction endonuclease reaction and DNA precipitation

DNA was cut with chosen restriction enzymes in a reaction mixture containing
suitable enzyme buffers as per manufacturers’ instructions for 2 hrs at 37°C.
Subsequently the cut DNA was precipitated using 2.5 volumes of absolute ethanol
and 1/10%" of 3 M sodium acetate followed by centrifugation at 15,000xg for 10
min at 4°C. Precipitated DNA was washed once with 70% ethanol and dried before
redissolved in 10 mM Tris EDTA, pH 8.0. The quality of the cut PCR product was

tested on agarose gel.

2.3.5. Blunt end generation of linearised plasmids

In some cases it was necessary to convert the 5’ or 3’ sticky ends generated by
restriction enzymes into blunt ends. Filling of 5 overhangs was performed by
polymerase activity of the Klenow fragment. First DNA was dissolved in 1x NEB
buffer supplemented with 1mM dNTP. 2U of Klenow fragment was added to the
mix and incubated for 15 min at 37°C, another 2U were added and the mix
incubated for further 15 min at 37°C. The activity of the Klenow fragment was

stopped by either heat inactivation at 65°C for 10 min or by ethanol precipitation.
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Mung bean nuclease was used to generate blunt ends by removing 3’ overhangs.

DNA (0.1 pg/uL) was dissolved in 1x mung bean nuclease buffer and 1U of mung

bean nuclease per ug DNA was added before incubation at 37°C for 30 min. The

enzyme was inactivated by addition of 0.01 % SDS and DNA was recovered by

ethanol precipitation.

2.3.6. Dephosphorylation of plasmid DNA 5°- ends

5’- ends of linearised plasmid DNA were dephosphorylated to prevent self-ligation

and facilitate ligation the insert. 1U of shrimp alkaline phosphatase (SAP), 10x SAP

buffer and ultrapure water where added to the linearised plasmid to the final

reaction volume of 10 pl. The reaction was mixed gently and incubated for 10 min

at 37°C. The reaction was stopped by heat inactivating the enzyme at 65°C for 15

min.

10x SAP buffer
0.5 M Tris-HCl, pH 8.5
10 mM MgCl,

2.3.7. Ligation of vector and insert

Dephosphorylated plasmid DNA and purified insert DNA fragment were mixed

with T4 DNA ligase, T4 DNA ligase buffer and ATP as shown below and the ligation

reaction was mixed gently and left for 15 min at room temperature. The reaction

was stopped by heat inactivating the enzyme at 65°C for 10 min.

Ligation Reaction

Linearised plasmid DNA (vector):
Purified DNA fragment (insert):

T4 DNA ligase:

10x T4 DNA ligase buffer:

ATP (100 mM):

and ultrapure water to make up to

1l
14
2 ul
2 ul
1l
20 pl
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10x Ligase buffer

660 mM Tris-HCI, pH 7.5
50 mM MgCl;

50 mM DTT

10 mM ATP

2.4. Bacterial culture methods

2.4.1. Preparation of media for E.coli culture

The Luria Bertani (LB) broth, a nutritionally rich medium for bacterial growth was
prepared with deionised water and autoclaved at 120°C. Ampicillin (0.1 mg/ml) or
kanamycin (0.05 mg/ml) were added to the autoclaved medium after cooling it
down to approximately 55°C.

For LB agar plates, 1.5% of agar was added to the LB medium and then autoclaved
at 120°C in a benchtop autoclave (Prestige medical Itd, Blackburn, UK). The
autoclaved medium was cooled down to about 55°C and an appropriate antibiotic
was added. For blue-white selection of E. coli transformants, 10 pl of 1M IPTG
solution (isopropyl B-D-1-thiogalactopyranoside) and 40 ul of X-gal solution (20
mg/ml solution of 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside dissolved in
N,N’- dimethyl-formamide) were spread on the agar plate and let dry for 30 min at

37°C before using.

LB medium (pH 7.0 at 37°C) (Sambrook et al., 1989)

1% (w/v) Bacto-Trypton
0.5 % (w/v) Yeast Extract
0.5 % (w/v) NaCl

Add dH,0 to make 1 litre

LB agar plates (pH 7.0 at 37°C)
1 % (w/v) Bacto-Trypton

0.5 % (w/v) Yeast Extract

0.5 % (w/v) NaCl

1.5 % (w/v) Agar-Agar
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2.4.2. Preparation of competent cells (E.coli XL-1 blue)

For routine cloning, XL-1 blue bacterial strain was streaked out onto an LB agar
plate and grew overnight at 37°C. Next day a single colony was picked up from the
LB agar plate, used to inoculated 20 ml of LB medium and grew overnight at 37°C
with shaking at 200 rpm. 250 ml of LB medium were inoculated with this
overnight culture and allowed to grow with shaking to an optical density of
OD600=0.4-0.5. The culture was then left on ice for 20 min and spun at 2500xg for
10 min at 4°C. The supernatant was discarded and the pellet was resuspended in
80 ml of ice cold TB buffer, rested on ice for 10 min and centrifuged again at
2500xg for 10 min at 4°C. After centrifugation the pellet was resuspended in 20 ml
of TB buffer and mixed with 1.6 ml of DMSO. The cell suspension was aliquoted in

fresh labelled eppendorf tubes, flash-frozen in liquid nitrogen and stored at -80°C.

Transformation buffer (TB buffer) (pH 6.7)

10 mM PIPES

15 mM CaCl;

250 mM KCl

Set pH 6.7 with KOH and then

MnCl; was added to the final concentration of 55 mM.

2.4.3. Preparation of CaCl, competent E.coli cells (Quick method)

An overnight grown culture of E.coli (20 ul) was inoculated into a flask containing
20 ml of LB medium and incubated at 37°C, with shaking at 200 rpm for 4 hrs. After
4 hrs, 1 ml of culture (per transformation) was transferred to a 1.5 ml sterile
eppendorf tube and incubated on ice for 10 min before being harvested by
centrifugation at 10,000xg for 2 min at 4°C. Bacterial pellet was resuspended in 1
ml of ice cold CaCl; (50 mM) before harvesting again by centrifugation at 10,000xg
for 2 min at 4°C. The cells were resuspended this time in 100 pl of ice cold CaCl;

(50 mM) and incubated on ice for 30 min before transformation.
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2.4.4. Transformation of E.coli

100 pl of XL-1 blue competent cell suspension was thawed on ice for 30 min.
Ligation reaction mix was added to the cell suspension, mixed gently and
incubated on ice for 1 hr. A heat shock of 42°C was applied to the cells for 90 sec
and they were immediately placed on ice for 2 min. 1 ml of filtered SOC (super
optimal broth) medium (without antibiotic) was added to cells and incubated for 1
hr at 37°C with shaking at 180 rpm before spinning at 6000xg for 2 min. Most of
the supernatant was discarded and pellet resuspended in 50-100 pl residual
medium or fresh LB medium. The suspension was plated out on a LB agar plate in a

laminar flow cabinet and incubated overnight at 37°C.

SOC medium (pH 7 at 37°C) (autoclaved at 121°C and filtered through 0.2 um filter

unit) (Sambrook et al., 1989)

2 % (w/v) Bacto-trypton

0.5 % (w/v) Yeast Extract

10 mM NaCl

2.5 mM KClI

20 mM Mg?* (1:1 MgCl-6H,0 and MgS04-7H-0)
20 M glucose

2.4.5. Colony PCR

Colony PCR was performed to test bacterial colonies from agar plates for the
presence or absence of insert DNA in a plasmid construct after transformation.

A single bacterial colony was picked with a micropipette tip and transferred to a
microcentrifuge tube containing 50 ul of LB medium with the appropriate
antibiotic. The microcentrifuge tube was placed in a heating block for 1 hr at 37°C.
Next a PCR reaction was setup for each colony as described below. For
convenience, a master mix was prepared and 24 ul was added to each PCR tube.
For positive control 10 ng pure plasmid and a negative control (no template) were

used.
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10x PCR buffer 2.5 ul
25 mM MgCl, 1pl
10 mM dNTPs 0.5 ul
10 mM (=10 pmol/ul) Forward primer 0.5 ul
10 mM (=10 pmol/ul) Reverse primer 0.5 ul
Taq polymerase 5U/pl 0.5 ul
Milli Q water 18.5 ul

25 ul of PCR reaction was gently mixed in PCR tubes spun all the liquid to the

bottom of the tube and then transfer to a thermocycler.

Thermocycling conditions for colony PCR using Tag DNA polymerase are as follows:

95°C 2 min 1 cycle
95°C 15 sec 30 cycles
55°C 15 sec

72°C 1 min per kb

72°C5 min 1 cycle
4°C Hold

After PCR, the reaction was mixed with 6 pl of DNA loading buffer and loaded on
an agarose gel. Next the gel was inspected under UV transilluminator and positive
colonies were propagated by inoculation in a large amount of LB medium with

appropriate antibiotic for either further analysis or subsequent applications.

2.4.6. Preparation of glycerol stock

Glycerol stock of all bacterial strains/transformants was prepared by mixing 345 ul
of 87% sterile glycerol with 655 pl of an overnight bacterial culture in 1.5 ml sterile
eppendorf tube. The tube was then clearly labelled with date, stock number,

plasmid name and number before storing at -80°C for future use.

2.4.7. Purification of plasmid DNA by the alkaline lysis method

This lysis method of Birnboim & Doly (1979) was used for screening a large number
of clones simultaneously for desired recombinant plasmid. Briefly, 1.5 ml LB media
containing single bacterial colony and an appropriate antibiotic were grown

overnight at 37°C and 200 rpm. Next day overnight culture was spun at 6000xg for
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2 min at room temperature. The pellet was first resuspended in 150 pl suspension
buffer containing RNase A then 150 pl of lysis buffer was added and the lysate was
incubated for 5 min on the bench. Next 150 pl ice cold binding buffer were added
and the mix was incubated for 5 min on ice before being spun at > 15000xg for 10
min at room temperature. The supernatant was transferred into a clean eppendorf

tube and the plasmid DNA was precipitated as described in section 2.3.4.

Suspension buffer, pH 8.0 Binding buffer, pH 4.2
4 M guanidine hydrochloride

0.5 M potassium acetate

50 mM Tris-HCl,
10 mM EDTA
100 pg/ml RNase A

Lysis buffer TE buffer, pH 8.0
0.2 M NaOH 10 mM Tris base

1% SDS 1 mM EDTA

2.4.8. Purification of plasmid DNA (mini prep)

A commercial High Pure Plasmid Isolation Kit was used to extract high quality
plasmid DNA for sequencing, PCR and transformation. First 5 ml of LB medium
containing ampicillin (0.1 mg/ml) and a single colony of E. coli from a glycerol stock
were inoculated in a 5 ml glass tube overnight at 37°C and 200 rpm. Next day the
overnight culture was spun at 6000xg for 2 min at 4°C. The bacterial pellet was
resuspended in 250 pl of suspension buffer containing RNase. 250 ul of lysis buffer
were added prior to incubation for 5 min at room temperature. The lysate was
neutralised with 350 ul of ice cold binding buffer on ice for 5 min and was spun at
>15,000xg for 10 min at 4°C. The plasmid DNA present in the supernatant was
passed through a filter tube containing silica matrix, washed with buffer | and

buffer Il containing ethanol and then eluted with 50 pl of elution buffer.

Suspension buffer, pH 8.0 Wash buffer |, pH 6.6

50 mM Tris-HCl, 5 M guanidine hydrochloride
10 mM EDTA 20 mM Tris-HCl

100 pg/ml RNase A 20 ml absolute ethanol
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Lysis buffer Wash buffer Il, pH 7.5
0.2 M NaOH

5 M guanidine hydrochloride

1% SDs 2 mM Tris-HCI
20 mM NacCl
Binding buffer, pH 4.2 Add 40 ml absolute ethanol

4M idine hydrochlorid
guanidine hydrochioride Elution buffer, pH 8.5

10 mM Tris-HCI

0.5 M potassium acetate

2.4.9. Purification of plasmid DNA for mammalian cell transfection

High quality plasmid for transfection of mammalian cells was isolated using a
commercial kit Nucleobond AX 100. 50 ml of LB medium were inoculated
overnight with a single colony of E.coli picked from a plate at 37°C with shaking at
200 rpm. The overnight culture was then centrifuged at 6000xg for 30 min at 4°C.
The bacterial pellet was resuspended in 4 ml of buffer S1 containing RNase A. Cells
were lysed with 4 ml of buffer S2 for 3 min before being neutralised with 4 ml of
buffer S3 on ice for 5 min. The lysate was clarified by filtration and then passed
through a column pre-equilibrated with buffer N2. Plasmid DNA remained bound
to the silica-base anion-exchange resin while proteins, polysaccharides and tRNA
flew through the column. mRNA and rRNA were washed out with buffer N3 and
plasmid DNA was subsequently eluted with 5 ml of elution buffer N5. After elution
plasmid DNA was precipitated by incubating at -80°C for 2 hrs in 0.1 volume of 3 M
sodium acetate and 2.5 volumes of absolute ethanol. The precipitated DNA was
pelleted by centrifugation at > 15,000xg for 10 min at 4°C, washed with 70%
ethanol, dried at 37°C and redissolved in TE buffer. Quality and quantity of the

isolated plasmid were determined by spectrophotometry (see section 2.4.10).

Buffer S1, pH 8.0 Buffer N3
50 mM Tris-HCl 100 mM Tris
10 mM EDTA 15% ethanol
100 pg/ml RNase A 1.15 M KCl
Buffer S2 Buffer N5
200 mM NaOH 100 mM Tris
1% SDS 15% ethanol
1 M KCl
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Buffer S3, pH 5.1 TE buffer, pH 8.0

2.8 M Potassium acetate 10 mM Tris base
1 mM EDTA

Buffer N2

100 mM Tris

15% ethanol

900 mM KClI

0.15% Triton X-100

2.4.10. Determination of plasmid DNA concentration

Plasmid DNA concentration was measured by spectrophotometry using a
Thermofisher Nanodrop 1000 at wavelength A = 260 nm. The purity of the DNA
was assessed by the absorbance ratio at 260 nm and 280 nm. A ratio close to 1.8 is
generally means pure DNA, whereas if the ratio is considerably lower than 1.8
means contamination with protein or other contaminants that absorb strongly at

or near 280 nm.

2.4.11. DNA sequencing
Most of the PCR amplified products were verified by sequencing with specific

primers. DNA sequencing was performed by Eurofin Genomics.

2.4.12. Computer analysis

DNA sequence analysis was performed by ExPASY translate tool
(https://web.expasy.org/translate/), protein structure analysis was performed by
using Heliquest software (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py),
restriction enzyme mapping was performed by using NEB cutter website
(http://nc2.neb.com/NEBcutter2/) and the  BLAST tool of  NCBI
(https://blast.ncbi.nim.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSear

ch&LINK_LOC=blasthome) was used for multiple sequence alignments.
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2.5. Cell biology methods

2.5.1. Mammalian cell culture

Mammalian cells (239T HEK and Hela cells) were grown at 37°C in a humidified
incubator supplied with 5% CO,. The cells were grown in Dulbecco's Modified

Eagle (DME) medium supplemented as below.

Mammalian cell culture medium

DME medium “high glucose” (4.5 g/l)

10% heat inactivated fetal bovine serum (FBS)

2 mM glutamine

100 U/ml penicillin and 100 pg/ml streptomycin
1 mM sodium pyruvate

2.5.2. Thawing of mammalian cell stocks

A cryovial containing frozen mammalian cells was removed from liquid nitrogen
storage and immediately thawed in a 37°C water bath. 10 ml of pre-warmed DME
medium was added to the thawed cells to remove DMSO (dimethylsulfoxide). The
cell suspension was centrifuged at 200xg for 5 min at 4°C. Supernatant was
removed and the cells were resuspended in fresh prewarmed DME medium and

transferred to 25 to 75 cm flasks. Next day the cells were ready for splitting.

2.5.3. Subculturing of mammalian cells

After discarding spent cell culture media, the cells were washed with sterile PBS in
culture hood. 1 ml of prewarmed trypsin (0.05%) and EDTA (0.53 mM) mix was
added to the wash cells and incubated at 37°C for 90 sec to detach the cells. 500 pl
of FBS were immediately added to inactivate the trypsin. The cells were then
transferred to a 15 ml conical tube and spun at 200xg for 5 min at 4°C. The
supernatant was discarded and the pellet was gently resuspended in prewarmed
fresh growth medium before removing a sample for counting. Cells were counted

using a haemocytometer under an inverted microscope. Subsequently, the
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required number of cells were transferred to a fresh labelled flask containing pre-

warmed growth medium and incubated at 37°C.

2.5.4. Transient transfection of mammalian cells

Transient transfection of 239T HEK cells with Lipofectamine was performed 24 hrs
after splitting cells. 2 ug of DNA and 15 pl of Lipofectamine (for 5 cm plate) were
mixed separately in 200 ul of prewarmed DME medium without FBS. After 5 min
both DNA and Lipofectamine mix were added together and incubated for 30 min
at room temperature. 400 ul of prewarmed medium without FBS were then added
to the Lipofectamine-DNA complexes before adding the mix to the HEK cells
containing 800 ul of freshly changed prewarmed medium without FBS and
incubated at 37°C for 4 hrs. After 4 hrs 1600 ul of prewarmed medium containing
20% FBS were added to the transfected cells and incubated overnight at 37°C. If
larger amounts of transfected cells were required, cells were split to bigger plates
and the amount DNA and Lipofectamine were scaled up according to the surface

area of the plates as shown in table 2.2.

Table 2.2: List of suggested amounts of reagents used for transfection

Culture |Surface |Volume |Cells per |Volume | DNA | Lipofectamine®
dish/plate | area of dish/well of Transfection
(cm?) | platting | (cell/ml) |dilution Reagent
medium medium

100 mm 55 10 ml | 13.7x10° (2x500 pl | 4 pg 30 ul

60 mm 21 5 ml 5x10% [2x200 pl | 2 pg 15 ul

6 well 9 2ml 1x10® |2x100 pl | 1 pg 10 pl
plate

24 well 2 1ml 5x10% 2x40 ul | 0.4 ug 6 ul
plate
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2.5.5. Lysis of mammalian cells

239T HEK cells were scraped off the culture plate (5 cm) in ice cooled lysis buffer
containing protease inhibitor cocktail. The lysate was transferred to a clean
labelled eppendorf tube and incubated on ice for 30 min. The cell lysate was
centrifuged at 10,000xg for 10 min at 4°C to remove unbroken cells and debris. The

supernatant was transferred to a fresh 1.5 ml eppendorf tube.

Lysis buffer
150 mM NacCl

1% Triton X-100
50 mM Tris-HCI, pH 8.0

2.5.6. Cryopreservation of mammalian cells

To prepare mammalian cells for cryopreservation in liquid nitrogen, a confluent
monolayer from a 10 cm culture plate was trypsinised and resuspended in cold
DME medium without FBS and incubated for 30 min on ice. The cells were then
centrifuged for 10 min at 200xg and at 4°C. The pellet was resuspended in 1 ml of
freezing medium and transferred to clean and labeled cryotubes. The tubes were
then placed into a pre-cooled cryorack (Nalgene Mr Frosty™ Cryo) with special
filling soaked in isopropanol and left at -80°C overnight. Following day the

cryotubes were transferred to liquid nitrogen until further use.

Freezing medium

70% DMEM
20% FBS
10% DMSO

2.6. Platelet biology methods
2.6.1. Isolation of human platelets
Whole blood was collected from healthy consented male and female volunteers,
who confirmed that they were not under any medication that affects platelet
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activity such as NSAID, anti-histaminics etc. for at least two weeks before blood
donation. Ethical approval for the use of human blood in the study described
herein was granted by the Hull York Medical School. The blood was drawn by a
puncture of the median-cubital vein via a 21-gauge butterfly needle mounted on
plastic tubing (20 cm in length) directly into a 20 ml plastic syringe containing an
anticoagulant, acid citrate dextrose (ACD) at a ratio of 1:5 (1 volume of ACD and 4
volumes of blood). ACD functions as calcium chelator and therefore prevents the
coagulation events. The first 2-4 ml of blood were discarded to avoid
contamination of tissue factor and traces of thrombin that would result in platelet

activation.

Immediately after collection the citrated blood was gently transferred into a 50 ml
conical tube and centrifuged at 200xg for 15 min at room temperature (RT) in a
swing-out rotor centrifuge. Centrifugation separated the whole blood into three
layers; the bottom layer consists of erythrocytes, an intermediate layer contains
leukocytes (thin buffy coat) and the top layer contains platelet-rich plasma (PRP).
The PRP was carefully collected into a 15 ml conical tube without contaminating it
with the intermediate layer by using a Pasteur pipette. Platelets were isolated
from the PRP by centrifugation at 800xg for 12 min at RT in the presence of 0.3 M
citric acid (20 pl/ml of PRP), which is used to prevent platelet activation during
isolation process (Mustard et al., 1989). Platelet poor plasma (PPP) was discarded
and the platelet pellet was gently suspended in 1ml of wash buffer before adding a
further 4 ml of wash buffer. Platelets were centrifuged again at 1000xg for 10 min
in a swing-out rotor centrifuge in order to ensure that no plasma proteins would
be present in pelleted platelets. The pellet was resuspended at the desired
concentration in modified Tyrode’s buffer (an iso-osmotic phosphate buffer). In
some cases, Tyrode's buffer contained 1 mM ethylene glycol-bis ((3-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA) to prevent integrin activation (Gogstad et
al., 1982), as well as apyrase (2 U/ml) and indomethacin (10 uM) to neutralise the
effect of ADP and TXA;, respectively (Mustard et al., 1972; Smith, 1971).
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Platelet count was carried out in a Beckman Coulter Z1 Particle Counter by adding
5 pl of platelet suspension to 10 ml of isotonic buffer within a Beckman Coulter
Accuvette. In brief the machine counts cells per millilitre by measuring the
electrical resistance of cells as they are passed through a micro-aperture. Platelets
were then allowed to rest at 37°C for 30 min before experimentation.

Acid citrate dextrose (ACD), pH 6.5

29.9 mM Tri-sodium citrate
2.9 mM citric acid

72.6 mM NacCl

113.8 mM D-glucose

Modified Tyrode’s buffer, pH 7.4

150 mM NacCl

5 mM HEPES

0.55 mM NaH,PO4
7 mM NaHCOs
2.7 mM KClI

0.5 mM MgCl,

5.6 mM D-glucose

Wash buffer, pH 6.5

0.036 mM citric acid
0.01 mM EDTA
0.005 mM D-glucose
0.005 mM KCl

0.09 mM NacCl

All solutions used here were filtered through 0.22 um filter units and stored at 4°C.

2.6.2. Measurement of platelet functional responses

2.6.2.1 Light transmission aggregometry

Functional sensitivity of platelets was always checked prior to experimentation
using light transmission aggregometry. This technique was first introduced by

Born in 1962 and is based on changes in the transmission of light through a stirred
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suspension of platelets, which is detected by a photometer (Born, 1962). A tube
containing platelet suspension is placed between a light source and a photocell.
When light passes through the suspension containing platelets it scatters,
therefore less transmission of unobstructed light is detected by the photocell.
However, on addition of platelet agonists, such as thrombin, platelet aggregates
are formed that scatter less light, therefore more transmission of unobstructed
light is detected by the photocell. Thus, the amount of light transmission is directly
proportional to the degree of platelet aggregation, which is in turn dependent on

the level of platelet activation (Figure 2.1).

Platelet aggregation was measured using a Chrono-log dual-channel light
aggregometer. Aggregation tubes containing 250 ul of human washed platelets
(2.5%108 platelets/ml) were incubated at 37°C for 1 min under stirring condition
(1000 rpm) to allow temperature to equilibrate. Platelet suspensions were then
stimulated with desired agonist and aggregation traces were recorded for 5 min
using Aggro/link software from Chrono-log. The platelet aggregometer was
calibrated for each sample using non-stimulated human washed platelets as 0%

aggregation and modified Tyrode’s buffer as 100%.
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Figure 2.1: The principle of platelet aggregometry. Experimental setup and principle of

platelet aggregation adapted from Jackson (2007) (top) and a representative trace when platelets

are stimulated with 0.1 U/ml thrombin (bottom).
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2.6.3. Fixation of platelets spread on fibrinogen

Glass coverslips (12 mm) were placed on parafilm coated glass plate resting in a
humid chamber and coated with 100 pug/ml human fibrinogen (Enzyme Research,
Swansea, UK) overnight at 4°C. Next day to remove residual unbound proteins
coverslips were washed twice with PBS and to prevent non-specific binding of
platelets to exposed glass, coverslips were blocked with 0.5% BSA for 1 hr at room
temperature. After blocking, coverslips were washed twice with PBS and incubated
with washed platelets (2x107/ml) for 45 min at 37°C. Unbound platelets were
washed away with PBS and adhered platelets were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. After washing twice
with PBS, fixed platelets were permeabilised with 0.3% Triton X-100 in PBS for 5

min before immunolabelling (see section 2.6.5).

2.6.4. Fixation of platelets in suspension
Glass coverslips (12 mm) were placed in a 24-well plate and coated with 0.01%
poly-L-lysine for 30 min at 37°C. After incubation glass coverslips were washed

twice with PBS and air-dried.

Washed platelets (5x108/ml) were first fixed in suspension with 4%
paraformaldehyde for 10 min at room temperature then centrifuged at 4000 rpm
for 3 min to pellet fixed platelets and washed once with PBS to remove any
residual paraformaldehyde and resuspended in PBS. Platelet suspension was
dispensed in the wells of the 24-well plate containing poly-L-lysine coated
coverslips. The plate was then spun for 10 min at 250xg and 37°C. After
centrifugation, coverslips were washed twice with PBS before being transferred on
a parafilm coated glass plate resting in a humid chamber. Platelets were then
permeabilised with 0.3% Triton X-100 for 5 min followed by blocking with 0.5%
BSA in PBS for 30 min at room temperature before immunolabelling (see section

2.6.5).
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2.6.5. Immunodetection of proteins in fixed platelets

To prevent unspecific antibody binding, coverslips with fixed platelets were
blocked with 5% FBS in PBG for 30 min at room temperature. Cells were then
incubated with primary antibody at the desired dilution in PBG for 1 hr at room
temperature. After incubation, the coverslips were washed 3 times with PBG
before incubation with secondary antibody for 45 min at room temperature. If
actin staining was required, FITC or TRITC-labelled phalloidin (final concentration 2
ug) were added to the diluted secondary antibody. Thereafter, the cover slips were
washed again 3 times with PBG and once with distilled water before being

mounted on glass slides as described in section 2.6.6.

PBGpH 7.4
0.5% (w/v) bovine serum albumin (BSA)

0.05 % (w/v) fish gelatin
Dissolve in 1x PBS

2.6.6. Mounting of coverslips

After immunostaining of the fixed cells, the coverslips were once immersed in
deionised water and the extra water soaked off on a tissue paper. Then a drop of
gelvatol was placed on a clean glass slide and the coverslip was mounted with the
cell surface facing downward on the top of gelvatol. Care was taken not to trap any
air bubble between the coverslip and the glass slide. Mounted slides were then

rest in dark overnight and imaged under fluorescence microscope.

Gelvatol

14.3% (v/v) Gelvatol (Polyvinylalcohol)

28.6% (v/v) Glycerine

2.5% (w/v) DABCO (1,4- diazabicyclo[2.2.2] octane) in PBS
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2.6.7. Microscopy and image processing

Images were acquired with a fluorescence microscope Zeiss Axio Observer (Zeiss,
Cambridge, UK) equipped with AxioCam506 camera and a 100x oil immersion
objective lens (1.4 oil DIC). Images were deconvolved using Zen Pro software (Carl
Zeiss, Cambridge, UK). All images were single planes overlaid and processed in

CorelDRAW X6 (Corel).

2.7. Protein biochemistry

2.7.1. Expression and purification of GST and His tagged proteins

E. coli strains (XL1 blue, BL21, Rosetta-gami, Rosetta 2, M15 (pREP4)) were
transformed with pGEX-4T-2 and pQE32 vectors for the expression of glutathione

S-transferase (GST) and his-tagged fusion proteins respectively.

2.7.1.1. Small scale protein expression

Small-scale expression of fusion proteins was performed to check and standardise
not only the efficiency of expression but also the conditions before proceeding for
the large-scale expression and purification as well. Single colonies (3-6) of
transformed bacteria were picked with the help of a pipette tip in a sterile culture
hood and grown overnight in 5 ml of LB medium containing ampicillin (100 pg/ml)
at 37°C and shaking at 200 rpm. 1 ml of the overnight culture was inoculated into
15 ml of fresh LB medium containing ampicillin (100 pug/ml) to an optical density at
600 nm (ODsgo) of 0.1. The culture was then allowed to grow at 37°C till an ODeoo of
0.7 was achieved. At this point 1 ml aliquot as a non-induced sample was collected
in an eppendorf tube and processed as in section 2.7.1.2. The culture was now
induced by adding 0.5 mM IPTG. In order to optimise the conditions for maximum
protein expression, induction was carried out with varying concentrations of IPTG
(0.1 mM, 0.2 mM, 0.5 mM and 1 mM final concentration) at three different
temperature conditions (20°C, 30°C and 37°C) for 2 to 16 hrs. After incubation 1 ml

aliquot as an induced sample was collected and processed as in section 2.7.1.2.
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The culture was then centrifuged to pellet cells at 6000xg for 30 min at 4°C.
Pelleted cells were resuspended in 2 ml of lysis buffer containing PIC and PMSF
and incubated on ice for 30 min before disrupted with sonication. After sonication,
pellet and supernatant (soluble) fractions were obtained by centrifugation at
15000xg for 30 min at 4°C. Both pellet and supernatant were dissolved in an equal
volume of 2x Laemmli buffer and heated at 95°C for 5 min. 20 ul of each sample
(non-induced, induced, pellet, supernatant) were resolved on a SDS-
polyacrylamide gel electrophoresis (see section 2.7.9) and analysed by Coomassie

blue staining (see section 2.7.10).

2.7.1.2. Preparation of lysate from bacterial pellet
1 ml aliquot of both non-induced and induced bacterial suspension was spun in a
microcentrifuge at >15,000xg for 1 min. Supernatant was discarded and pellet was

resuspended in Laemmli buffer at following proportion.

1 absorbance unit —add 50 ul of Laemmli buffer to pellet
For example if the ODeoo = 0.7, pelleted cells were resuspended in 35 pl of Laemmli

buffer, boiled for 5 min at 95°C and stored at -20°C until further use.

2.7.1.3. Large scale protein expression and purification of GST fusion protein

After optimisation of the expression conditions to get a maximum of soluble
protein in the lysate, large-scale protein expression was performed. A single colony
of recombinant E. coli XL-1 blue strain was picked from an LB agar plate, inoculated
with 50 ml of LB medium containing ampicillin (0.1 mg/ml) and grew overnight at
37°C and 200 rpm. The overnight culture was added to 950 ml of fresh LB medium
containing ampicillin (0.1 mg/ml) to an ODego = 0.1 and allowed to grow at 37°C to
an optical density of ODeoo = 0.7. The culture was then induced by adding 0.5 mM
IPTG for 12-16 hrs at 20°C. After induction the culture was spun at 6000xg for 30
min at 4°C. The supernatant was discarded and the pellet was resuspended in 30

ml of bacterial lysis buffer and incubated on ice for 30 min. An ice-cold French
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press was used to lyse bacterial cells. The French press cycle was repeated 2 to 4
times to ensure efficient bacterial lysis. After French press the lysate was spun at
17,000xg for 30 min at 4°C to remove insoluble proteins from soluble ones.

Both pellet and supernatant were saved for monitoring of the process. The
supernatant was incubated with pre-equilibrated glutathione-sepharose bead
slurry for 1 hr at 4°C to purify GST fusion proteins. After 1 hr, the glutathione-
sepharose beads with bound protein were washed twice with washing buffer and
twice with wash buffer without Triton X-100. Elution buffer or boiling at 95°C with
2x Laemmli buffer was used to elute purified proteins from glutathione sepharose

beads.
Lysis buffer

20 mM HEPES Elution buffer

300 mM NacCl 1 M Tris-HCI, pH 8.0

10 mM DTT (add fresh) 100 mM NaCl

0.5% Triton X-100 20 mM reduced glutathione

1 mM PMSF (add fresh)
PIC (added fresh)

Washing buffer
Same as lysis buffer

2.7.1.4. Large scale protein expression and purification of His-tagged proteins

After optimisation of the expression conditions to get more soluble protein in the
lysate, large scale protein expression was performed in 1 litre LB medium
essentially as described in section 7.2.1.2. Bacterial pellet was resuspended in 30
ml of lysis buffer containing 10 mM imidazole (to minimize unspecific binding) and
incubated on ice for 30 min. The cell suspension was lysed using a French press
and the lysate centrifuged as described in section 7.2.1.2. The supernatant was
incubated with 50% pre-equilibrated Ni-NTA bead slurry for 1 hr at 4°C with gentle
agitation. The beads were then washed three times with wash buffer and the
bound proteins were either eluted with elution buffer or by boiling at 95 °C with 2x

Laemmli buffer.
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Lysis buffer, pH 8.0 Wash buffer, pH 8.0 Elution buffer, pH 8.0

50 mM NaHPO4 50 mM NaH;PO4 50 mM NaHzPO4
300 mM NacCl 300 mM Nacl 300 mM NacCl
10 mM imidazole 20 mM imidazole 250 mM imidazole

2.7.2. GST pull-down assay

GST pull-down assay is a common in vitro assay to detect protein-protein
interactions and map the interaction sites. This method relies on the
immobilisation of bait protein (GST fusion protein) on glutathione sepharose
beads, which provide a solid phase. The GST protein-beads complex is then
incubated with either whole cell lysate or a purified protein. Non-bound proteins
are washed off and the binding complex is eluted, resolved by SDS-PAGE and

analysed by Coomassie staining or western blotting (Figure 2.2).

First, supernatants of bacteria expressing GST fusion protein or GST only were
prepared as in section 2.7.2.2. Next, 50% (v/v) glutathione sepharose bead slurry
was pre-equilibrated by washing once with PBS and twice with lysis buffer to
remove storage ethanol. Beads slurry was incubated with the supernatant of GST

fusion or GST only proteins for 1 hr at 4°C with gentle agitation.

Beads were collected by centrifugation at 500xg for 3 min at 4°C, the supernatant
was discarded and the beads were washed 3 times with bacterial lysis buffer. The
beads with bound GST and GST fusion protein were then incubated with either
platelet lysate, supernatant of bacteria expressing His-tagged proteins or lysates of
mammalian cells expressing Myc-tagged proteins and further incubated for 1 hr at
4°C with gentle rolling. After incubation beads were collected by centrifugation at
500xg for 3 min at 4°C, the supernatant was discarded and the beads were washed
3 times with bacterial lysis buffer before being boiled in Laemmli buffer for 5 min
at 95°C. The released proteins were resolved on SDS-PAGE and analysed by

Coomassie staining and western blotting.
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Figure 2.2: Principle of GST pull-down assay. Schematic showing various steps involved in

the GST pull-down method.
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2.7.3. Preparation of washed platelet samples for SDS-PAGE
To examine individual intracellular protein, isolated washed human platelets
(1x10° platelets/ml) were incubated in the presence of 10 uM indomethacin, 2

U/ml apyrase and 1 mM EGTA for 30 min at 37°C in all cases.

Platelets were then treated with or without an agonist under stirring conditions
(1000 rpm). The reaction was stopped by the addition of 5x Laemmli buffer which
results in cell lysis, heated at 95°C for 5 min to ensure denaturation of the proteins

and stored at -20°C until required.

2.7.4. Measurement of protein concentrations

For equal loading, protein concentrations of samples were determined using a
detergent-compatible Pierce BCA protein assay kit that is based on the Lowry
method (Lowry et al, 1951). This colorimetric assay is divided into two steps. The
first step is called Biuret reaction in which protein reduces cupric ion (Cu*?) to
cuprous ion (Cu*!) in an alkaline medium to form a light blue complex. In the
second step bicinchoninic acid (BCA) reacts with the cuprous ion, resulting in an
intense purple colour that is water-soluble and gives maximum light absorbance at

562 nm. The change in light absorption can be detected spectrophotometrically.

Different concentrations (0, 25, 125, 250, 500, 750, 1000, 1500, 2000 pg/ml) of
bovine serum albumin (BSA) were prepared in lysis buffer as protein standards.
Next an aliquot of sample suspension was lysed in lysis buffer at a ratio of 1:1 (v/v)
before preparing dilutions in PBS (1:25, 2:25 and 5:25). Then 25 puL of each protein
standard (in duplicate) and diluted lysate were added in duplicate into the
corresponding wells of the 96 well Nunclon microplate. This was followed by
addition of 200 uL of the BCA reagent mix to each well. The microplate was mixed
thoroughly on a plate shaker for 30 sec before incubating at 37°C for 30 min.

The plate was then cooled at room temperature and light absorbance was

measured at 562 nm using a Tecan plate reader. A standard curve was plotted by
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using absorption values from the protein standards and protein concentrations

were calculated from the curve.

2.7.5. Immunoprecipitation

Immunoprecipitation (IP) is a routinely used biochemical technique that involves
isolation of a protein of interest from cell lysate by using a specific antibody. A
primary antibody selective to a protein of interest is added to the cell lysate to
form antibody-antigen complexes. Antibody-antigen complexes are then
precipitated via incubation with sepharose or agarose beads, which are conjugated
to protein A or G. Both protein A and G derive from the bacterial cell wall of
Staphylococcus aureus and Streptococcal strains preferentially binds to the Fc
fragment of a wide range of IgG antibodies. By using centrifugation, antibody-
antigen complexes attached to beads are pelleted. After several washes, target
proteins are removed from the beads by boiling in Laemmli buffer for 5 min at
95°C and studied further by SDS-PAGE (see section 2.7.9) and Coomassie staining

(section 2.7.10) or western blotting (section 2.7.11).

2.7.5.1. Immunoprecipitation of platelet proteins

Washed platelets (1 x 10°/ml) were lysed in ice-cold IP lysis. The lysates were then
incubated on ice for at least 30 min and protein concentration of each sample was
determined (see section 2.7.4.). 300-600 ug of platelet lysate were incubated with
1-5 pg of primary antibody overnight at 4°C with gently rolling.

Next day either protein A or G sepharose or agarose beads (50%, v/v) slurry was
prepared by washing once with PBS and twice with TBS-T to remove storage
ethanol. 25 ul of bead slurry was added to each sample and incubated for 2 hrs
with gentle rolling. Beads were collected by centrifugation at 1000xg and washed
once with IP lysis buffer and twice with TBS-T. After these washes the beads were
boiled in Laemmli buffer at 95°C for 5 min and released proteins were run on SDS-

PAGE and analysed by western blotting.
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IP lysis buffer

10 mM Tris base

150 mM NaCl

1 mM EDTA

1 mM EGTA

2% Trition-X 100

1 mM PMSF (add fresh)

1:100 dilution of protease inhibitor cocktail (v/v) (add fresh)

TBS-T

150 mM Nacl
10 mM Tris-HCl, pH 8.0
0.1% Tween 20

2.7.6. Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) is an extension of conventional IP technique which
helps determine whether two proteins are part of the same complex in vivo. Both
co-IP and IP share the same basic principle of specific antibody-antigen reaction;
however, co-IP is focused on additional proteins that are associated with the

target protein by native interactions in the same mixture as shown in figure 2.3.
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Figure 2.3: Principle of co-immunoprecipitation. Schematic representation of co-

immunoprecipitation method involved in the isolation of proteins from protein lysate.

2.7.7. cAMP pull-down assay

The cAMP pull-down assay is a common biochemical technique used to enrich
cAMP binding proteins from tissue and cell lysates (Aye et al., 2009). This assay
involves incubation of lysates with cAMP bound agarose beads, followed by

affinity purification and separation by SDS-PAGE of enriched proteins.

Washed platelets (1 x 10°/ml) were lysed in ice-cold lysis buffer supplemented
with PIC (1:100) and PMSF (1:100). The lysates were immediately incubated on ice
for at least 30 min and protein concentration of each sample was determined (see
section 2.7.4). Next, pre-equilibrated cAMP agarose and control beads
(ethanolamine blocked) slurries were incubated with 400-600 ug of platelet lysate
at 4°C overnight with rotary shaking. Beads were collected by centrifugation at
1000xg, washed twice with TBS-T and boiled in Laemmli buffer at 95°C for 5 min.
The eluted proteins were run on SDS-PAGE and analysed by western blotting (see

section 2.7.11).
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Lysis buffer

Platelet IP lysis buffer was used and the composition is mentioned in section

2.7.5.1.

2.7.8. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
common technique that uses a combination of an ionic detergent SDS and
chemically inert polyacrylamide gels to separate proteins according to their
molecular masses under the influence of electric current. Polyacrylamide gels are
formed from monomers of acrylamide and bis-acrylamide. The polymerisation of
acrylamide and bis-acrylamide is due to the presence of free radicals generated by
the addition of ammonium persulphate (APS). N,N,N',N'-
tetramethylethylenediamine (TEMED) is added to catalyse free radical formation
from APS (Shi & Jackowski, 1998). The free radicals transfer electrons to
acrylamide/bis-acrylamide monomers and cause them to react with each other to
form a porous gel. The percentage of acrylamide used in these solutions
determines the pore size and therefore the relative separation of the proteins

within the mixture.

The movement of any charged proteins through an electric field is influence by its
shape, charge density and molecular weight. So as to separate proteins solely in an
electrical field based on their molecular weight, SDS is added to the protein
mixture (Shapiro et al., 1967). SDS is a detergent that masks the intrinsic net
charge of the protein and gives a uniform negative charge. Furthermore, a
reducing agent such as 2-mercaptoethanol breaks disulfide bridges changes the
folded protein into its linear form. Thus, proteins treated this way will have

electrophoretic mobility based on their molecular weight only.

2.7.8.1. Procedure for SDS-PAGE
In this study all the samples were run in a discontinuous buffer system using a Mini
Protean Il gel kit (Bio-Rad). The discontinuous buffer system was first described by
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Laemmli (1970) and requires different buffers in the gel and electrophoresis tank.

Proteins were separated using 1.5 mm thick polyacrylamide gels that comprise 10-

18% separating gel (pH 8.8) and 4% stacking gel (pH 6.8) (Tables 2.3 and 2.4). Gels

were placed in the electrophoresis tank containing running buffer in both upper

and lower chambers. Pre-stained protein ladder and protein sample (20-60 ug)

were loaded in wells and gels were run at 70 volts for the first 30 min followed by

120 volts for the next 1.5 to 2.5 hrs depending on the size of the protein of

interest. After electrophoresis resolved proteins were analysed either by

Coomassie staining or western blotting.

Table 2.3: Concentrations of each reagent for four resolving gels

Resolving Gel 18% 15% | 10%
30% Acrylamide/Bis-acrylamide (ml) 18 15 10
1.5 M Tris HCI (pH 8.8) (ml) 7.5 7.5 7.5
10% SDS (ul) 300 300 300
Distilledwater (ml) 3.6 6.9 11.9
10 % ammonium persulfate (APS) (ul) 300 300 300
TEMED (ul) 30 30 30

Table 2.4: Concentration of each reagent for two stacking gels

Stacking Gel 4%
30% Acrylamide/Bis-acrylamide

(ml) 0.83
0.5 M Tris-HCl pH 6.8 (ml) 0.63
10% SDS (ul) 50
Distilled water (ml) 3.4
10% ammonium persulfate (APS) (ul) 50
TEMED () 10

Running buffer

25 mM Tris base
192 mM glycine
0.1% SDS (w/v)
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2.7.9. Coomassie blue staining of polyacrylamide gels

After SDS-PAGE, the separated proteins were visualised by staining the gel with
Coomassie-Brilliant-Blue R250 solution overnight at room temperature with gentle
shaking. Next day the gel was either destained with destaining solution at room
temperature with shaking or boiled in distilled water 3x in a microwave until the
protein bands were clearly visible. Then the destained gel was imaged either using

Odyssey CLx imaging machine (Li-Cor, Germany) or scanned via a scanner.

Coomassie blue staining solution Destaining solution
0.1% (w/v) Coomassie-Brilliant-Blue R 250 10% (v/v)Ethanol
50% (v/v) Methanol 7% (v/v)Acetic acid

10% (v/v) Acetic acid

2.7.10. Western blotting

Western (immuno) blotting is a routine method used to identify specific proteins
from a complex mixture of proteins extracted from cells (Towbin et al., 1979). This
method involves transferring and immobilizing proteins from an SDS-PAGE gel to
an adhesive support matrix such as nitrocellulose or polyvinylidene fluoride (PVDF)
membranes under an electric field. The membranes are then probed with specific
primary antibodies that bind to target proteins via specific epitopes. A secondary
antibody raised against the primary antibody species is then added to the
membrane. Secondary antibodies are commonly conjugated to a detection
molecule, either HRP (horseradish peroxidase) enzyme or to fluorescence emitting
dyes, which allows the detection of their position on the membrane. In case of
HRP, the addition of luminol, coumaric acid and H,0; to the HRP linked secondary
antibodies results in the emission of light (425 nm), which can be captured and
visualised on X-ray films. In case of fluorescence emitting dyes, the signal can be

detected via an imaging machine.
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2.7.10.1. Methodology used for western blotting

After separation of proteins by SDS-PAGE were transferred to a PVDF membrane
using a Bio-Rad Trans-blot Turbo transfer system (Bio-Rad laboratories,
Hertfordshire, UK) for 12 min at constant voltage (25 volts). In this method,
blotting papers, polyacrylamide gel and methanol-activated PVDF membrane were
first soaked in Bio-Rad transfer buffer before arranged in the correct order in the
Bio-Rad transfer system, such as bottom cassette electrode, filter paper, PVDF
membrane, gel, filter paper and top cassette electrode. Care was taken not to trap
any air bubbles between PVDF membrane and gel. Under these conditions,
proteins migrating towards the anode were captured by the PVDF membrane.
Following transfer, membranes were blocked with 5% (w/v) BSA/TBS-T or 5% (w/V)
semi-skimmed milk/TBS-T depending on the primary antibody to be used, for 1 hr
at room temperature in order to prevent non-specific antibody binding. After
blocking membranes were incubated with the appropriately diluted (1:100 -
1:1000) primary antibody in TBS-T containing 2% BSA or 2% milk (w/v) overnight at
4°C with gentle agitation. After collecting primary antibody for future use,
membranes were rinsed twice with TBS-T for 10 min with gentle agitation and
incubated either with HRP-conjugated or fluorescent dye-linked secondary

antibodies.

In case of HRP detection, membranes were probed with the HRP-conjugated
secondary antibodies, anti-mouse or anti-rabbit in TBS-T (1:10000 (v/v)) for 1 hr at
room temperature under gentle agitation. Membranes were washed 3 times with
TBS-T 10 min each wash with gentle agitation and incubated with peroxide
containing enhanced chemiluminescence (ECL) buffer 1 and luminol containing ECL
buffer 2 for 90 sec in the dark for detection of horseradish
peroxidase coupled antibodies. Membranes were placed in an X-ray film cassette
and exposed to autoradiography film in a specific dark room. The film was then

developed using Kodak developer solution (diluted 1:5 in distilled water (v/v)),
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followed by washing with water and finally fixation in Kodak fixer solution (diluted

1:5 in distal water (v/v)).

In case of fluorescent dye detection, membranes were probed with fluorescent
dye linked secondary antibodies, anti-mouse or anti-rabbit in TBS-T (1:20000 (v/v))
for 1hr at room temperature under gentle agitation followed by 5 washes with
TBS-T, 10 min each wash. Care was taken to ensure membranes were protected
from light, as fluorescent dyes are light sensitive. Blots were imaged using an

Odyssey CLx imaging machine (Li-Cor, Germany).

Table 2.5: Composition of enhanced chemiluminescence buffer

Chemical ECL1 ECL2
100 mM Tris base, pH 8.5 10 ml 10 ml
Distilled water 88.6 ml 90 ml
Hydrogen peroxide (Sigma) --- 65 ul
Luminol (250 mM) (Sigma) 0.996 ml
p-Coumaric acid (90 mM) (Sigma) 0.465 ml

2.7.11. Ponceau S staining of PVDF membranes

Sometimes proteins transferred to PVDF membranes were visualised with Ponceau
S staining. This served as a control of protein transfer after the blotting. The
staining was removed by washing with TBS-T buffer 3 times. TBS-T composition
was mentioned in section 2.7.5.1.

Ponceau S
0.1% Ponceau S
1% Acetic acid

2.7.12. Stripping and reprobing of PVDF membranes

In some cases, PVDF membranes were stripped to remove primary and secondary
antibodies by using a stripping buffer. This technique enabled us to investigate
more than one protein on the same membrane and thus saves time, samples and

materials.
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This method involved washing PVDF membranes twice with stripping buffer for 10
min, followed by two 10 min washes with PBS and two 10 min washes with TBS-T.
All incubation and washes were performed with gentle shaking. Membranes were
then blocked with 5% (w/v) BSA/TBS-T or 5% (w/v) milk/TBS-T for 1 hr at room

temperature and reprobed overnight at 4°Cwith new primary antibody.

Stripping buffer, pH 2.2

15 g glycine

1gSDS

10 ml Tween20 (v/v)

bring volume up to 1L with ultrapure water

2.8. Statistical Analysis

Data expressed as mean xstandard error of the mean (SEM) were analysed by
using the Student t-test or one-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc test for statistical significance. Statistical tests were carried
out using Microsoft excel 2007 and IBM SPSS version 22. The results were

considered significant when P values were less than 0.05.
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Chapter 3: Phosphorylation of MLCP by cAMP/PKA and RhoA-ROCK

signalling pathways in platelets

3.1. Introduction

MLCP is a primary serine/threonine phosphatase that plays a critical role in the
myosin contractile machinery of cells of different origins including platelets. As in
smooth muscle cells, the contractile responses of activated platelets are mainly
regulated by two enzymes, MLCK and MLCP. MLCK triggers myosin regulatory light
chain (MLC) phosphorylation at Serl9 to facilitate the formation of the acto-
myosin contractile unit that is required for platelet activation (Klages et al., 1999);
on the other hand, MLCP dephosphorylates MLC at the same residue and
diminishes acto-myosin contractile forces, which results in platelet inhibition
(Muranyi et al., 1998). Additionally, MLCK has been reported to be activated by
intracellular calcium signalling, whereas MLCP is negatively regulated by two
mechanisms, either via RhoA-ROCK pathway (Suzuki et al.,, 1999), or by
phosphorylation of CPI-17 (Watanabe et al., 2001) (see Figure 1.14). The RhoA-
ROCK signalling inhibits MLCP activity via phosphorylation of MYPT1 (the
regulatory subunit of MLCP) at Thr696 and Thr853 (Khromov et al., 2009;
Watanabe et al., 2001). These phosphorylated threonine residues bind to the
active site of myosin phosphatase, causing autoinhibition of MLCP activity
(Khromov et al., 2009). Phosphorylation of MYPT1 at threonine residues also
triggers the dissociation of MLCP holoenzyme from MLC to reduce MLC
dephosphorylation (Velasco et al., 2002) and subsequently translocate MYPT1 to
the plasma membrane (Neppl et al., 2009; Aburima et al., 2013). In vitro studies
have shown that PKAc triggers phosphorylation of MYPT1 at Ser695 and restores
MLCP activity in ileal smooth muscle by blocking the RhoA-ROCK mediated
phosphorylation of Thr696 (Wooldridge et al., 2004). Furthermore, Aburima and
co-workers (2013, 2017) have demonstrated that PKA/PKG signalling in platelets
restored MLCP activity via inhibiting RhoA-ROCK mediated phosphorylation of
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MYPT1 at Thr853. All these studies suggest that the activity of MLCP is regulated
by phosphorylation of MYPT1; however, the molecular mechanism of MLCP

activity via phosphorylation is poorly defined in platelets.

Several splice variants of MYPT1 have been reported to date in various cells types
(Kim et al., 2012; Xia et al., 2005). These splice variants are products of cassette-
type alternative splicing of the gene encoding MYPT1, PPP1R12A (Protein
Phosphatase 1 Regulatory Subunit 12A), at central and a 3’ exons (Hartshorne et
al., 1998; Grassie et al., 2012) regions. These splice variants are highly conserved
across mammals, birds and worms and are expressed in a tissue specific and
developmentally regulated manner (Lin & Brozovich, 2016). In smooth muscle cells
alternative splicing produces four known MYPT1 variants, with C-terminal leucine
zipper domain, without leucine zipper domain, with central insert and without
central insert (Figure 3.8). However, the expression of MYPT1 splice variants has

not been reported in blood platelets previously.

In this chapter we explore in detail the phosphorylation of MYPT1 at Ser695,
Thr696 and Thr853 in response to various ligands and the expression of different

splice variants of MYPT1 in human blood platelets.

The aims of this chapter are:
e To determine the specificity and optimise the working conditions of
commercially available phospho-specific MYPT1 antibodies.
e To investigate the maximum phosphorylation level of Ser695, Thr696 and
Thr853 of MYPT1 in platelets.
e To examine dose and time dependent changes in the phosphorylation of
MYPT1 in platelets.

e To explore the expression of different splice variants of MYPT1 in platelets.
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3.2. Optimisation of conditions for anti-phospho-MYPT1-Ser695 antibody

Phosphorylation of MYPT1 at Ser695 was first identified by Wooldridge and
colleagues (2004). They reported that cAMP/PKA signalling-mediated
phosphorylation of MYPT1 at Ser695 is responsible for the smooth muscle
relaxation. However, phosphorylation of MYPT1 at Ser695 has not been studied in
platelets before. In the next set of experiments we characterised the
phosphorylation of MYPT1 by using phospho-specific antibodies. However, before
experimentation the optimal conditions for commercially available phospho-
specific MYPT1 antibodies were determined. In these and following experiments
we used washed human platelets isolated as in section 2.6.1. Their functional

sensitivity was tested with thrombin via light transmission aggregometry.

Platelets (1x10°/ml) were stimulated with PGl (100 nM) for 60 sec and whole cell
lysates were prepared and run on SDS-PAGE. Two different blocking reagents (5%
milk powder and 5% BSA) were used with three different dilutions of site-specific
p-MYTP1-Ser695 antibody (1:400, 1:200 and 1:100). At lower dilutions the
antibody detected a band of the expected molecular weight (approximately 140
kDa) upon blocking the PVDF membrane with 5% milk powder (Figure 3.1 upper
panel). However, an additional band could be seen at around 120 kDa that may
suggest either some of the MYPT1 protein has been degraded during preparation,
which is detected by phospho-MYPT1-Ser695 antibody, or the phospho specific
antibody is non-specifically recognising other proteins. However, this particular

band was not detected in subsequent experiments.

In case of PVDF membrane blocked with 5% BSA a very faint or no bands were
detected at the expected molecular weight (Figure 3.1, lower panel). Consequently
5% milk powder was used for blocking in subsequent experiments. Conditions for
phospho-MYPT1-Thr696 and phospho-MYPT1-Thr853 antibodies were established
previously with washed platelets in Professor Naseem’s lab. Their recommended

guidelines suggested using 5% milk powder as blocking agent.
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phospho-VASP-Serl57 antibody, which detects a band of expected molecular
weight of 50 kDa, was used as a positive control to validate PGI; activity in these

experiments. GAPDH was used as a control for equal loading.
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Figure 3.1: Optimisation of conditions for phospho-MYPT1-Ser695 antibody in

platelets. Human washed platelets (1x10°/ml) were left unstimulated (B) or stimulated with PGl,
(100 nM) for 60 sec at 37°C before lysing in Laemmli buffer. The proteins (70 ug) were resolved by
10% SDS-PAGE and transferred to PVDF. Membranes were blocked with either 5% skim milk
powder (A) or 5% BSA (B) before probing with the indicated dilutions of anti-phospho-MYPT-Ser695
antibody overnight at 4°C. Next day the fluorescently labelled secondary antibody was used to
visualise proteins with an Odyssey™ CLx electronic imaging system (Li-Cor). Blots were reprobed
with anti-phospho-VASP-Ser157 antibody as a positive control and anti-GAPDH antibody as a

loading control. The shown blot is representative of one independent experiment.
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3.3. Specificity of phospho-MYPT1 antibodies

Throughout this study we have used commercially available site-specific phospho-
MYPT1 antibodies, which were raised against Ser695, Thr696 and Thr853 residues.
As two of the phosphorylation sites, Ser695 and Thr696 are adjacent to each
other; it was necessary to investigate the site specificity of these phospho-MYPT1
antibodies under our conditions. Cross-reactivity of commercially available
phospho-MYPT1 antibodies is well documented in the literature (Grassie et al.,
2012). Furthermore, Wooldridge et al. (2004) have reported that phosphorylation
of MYPT1 at Ser695 or Thr696 triggers inhibition of the adjacent residue. Hence it
was important to determine whether this is the case or whether the
phosphorylation of these sites is mutually exclusive in platelets. In addition, we
also aimed at investigating the maximum phosphorylation level of Ser695, Thr696
and Thr853 of MYPT1 in platelets. To answer these questions, calyculin A, a
protein phosphatase type 1 and type 2A inhibitor, was used. It has been reported
that calyculin A increases the phosphorylation of MYPT1 at Ser695, Thr696 and
Thr853 by blocking myosin phosphatase activity (Kitazawa et al., 2003; Kaneko-
Kawano et al., 2012).

Washed human platelets (1x10°/ml) were prepared in the presence of
indomethacin, apyrase and EGTA to block secondary signalling events. Platelets
were then stimulated with PGI,, PGE1, GSNO (a nitric oxide donor) or thrombin in
the presence or absence of calyculin A and lysates were prepared, run on SDS-
PAGE and immunoblotted with phospho-MYPT1-Ser695, Thr696 and Thr853
antibodies (Figure 3.2). PGl,, PGE1 and GSNO are negative regulators of platelet
activity, causing phosphorylation of MYPT1 at Ser695, whereas thrombin causes

phosphorylation of MYPT1 at Thr696 and Thr853.

A relatively high basal phosphorylation of MYPT1 at Ser695 was observed in
human platelets; treatments with PGl,, PGE1 and GSNO, used as positive controls,
moderately enhanced the phosphorylation levels at Ser695, whereas calyculin A
markedly increased this. PGl,, PGE1 and GSNO had no apparent additional effect on
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the phosphorylation of Ser695 in calyculin A treated platelets. Similarly, thrombin
had no effect on the phosphorylation of MYPT1 at Ser695 as it was equivalent to
the basal level phosphorylation. This is consistent with the time course
experiments described in section. 3.4. Calyculin A treatment also resulted in the
detection of an additional, possibly non-specific, band by the phospho-MYPT1-
Ser695 antibody.

A very faint band of the expected molecular weight (140 kDa) was observed in
basal and PGl;, PGE;, GSNO treated platelets with phospho-MYPT1-Thr696 and
Thr853 antibodies. In the presence of calyculin A both phospho-MYPT1-Thr696 and
Thr853 antibodies revealed a band at expected molecular weight with higher
intensity. Thrombin alone, used as a positive control, markedly increased the

phosphorylation of both Thr696 and Thr853.

This calyculin A results strongly indicate that all three phospho-antibodies are site-
specific and the phosphorylation of Thr696 is not physically blocking the

phosphorylation of adjacent Ser695 and vice versa.

Next, maximal level of MYPT1 phosphorylation at serine and threonine residues
was analysed via western blotting. Blot 3.2 suggests that MYPT1 at Ser695 is highly
phosphorylated at basal level which increased with PGl,, PGE1 and GSNO fairly
close to maximum level and treatment with calyculin A moderately enhanced this.
On the other hand, there is almost no phosphorylation of Thr696 and Thr853 in
basal platelets. Thrombin increased the phosphorylation of these residues
although far from the maximal level achieved by treatment with calyculin A. This
suggests that platelet agonists do not induce maximum level of phosphorylation of
MYPT1 possibly due to the presence of active phosphatases. Furthermore, the
effect of calyculin A on the phosphorylation of Ser695 is less dramatic suggesting
that there is a high basal kinase activity, whereas the kinases that phosphorylate

Thr696 and Thr853 are only activated upon agonist stimulation.
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phospho-VASP-Ser157 was used to confirm the activity of PGIl,, PGE;, GSNO.

GAPDH was used for equal loading of samples.
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Figure 3.2: Characterisation of MYPT1 phospho-specific antibodies in platelets.
Human washed platelets (1x10°/ml) were treated with indomethacin (10 uM), apyrase (2 U/ml)
and EGTA (1 mM) for 20 min at 37°C before experimentation. Platelets were stimulated with PGl
(100 nM), PGE1 (100 nM), GSNO (20 uM) or thrombin (Th) (0.1 U/ml) for 60 sec in the presence or
absence of calyculin A (CalA) (100 nM for 20 min prior to stimulation) and lysed in Laemmli buffer.
Unstimulated basal (B) and stimulated samples were resolved by 10% SDS-PAGE and
immunoblotted with anti-phospho-MYPT1-Ser695, Thr696 and Thr853 antibodies overnight at 4°C.
Next day the fluorescently labelled secondary antibodies were added to visualise proteins with an
Odyssey™ CLx electronic imaging system (Li-Cor). The blots were reprobed with anti-phospho-
VASP-Ser157 antibody as a positive control and anti-GAPDH antibody for equal loading. The shown

blot is representative of one independent experiment.
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3.4. Characterisation of the phosphorylation status of MYPT1 by PGI; and
thrombin in platelets.
Having established the specificity of commercially available phospho-specific
MYPT1 antibodies we next performed a detailed characterisation of the
phosphorylation sites of platelet MYPT1 in response to both PGI; and thrombin.
Washed human platelets (1x10°/ml) were prepared under same conditions as in
previous section. The dose response and the time course effect of PGl,, PGE1 and
thrombin on phosphorylation of MYPT1 at Ser695, Thr696 and Thr853 were

investigated.

3.4.1. Dose response of PGl PGE; and thrombin on MYPT1 phosphorylation
The aim of this experiment was to find the optimum concentration under which
PGl,, PGE1 and thrombin could be used that provokes a maximum phosphorylation

of Ser695, Thr696 and Thr853 of MYPT1.

Three different concentrations of PGl, and PGE; (10, 100 and 1000 nM), and four
thrombin doses (0.01, 0.025, 0.05 and 0.1 U/ml) were used. At lower doses (10 and
100nM) both PGI; and PGE; induced a moderate increase (approx. 1.8 fold relative
to non-stimulated platelets) in Ser695 phosphorylation, whereas at a higher dose
(1000 nM) phosphorylation was slightly lower (approx. 1.6 fold) (Figure 3.3A). The
effect of PGl, and PGE; is less clear to the naked eye. The electronic imaging
machine (Li-Cor); however, offers clearer results. Thrombin mediated
phosphorylation of MYPT1 at Thr696 also followed a similar dynamic. Higher
phosphorylation (approx. 2 fold relative to non-stimulated platelets) was recorded
at lower doses (0.025 U/ml) as compared to high dose (0.1 U/ml) (Figure 3.3B).
However, as the figure 3.3B illustrates, the effect of thrombin is very clear with a
marked increase in the phosphorylation from basal to 0.01 U/ml but there is not
much difference among higher concentrations of thrombin. On the other hand,

Thr853 phosphorylation mediated by thrombin was increased in a concentration
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dependent manner (Figure 3.3B). This data suggests that PGl,, PGE1 and thrombin

already exert their maximum effect at relatively low doses.

phospho-VASP-Serl57 and phospho-MLC-Ser19 were used as positive controls to
validate PGl,, PGE; and thrombin activities in these experiments. GAPDH was used

to show that samples were loaded equally.

On the basis of dose response data we have selected 100 nM of PGl; and 0.1 U/ml
thrombin for time course experiments, even though the maximum effect was

achieved with lower doses of thrombin tested.
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Figure 3.3: PGI;, PGE1 and thrombin induced phosphorylation of MYPT1. Human

washed platelets (1x10°/ml) were treated with indomethacin (10 uM), apyrase (2 U/ml) and EGTA
(1 mM) for 20 min at 37°C before experimentation. Platelets were stimulated with the indicated
concentrations of PGIz or PGE: (A) for 60 sec or thrombin (B) for 15 sec and lysed immediately in
Laemmli buffer. Unstimulated basal (B) and stimulated samples were resolved by 10% SDS-PAGE
and probed with anti-phospho-MYPT1-Ser695, Thr696 and Thr853 antibodies overnight at 4°C.
Next day the fluorescently labelled secondary antibodies were used to visualise proteins with an
Odyssey™ CLx electronic imaging system (Li-Cor). The blots were reprobed with anti-phospho-
VASP-Ser157 and anti-phospho-MLC-Serl9 antibodies as positive controls, and anti-GAPDH

antibody as loading control. The shown blot is representative of one independent experiment.
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3.4.2. PGI; and thrombin elevate MYPT1 phosphorylation in a time dependent
manner.

In this experiment we aimed to examine time dependent changes in the

phosphorylation of MYPT1 in platelets stimulated by PGI, and thrombin. Washed

human platelets (1x10°/ml) were treated with PGl> (100 nM) or thrombin (0.1

U/ml) at indicated time points before analysing them on western blotting.

Platelets stimulated with PGl showed a moderate increase in the phosphorylation
of MYPT1 at Ser695, with maximum phosphorylation reached after 5 min and
remaining at steady level for up to 60 min (Figure 3.4). Little phosphorylation of
MYPT1 at Thr696 and no phosphorylation at Thr853 were noticed in PGI; treated
platelets. Furthermore, some basal phosphorylation of MYPT at Ser695 was
noticed in non-treated platelets, consistent with our previous experiments (Figures

3.2 and 3.3A).

On the other hand, stimulation of platelets with thrombin revealed a rapid
increase in the phosphorylation of both Thr696 and Thr853 of MYPT1, with a
maximum at 15 sec followed by a steady decline to basal levels at 30 min (Figure
3.5). Very low basal phosphorylation of MYPT1 at Thr696 and Thr853 suggests the
presence of an active phosphatase. The phosphorylation of MYPT1 at Ser695
remained unaffected by thrombin under these conditions (Figure 3.5). These
results show that PGl and thrombin both increase phosphorylation of their

respective serine or threonine residues in MYPT1 in a time dependent manner.

phospho-VASP-Serl57 and phospho-MLC-Ser19 were used as positive controls to

confirm PGl; and thrombin activities. GAPDH was used as a loading control.
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Figure 3.4: Characterisation of PGI; induced phosphorylation of MYPT1 in

platelets. A) Human washed platelets (1x10° /ml) were treated with indomethacin (10 puM),

apyrase (2 U/ml) and EGTA (1 mM) for 20 min at 37°C before experimentation. Platelets were
stimulated with PGIl2 (100 nM) at indicated times points and lysed immediately in sample buffer.
Proteins were resolved by 10% SDS-PAGE and immunoblotted with anti-phospho-MYPT1-Ser695,
Thr696 and Thr853 antibodies overnight at 4°C. Next day the corresponding fluorescently labelled
secondary antibodies were used to visualise proteins with an Odyssey™ CLx electronic imaging
system (Li-Cor). The blots were reprobed with anti-phospho-VASP-Ser157 antibody as a positive
control and anti-GAPDH antibody as a loading control. The shown blot is representative of three
independent experiments. B) Phosphorylation of MYPT1 at indicated sites was quantified by
densitometry, normalised to loading control (GAPDH) and calculated relative to basal (untreated)
whole cell lysates. Data are presented as means + SEM. Statistical significance calculated using one-

way ANOVA (* p<0.05-0.01, ** p<0.01-0.005 and *** p<0.005).
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Figure 3.5: Characterisation of thrombin induced phosphorylation of MYPT1 in

platelets. A) Human washed platelets (1x10°/ml) were treated with indomethacin (10 pM),
apyrase (2 U/ml) and EGTA (1 mM) for 20 min at 37°C. Platelets were stimulated with thrombin (0.1
U/ml) at indicated times points and lysed in Laemmli buffer. Samples were resolved by 10% SDS-
PAGE and immunoblotted with anti-phospho-MYPT1-Ser695, Thr696 and Thr853 antibodies
overnight at 4°C. Next day the corresponding fluorescently labelled secondary antibodies were
used to visualise proteins with an Odyssey™ CLx electronic imaging system (Li-Cor). The blots were
reprobed with anti-phospho-MLC-Ser19 antibody as a positive control and anti-GAPDH antibody for
checking equal loading. The shown blot is representative of three independent experiments. B)
Phosphorylation of MYPT1 at indicated sites was quantified by densitometry, normalised to loading
control (GAPDH) and calculated relative to basal (untreated) whole cell lysates. Data are presented
as means * SEM. Statistical significance calculated using one-way ANOVA (* p<0.05-0.01, **
p<0.01-0.005 and *** p<0.005).
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3.4.3. Characterisation of basal MYPT1 phosphorylation at Ser695

Previously (Figures 3.2, 3.3A and 3.4), we have noticed that there is always high
basal phosphorylation of MYPT1 at Ser695 in human platelets. This is consistent
with reports in other cell types (Grassie et al., 2012). We assumed this high basal
phosphorylation of Ser695 is due to the presence of an active kinase involved in
this process. Therefore we designed an experiment where we incubated platelets
for longer period of time that subside the effect of kinase responsible for this basal

phosphorylation.

Washed platelets (1x10°/ml) were incubated at 37°C for up to 4 hrs before lysing in
Laemmli buffer. Western blot analysis showed that there was some basal
phosphorylation of MYPT1 at Ser695 even after 4 hrs of incubation illustrating that
this residue is either constitutively phosphorylated basally or the presence of an
active kinase (Figure 3.6). Platelets treated with PGI; (100 nM) at indicated times
revealed a modest increase in the phosphorylation of MYPT1 at Ser695 that
matches our previous experiments (Figure 3.1-3.5). Total MYPT1 antibody was

used to verify the identity and amount of MYPT1.

phospho-VASP-Ser157 was used to verify the activity of PGl; and GAPDH was used

as a control for equal loading.
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Figure 3.6: Profile of basal phosphorylation of MYPT1 at Ser695 in platelets. A)

Human washed platelets (1x10°/ml) were incubated for up to 4 hrs at 37°C before the experiment
was performed. Platelets were stimulated with PGl2 (100 nM) for 60 sec and lysed in Laemmli
buffer. Unstimulated basal and stimulated samples were resolved by 10% SDS-PAGEand
immunoblotted with phospho-MYPT1-Ser695 antibody overnight at 4°C. Next day the fluorescently
labelled secondary antibody was used to visualise proteins with an Odyssey™ CLx electronic
imaging system (Li-Cor). The blot was reprobed with anti-phospho-VASP-Ser157 antibody as a
positive control. Total MYPT1 antibody was used as a control for the presence of MYPT1 proteins
and anti-GAPDH antibody as a loading control. B) Phosphorylation of MYPT1 at indicated times was
quantified by densitometry and expressed as absolute values. The shown blot is representative of

one independent experiment.
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3.5. MYPT1 splice variants in platelets

In the course of the work aimed at characterising the phosphorylation status of
MYPT1 we noticed that the antibody we used to detect total MYPT1 consistently
showed two bands at around 140 kDa, one intense band and one less intense band
of a slightly higher apparent molecular weight (Figure 3.6). We suspected that our
antibody was detecting alternatively spliced variants of MYPT1 in platelets.
Although it is still possible that the post-translational modifications (like
phosphorylation) might account for the appearance of the two bands. Recent
studies have shown that alternative splicing of mRNA produces different variants
of MYPT1 in smooth muscle cells (Lin & Brozovich, 2016). However, expression of

MYPT1 splice variants has not been reported in platelets.

To confirm the presence of different splice variants of MYPT1, first platelets were
treated with PGIl; and thrombin for a particular amount of time, whole cell lysates
were prepared, resolved by SDS-PAGE for longer time at low temperature (4°C) for
better separation of protein bands and immunoblotted with both total and
phospho-specific MYPT1 antibodies on the same membrane (Figure 3.7A). Our
data suggests that there are two possible splice variants of MYPT1 in platelets.
PGI, induces phosphorylation of only one splice variant of MYPT1 at the Ser695
residue (top band after matching with the corresponding MYPT1 splice variant

bands), whereas thrombin induces phosphorylation of both at Thr696 and Thr853.

To confirm our immunoblotting data, the splice variants of MYPT1 were further
explored in platelets by using immunoprecipitation and cAMP pull-down assay
(Figure 3.7B). Immunoprecipitation was used to purify MYPT1 splice variants from
platelet lysates. Since MYPT1 has been reported as a substrate of PKA (Wooldridge
et al., 2004), cAMP pull-down assay was chosen in which cAMP agarose beads
enable the pull down of PKA and its respective interactors, such as MYPT1. In this
set of experiments platelet lysates were incubated with MYPT1 antibodies
immobilised on protein G beads or cAMP agarose beads before being analysed on
western blot. A doublet at around 140 kDa molecular weight was detected in both
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immunoprecipitated and cAMP agarose beads samples, whereas no band was
detected in control samples. Both splice variants appear in the immunoprecipitate
in the same pattern of abundance as in whole cell lysate. Also PKA appears to
interact with both splice variants because both bands are pulled down again in the

same pattern of abundance as in the whole cell lysate.

In the last set of experiments we isolated washed platelets from five different
donors and immunoblotted with MYPT1 antibody (Figure 3.7C) to confirm the
consistency and specificity of our immunoblotting signal for MYPT1. The MYPT1
doublet was observed in the platelet lysates of all five donors.

Data from these experiments strengthen our claim that there are at least two

potential splice variants of MYPT1 in platelets.
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Figure 3.7: Splice variants of MYPT1 in platelets. Human washed platelets (1x10° /ml)

were incubated with indomethacin (10 uM), apyrase (2 U/ml) and EGTA (1 mM) for 20 min at 37°C
before experimentation. A) Platelets were stimulated with PGI2 (100 nM) for 5 min or thrombin (0.1
U/ml) for 15 sec and lysed immediately in Laemmli buffer. Proteins were resolved by 8% SDS-PAGE
and immunoblotted for phospho-MYPT1-Ser695, Thr696 and Thr853 overnight at 4°C. Next day the
peroxidase conjugated secondary antibodies were added, followed by ECL detection. The blots
were reprobed with anti-MYPT1 antibody as a control. Anti-phospho-VASP-Ser157 and Anti-
phospho-MLC-Ser19 antibodies were used to confirm PGlz, and thrombin activity, respectively, in
this experiment. B) Human washed platelets (1x10°/ml) were lysed with ice-cold

immunoprecipitation lysis buffer containing protease inhibitors and incubated for 30 min on ice.
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The platelet lysates (500 pg protein) were incubated either with 2 ug of MYPT1 antibodies or 25 pl
of 8-AHA-cAMP agarose beads overnight at 4°C with gentle agitation. Non-reactive rabbit 1gG or
ethanol-agarose beads (EtOH-Ag) were used as control. Next day 25 ul of pre-equilibrated protein
G sepharose beads slurry were incubated with lysate-antibody complex for 1 hr at 4°C with gentle
agitation. The beads-antibody-protein complex were then pelleted by centrifugation at 1000xg for
1 min, washed 1x with lysis buffer and 2x with TBST before boiling in 2x Laemmli buffer for 5 min at
95°C. Samples were resolved by 8% SDS-PAGE and immunoblotted for MYPT1 overnight at 4°C. A &
B) blots are representative of two independent experiments. C) Washed platelets (1x10° /ml) from
five different donors were lysed in Laemmli buffer, resolved by 8% SDS-PAGE and immunoblotted

for MYPT1 overnight at 4°C. Immunoblot of one experiment.
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3.6. Discussion

In vascular smooth muscle cells MLCP plays an important role in the regulation of
acto-myosin contractile forces in response to various endogenous stimulants. The
activity of MLCP is mainly regulated via phosphorylation by two known pathways,
the RhoA-ROCK pathway and the NO/PKG pathway. The RhoA-ROCK pathway
phosphorylates Thr696 and Thr853 of the MLCP targeting subunit, MYPT1, and
thus inhibits the activity of the myosin phosphatase and its interaction with myosin
(Amano et al., 2010). On the other hand, the NO/PKG pathway regulates MLCP
activity via two possible ways, either indirectly by inhibiting RhoA activation via
phosphorylation at Ser188 (Aburima et al., 2017; Kitazawa et al., 2009) or directly
by PKG mediated phosphorylation of MYPT1 at Ser695 that leads to MLCP
disinhibition (Burgoyne & Eaton, 2010; Nakamura et al., 2007; Wooldridge et al.,
2004).

Recent in vitro studies have reported that cAMP/PKA signalling in platelets also
regulates MLCP activity by blocking RhoA-ROCK mediated phosphorylation of
MYPT1 at Thr696 and Thr853 (Aburima et al., 2013; Watanabe et al., 2001);
however, the direct effect of cAMP/PKA signalling on the phosphorylation of
MYPT1 at Ser695 has not been reported yet. This chapter aimed to characterise in
detail the phosphorylation of MYPT1 at Ser695, Thr696 and Thr853.

It was important to optimise first the conditions and the specificity of
commercially available site-specific phospho-MYPT1 antibodies. We have noticed
that phospho-MYPT1 antibodies were not very clean, picking up many additional
bands, therefore it was utmost important to optimise the conditions under which
these antibodies could give a clear and defined signal with the lowest number of
additional bands. Our results suggest that the site-specific phospho-MYPT1-Ser695
antibody detected a clear band of the expected molecular weight (around 140
kDa) upon blocking with 5% milk powder (Figure 3.1). But blocking the membranes

with milk powder also enhanced the intensity of additional bands.
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The next important step was to check the specificity of commercially available
phospho-MYPT1 antibodies, as it is crucial to the reliability of data interpretation.
Cross-reactivity of the commercial phospho-MYPT1 antibodies have been reported
before, for instance a significant signal was picked by phospho-MYPT1-Thr696
antibody in PKAc treated MYPT1 samples (Wooldridge et al., 2004); however, this
matter was not fully investigated by Wooldridge and colleagues. Here we used
platelet inhibitory (PGl,, PGE1;, GSNO) and activatory (thrombin) agonists to
confirm the specificity of our site-specific phospho-antibodies. PGl;, PGE1 and
GSNO trigger phosphorylation of MYPT1 at Ser695 either directly by PKA/PKG
signalling or indirectly by inhibiting the RhoA-ROCK pathway. On the other hand,
thrombin phosphorylates MYPT1 at Thr696 and Thr853 via RhoA-ROCK pathway.
Studies have shown that Thr696 and Thr853 are also phosphorylated by ILK and
ZIPK (Hartshorne et al., 2004). Our data clearly suggest that phospho-MYPT1
antibodies are site-specific as both MYPT1-Thr696 and Thr853 antibodies picked
up an expected band only in thrombin treated platelets, whereas very weak signal
was detected in PGl;, PGE1 or GSNO treated platelets. Similarly, phospho-specific
MYPT1-Ser695 antibody picked a band of expected molecular weight in the PGl,,
PGE1 and GSNO treated platelets (Figure 3.2). The gold standard for checking the
specificity of these antibodies could be using point mutagenesis in future.
Consistent with other studies (Wooldridge et al., 2004; Grassie et al., 2012) we
have also noticed that MYPT1 is always basally phosphorylated at Ser695 (Figure
3.3), and this basal level of phosphorylation was not affected by thrombin,
suggesting that thrombin has no effect on Ser695 phosphorylation. As in smooth
muscle cells, where basal phosphorylation of MYPT1 at Ser695 is involved in
maintaining basal vascular tone through inhibition of calcium sensitisation (Neppl
et al., 2009), we also assume that in platelets the basal phosphorylation of MYPT1
at Ser695 could possibly be involved in keeping MLCP in association with the acto-
myosin contractile machinery (myosin lla) where it dephosphorylates MLC thus
keeping platelets in a quiescent state. Furthermore, Neppl and co-workers (2009)

reported that a nitric oxide synthase inhibitor (L-NAME) completely abolished the
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basal phosphorylation of Ser695 in endothelial cells, suggesting that the
cGMP/PKG pathway is actively involved in this process. An explanation for this high
basal Ser695 phosphorylation is the presence of basally active adenylyl cyclase 6 as
reported by Pieroni et al. (1995) or the presence of another active kinase that is
involved in this process. This basal phosphorylation at Ser695 in platelets could be

further investigated by using adenylyl cyclases and PKA/PKG inhibitors.

Our calyculin A data also explain that the phosphorylation of Thr696 is not
physically blocking the phosphorylation of adjacent Ser695 and vice versa, which is
consistent with the study of Neppl and co-workers (2009). They showed that in
cerebral arteries the phosphorylation of Thr696 is independent of the
phosphorylation of Ser695. However, other researchers argue against this
observation, claiming that the phosphorylation of Thr696 does physically block the
phosphorylation of Ser695 and vice versa in ileal smooth muscle cells (Wooldridge
et al., 2004). Nakamura et al. (2007) reported that phosphorylation of Ser695 is
blocking the phosphorylation of Thr696, but the phosphorylation of Thr696 does
not block the phosphorylation of Ser695, slightly different from what we have seen

in our results.

Furthermore, we present for the first time a detailed characterisation of
phosphorylation of MYPT1 at serine and threonine residues in platelets. Our time
course data shows that the platelet inhibitory stimulant, PGl triggers a modest
increase in the phosphorylation of MYPT1 at Ser695 as compared to basal, and this
increase in the phosphorylation remained steady for at least 60 min. PGIl, did not
provoke the phosphorylation of MYPT1 at Thr696 and Thr853. However, there is
some inconsistency in the literature regarding phosphorylation of MYPT1 via
cAMP/PKA signalling. Grassie and co-workers (2012) reported that cAMP/PKA
signalling also triggers phosphorylation of MYPT1 at Thr696 and Thr853 in rat
caudal artery smooth muscle cells, this dual role of cAMP signalling on MYPT1

phosphorylation at serine and threonine residues has not been reported in
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platelets. This inconsistency in the phosphorylation of MYPT1 could be due to the

differences in the cell type and experimental conditions.

On the other hand, activation of platelets with thrombin triggered a rapid increase
in the phosphorylation of both Thr696 and Thr853 with maximum phosphorylation
at 15 sec. However, the phosphorylation of these residues rapidly dropped within
5 min contrary to the phosphorylation of MYPT1 at Ser695 residue in PGl treated
platelets. This rapid decline in a time dependent manner in the phosphorylation of
MYPT1 at threonine residues shows an active role of myosin phosphatase. In vitro
studies have shown that myosin phosphatase dephosphorylates MYPT1 at Thr696
and Thr853 (Kaneko-Kawano et al., 2012: Khromov et al., 2009; Kiss et al., 2008).
Kimura and colleagues (1996) reported that myosin phosphatase directly
dephosphorylates its targeting subunit MYPT1 during RhoA-ROCK signalling.
Furthermore, very low or no phosphorylation of these threonine residues was
observed in our experiments at basal level, which suggests that the phosphatase
activity is so intense that it removes all the phosphate groups and keep these
threonine residues dephosphorylated under basal conditions. Moreover, our
calyculin A data is clearly supporting this notion that an active phosphatase is
involved in this process (Figure 3.2). Based on this phosphorylation data and
current findings from the literature, we proposed a model to understand the effect
of thrombin and PGI, on the phosphorylation of MYPT1 at serine and threonine

residues in platelets (Figure 3.9).

Previously it has been reported that phosphorylation of MYPT1 significantly affects
the MLCP activity, structure and location. In smooth muscle cells the
phosphorylation of MYPT1 plays an important role in the regulation of MLCP
activity, holoenzyme structure and its subcellular distribution. Shin and co-workers
(2002) showed that the RhoA-ROCK induced phosphorylation of MYPT1 at Thr696
triggers the translocation of MLCP towards the cell membrane and subsequent
dissociation of the holoenzyme complex, which results in reduced MLCP activity.
Similarly, in platelets Aburima et al. (2013 & 2017) showed that the
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phosphorylation of MYPT1 at Thr853 via RhoA-ROCK signalling significantly
reduced MLCP activity. They propose that reduction in MLCP activity is related to
the dissociation of the MLCP holoenzyme and subsequent translocation of MYPT1
towards the cell membrane where it forms a complex with RhoA-ROCK. Both PGE;
and NO via PKA/PKG significantly reversed the inhibitory effect triggered by RhoA-
ROCK signalling on myosin phosphatase activity and inhibited the dissociation of
the holoenzyme complex (Neppl et al., 2009; Aburima et al., 2017 & 2013). These
studies clearly suggest that phosphorylation of MYPT1 affects the MLCP activity,
holoenzyme structure and location. We have also attempted to investigate the
effect of phosphorylation on the distribution of MYPT1 in platelets by using a
subcellular fractionation approach. However, our investigation was not successful
as MYPT1 protein degraded very quickly in fractionation buffer. We have also tried
to examine this effect in spread platelets by using phospho-specific MYPT1
antibodies. Again this result was also not very promising as the phospho-

antibodies staining was very week.

A novel aspect of this work was to explore the expression of different splice
variants of MYPT1 in platelets. Various splice variants of MYPT1 have been
identified in various cell types with unique variations in the C-terminal leucine
zipper (LZ) region or with the central insert (Cl). All these variants are products of
cassette-type alternative splicing of the gene, PPP1R12A at central and a 3’ exons
(Hartshorne et al., 1998) (Figure 3.8). The human PPP1R12A gene contains 27
exons. Alternative splicing of exon 15 (identical to exon 13 in rat) and exon 25
(exon 23 in rat) generate Cl and LZ variants of MYPT1 (Butler et al., 2013). Only
two of the splice variants of MYPT1 are well studied, MYPT1 with or without the C-
terminal LZ motif (LZ* MYPT1 & LZ MYPT1) (splice variants 1 and 6 of figure 3.8);
very little information and experimental confirmation of other splice variants are

available.
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Figure 3.8: Schematic representations of MYPT1 splice variants. Shown are six known
splice variants of MYPT1 in human (Uniprot number 014974). The cyan bar represents the PP1c
binding domain and 8x ankyrin repeats; Cl, central insert; blue bar, RhoA-ROCK binding motif; pink
bar, PKA binding domain; LZ, leucine zipper domain.

Both in vitro and in vivo studies have shown that phosphorylation of only LZ*
MYPT1 at Ser695 by PKG is associated with the relaxation of smooth muscle cells
(Butler et al., 2013). In vitro studies have also shown that MYPT1-Cl variants are
involved in the agonist induced calcium sensitisation. Furthermore, Yuen et al.
(2011) have reported that the rate of phosphorylation of MYPT1 was higher in the
splice variant of MYPT1 with ClI than without CI. Our western blot and
immunoprecipitation data (Figure 3.7A & B) suggest that there are at least two
potential splice variants of MYPT1 in platelets, possibly MYPT1 with LZ motif and
MYPT1 without either Cl or LZ motif. PGl, causes phosphorylation of only one
isoform at Ser695, the top band, which we identified by aligning the phospho-
MYPT-Ser695 band to the total MYPT1 bands. This top band is possibly a full length
MYPT1 with LZ domain, whereas thrombin causes phosphorylation of both the
variants at Thr696 and Thr853. The literature suggests that in smooth muscle cells
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the interaction of PKG with the LZ domain of MYPT1 is responsible for the
activation of MLCP (Surks et al., 1999). Later Huang et al. (2004) and Given et al.
(2007) suggested that the LZ domain of MYPT1 is not actually responsible for the
interaction with PKG but is required for PKG mediated MLCP activation and
smooth muscle relaxation. We were also expecting that if this is the case PKA
would interact with both the splice variants of MYPT1. Figure 3.7B showed that
PKA does interact with both splice variants of MYPT1. This data confirms that the
interaction of PKA with MYPT1 splice variants is independent of the
phosphorylation of MYPT1 serine residue. Based on these results, we assume that
there are possibly two pools of MYPT1 in platelets, which are differentially
distributed and phosphorylated at Ser695 or Thr696. One pool can be in the cell
periphery, where PKA phosphorylates MYPT1 at Ser695 and regulates MLC
phosphorylation and acto-myosin contractile machinery. The second pool, on the
other hand, can be in the cell cytosol where MYPT1 is mainly under the influence
of RhoA-ROCK signalling, which is required for MLC phosphorylation. This
paradigm would be consistent with the spatial compartmentalisation of cAMP
signalling (Raslan et al., 2015a; Seino & Shibasaki, 2005). At this stage we are not
aware of what role PKA is playing by interacting with the splice variant of MYPT1
that is not affected by PGIl, or whether this interaction has any effect on the
activity of MLCP. We are also not aware whether the expression of these isoforms
in platelets would remain the same or it changes during disease conditions such as
atherosclerosis. Currently we also do not know what the situation of these splice
variants is in megakaryocytes. There are two possible ways to confirm the identity
of these two splice variants of MYPT1 in platelets. By designing specific primers
and verifying the presence of these variants in the extracted mRNA of platelets

using PCR or by performing mass spectrometry.

Conclusion
To summarise, we have successfully characterised the optimum conditions for

western blotting with commercially available phospho-specific MYPT1 antibodies.
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We have demonstrated that phospho-antibodies are site-specific and the
phosphorylation of MYPT1 at Ser695, Thr696 and Thr853 is at submaximal levels.
In this chapter we have also investigated time dependent changes in the
phosphorylation of MYPT1 at Ser695, Thr696 and Thr853. Furthermore, we have
shown for the first time that there are two possible splice variants of MYPT1 in
platelets; however, only one is under the influence of cAMP/PKA signalling in

platelets.
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Figure 3.9: A Schematic diagram showing the effect of thrombin and PGI. on

MYPT1. Both cyclic nucleotide-dependent protein kinases (PKA/PKG) and myosin phosphatase
are active at basal level. PKA/PKG phosphorylates MYPT1 at Ser695, whereas myosin phosphatase
or an unknown phosphatase dephosphorylates Thr696 and Thr853. Upon thrombin stimulation,
RhoA-ROCK and possibly ILK and ZIP kinases phosphorylate MYPT1 at Thr696 and Thr853, which
results in inhibition of myosin phosphatase. Phosphorylation of Ser695 is not affected by thrombin.
PGI2/NO via PKA/PKG restore myosin phosphatase activity by preventing RhoA-ROCK mediated
phosphorylation of Thr696 and Thr853.
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Chapter 4: Association of the MLCP targeting subunit MYPT1 with

protein kinase A

4.1. Introduction

The cAMP signalling pathway is one of the key endogenous negative regulatory
mechanisms in blood platelets. The foremost effector of cAMP signalling in
platelets is protein kinase A (PKA), a kinase composed of two catalytic subunits and

two regulatory subunits (Raslan & Naseem, 2014) (Figure 1.14).

In platelets there are two types of PKA, type | and type I, divided on the basis of
their regulatory subunits (RI and RIl), although their relative roles are not clearly
resolved. These two types of regulatory subunits are further divided into a and
subtypes, encoded by four different genes, giving raise to four functionally distinct
isoforms (Rla, RIB, Rlla, RIIB). In platelets all four PKA regulatory subunit isoforms
have been reported (Burkhart et al., 2012). When two cAMP molecules interact
with each regulatory subunit, the PKA undergoes conformational changes that
trigger the dissociation of catalytic subunits from the cAMP-bound regulatory
subunits (Taylor et al., 1990). The catalytic subunits then phosphorylate a number
of downstream substrates on serine and threonine residues and subsequently
suppress platelet activation (Raslan & Naseem, 2014). One of the known
substrates of PKA is the myosin binding subunit (MYPT1) of MLCP. PKA catalytic
subunit phosphorylates MYPT1 and disinhibits MLCP activity in smooth muscle
cells (Wooldridge et al., 2004). Aburima et al. (2013) have demonstrated that
cAMP/PKA signalling activates MLCP and maintains the holoenzyme structure by
inhibiting RhoA-ROCK mediated phosphorylation of MYPT1. However, the
molecular mechanism by which PKA regulates MLCP is poorly understood and

requires clarification.

In many cell types including platelets cAMP-dependent PKA signalling is spatio-
temporally regulated by a group of proteins called A kinase anchoring proteins

(AKAPs), which allows multiple cAMP signalling events function simultaneously and
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regulate distinct biological responses (Raslan et al., 2015; Pidoux & Taskén, 2010).
AKAPs are a structurally diverse group of proteins but share one common function.
They are molecular scaffolds that bind to the D/D domain of PKA regulatory
subunits via their amphipathic helix and target the kinase through their unique
targeting domain to its substrates at specific intracellular locations, thus defining
distinct intracellular signalling compartments (Pidoux & Taskén, 2010). So far over
70 different AKAPs (including splice variants) from 43 different genes have been
identified (Welch et al.,, 2010; Scholten et al., 2008), among which ~15 are
expressed in platelets (Raslan et al., 2015a). Most AKAPs bind to type Il PKA
(Rababa’h et al., 2015); however, some AKAPs have dual specificity and associate
with type | PKA too (Means et al., 2011). Aside from binding PKA many AKAPs also
function as scaffolds for several other signalling proteins that are involved in
signalling transduction, such as PDEs, protein phosphatases and protein kinases,

and thus coordinate multiple signalling pathways (Pidoux & Taskén, 2010).

MYPT1 strikingly fulfils several criteria used to define AKAPs. It acts as a scaffold
protein that binds to the catalytic subunit (PP1cd) at its N-terminus and localises it
close to its substrate (Alessi et al., 1992). The N-terminus of MYPT1 is composed of
8 ankyrin repeats that are also important for regulation and targeting of MLCP.
MYPT1 also provides a platform for many signalling and cytoskeleton proteins such
as PKG, RhoA-ROCK, moesin and myosin, thus allowing the formation of
multienzyme complexes (Butler et al., 2013). Furthermore, the structural analysis
of MYPT1 showed the presence of a putative amphipathic helical sequence, a
typical feature of an AKAP, at the end of its C-terminus (Matsumura & Hartshorne,
2008). However, the interaction of MYPT1 with PKA at molecular level has not
been studied before. This chapter aims to investigate in detail the association of

MYPT1 with PKA and whether this association is in AKAP fashion or not.

The aims of this chapter are:

e To characterise commercially available PKA antibodies.
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To investigate which PKA isoform is associated with MYPT1 in

platelets under basal conditions.
To map the interaction of MYPT1 and PKA.
To investigate whether MYPT1 is an AKAP.

And to verify that the interaction of MYPT-PKA is direct.
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4.2. Characterisation of commercially available PKA regulatory and catalytic
subunit antibodies.

Before attempting the study of the interaction of MYPT1 with PKA, the optimal

conditions for PKA regulatory and catalytic subunit antibodies were determined.

As PKA regulatory and catalytic subunits share protein sequence similarities and

their respective commercial antibodies are raised against whole protein, it was

particularly necessary to test the absolute specificity of these antibodies towards

the detection of the respective proteins.

The specificity of PKA regulatory subunit antibodies was tested against
recombinant human PKA regulatory subunit proteins. cDNA clones of PKA Rla, Rlla
(generous gift from Prof Kjetil Taskén, University of Oslo), RIB and RIIB (purchased
by Dr Zaher Raslan, University of Leeds) were used to amplify PKA regulatory
subunits by PCR. The amplified products were subcloned in a vector (pGEX) for
expression as GST fusions in E.coli. Proteins were expressed and purified as
described in Section 2.7.1.3, then resolved by SDS-PAGE and immunoblotted with
PKA regulatory subunit antibodies. Figure 4.1A shows that both anti-PKA Rlla and
RIIB were fairly specific, reacted intensely with their respective recombinant
proteins and showed no cross-reactivity to other PKA regulatory subunits including
Rla and RIB. Anti-PKA Rla was picking signal with similar intensity in both Rla and
RIB recombinant proteins and showed no cross-reactivity to PKA Rlla or RIIB.
Whereas, anti-PKA RIB antibody was not able to detect any signals in its respective
recombinant protein, which suggests that either the commercially available
antibody is not sensitive enough to pick up a signal or there is less or no RIB
protein present in platelets. However, proteomic studies do indicate that there are
reasonably high copy numbers of RIB present in platelets (Table 1.1). At this
moment we cannot certainly say from this data that whether both Rla and RIB are
expressed as antibody apparently recognises both proteins and RIB antibody did
not work. However, proteomics and transcriptomic studies suggest that both are

present in platelets but we cannot verify at this time. Based on these findings anti-
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PKA RIB will not be further used and anti-PKA Rla will be referred to as a/p.
Coomassie staining was used to show the presence of GST-tagged recombinant

proteins (Figure 4.1B).

Note that some of our fusion proteins were degraded more than others. We tried
to use more protease inhibitors, used pre-chilled French press and kept lysates on
ice all the time but still could not prevent the degradation. This degradation profile

was recognised by commercial PKA regulatory subunit antibodies.

In order to test if the MYPT1, all PKA regulatory and catalytic subunit antibodies
could identify the presence of their respective proteins in human platelets, 40 ug
of whole platelets lysate was resolved on SDS-PAGE and immunoblotted for
MYPT1, PKA regulatory and catalytic subunit. Figure 4.1C shows that MYPT1 and all
PKA regulatory subunit antibodies detected their respective proteins at expected
molecular sizes in platelets. Human umbilical vein endothelial cells (HUVECs) lysate
was used as positive control. Commercially available PKA cata subunit antibody
recognised two bands in platelet lysate, whereas in HUVEC lysate the antibody
picked only a single band at expected molecular weight (42 kDa) (Figure 4.1D). The
doublet of PKA cata was further investigated by using GST-tagged PKA catp
protein, suggesting that the antibody is potentially recognising two isoforms, PKA

cata and catp, in platelet lysates.

These results suggest that all four PKA regulatory subunits, PKA catalytic subunit
and MYPT1 are present in platelets. Commercially available anti-PKA Rlla and RIIp
antibodies are fairly specific, whereas anti-PKA Rla antibody detected both Rla and
RIB isoforms in equal abundance and therefore will be considered for both
isoforms. Furthermore, anti-PKA cata antibody recognises both cata and catp

isoforms in platelets.

175



A)
GST tagged
kDa GST Rla RIB Rlla RIB

100 —
75 =

4+— WB: PKA RIa

50 —

37—

25 —

100 —
T8 WB: PKA RIB

50 —

37 —

25—

100 —
75—

<— WB: PKARIla

50 —

37 —

25 —
75 —
“WB: PKA RIIB

50 —

37—

28—

B)
kDa GST Rla

GST tagged
RIB Rlla RIB

100 —
B - @l }PKA R subunits
- - Coomassie stain
Pra—

50 —
37 — *“

<4— GST

)

kDa P.L H.L
150 — - MYPT1
. . (Mouse)
150 = s Sm  MYPT
(Rabbit)
50— @ smm» PKARIG/RIB

50 — WSS S PKARIa

50 — sE_— S PKARIIB

D)
kDa P.L H.L GST-PKA cat (B)
100 —

75 —

- GST-PKA cat (B)
50 —
| —
PKA cat(a)
-
w—
25—
176



Figure 4.1: Characterisation of MYT1, PKA regulatory and catalytic subunit

antibodies. A) PKA regulatory subunits (Rla, RIB, Rlla and RIIB) were expressed as a GST fusions
in E. coli XL-1blue strain and purified by incubating the soluble fraction with 25 ul of pre-
equilibrated glutathione sepharose beads slurry for 1 hr at 4°C with gentle agitation. After
purification recombinant proteins were eluted in Laemmli buffer, resolved by 10% SDS-PAGE and
immunoblotted with anti-PKA Rla, RIB, Rlla and RIIB antibodies. B) One gel of panel A was stained
with Coomassie-Brilliant-Blue to show the presence of GST fusion proteins. C) Human washed
platelets (1X10°/ml) (P.L) and HUVECs lysates (H.L) were resolved by 10% SDS-PAGE and
immunoblotted with anti-PKA Rla/B, Rlla, RIIB and two different MYPT1 antibodies. D) Human
washed platelets (1X10°/ml) lysate, HUVECs lysate and GST-tagged PKA catB were resolved by 10%
SDS-PAGE before immunoblotted with anti-PKA cata antibody. Data from one independent

experiment.
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4.3. MYPT1 interacts with PKA in platelets

Having established the specificity of PKA regulatory subunit antibodies, next we
wanted to investigate the interaction of MYPT1 with PKA in platelets by using
three different biochemical approaches, co-immunoprecipitation, CAMP pull-down

assay and GST pull-down assay.

4.3.1. Co-immunoprecipitation of MYPT1 and PKA from platelets

A conventional co-immunoprecipitation approach was carried out to identify
MYPT1-PKA interactions by using target specific antibodies in platelets. This
technique involves immunoprecipitation of MYPT1 from platelet lysates followed
by immunoblotting with isoform specific PKA regulatory subunit antibodies.
Washed platelets (1x10°/ml) were prepared as in section 2.6.1 and lysed in ice cold
lysis buffer before incubation with the MYPT1 antibody overnight at 4°C with
gentle agitation. Next, immune complexes were immobilised on pre-equilibrated
protein G sepharose beads, washed, eluted, resolved on SDS-PAGE, and analysed
by western blot. Figure 4.2 shows that MYPT1 and presumably all four isoforms of
PKA regulatory subunits are associated in platelets at the non-activated state,
suggesting that they are part of the same complex. Rabbit IgG, used as a negative
control, failed to precipitate either MYPT1 or PKA regulatory subunits. PKA
catalytic subunit and PP1c6 were used as positive controls as they constitutively

associate with PKA and MYPT1, respectively, under basal conditions.
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Figure 4.2: MYPT1 associates with PKA in platelets. A) Washed human platelets (1x10°
/ml) were lysed with ice cold immunoprecipitation lysis buffer containing protease inhibitors and
incubated for 30 min on ice. The platelet lysates (500 pg proteins) were incubated with 2 pg of
MYPT1 rabbit antibodies or total rabbit IgG overnight at 4°C with gentle agitation. Next day 25 pl of
pre-equilibrated protein G sepharose beads slurry were incubated with the lysate-antibody
complex for 1 hr at 4°C with gentle agitation. The beads-antibody-protein complex was then
pelleted by centrifugation at 1000xg for 1 min, washed 1x with lysis buffer and 2x with TBST before
being boiled in Laemmli buffer for 5 min at 95°C. Immuno-complexes were resolved by 10% SDS-
PAGE and immunoblotted with anti-MYPT1, anti-PKA Rlo/B, Rlla and RIIB antibodies overnight at
4°C. Next day the corresponding peroxidase conjugated secondary antibodies were used, followed
by ECL detection. The blots were reprobed with anti-PKA cat subunit and anti-PP1c antibodies as
positive controls. Shown blots are representative of three independent experiments. IP:
immunoprecipitation, Lys: lysate. B) A cartoon depicting the possible interaction of the regulatory
subunits of PKA and MYPT1 under non-activated (basal) state in platelets. R: regulatory subunit, C:

catalytic subunit
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4.3.2. cAMP pull-down of PKA and MYPT1

We further demonstrated the interaction of MYPT1 with PKA regulatory subunits
using a cCAMP pull-down assay in which cAMP bound agarose beads are used to
enrich cAMP binding proteins including PKA and its substrates. Platelet lysates
were prepared in ice cold lysis buffer and were incubated with cAMP agarose or
EtOH-agarose beads overnight at 4°C with gentle rotation. Beads were washed,
resolved on SDS-PAGE and immunoblotted with MYPT1 and PKA regulatory
subunit antibodies. Figure 4.3 shows that all four PKA regulatory subunits were
pulled-down from platelets along with MYPT1 by cAMP-agarose beads. No
association was observed in EtOH-agarose beads, which were used as negative
control. These control beads are blocked with ethanolamine to prevent PKA
association to beads. This data validates our co-immunoprecipitation results
(Section 4.3.1), which illustrates that MYPT1 and PKA are part of same complex in
platelets. PKA catalytic subunit and PP1cé constitutively bind to PKA regulatory

subunits and MYPT1, respectively, and were used as positive controls.
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Figure 4.3: Interaction of MYPT1-PKA in platelets. Human washed platelets (1x10° /ml)

were lysed with ice-cold lysis buffer containing protease inhibitors and incubated for 30 min on ice.
The platelet lysates (500 pg of protein) were incubated with 25 ul of 8-AHA-cAMP agarose beads or
the control agarose (EtOH - no cAMP) beads overnight at 4°C with gentle agitation. Next day beads-
protein complex were then pelleted by centrifugation at 1000xg for 1 min, washed 1x with lysis
buffer and 2x with TBST before being boiled in Laemmli buffer for 5 min at 95°C. Samples were
resolved by 10% SDS-PAGE and immunoblotted with anti-PKA Rla/RIB, Rlla, RIIB and anti-MYPT1
antibodies overnight at 4°C. Next day the peroxidase conjugated secondary antibodies were used,
followed by ECL detection. The Blots were reprobed with anti-PKA cata subunit and anti-PP1c

antibodies as positive control. Shown blots are representative of two independent experiments.
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4.3.3. GST pull-down of PKA with MYPT1

We next aimed to examine the interaction of MYPT1 with the exogenous PKA
regulatory subunits using a complementary approach, a GST pull-down assay.
Lysates from non-activated platelet were mixed with PKA regulatory subunits
expressed recombinantly as GST fusion proteins and bound to glutathione
sepharose beads (Figure 4.4A). All four GST-PKA regulatory subunits were able to
pull-down MYPT1 from platelet lysates, whereas no association of MYPT1 with GST
alone was observed (Figure. 4.4B). This data confirms that MYPT1 and PKA interact
with each other in platelets. The PKA cata constitutively interacts with all PKA
regulatory subunits and was used as a positive control. A gel stained with

Coomassie-Brilliant-Blue was used to show the presence of GST fusion proteins.
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Figure 4.4: In vitro association ofMYPT1 with PKA regulatory subunits in resting

platelets. A) A schematic diagram of the GST pull-down assay. P, protein: G, glutathione beads.

B) Human washed platelets (1x10° /ml) were lysed in 1% Triton X-100 ice cold lysis buffer
containing protease inhibitors and incubated for 30 min on ice. PKA regulatory subunits (Rla, RIB,
Rlla and RIIB) were expressed as GST fusion in E. coli XL-1 blue strain and purified by incubating the
soluble fraction with 25 pl of pre-equilibrated glutathione sepharose beads slurry for 1 hr at 4°C
with gentle agitation. After purification, 500 ug of platelet lysates were added to the beads for 2
hrs at 4°C with gentle agitation. The beads-protein complex was then pelleted by centrifugation at
1000xg for 1 min, washed 1x with lysis buffer and 2x with TBST before being boiled in Laemmli
buffer for 5 min at 95°C. Samples were resolved by 10% SDS-PAGE and incubated with anti-MYPT1
antibody overnight at 4°C. Next day the corresponding peroxidase conjugated secondary antibodies
were added, followed by ECL detection. The blots were reprobed with anti-PKA catalytic subunit
antibody as a positive control. One gel was stained with Coomassie-Brilliant-Blue as a control.

Shown blots are representative of four independent experiments.
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4.4. Mapping the interaction of MYPT1 with PKA regulatory subunits

Having confirmed that MYPT1 interacts with PKA in platelets, we next wanted to
investigate the exact region of MYPT1 responsible for the interaction. However,
platelets are anucleated and therefore not amenable to direct genetic
manipulation. For this reason we had to switch to a cell line human embryonic
kidney cells (293T HEK cells) where we can explore this interaction at the
molecular level. To begin with, the truncated versions of MYPT1 and PKA were

generated in this study as shown in figure 4.5.

A) ! 1030
FL-MYPT1 | 8x Ankyrin repeats | o] WI]}E-E
1| 330

NT-MYPT1 | 8x Ankyrin repeats |

327 1030

CT-MYPT1
327 531
C1fragment
501 706
C2 fragment
676 881
C3 fragment
825 1030
C4 fragment
B)
1 381
CCCERR o . o
1 64
D/D domain
65 381

AD/D of PKA R subunit :m

Figure 4.5: Schematic diagram of various MYPT1 and PKA constructs used in this

study. Different tags (Myc, GST, His, GFP) were attached to the N-terminus as detailed in the
corresponding experiments. A detailed list of all constructs can be found in sections 2.1.7-2.1.9. A)
MYPT1 is composed of an N-terminal domain with PP1c binding site (RVXF, highlighted in blue line),
followed by 8 ankyrin repeats, a highly variable central insert (Cl), RhoA-Rock binding site, PKG
binding region and a coiled-coil C- terminal domain with a leucine zipper motif (LZ). B) All PKA
regulatory subunits have same domain structures, N-terminal dimerisation and docking domain

D/D, followed by two cyclic nucleotide binding domains (CBD).
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4.4.1.Bioinformatics analysis of MYPT1 amino acid sequence

We hypothesised that MYPT1 interacts with PKA in an AKAP manner and allows
cAMP/PKA signalling to control actin dynamics through regulating the activity of
PP1c and thereby the phosphorylation of MLC. If MYPT1 functions as an AKAP it
would have an amphipathic helix that would mediate the interaction with the D/D
domain of the regulatory subunits of PKA. We analysed the secondary structure of
the MYPT1 amino acid sequence for the presence of a possible amphipathic helix
using computer software called HeliQuest (Gautier et al., 2008). The main
characteristics of amphipathic helices is that they are 14 to 18 amino acids long a-
helices, where one side of the helix has hydrophobic residues and the opposite

side has hydrophilic residues.

First of all we screened the whole MYPT1 protein sequence through the HeliQuest
screening a-Helix tool and found five potential sequences that could possibly make
amphipathic helices. Next we analysed our potential sites through the HeliQuest
analysis tool. These sites were selected on the basis of their hydrophobicity,
hydrophobic moment, formation of hydrophobic-hydrophilic faces and minimum
numbers of hydrophobic residues. Special residues such as glycine and proline-
containing hydrophobic faces were excluded as they have poor helical forming
properties and disrupt the a-helix. After the analysis only two regions, aa267-285
and aa986-1004, were selected that could possibly form amphipathic helices
(Figure 4.6A). Furthermore, the physicochemical properties of these two regions
revealed a strong amphipathic character comparable with the known AKAP
disruptor peptides (RIAD and Ht31), which were used as models during this
bioinformatics analysis (Figure 4.6B). This data suggests that MYPT1 could be an

AKAP with hypothetical amphipathic helices.
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Figure 4.6: Identification of potential amphipathic helices in MYPT1. A) A schematic
diagram of MYPT1 domains with putative amphipathic helical regions that are underscored and
numbered. B). Helical wheel representations were generated from the amino acid residues aa267-
285 and aa987-1004 of these potential helical regions using the HeliQuest software (Gautier et al.,

2008). First, size of the analysis window was set to 18 amino acids, then the putative helical

properties, hydrophobicity,

hydrophobic moment and formation of hydrophobic-hydrophilic faces and numbers of hydrophobic

residues of each sequence were then compared with known synthetic peptides, Ht31 and RIAD.

186



Yellow represent hydrophobic residues; blue, basic residues; red, acidic residues; pink, asparagine
and glutamine; green, proline; purple, serine and threonine; gray, other residues. The position of
first (N) and last (C) residues and hydrophobic face of the corresponding sequences are indicated.
The arrow represents direction of hydrophobic moment. The number of amino acids, hydrophobic
moment and mean hydrophobicity values are indicated for each helix. These values are generated

in arbitrary units by the HeliQuest. Hydrophobicity, <H>; hydrophobic moment, <puH>.
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4.4.2. PKA binding region within MYPT1
In order to test bioinformatics data several pull-down assays were performed with

truncations of MYPT1 expressed in HEK cells (Figure 4.5).

Full length MYPT1 was divided into two major fragments: N-terminal fragment
comprising amino acids 1-330 (designated as NT) and C-terminal fragment
comprising amino acids 327-1030 (designated as CT) (Figure 4.7A). 293T HEK cells
were transiently transfected as in section 2.5.4 with plasmids to allow expression
of Myc-tagged MYPT1 (Full length, NT and CT) constructs. After 24 hrs cell lysates
were prepared and subjected to pull-down experiments with GST-PKA regulatory
subunits bound to glutathione sepharose beads (section 2.7.2). As shown in figure
4.7, only CT-MYPT1 interacted with GST-PKA regulatory subunits but not NT-
MYPTL1.

This result suggests that the N-terminus, which carries one of the two MYPT1
potential amphipathic helices, is not involved in the interaction between MYPT1
and PKA. Full length MYPT1 interacted, as expected, with all PKA regulatory
subunits. GST alone was used as a negative control. Coomassie staining was used

to show the presence of GST fusion proteins.
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Figure 4.7: Mapping of the MYPT1-PKA interaction. 293T HEK cells were transiently

transfected with constructs allowing expression of Myc-MYPT1 (full length, N-terminal and C-
terminal) for 24 hrs at 37°C. Cells were lysed in 1% Triton X-100 containing protease inhibitors. PKA
regulatory subunits (Rla, RIB, Rlla and RIIB) were expressed as a GST fusions in E. coli XL-1 blue
strain and purified by incubating the soluble fraction with 25 ul of pre-equilibrated glutathione
sepharose beads slurry for 1 hr at 4°C with gentle agitation. After purification, beads complexes
were added to HEK cells lysate for 2 hrs at 4°C. Samples were resolved by 10% SDS-PAGE and
immunoblotted with anti-Myc antibody overnight at 4°C. Next day the corresponding peroxidase
conjugated secondary antibody was used, followed by ECL detection. One gel was stained with

Coomassie-Brilliant-Blue as a control. Blots are representative of two independent experiments.
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4.4.3. Mapping the PKA binding region within the C-terminus of MYPT1

In order to narrow down the binding region of MYPT1 with PKA regulatory subunits
the C-terminus was subdivided into four overlapping fragments designated as C1,
C2, C3 and C4. Each fragment was 200 amino acids long with 30 overlapping
residues as shown in figure 4.5A: C1 (aa327-531), C2 (aa501- 706), C3 (aa676-881)
and C4 (aa825-1030). 293T HEK cells were transiently transfected with plasmids to
allow expression of these Myc-tagged fragments (section 2.5.4). After 24 hrs,
lysates were prepared and subjected to pull-down assays with GST-PKA regulatory
subunits immobilised to glutathione sepharose beads, then analysed by western
blot for the presence of the indicated tagged proteins. On the basis of our
bioinformatics data we were expecting that the C4 fragment would be involved in
the interaction. However, figure 4.8 clearly reveals that only the C2 fragment was
strongly associated with PKA regulatory subunits. Weak binding was also revealed
with the C1 fragment, suggesting that the binding motif may reside somewhere in
the beginning of C2 that is overlapping with the end of C1l. Note that this C2
fragment contains the central insert region of MYPT1 protein. GST alone was used

as negative control.

This result, combined with the pull-down using NT-MYPT1 suggests that MYPT1 is
not interacting with PKA in an AKAP fashion, as the predicted amphipathic helices

are not involved in the interaction. This was further explored in section 4.7.
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Figure 4.8: Binding motif of MYPT1 with PKA. 293T HEK cells were transfected with

GST-Rlla

constructs allowing expression of Myc-tagged C-terminal fragments of MYPT1 (C1, C2, C3, C4) for
24 hrs at 37°C. After incubation cells were lysed in 1% Triton X-100 containing protease inhibitors.
PKA regulatory subunits (Rla, RIB, Rlla and RIIB) were expressed as a GST fusions in E. coli XL-1 blue
strain and purified by incubating the soluble fraction with 25 ul of pre-equilibrated glutathione
sepharose beads slurry for 1 hr at 4°C with gentle agitation. After purification, HEK cells lysates
were added to the beads for 2 hrs at 4°C under rotary shaking. Samples were resolved by 10% SDS-
PAGE and immunoblotted with anti-Myc antibody overnight at 4°C. Next day the peroxidase
conjugated secondary antibody was used, followed by ECL detection. Shown blots are

representative of two independent experiments. IB: immunoblot, Lys: lysate, R: regulatory subunit.
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4.4.4. Narrowing down the MYPT1 region interacting with PKA

To further narrow down the binding motif of PKA on MYPT1, the C2 fragment of
MYPT1 was divided into five smaller fragments. Some of these fragments are with
and others are the without central insert (Cl) region of MYPT1. We hypothesise
that the Cl could either be a potential binding motif for PKA or at least potentiate
the interaction of MYPT1 with PKA regulatory subunits. As shown in figure 4.9A
the fragments are designated as C2N, Cl, C2NCI, C2C and CIC2C according to their
location. C2N contains N-terminal residues aa501-551 just before the Cl region
starts, the Cl includes central insert residues aa552-608, C2C has C-terminal
residues aa609-706 just after the Cl, C2NCI contains N-terminal and Cl residues
aa501-608, and CIC2C comprises the Cl and C-terminal residues aa552-706

respectively.

Recombinant C2 subfragments were subcloned in a GST vector (pGEX) as in section
2.3 and transformed in E.coli XL-1blue strain. After expression as in section 2.7.1.3
and lysis, pellet and supernatant fractions were separated by centrifugation and
resolved on SDS-PAGE along with total lysates before and after induction.
Coomassie staining showed bands of the expected sizes in induced samples and
these bands are recovered in the supernatant samples (Figure 4.9B). Additionally,
bacterial supernatants were purified by incubating with pre-equilibrated
glutathione sepharose beads slurry, resolved on SDS-PAGE and analysed by
Coomassie staining to check the integrity of the expressed proteins. Figure 4.9C
illustrates that most of the proteins were degraded very heavily even in the
presence of high concentrations of proteases and phosphatases inhibitors.
Therefore, | was not able to use them for pull-down experiments to narrow down

the interaction.
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Figure 4.9: Constructs of C2 subfragments of MYPT1. A) Schematic diagram of MYPT1-
C2 subfragments that were expressed as GST fusion in E.coli XL-1blue. B) Protein expression was
induced with 0.5 mM IPTG for 2 hrs at 37°C in XL-1blue strain before lysed by sonication. Pellet (P)
and supernatant (SN) samples as well as bacterial lysates before (NI) and after () induction were
prepared, resolved by 10% SDS PAGE and stained with Coomassie-Brilliant-Blue. C) Bacterial
supernatants (400 pl) were incubated with pre-equilibrated glutathione sepharose beads slurry (25
pl) for 1 hr at 4 with gentle shaking. After purification samples were washed, eluted, resolved by
10% SDS-PAGE and stained with Coomassie-Brilliant-Blue. NI: non-induced, I: induced, P: pellet, SN:

supernatant. Data from one independent experiment.
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4.5. Does MYPT1 interact directly with PKA?

Having established that all four PKA regulatory subunits interact with the C2
fragment of MYPT1, we next wanted to explore whether this interaction is direct
or mediated by any AKAP and other interacting proteins. Our previous approaches
(Co-IP, pull-down assays) cannot discriminate between direct and indirect protein-
protein interaction because we used whole cell lysates where binding maybe
indirect and mediated by an unknown protein. Therefore, the valid approach
would be to express our respective proteins in a suitable expression system and
then purify them to homogeneity. We preferred using a bacterial expression
system, which is cheaper and less cumbersome than using mammalian or other
systems. We expressed both MYPT1-C2 and PKA regulatory subunits in E.coli,
purified and subjected them to binding experiments. If an interaction with purified

proteins is seen, it can be concluded that the interaction is direct.

4.5.1. Expression and purification of MYPT1-C2 fragment.

Recombinant MYPT1-C2 fragment was subcloned in a His vector (pQE32),
transformed in XL-1blue strain of E.coli and protein expression was induced for
two hrs at 37°C or overnight at 20°C with 0.5 mM IPTG as in section 2.7.1.4. After
lysis, pellet and supernatant fractions were separated by centrifugation and
resolved by SDS-PAGE. Coomassie blue staining revealed that there was no visible
protein expression in XL-1 blue strain (Figure 4.10A). Then, we tried Rosetta 2 and
Rosetta-gami strains of E.coli and followed similar expression procedures as above.
Figure 4.10B illustrates that there was visible protein expression in these two
strains; however, the expression was leaky with much of the protein in pellet
fractions in both strains. This leaky expression was further tested by western blot.
Aliquots of non-induced, induced, pellet and supernatant samples of both Rosetta
2 and Rosetta-gami strains were resolved along with a negative control (a bacterial
supernatant of PKA RIIB) and affinity purified His-MYPT1-C2 samples on SDS-PAGE
and immunoblotted with anti-His antibody. Figure 4.10C shows that anti-His

antibody detected a band at the expected molecular weight in non-induced
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samples, confirming that the expression was leaky. No signal was observed in GST
PKA RIIB that was used as negative control. Note that this blot also shows that
considerable amount of protein is present in soluble fractions of both bacterial
strains so we attempted to purify the recombinant proteins by incubating soluble
fractions with nickel charged agarose beads (Ni-NTA agarose beads) as in section
2.7.1.4. Coomassie staining shows that the Ni-NTA agarose beads moderately
pulled down His-MYPT1-C2 fragments; however, many additional bacterial
proteins were pulled down too even after stringently washing with increased
concentration of salt and imidazole (Figure 4.10C). As we were not able to
efficiently purify His-MYPT1-C2 fragment, we decided to change the expression

system.

We subcloned the MYPT1-C2 fragment in a GST vector (pGEX) as in section 2.3,
transformed in XL-1 blue (section 2.4) and a quick protein expression test was
carried out (section 2.7.1.3). Transformants were induced with IPTG for 2 hrs at
37°C followed by lysis by sonication and centrifugation to separate soluble and
insoluble fractions. Then total lysates before and after induction along with the
samples of soluble and insoluble fractions were resolved by SDS-PAGE. The protein
expression was evaluated by Coomassie staining, which showed a band of the
expected size after induction and this band is recovered in the soluble fraction
confirming protein solubility (Figure 4.10D). In addition, GST tagged MYPT1-C2
fragment was purified with glutathione sepharose beads and evaluated by
Coomassie staining. The SDS-PAGE showed efficient purification with minimum
contaminants (Figure 4.10D). In view of these results we decided to go ahead with

the GST fusion of MYPT1-C2.
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Figure 4.10: Expression and purification of MYPT1-C2 (aa501-706) fragment.

A & B) The MYPT1-C2 fragment was expressed as His fusion protein in E.coli XL-1blue, Rosetta 2
and Rosetta-gami strains. Bacterial cells were lysed and soluble and insoluble fractions were
separated by centrifugation. Total lysates before and after induction along with samples of soluble
and insoluble fractions were resolved by 10% SDS PAGE and stained with Coomassie-Brilliant-Blue.
C) Bacterial samples of non-induced, induced, pellet and supernatant of Rosetta 2 and Rosetta-
gami strains along with GST-PKA RIIB (negative control) and purified His-MYPT1-C2 fragment were
resolved by SDS-PAGE and immunoblotted with anti-His antibody. D) Bacterial supernatants of His-

MYPT1-C2 fragment of both Rosetta 2 and Rosetta-gami were incubated with 25 ul Ni-NTA agarose
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for 1hr at 4°C with gentle shaking. After purification samples were resolved by 10% SDS-PAGE and
stained with Coomassie-Brilliant-Blue. E). GST-MYPT1-C2 fragment was expressed in E.coli XL-1blue.
Cells were lysed and soluble and insoluble fractions were separated. Total lysates before and after
induction and aliquots of soluble and insoluble fractions along with affinity purified GST-MYPT1-C2
fragments were resolved by 10% SDS-PAGE and stained with Coomassie-Brilliant-Blue. NI: non-

induced, I: induced, P: pellet, SN: supernatant. Data from one independent experiment.
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4.5.2. Expression and purification of PKA regulatory subunits RIf and RIIp.

As all four PKA regulatory subunits interact with MYPT1, we selected one each
from PKA type | and type Il isoforms, more specifically PKA RIB and RIIB, for the
direct binding experiments. PKA RIB and RIIB inserts were retrieved from pEGFP-C2
plasmid, subcloned in a His vector (pQE32) and a quick protein expression test (2
hrs at 37°C) was carried out in four different strains of E.coli, namely XL-1blue,

M15 (pREP4), Rosetta 2 and Rosetta-gami as in section 2.7.1.4.

As shown in figure 4.11A only XL-1blue and M15 (pREP4) strains were able to
express PKA RIB and RIIB, whereas no visible protein expression was observed in
Rosetta 2 and Rosetta-gami strains. Next, solubility of both recombinant PKA RIB
and RIIB was tested. We selected XL-1lblue strain for solubility test as the
expression of both recombinant proteins was comparable to the expression in
M15 (pREP4) strain. Bacterial cells were lysed via sonication and centrifuged to
separate soluble and insoluble fractions. Aliquots of total lysates before and after
induction along with samples of the soluble and insoluble fractions were then
resolved by SDS-PAGE and stained with Coomassie-Brilliant-Blue. Figure 4.11B
reveals that most of the recombinant PKA RIB and RIIf are present in the soluble
fraction at the expected molecular weight, whereas part of the protein, especially
PKA RIIB is also present in the insoluble fraction. Furthermore, His-PKA RIB and
RIIB were purified by incubating with Ni-NTA agarose beads for 1 hr at 4°C with
gentle agitation. After washing, protein was eluted from beads, resolved on SDS-
PAGE and stained with Coomassie-Brilliant-Blue. The SDS-PAGE shows that the His-
PKA RIB was efficiently purified with least contaminants, whereas PKA RIIB was

moderately purified with some contaminants (Figure 4.11C).
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Figure 4.11: Expression and purification of PKA RI and RIIB. PKA RIB and RIIB were
expressed as His-tagged protein in E.coli XL-1blue, M15 (pREP4), Rosetta 2 and Rosetta-gami
strains. A) Bacterial cells were lysed before and after induction in Laemmli buffer; samples were
then resolved by 10% SDS PAGE and stained with Coomassie-Brilliant-Blue. B) Bacteria were lysed

by sonication and then centrifuged to separate soluble and insoluble fractions. Total lysates before
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and after induction along with samples of soluble and insoluble fractions were resolved by 10%
SDS-PAGE and stained with Coomassie-Brilliant-Blue. C) Bacterial supernatants of PKA RIB and RIIp
subunits were incubated with 25 pl Ni-NTA agarose beads for 1 hr at 4°C with gentle agitation.
After purification, samples were resolved by 10% SDS-PAGE and stained with Coomassie-Brilliant-

Blue. NI: non-induced, I: induced, P: pellet, SN: supernatant. Data from one experiment.
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4.5.3. MYPT1-C2 (aa501-706) and PKA directly interact in vitro in GST pull-down
assay
Having established the expression and solubility of GST-MYPT1-C2 and His-PKA RIf
and RIIB subunits, we next wanted to examine the interaction of MYPT1-C2 with
PKA regulatory subunits using a GST pull-down assay. Recombinant GST-MYPT-C2
fragment was immobilised on glutathione sepharose beads and incubated with the
bacterial supernatants of His-tagged PKA regulatory subunits (PKA RIB and RIIB) for
1 hr at 4°C with gentle shaking. After washing, protein complexes were eluted
from the beads by boiling in Laemmli buffer resolved on SDS-PAGE and analysed
by western blot. Figure 4.12 shows that both PKA regulatory subunits were pulled-
down by GST-MYPT1-C2 fragment, whereas no association was observed with GST
only. Coomassie staining was used as a control to show the presence of the GST
and the GST-MYPT1-C2 fragment. This experiment demonstrates that MYPT1 and
PKA are potentially interacting directly, although there is still a possibility that a
bacterial protein bridges the interaction, as we used bacterial supernatants of His-

PKA RIB and RIIB instead of using purified proteins.
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Figure 4.12: Direct interaction of MYPT1 with PKA in GST pull-down assay. GST-
MYPT1-C2 was purified from 500 ul of bacterial supernatant by incubation with 25 ul of pre-
equilibrated glutathione sepharose beads slurry for 1 hr at 4°C with gentle agitation. Glutathione
beads were then washed and incubated with 400 ul of supernatants of PKA regulatory subunits (RIB
and RIIB) for 1 hr at 4°C. After washing, protein complexes were eluted by boiling in Laemmli
buffer, resolved by 10% SDS-PAGE and immunoblotted with anti-His antibody. One gel was stained
with Coomassie-Brilliant-Blue as a control. Shown blots are representative of three independent

experiments.
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4.6. Is MYPT1 an AKAP?

As described in more detail in section 1.4, AKAPs are a special group of proteins
that tether PKA to distinct intracellular locations (Pidoux and Taskén, 2010). These
proteins directly interact with the D/D domain of PKA regulatory subunits and then
spatially and temporally restrict the activity of PKA (Raslan et al., 2015a). Having
confirmed that the C2 fragment of MYPT1 directly interacts with the PKA
regulatory subunits (Figure 4.12) and not via any of the predicted amphipathic
helices (Figure 4.7 & 4.8), we next sought to investigate whether this direction
interaction takes place with the D/D domain of PKA regulatory subunits. To this
end we adopted two different pull-down approaches, using synthetic AKAP
disruptor peptide (Ht31) and deletion mutants of the D/D domain of PKA

regulatory subunits.

Ht31 is a non-specific AKAP disruptor peptide, which is able to uncouple the
anchoring of both PKA type | and type Il to AKAPs (Stokka et al., 2006). The
concentration of Ht31 used in this experiment was selected based on previous
studies (Raslan et al., 2015). To begin with, the functional sensitivity of Ht31 was
tested via platelet aggregometry. Washed platelets (2.5x108/ml) were subjected to
a platelet aggregation assay as in section 2.6.2. Platelets treated with thrombin
(0.1 U/ml) showed maximum aggregation response, which was completely
reversed by pretreatment with PGI; (100 nM). Pre-incubating platelets with Ht31
(2 uM) resulted in a substantial reversal of PGl, induced inhibition of platelet
aggregation, suggesting that the disruptor peptide is functionally active (Figure

4.13A).

We next tested Ht31 in GST pull-down assays by using recombinant GST-MYPT1-C2
fragment and His-PKA RIB and RIIB proteins. Pull-down experiments were
performed as in section 4.5.3 with the only difference that His-PKA RIB and RIIB
were pretreated with 2 puM Ht31 disruptor peptide for 30 min at room

temperature. Figure 4.13B illustrates that Ht31 did not disrupt the interaction of
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MYPT1-C2 with both PKA RIB and RIIB proteins, suggesting that MYPT1 does not

interact with PKA in an AKAP manner. GST only was used as a negative control.

This was further confirmed by using truncated versions of PKA RIB and RIIB
proteins. Two truncated proteins of PKA RIB and RIIB were designed, N-terminus
D/D domain and D/D deletion (AD/D) of PKA regulatory subunits as shown in figure
4.5. N-terminus D/D domain of PKA RIB comprised amino acid 1-70 and AD/D
comprised amino acid 71-381. PKA RIIB D/D domain comprised amino acids 1-50
and AD/D aa51-418. Both truncated proteins of PKA RIB and RII were subcloned
in His-tagged pQE32 vector, expressed in E.coli XL-1blue strain and protein
expression was tested via Coomassie staining as in section 2.7.1.4. Truncated D/D
domains fragments of both PKA RIB and RIIB did not express visibly (not shown),
whereas expression and solubility of AD/D were good (Figure 4.13C). Next pull-
down assays were performed as in section 4.5.3 by using GST-MYPT1-C2 fragment

and His tagged AD/D of PKA RIB and RIIB.

In Figure 4.13D it was observed that MYPT1-C2 is able to pull down both AD/D PKA
RIB and PKA RIIB, suggesting that the DD domain of PKA regulatory subunits is not
required for the interaction with MYPT1. No association was detected with GST
only. All together the data presented here shows that MYPT1 does not require
D/D domain of PKA regulatory subunit for interaction, clearly indicating that

MYPT1 does not follow the mechanism of interaction characteristic of AKAPs.
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4.13: Interaction of MYPT1 with PKA regulatory subunits in GST pull-down assay.

A) Washed platelets (2.5x10%/ml) were stimulated with thrombin (0.1U/ml) or preincubated with
Ht31 (2uM) for 30 min at 37°C. Platelets were then treated with PGl, (100 nM) for 1 min before
activation with thrombin (0.1U/ml). Aggregation traces were recorded for 4 min under stirring
(1000 rpm) using a Chrono-log dual channel light transmission aggregometer. Traces were

generated by Aggro/Link computer software. B) GST-MYPT1-C2 was purified from 500 ul of
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bacterial supernatant by incubation with 25 pl of pre-equilibrated glutathione sepharose beads for
1 hr at 4°C with gentle agitation. Supernatants of PKA RIB and RIIB were preincubated with Ht31 (2
M) for 20 min at room temperature. GST-MYPT1-C2-beads were then added and incubated for 1
hr at 4°C. Samples were resolved by 10% SDS-PAGE and immunoblotted with anti-His antibody. C)
Bacterial cells were lysed by sonication and then centrifuged to separate soluble and insoluble
fractions. Total lysates before and after induction along with samples of soluble and insoluble
fractions were resolved by 10% SDS-PAGE and stained with Coomassie-Brilliant-Blue. D) GST-
MYPT1-C2 was purified from 500 pl of bacterial supernatant by incubation with 25 ul of pre-
equilibrated glutathione sepharose beads for 1 hr at 4°C with gentle agitation. Glutathione beads
were then washed and incubated with 400 pl of supernatants of AD/DPKA RIB and RIIf for 1 hr at
4°C. Samples were resolved by 10% SDS-PAGE and immunoblotted with anti-His antibody. Gels
stained with Coomassie-Brilliant-Blue were used as control. Shown data are representative of two

independent experiments.
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4.7. Discussion

cAMP-dependent PKA is a serine/threonine kinase that propagates cAMP signalling
events by phosphorylating a number of downstream substrate proteins including
MYPT1, Raplb, IPsR, Gal3, PDE3A, VASP, GPIbB, MLCK and possibly many more
(Wooldridge et al.,, 2004; Smolenski, 2012; Schwarz et al., 2001). Upon
phosphorylation these substrate proteins regulate many cellular processes such as
calcium mobilisation, cytoskeleton remodelling, integrin activation, degranulation,
expression of surface molecules and G-proteins inhibition (Schwarz et al., 2001). In
platelets, the list of potential PKA substrate is continuously growing (Beck et al.,
2014); however, only a handful of substrates have been studied in detail
(Smolenski, 2012). There are two types of PKA that are differentially distributed.
PKA type | is chiefly located in membrane fractions, whereas PKA type Il is cytosolic
(Raslan et al., 2015a). This distinct subcellular distribution of PKA is regulated
through the interaction with anchoring proteins (AKAPs) that contribute to the
specificity of PKA signalling. These anchoring proteins not only tether PKA to
particular subcellular locations but also scaffold many other proteins, like
phosphatases and phosphodiesterases, thus forming a local signalling node
(Pidoux and Taskén, 2010). Similar to AKAPs, MYPT1, a known PKA substrate,
anchors many proteins in addition to PP1c, M20 and myosin including PP2B, 14-3-
3B, M-RIP, ILK, ZIP kinase and PKG. Furthermore, MYPT1 also provides a stage for
protein-protein interactions. Mahavadi et al. (2014) showed that PKG facilitates M-
RIP phosphorylation via anchoring with MYPT1. While this protein-protein
interaction of MYPT1 with PKG has been well documented by many researchers
(Lee et al., 2007; Given et al., 2007; Huang et al., 2004; Surks et al., 1999), the

association of MYPT1 with PKA has not been investigated before.

In this chapter we present evidence how MYPT1 interacts with PKA and addressed
whether this interaction is in an AKAP fashion. Towards this purpose, we first
evaluated the specificity and selectivity of the commercial PKA regulatory and

catalytic subunits antibodies by utilising GST fusion proteins (Figure 4.1).
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As both PKA Rla and RIB are closely related, sharing over 85% amino acid sequence
similarity (Taylor et al., 2012), it was necessary to confirm the absolute specificity
of their respective antibodies. Western blot confirmed that PKA Rla antibody is not
absolutely specific as it recognised both PKA Rla and RIB with the same intensity,
whereas PKA Rlb antibody was not able to pick signal in their respective lysate,

suggesting that the antibody do not react with the target protein (Figure 4.1A).

Thus on the basis of this experiment we used only PKA Rla antibody throughout
this study for the detection of both Rla and RIB isoforms. On the other hand, PKA
Rlla and RIIB antibodies were quite specific, did not cross-react with each other
and with other PKA isoforms. Both Rlla and RIIf antibodies detected bands only in
their respective lysates even though these two subunits also share similar amino

acid sequence (Taylor et al., 2012) (Figure 4.1A).

The next important step before investigating the interaction of MYPT1 with PKA
was to confirm the expression of all four PKA regulatory subunits, catalytic
subunits and MYPT1 in platelets. Western blot shows that all PKA regulatory
subunits, catalytic subunits and MYPT1 proteins are present in platelets (Figure
4.1C & D). This is in line with proteomic and transcriptomic studies carried out by
many researchers in platelet biology (Burkhart et al., 2012; Rowley et al., 2011).
While assessing the specificity of commercial antibodies we noticed that PKA cata
antibody was always detecting a doublet in platelet lysates (Figure 4.1D). Initially
we thought that the higher molecular weight band is an additional band, which is
non-specifically recognised by PKA cata antibody; however, using purified GST-
tagged PKA catp protein confirmed that the antibody is indeed detecting both PKA
cat a and B isoforms in platelets. As both are closely related, sharing 93% amino
acid sequence similarity (Cadd & McKnight, 1989), the chance of cross-reactivity is

high, which is also mentioned by the manufacturer.

More than a decade ago MYPT1 was reported as a PKA substrate in smooth muscle

cells (Wooldridge et al., 2004); however, it has not been shown how PKA interacts
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with MYPT1 and regulates acto-myosin based contractile machinery via
modulating MLCP activity. In this chapter we have revealed for the first time that
MYPT1 and all PKA regulatory subunits are present in a same complex in platelets
(Figure 4.2). This finding was further supported by cAMP pull-down and GST pull-
down assays (Figure 4.3 & 4.4). However, at this stage we did not know whether
this association of MYPT1 with PKA regulatory subunits is direct or mediated for
example by any AKAP protein. Also these in vitro findings do not tell us the
functional significance of this interaction, probably keeping the contractile

machinery of platelets in quiescent state.

On the basis of our biochemical data we initially hypothesised that MYPT1 could
be an AKAP and interact with PKA in an AKAP manner. As the hallmark signature
motif of the AKAPs is a 14-18 amino acid long amphipathic helix (Carr et al., 1991),
we started our investigation by analysing the protein sequence of MYPT1 for the
presence of potential amphipathic helices. Our computational studies revealed
that there are at least two possible regions that may potentially contribute in the
formation of amphipathic helices. One is at the N-terminal (aa267-285) and second
at the end of C-terminal of MYPT1 (2aa986-1004) (Figure 4.6). On the basis of these
findings we initially generated two truncated versions of MYPT1 protein that cover
these two bioinformatically predicated amphipathic helixes. Our pull-down result
in HEK cells show that only the C-terminal fragment of MYPT1 is involved in the

interaction with PKA possibly via C-terminal amphipathic helix (Figure 4.7).

GST pull-down experiments with a set of overlapping fragments covering the C-
terminal MYPT1 fragment confirmed that the proposed C-terminal amphipathic
helix of MYPT1 is not involved in the interaction with PKA. These experiments
allowed to narrow-down the binding motif of MYPT1 with PKA regulatory subunits
to a 200 amino acid long fragment designated as C2 (aa501-708). This C2 fragment
of MYPT1 associates with all four PKA regulatory subunits (Figure 4.8). However, at
this stage we couldn’t rule out that MYPT1 is not an AKAP as there are some
AKAPs, for example pericentrin, a centrosomal anchoring protein, that lack
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amphipathic helical structure but still interact with the D/D domain of PKA (Diviani
et al., 2000). After these pull-down experiments we moved our focus toward the
C2 fragment of MYPT1. Note that this fragment harbours the central insert region
of MYPT1 protein. Recent studies in smooth muscle cells have shown that the
central insert region modulates PKG mediated phosphorylation of MYPT1. The rate
of the phosphorylation of MYPT1 by PKG was much lower in central insert
deficient splice variant as compared to the full length MYPT1 (Yuen et al., 2014).
Furthermore, Kim et al. (2012) have reported that the central insert region may
potentiate the binding of MYPT1 N-terminus with the protein phosphatase, as in a
central insert depleted splice variant the binding of MYPT1 with the protein
phosphatase was significantly reduced in endothelial cells. We hypothesise that
the central insert may be involved in the interaction with PKA and may possibly
affect the MLCP activity via potentiating the phosphorylation of MYPT1 at Ser695.
Direct involvement of the central insert is in question as if it is directly interacting
with the PKA then we would only be able to pull-down one splice variant via GST
pull-down (Figure 4.3) and cAMP pull-down assays from platelets lysate (shown in
chapter 3, Figure 3.5B). So to explore the role of the central insert in the
interaction with PKA, we subdivided the C2 fragment into five fragments. Some of
them were lacking the central insert (Figure 4.9A). However, due to instability of
expressed proteins we were not able to confirm the involvement of the central
insert in this binding study (Figure 4.9). A summary of our mapping studies is

illustrated as in Figure 4.14.

211



1030

u Bx Ankyrin repeats LI
501 TOE

/

PKA hinding motif

Amino | Association
Structure
acids with PKA
1' LT | E'm 1-1030 *odx
T E el ] 1-330
| @ | 331-1030 wkk
[ — 327-531 *
501-706 ok
676-881
—— 825-1030

Figure 4.14: Summary of MYPT1 association with PKA regulatory subunits. MypT1

is 1030 amino acids long. GST pull-down experiments have shown that the region comprising amino
acids 501-706 are responsible for the interaction with all four PKA regulatory subunits. Weak

interaction of PKA was shown with amino acids 327-531.

It is not ideal to study protein-protein interaction using mammalian cell lines
because of the presence of other binding partners, which may possibly interfere or
mediate the interaction of our proteins of interest. Thus to rule out any
mammalian proteins interference, we expressed both the MYPT1-C2 fragment and
PKA regulatory subunits in E.coli strains, purified them via affinity chromatography
and subjected them to pull-down experiments (Figure 4.10 and 4.11). Figure 4.12
confirms that MYPT1 is potentially interacting directly with PKA regulatory
subunits. Accumulating evidence suggests that cAMP signalling via PKA
phosphorylates MYPT1 at Ser695 and results in increased endothelial barrier

integrity both in vivo and in vitro (Batori et al., 2016, 2017; Kasa et al., 2015; Aslam
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et al., 2010). Hyper-reactivity of platelets has also been reported in defective
cAMP-dependent PKA signalling (Smolenski, 2012). Furthermore, malfunctioning
of PKA-MYPT1 proteins has been linked to various disease conditions, such as
acute lung injury (Kasa et al., 2015), coronary heart diseases (Yu et al., 2014),
hypertension, asthma, inflammation and diabetes (Eto et al., 2009). We believe
that the direct interaction of MYPT1 with PKA may possible play an important role
in protecting platelets from hyper-reactive state, a state where they are
responsible for thrombogenic disorder. Furthermore, our results also rule out the

possibility of any AKAP protein involvement in the interaction of MYPT1 with PKA.

Similar to the centrosomal protein, pericentrin, while does not require an
amphipathic helix for binding with the D/D domain of PKA, we also wanted to
examine whether this is the case with MYPT1 interacting with the D/D domain of
PKA regulatory subunit, a characteristic binding motif for AKAP proteins. This will
confirm whether MYPT1 is a pericentrin-like AKAP or a substrate that interacts
with PKA in an AKAP independent manner. To achieve this, we first used a well-
established approach that relies on a synthetic peptide Ht31, which disrupts the
interaction of PKA-AKAP by competing with AKAPs for the binding with the D/D
domain of PKA (Calejo & Taskén, 2015). This peptide has been used extensively in
order to determine the functional relevance of PKA-AKAP interaction in different
cellular functions, such as regulation of ion channels (Fraser & Scott, 1999), arrest
of sperm motility (Vijayaraghavan et al., 1997), hormone-mediated secretion of
insulin (Lester et al., 1997) and the transcription factor CREB phosphorylation
(Feliciello et al., 1997).

Figure 4.13B reveals that the Ht31 peptide did not disrupt the interaction of
MYPT1-C2 fragment with PKA regulatory subunits, suggesting that MYPT1 is
possibly not interacting with the D/D domain of PKA. However, it would be worth
testing Ht31 inhibition experiment with the full length MYPT1 construct in case
that the C2 fragment has some conformation constraints. Furthermore, this Ht31
disruptor peptide data cannot provide absolute assurance that the D/D domain is
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not involved in the interaction due to absence of a positive control in our results.
Hence we prepared PKA regulatory subunit constructs lacking the D/D domain as
approached by Lin et al. (2013) (Figure 4.5). GST pull-down assays confirmed that
MYPT1 still interacts with the D/D depleted PKA regulatory subunits, indicating
that the D/D domain of PKA is not critically required for this interaction (Figure
4.13D). However, MYPT1 may bind to the D/D domain in addition to the rest of
PKA regulatory subunit, but we were not able to rule out that the D/D domain is
not involved. Together this data reveals that neither AKAP disruptor peptide Ht31
nor deletion of the D/D domain of PKA abolished the interaction of MYPT1 with
PKA regulator subunits, hence validating that MYPT1 interaction with PKA is not in
AKAP fashion and MYPT1 does not qualifying as a genuine AKAP.

Conclusion

In summary the data presented in this chapter demonstrate that MYPT1 and PKA
are part of the same complex in platelets under non-activatory conditions. We
successfully mapped the interaction of MYPT1 with all four PKA regulatory
subunits to a 200 amino acids long fragment (MYPT1-C2) in the centre of the
MYPT1. Our findings have also shown for the first time that MYPT1 interacts with
PKA directly and this direct interaction does not require either an amphipathic
helix of MYPT1 or the D/D domain of PKA regulatory subunits, confirming that
MYPT1 does not interact with PKA in an AKAP manner.
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Chapter 5: Subcellular distribution of PKA and MYPT1 proteins in
blood platelets

5.1. Introduction

In platelets there are four genetically distinct and functionally non-redundant
PKA regulatory subunit isoforms (Rla, RIB, Rlla and RIIB (Burkhart et al., 2012).
These PKA isoforms interact and phosphorylate numerous target substrate
proteins, including MYPT1 and thus protect platelets from a hyper-reactive state.
In previous chapters, we have shown that MYPT1 is a target of cAMP/PKA
signalling in human platelets. We have also shown that MYPT1 associates with all
four PKA regulatory subunits in human platelets. However, the subcellular
localisation and the relative contribution of each PKA isoform and MYPT1 to the
regulation of distinct platelet functions are not clearly understood. Recent
immunofluorescence and fractionation studies have shown that PKA type | is
primarily located in the membrane fraction, whereas type Il is in the cytosolic
compartment (Raslan et al., 2015a) in resting platelets. This differential
distribution of PKA supports the notion of distinct cAMP/PKA compartments,
with PKA possibly regulating a distinct function in a particular compartment at a
specific time. However, Raslan et al. (2015a) were not able to dissect the
subcellular distribution of individual PKA isoforms of type | and type Il in
platelets. On the other hand, Burgers and co-workers (2012) have examined the
subcellular distribution of individual PKA isoforms in Hela cells. They reported
that PKA Rla and RIB strongly localised at the plasma membrane, whereas Rlla
and RIIB were mainly cytosolic. Both of these studies suggest that PKA RI
isoforms are not always in the cytosol as initially proposed (Feliciello et al., 2000;

Corbin et al., 1977).

In various cell types including smooth muscle cells, epithelial cells and fibroblasts
MYPT1 has been reported throughout the cell including plasma membrane,
cytosol and nucleus (Murata et al,, 1997; Inagaki et al., 1997). Fukata and co-

workers (1998) have shown that MYPT1 is markedly concentrated at membrane
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ruffling areas and cell-cell junctions in tetradecanoylphorbol-13-acetate (TPA)
treated Madin-Darby Canine Kidney (MDCK) epithelial cells. In freshly isolated
ferret portal vein, MYPT1 was distributed throughout the cell cytoplasm;
however, upon stimulation with PGF2a, MYPT1 translocated to the plasma
membrane (Shin et al., 2002). This agonist-dependent translocation of MYPT1
was further explored by Lontay et al. (2005) and Neppl et al. (2009) using HepG2
cells and an intact cerebral vasculature. They have shown that at resting state
MYPT1 is uniformly distributed throughout the cell including the nucleus and
upon treatment with okadaic acid and the TXA; analogue U46619 the plasma
membrane localisation of MYPT1 was markedly increased. They also confirmed
their immunostaining data with a cell fractionation approach, where agonist
stimulation caused a profound accumulation of MYPT1 in the membrane

fraction.

Very little is known about the precise subcellular localisation of MYPT1 in
platelets. Muranyi and co-workers (1998) have reported for the first time that
MYPT1 is predominantly found in the detergent insoluble actin cytoskeleton and
membrane fractions and relatively very little in the soluble fractions of resting
platelets. Later, Kiss and colleagues (2002) have shown a similar distribution
pattern of MYPT1 in platelets under basal conditions. However, none of these
studies have used image-based techniques to investigate the precise subcellular
localisation of MYPT1 in platelets. If we aim to understand PKA and MYPT1
function in a physiological context then the rigorous characterisation of the
subcellular localisation of these proteins is the step that needs to be explored.
Thus the lack of information on the subcellular localisation of individual PKA
regulatory subunits and MYPT1 in platelets prompted us to investigate this
aspect.

The aims of this chapter are:

e Characterise the localisation of MYPT1 and PKA isoforms in resting
platelets.

216



Study the effect of fibrinogen matrix on the localisation of MYPT1 and PKA

isoforms in platelets.

Investigate the co-localisation of MYPT1 and PKA isoforms in resting and

spread platelets.
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5.2. Subcellular localisation of MYPT1 in resting platelets.

In order to examine the subcellular localisation of MYPT1 protein in resting
platelets, we first prepared washed platelets in the presence or absence of
indomethacin and apyrase to block the effect of secondary signalling events,
fixed them in suspension with 4% PFA and spun them down onto poly-L-lysine
coated glass coverslips. Platelets were then permeabilised with Triton X-100 and
immunostained with anti-MYPT1 mouse monoclonal and rabbit polyclonal
antibodies followed by species-specific Alexa fluor conjugated secondary
antibodies. The cells were then counterstained with FITC-phalloidin to visualise F-
actin. Fluorescently labelled secondary antibodies alone were used as negative

control to test the non-specific binding.

It was observed that both rabbit polyclonal and mouse monoclonal antibodies
effectively stain MYPT1 in resting platelets (Figure 5.1). In the presence of
indomethacin and apyrase, the staining of MYPT1 by both mouse monoclonal
and rabbit polyclonal antibodies was very clear and followed a similar labelling
pattern, punctate staining in the cell cytoplasm with some co-localisation with F-

actin in the cell cortex (Figure 5.1A).

On the other hand, in the absence of indomethacin and apyrase treatment,
MYPT1 staining with anti-MYPT1 mouse monoclonal antibody is preferentially in
the cell periphery, co-localised with cortical F-actin, whereas with anti-MYPT1
rabbit polyclonal antibody the staining was throughout the cell cytoplasm
including cell periphery, suggesting that either the rabbit polyclonal antibody
sensitivity is high or it is detecting non-specifically additional proteins (Figure

5.1B).

Both in-vitro binding and immunofluorescence data suggest that MYPT1 strongly
associates with myosin lla (Hartshorne et al., 1998; Johnson et al., 1997; Hirano
et al., 1997; Inagaki et al., 1997). These studies are consistent with our

immunostaining data, which confirms that MYPT1 strongly co-localises with
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myosin lla in resting platelets (Figure 5.1C). In platelets pretreated with
indomethacin and apyrase, the labelling of myosin Ila was distributed throughout
the cell including some cortical localisation with F-actin (Figure 5.1C, lower

panel).
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Figure 5.1: Subcellular distribution of MYPT1 protein in resting platelets. Human

washed platelets (5x10%/ml) were prepared in the presence (A & C) or absence (B) of
indomethacin (10 uM) and apyrase (2 U/ml) and fixed in suspension with 4% PFA before being
spun down for 10 min at 250xg on poly-L-lysine coated glass coverslips. Platelets were then
washed, permeabilised with 0.3% Triton X-100 for 5 min and incubated with anti-MYPT1 mouse
monoclonal, rabbit polyclonal or anti-myosin Ila rabbit polyclonal antibodies for 1 hr at room
temperature. This was followed by species-specific fluorescently labelled Alexa fluor568 (red)
conjugated secondary antibody for 1 hr and counterstained with FITC-Phalloidin (1 pug/ml) (green)
for 20 min at room temperature. The coverslips were then mounted on glass slides using gelvatol
and images were taken via Zeiss ApoTome.2 fluorescence microscope equipped with a 100x oil
immersion objective. Secondary antibody alone was used as a negative control. Representative
images are central Z-slices from Z stacks. Z-slices were taken at 0.15 um intervals through the
platelet. All images were deconvolved and underwent contrast enhancement to remove
background fluorescence. Shown images are representative of at least three independent
experiments. The white inset in the merge image has been zoomed in the adjacent panel. Scale

bars are indicated.
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5.3. Subcellular localisation of PKA regulatory subunits in resting platelets.

The functional diversity of PKA has been well documented in many cell types
including platelets; however, neither the precise subcellular distribution of PKA
regulatory subunit isoforms nor their physiological role within the distinct
compartments, particularly in platelets, has been well explained. Thus we set out
to characterise in detail the localisation of all four PKA regulatory subunit
isoforms in relation to that of F-actin in human platelets under basal level using

immunofluorescence techniques.

Human washed platelets were prepared in the presence or absence of
indomethacin and apyrase, fixed and adhered to poly-L-lysine coated coverslips
as mentioned in section 5.2. After permeabilisation platelets were
immunostained with mouse monoclonal anti-PKA regulatory subunit antibodies,
Rl (m), Rlla (m), RIIB (m) and counterstained with FITC-phalloidin for F-actin. In
indomethacin and apyrase treated platelets, PKA Rl (m) antibody, which stains
both Rla and RIB isoforms, was sporadically distributed throughout the cell, with
strong accumulation at the cell periphery, consistent with the study conducted
by Raslan and co-workers (2015a) (Figure 5.2A). On the other hand, PKA Rlla and
RIIB immunostaining patterns were very similar: punctate staining mainly in the
cell cytoplasm; however, RIIB staining was stronger and slightly diffused (Fig.

5.2A).

In the absence of indomethacin and apyrase, the immunostaining pattern of the
PKA regulatory subunits was similar to that observed in the presence of those
drugs (Figure 5.2B). This data clearly suggests that PKA Rl accumulates mainly at
the cell periphery, whereas PKA Rlla and RIIB are more diffusely localised in the

cytoplasm in human platelets.
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Figure 5.2: Subcellular distribution of PKA regulatory subunits in resting

platelets. Human washed platelets (5x10%/ml) were prepared in the presence (A) or absence (B)

of indomethacin (10 uM) and apyrase (2 U/ml) as described in Figure 5.1. After permeabilisation
with 0.3% Triton X-100 for 5 min, platelets were incubated with anti-PKA RI (m), Rlla (m) and RIIf
(m) antibodies for 1 hr at room temperature. This was followed by species-specific fluorescently
labelled Alexa fluor568 (red) conjugated secondary antibody for 1 hr and counterstained with
FITC-phalloidin (1 pg/ml) (green) for 20 min at room temperature. The coverslips were then
mounted on glass slides using gelvatol and images were taken via Zeiss ApoTome.2 fluorescence
microscope equipped with a 100x oil immersion objective. Secondary antibody alone was used as
a negative control. Representative images are central Z-slices from Z stacks. Z-slices were taken at
0.15 pm intervals through the platelet. All images were deconvolved and underwent contrast
enhancement to remove background fluorescence. Shown images are representative of at least
three independent experiments. The white inset in the merge image has been zoomed in the
adjacent panel. White arrows indicate circular accumulation of PKA RI at the cell periphery. Scale

bars are indicated.
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5.4. Co-localisation of MYPT1 and PKA regulatory subunits in resting platelets.
Having previously shown in chapter 4, section 4.3 that MYPT1 associates with all
four PKA regulatory subunits in basal platelets; here we aimed to assess
immunofluorescence-based association of MYPT1 with PKA regulatory subunits
in resting platelets. In these set of experiments | was only able to use rabbit
polyclonal MYPT1 antibody, as all the available PKA regulatory subunit antibodies
in the laboratory were mouse monoclonal. This rabbit polyclonal MYPT1 antibody

gives more punctate staining than the mouse monoclonal one.

Human washed platelets were prepared in the presence or absence of
indomethacin and apyrase, fixed and adhered to poly-L-lysine coated coverslips
as mentioned in section 5.2. After permeabilisation platelets were double
immunostained with MYPT1 and PKA regulatory subunit antibodies before
images were acquired with a fluorescence microscope. Both in the presence (A)
or absence (B) of indomethacin and apyrase, MYPT1 did not entirely co-localise
with the PKA regulatory subunits (Figure 5.3). Co-localisation of MYPT1 with PKA
Rl is mainly observed at the cell periphery, whereas with Rlla and RIIB the
association was mostly at the cytoplasm. A significant fraction of unbound
MYPT1 and PKA is still present throughout the cytoplasm, suggesting that these
proteins are not interacting only with each other but have a number of other

binding partners.
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Figure 5.3: Co-localisation of MYPT1 with PKA regulatory subunits in resting

platelets. Human washed platelets (5x10%/ml) were prepared in the presence (A) or absence (B)

of indomethacin (10 uM) and apyrase (2 U/ml) as described in Figure 5.1. After permeabilisation
with 0.3% Triton X-100 for 5 min, platelets were doubled stained with anti-MYPT1 (r) and anti-
PKA RI (m), Rlla (m) and RIIB (m) antibodies for 1 hr at room temperature. This was followed by
species-specific fluorescently labelled Alexa fluor568 (red) and Alexa fluor488 (green) conjugated
secondary antibodies for 1 hr at room temperature. The coverslips were then mounted on glass
slides using gelvatol and images were taken via Zeiss ApoTome.2 fluorescence microscope
equipped with a 100x oil immersion objective. Representative images are central Z-slices from Z
stack. Z-slices were taken at 0.15 um intervals through the platelet. All images were deconvolved
and underwent contrast enhancement to remove background fluorescence. Shown images are
representative of at least three independent experiments. The white inset in the merge image
has been zoomed in the adjacent panel. White arrow-heads indicate co-localisation of two

proteins. Scale bars are indicated.
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5.5. Subcellular localisation of MYPT1 in spread platelets.
Having explored the distribution of MYPT1 in resting platelets, we next wanted to
investigate whether the localisation of MYPT1 remains the same or changes in

activated platelets spread on a fibrinogen matrix.

In order to visualise MYPT1 distribution, human washed platelets were spread on
fibrinogen-coated coverslips for 45 min at 37°C, fixed with 4% PFA and
permeabilised with 0.3% Triton X-100. After permeabilisation platelets were
immunostained with anti-MYPT1 mouse monoclonal or rabbit polyclonal
antibodies followed by fluorescently labelled secondary antibodies. Cells were
then counterstained with FITC-phalloidin to visualise F-actin. Fluorescently
labelled secondary antibodies alone were used as negative controls.
Immunofluorescence microscopy revealed that both antibodies efficiently
stained MYPT1 in spread platelets. As compared to resting platelets, MYPT1
staining in spread platelets is more pronounced and concentrated in the cell
centre at around the granulomere area. Some co-localisation with actin is also
observed at stress fibres due possibly to the association of MYPT1 with myosin
(Murata et al., 1997) and some with peripheral cortical actin (Figure 5.4). In
spread platelets myosin lla strongly co-localises with stress fibres. However, its

association with MYPT1 was less conspicuous (Figure 5.4, last two lower panels).
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Figure 5.4: Subcellular distribution of MYPT1 protein in platelets spread on

fibrinogen. Human washed platelets (1x107/ml) were incubated on fibrinogen (100 pg/ml)

coated cover slips for 45 min at 37°C, fixed with 4 % PFA and permeabilised with 0.3% Triton X-
100. Platelets were then stained with anti-MYPT1 mouse monoclonal, rabbit polyclonal and anti-
myosin lla rabbit polyclonal antibodies for 1 hr at room temperature. This was followed by
species-specific fluorescently labelled Alexa fluor568 (Red) conjugated secondary antibody for 1
hr at room temperature and counterstained with FITC-phalloidin (1 pg/ml) for 20 min to visualise
F-actin. The cover slips were then mounted on glass slides using gelvatol and images were taken
via Zeiss ApoTome.2 fluorescence microscope equipped with a 100x oil immersion objective.
Fluorescently labelled secondary antibody alone was used as a negative control. Representative
images are central Z-slices from Z stack. Z-slices were taken at 0.15 um intervals through the
platelet. All images were deconvolved and underwent contrast enhancement to remove
background fluorescence. Shown images are representative of at least three independent
experiments. The white inset in the merge image has been zoomed in the adjacent panel. White

arrow-heads indicate co-localisation of two proteins. Scale bars are indicated.

229

Control

Control

Control


https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCEQFjAA&url=http%3A%2F%2Fwww.manuelsweb.com%2Ftemp.htm&ei=C3-HVImzLIW7Ue2Jg8AG&usg=AFQjCNFhEEV_ZoFMKBY3AwypTuGH4HnWXw&bvm=bv.81449611,d.d24

5.6. Subcellular localisation of PKA regulatory subunits in spread platelets.
The aim of this experiment was to study the localisation of PKA regulatory

subunit isoforms in activated platelets.

To begin with, human washed platelets were spread on fibrinogen coated cover
slips for 45 min, fixed with 4% PFA and permeabilised with 0.3% Triton X-100 for
5 min at room temperature. Cells were then stained with anti-PKA regulatory
subunit antibodies Rl (m), Rlla (m), RIIB (m) followed by counterstaining with
FITC-phalloidin to visualise F-actin. It was observed that PKA Rl (m), which stains
both Rla and RIB isoforms, was very distinct, diffuse throughout the cell with
strong circular shaped labelling at the cell centre at around the granulomere area
(Figure 5.5).

On the other hand, PKA Rlla staining is punctate and diffuse throughout the cell
cytoplasm with some peripheral co-localisation with cortical actin, whereas PKA
RIIB staining is also detected throughout the cell cytoplasm as of PKA Rlla but
was very strong in certain locations, such as the cell centre and the cell cortex.
This result shows that each of PKA regulatory subunits followed a unique

localisation pattern in spread platelets.
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Figure 5.5: Subcellular distribution of PKA regulatory subunits in platelets

spread on fibrinogen. Human washed platelets (1x107/ml) were incubated on fibrinogen

(100 pg/ml) coated cover slips for 45 min at 37°C, fixed with 4 % PFA and permeabilised with 0.3%
Triton X-100. Platelets were then stained with anti-PKA Rl (m), Rlla (m) and RIIB (m) antibodies
for 1 hr at room temperature. This was followed by species-specific fluorescently labelled Alexa
fluor568 (Red) conjugated secondary antibody for 1 hr at room temperature and counterstained
with FITC-phalloidin (1 pg/ml) for 20 min to visualise F-actin. The coverslips were then mounted
on glass slides using gelvatol and images were taken via Zeiss ApoTome.2 fluorescence
microscope equipped with a 100x oil immersion objective. Fluorescently labelled Secondary
antibody alone was used as a negative control. Representative images are central Z-slices from Z
stack. Z-slices were taken at 0.15um intervals through the platelet. All images were deconvolved
and underwent contrast enhancement to remove background fluorescence. Shown images are
representative of at least three independent experiments. The white inset in the merge image
has been zoomed in the adjacent panel. White arrows indicate circular accumulation of PKA RI at

the cell centre. Scale bars are indicated.
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5.7. Co-localisation of MYPT1 and PKA regulatory subunits in spread platelets

As we have shown previously (chapter 4, section 4.5.3) that MYPT1 directly
interacts with PKA regulatory subunits by using biochemical approaches, here we
set out to examine the association of MYPT1 with PKA regulatory subunits using

immunofluorescence techniques on spread platelets.

Human washed platelets were spread, fixed and permeabilised as mentioned in
section 5.5. After permeabilisation platelets were double stained with MYPT1
and PKA regulatory subunit antibodies followed by Alexa fluor conjugated
secondary antibodies. Fluorescence microscopy showed that PKA Rl (m) strongly
co-localised with MYPT1 in the cell centre. Weak co-localisation with MYPT1 is
also observed in the cell cortex. In contrast, PKA Rlla and RIIB less conspicuously
co-localised with MYPT1 both in the cortex and centre of the cell (Figure 5.6).
This data suggests that in activated platelets the distribution of both MYPT1 and
PKA regulatory subunits markedly changed as compared to resting platelets and
co-localisation was evident in particular regions. However, a note of caution is

due here since the fluorescence microscope resolution limit is 200 nm.

232



PKA Rlla (m) MYPTA (r)

.

PKA RIIB(m)

Figure 5.6: Co-localisation of MYPT1 with PKA regulatory subunits in platelets

spread on fibrinogen. Human washed platelets (1x107/ml) were incubated on fibrinogen
(100 pg/ml) coated cover slips for 45 min at 37°C, fixed with 4% PFA and permeabilised with 0.3%
Triton X-100. Platelets were then double-stained with anti-MYPT1 (r) and anti-PKA Rl (m), Rlla. (m)
and RIIB (m) antibodies for 1 hr at room temperature. This was followed by species-specific
fluorescently labelled Alexa fluor568 (Red) and Alexa fluord88 (green) conjugated secondary
antibodies for 1 hr at room temperature. The coverslips were then mounted on glass slides using
gelvatol and images were taken via Zeiss ApoTome.2 fluorescence microscope equipped with a
100x oil immersion objective. Representative images are central Z-slices from Z stack. Z-slices
were taken at 0.15 um intervals through the platelet. All images were deconvolved and
underwent contrast enhancement to remove background fluorescence. Shown images are
representative of at least three independent experiments. The white inset in the merge image
has been zoomed in the adjacent panel. White arrow-heads indicate co-localisation of two

proteins. Scale bars are indicated.
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5.8. Discussion

In platelets PKA is a key negative regulatory enzyme that upon activation by
cAMP regulates numerous key cellular activities via phosphorylating serine and
threonine residues of downstream substrate proteins (Smolenski, 2012). Gene
cloning and biochemical studies indicate that there are four isoforms of PKA
regulatory subunits (Rla, RIB, Rlla, RIIB) (McKnight et al., 1988). Each isoform is
considerably heterogeneous in its roles even within single cell types (Taylor et al.,
2012; Skalhegg & Taskén, 2000; Taylor et al., 1990). These isoforms are believed
to be arranged in close proximity with various signalling molecules in particular
compartments, which is increasingly recognised as a crucial aspect for the
specificity of cAMP/PKA signalling in blood platelets (Raslan et al., 2015a). In this
chapter, we establish in detail the localisation of PKA regulatory subunit isoforms
and their known substrate MYPT1 in platelets. We have shown that the PKA
regulatory subunits reside in distinct compartments with MYPT1 both in resting

and activated platelets using fluorescence microscopy.

The general understanding of the subcellular distribution of PKA regulatory
subunit isoforms is that PKA type | is mainly in the cytoplasm, whereas PKA type I
resides in the cell periphery. Several biochemical studies on cell lysates showed
that PKA type | is largely found in the supernatant fraction, whereas PKA type Il is
associated to particulate materials (Kovanich et al., 2010; Montoliu et al., 2007;
Feliciello et al., 2000; Deviller et al., 1984; Brunton et al., 1981; Corbin et al.,
1977). However, this general consideration of PKA distribution in the cell has
more recently been questioned (Raslan et al., 2015a; Burgers et al., 2012). These
researchers have reported that PKA type | is mainly found in the cell periphery,
whereas PKA type Il in the cytoplasm by using immunofluorescence microscopy

and cell fractionation approaches.

Our findings on the PKA isoforms distribution, especially in resting platelets, are
consistent with these recent investigators (Raslan et al., 2015a; Burgers et al.,
2012) (Figure 5.3). Furthermore, we have noticed a strong circular labelling of
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PKA RI at the cell periphery, which may possibly indicates its co-localisation with
the microtubule ring in resting platelets as reported by Huang et al. (2013) and
Ozer & Halpain (2000) in other cell types. Other studies have also shown that a
specific GPCR agonist selectively triggers a particular pool of PKA regulatory
subunit isoforms that phosphorylate a specific set of substrate proteins (Di
Benedetto et al., 2008). For example, in cardiomyocytes B-adrenergic stimulation
triggers membrane bound PKA regulatory subunit activity, whereas PGE;
stimulation results in the activation of the cytosolic pool of PKA (Hayes et al.,
1980). This selective activation of PKA regulatory subunit isoforms may lead to
the phosphorylation of specific sets of downstream substrate proteins and thus
keep signalling events localised to that particular compartment. It would be
worth seeing the effect of various agonists at least on the cellular distribution of

a particular PKA isoform in platelets too by using fluorescence microscopy.

In the case of activated platelets spread on fibrinogen matrix the PKA regulatory
subunits markedly re-arranged their cellular distribution, PKA Rl mostly
translocated from the cell periphery to the cell centre where it is arranged in a
circular pattern. Again this circular labelling of PKA Rl may possibly suggest its
association with the microtubule ring that reassembles at the granulomere area
in spread platelets (White &Sauk, 1984). Haung and co-workers (2013) have
reported that PKA associates with microtubules and regulates the elongation of
neurites. We speculate that in blood platelets PKA may also associate with
microtubules and regulate various microtubule related activities, such as platelet
aggregation (Menche et al., 1980), secretion, thrombus formation (Meyer et al.,
2012) and clot retraction (Shepro et al., 1969). However, the association of PKA
with the microtubule ring in blood platelets should be confirmed with
immunofluorescence microscopy and affinity binding assays. On the other hand,
PKA Rlla and RIIB concentrated in two distinct compartments, in the cell centre
and in the cell periphery and this peripheral localisation is more pronounced in

the case of PKA RIIB (Figure 5.5). This distinct localisation pattern of each PKA
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regulatory subunit in platelets strengthens the claim of their individual role in

distinctive cellular functions in a particular cell (Taylor et al., 2012).

Research studies have shown that the distribution of PKA regulatory subunits in a
particular locus or compartment where they target specific substrate proteins
that regulate particular cellular activities is majorly due to the interaction with
anchoring and scaffold proteins (Taylor et al., 2012; Pidoux & Taskén, 2010). The
role of anchoring proteins in the specificity of PKA signalling has been well
investigated in other cell types and more recently reported in blood platelets
where PKA type | is localised in lipid rafts and phosphorylates GPIbB glycoprotein
via interaction with a novel anchoring protein, moesin (Raslan et al., 2015a).
However, the participation of scaffold proteins such as MYPT1 has not been

investigated to date.

MYPT1 is a targeting subunit of MLCP that directs myosin phosphatase towards
its substrate proteins. It scaffolds PP1c at the N-terminus and M20 at the C-
terminus. It also binds to certain signalling proteins, such as PKG, PKA and Rho
kinases and regulates, via PP1c, the phosphorylation of myosin lla that controls
acto-myosin responses both in smooth muscle and non-muscle cells (Butler et al.,
2013). In resting platelets MYPT1 is distributed throughout the cells with some
peripheral cellular distribution (Figure 5.1). This is in line with previously
published work conducted by Shin et al. (2002) in ferret portal vein smooth
muscle cells. Shin and co-workers (2002) and later Lontay et al. (2005) and Neppl
et al. (2009) have also reported that MYPT1 translocates to the plasma
membrane upon agonist stimulation. In activated platelets spread on fibrinogen
MYPT1 is distributed in a specific pattern, strong granular staining at the cell
centre and some peripheral localisation with cortical actin (Figure 5.4A). This
labelling pattern of MYPT1 in spread platelets was not disturbed even after
treatment with a high dose of PIG, (100 nM) (data not shown). However, the
ideal state would be to test the effect of PIG; on the distribution of MYPT1 in
suspended platelets. This subcellular distribution of MYPT1 in spread platelets
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was further investigated in association with two pivotal proteins of activatory and

inhibitory signalling pathways, myosin Ila and PKA.

Cell fractionation, fluorescence microscopy and affinity chromatography studies
have shown that myosin lla strongly interacts with MYPT1 (Johnson et al., 1997;
Ichikawa et al., 1996). Our immunostaining data in resting platelets also revealed
strong co-localisation of MYPT1 with myosin Ila throughout the cell (Figure 5.1C).
However, in platelets spread on fibrinogen MYPT1 is not entirely associated with
the myosin filaments and a significant fraction of MYPT1 is present throughout
the cytoplasm and in the cell periphery where its interaction with myosin is not
evident (Figure 5.4). This may indicate that MYPT1 interacts with other substrates
in addition to myosin. Furthermore, this suggest that platelet activation
potentially triggers the dissociation of MYPT1-PP1c from myosin lla, which may
be a prerequisite for the sustained phosphorylation of myosin light chain as
proposed by Khasnis et al. (2014); Neppl et al. (2009) and Velasco et al. (2002).
However, the concept of MYPT1 translocation to the cell membrane after
activation as suggested by Aburima et al. (2013) is not very obvious in our
immunofluorescence images. Inagaki et al. (1997) and Murata et al. (1997) have
also detected a similar intracellular distribution pattern of MYPT1 with myosin lla
as in our spread platelets. These reports together with our immunostaining data
suggest that MYPT1 may have many other binding partners other than myosin
Ila.

In chapter 4 our biochemical data strongly suggests that MYPT1 associates with
all four PKA regulatory subunits in human platelets. This in-vitro binding was
further investigated in both resting and spread platelets using fluorescence
microscopy. In resting platelets MYPT1 is mainly co-localised with the PKA Rl in
the cell periphery, whereas with the PKA Rlla and RIIB the association was fairly
cytoplasmic (Figure 5.3). This suggests that there are possibly two pools of
MYPT1 and PKA regulatory subunits, which are differentially distributed, in

human platelets. The concept of PKA compartmentalisation is very new in
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platelet biology and requires further elucidation. On the other hand, in spread
platelets MYPT1 strongly co-localised with PKA Rl in the granulomere area and
partial association was detected with PKA Rlla and RIIB in the cell centre and in
the cell periphery (Figure 5.6). It is also worth noting that although isolated
MYPT1 strongly associates with PKA, the majority of both MYPT1 and PKA
regulatory subunits are present in an unbound arrangement throughout the
cytoplasm, suggesting that these proteins have various other binding partners
(Matsumura & Hartshorne, 2008; Beck et al., 2014). Furthermore, MYPT1
staining both in resting and spread platelets is very granular and it would be
worth investigating the association of MYPT1 with different platelets granules,
such as alpha granules and dense granules by using antibodies that recognise
specific components of these granules (anti-thrombospondin or anti-fibrinogen
for alpha granule and anti-CD63 or anti-Lamp2 for dense granules). MYPT1
strongly co-localises with PKA RI, particularly in the cell periphery in resting
platelets and in the granulomere area in spread platelets, where the microtubule
ring resides (White & Sauk, 1984). Further work needs to be performed, such as
triple immunostaining of MYPT1, PKA Rl and microtubule using antibodies. If
confirmed, the co-localisation of MYPT1 and PKA Rl at microtubules may possibly
be involved in stabilising the microtubule ring in resting platelets and

reassembling in spread platelets.

Conclusion

Collectively, the data presented in this chapter provide insights into the concept
of compartmentalisation of PKA and its association with MYPT1 in blood
platelets. In blood platelets PKA Rl isoforms are mainly localised in the cell
periphery, whereas PKA Rll isoforms are distributed throughout the cytoplasm.
MYPT1 associates with PKA Rl in the cell periphery and with PKA Rl in the
cytosol, suggesting that there are two distinct pools of MYPT1 and PKA isoforms

exist that are differentially localised in blood platelets.
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Chapter 6: General discussion

The phosphorylation of MYPT1 plays an important role in the regulation of the
acto-myosin contractile machinery that is required for platelet shape change
during activation. Previously it has been demonstrated that PKA regulates MYPT1
phosphorylation via inhibiting the RhoA-ROCK pathway in thrombin-stimulated
platelets. This is required for the activation (disinhibition) of MLCP (Aburima et
al., 2013). Similarly, in SMCs, both PKA and PKG reverse the inhibitory
phosphorylation of MYPT1 at Thr696 and Thr853 and depression of MLCP activity
via inhibiting the RhoA-ROCK pathway (Nakamura et al., 2007; Azam et al., 2007).
In this study we aimed at identifying new mechanisms that regulate PKA-
mediated phosphorylation of MYPT1 function on MLCP activity in blood platelets.
Here, we first characterized the role of the cAMP-elevating agent PGI; and the
platelet agonist thrombin on the phosphorylation of MYPT1. We also explored
the presence of different splice variants of MYPT1 that might be differentially
regulated by cAMP/PKA signalling. Furthermore, we examined in detail the
interaction of MYPT1 with PKA and explored whether MYPT1 is an AKAP and
therefore interacts with PKA in an AKAP manner. Finally, we investigated the
cellular distribution of both MYPT1 and PKA in the context of distinct subcellular

compartments both in resting and spread platelets by immunohistochemistry.

6.1. Phosphorylation of MYPT1 in blood platelets

In many cell types, including platelets, the acto-myosin contractile machinery is
chiefly under the influence of MLCK and MLCP, which determines the extent of
MLC phosphorylation and acto-myosin ATPase activity. Although MLCK activation
depends on cytosolic calcium concentration, MLCP activity is also subject to
modulation by a number of signalling proteins (Somlyo & Somlyo, 2003). Platelet
agonists, such as thrombin and TXA,, activate the small GTPase RhoA, which in
turn activates its downstream effector ROCK. This results in phosphorylation of

MYPT1 at Thr696 and Thr853, increased inhibition of the phosphatase activity
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and MLC phosphorylation, independently of changes in calcium concentration
(Aburima & Naseem, 2014). Conversely, in SMCs activated PKA and PKG
phosphorylate MYPT1 at Ser695 and increase MLC dephosphorylation through
activation (disinhibition) of MLCP activity leading to calcium desensitization
(Nakamura et al., 1999; Lee & Kitazawa, 1997). However, in platelets, cyclic
nucleotides-mediated phosphorylation of MYPT1 at Ser695 has not been
investigated before. In this thesis we show for the first time that cAMP elevating
agents moderately increase the phosphorylation level of MYPT1 at Ser695 in a
concentration and time-dependent fashion (Figure 3.3A & 3.4). This moderate
increase in the phosphorylation level is potentially directly related to increased
MLCP activity in platelets as previously shown by Aburima and Naseem (2014).
However, in SMCs, which express similar isoforms of MLCP, the phosphorylation
of MYPT1 at Ser695 has not been reported to increase the activity of MLCP, but
rather disinhibits MLCP activity by relieving phosphorylation of inhibitory
residues (Nakamura et al., 2007; Wooldridge et al., 2004). These researchers
have shown that the phosphorylation of MYPT1 at Ser695 physically blocks the
phosphorylation of the adjacent inhibitory residue, Thr696, and vice versa, thus
inhibiting or disinhibiting (activating) the activity of MLCP. However, in platelets,
our calyculin A data suggests that the phosphorylation of MYPT1 at Thr696 is not
physically blocking the phosphorylation of the adjacent Ser695 and vice versa
(Figure 3.2). This is in line with the work conducted by Neppl and co-workers
(2009), who have reported that in intact cerebral arteries the phosphorylation of
Thre96 is independent of the phosphorylation of Ser695. In addition, the
phosphorylation of MYPT1 at Thr696 in thrombin-treated platelets has no effect
on the phosphorylation of adjacent Ser695 in our time course experiments
(Figure 3.5), further strengthening our observation that Thr696 is not physically
blocking or reducing the phosphorylation of Ser695 as suggested by Nakamura et
al. (2007) and Wooldridge et al. (2004). Because of the above inconsistencies, the
precise contribution of the phosphorylation of MYPT1 at Ser695 to the activity of

MLCP requires further investigation.
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On the contrary, the inhibition of MLCP activity via phosphorylation of MYPT1 at
Thr696 and Thr853 has been well documented in the literature (Hartshorne et
al., 2004). Koga and lkebe (2008) showed that the RhoA-ROCK mediated
phosphorylation of MYPT1 increases its affinity towards 14-3-3, which triggers
MLCP dissociation from myosin Ila and attenuates MLCP activity. Later, Khromov
et al. (2009) suggested that RhoA-ROCK mediated phosphorylation of MYPT1 at
Thr696 and Thr853 inhibits MLCP activity possibly via docking of these phospho-
residues to the active cleft of PP1c and causing autoinhibition of MLCP activity.
Recently, in blood platelets, Aburima et al. (2013; 2017) revealed that the
thrombin-mediated RhoA-ROCK activation significantly decreases MLCP activity
via inhibitory phosphorylation of MYPT1 at Thr853. Together these studies clearly
suggest that RhoA-ROCK mediated phosphorylation of MYPT1 inhibits MLCP
activity. Although a number of other kinases, such as ILK and ZIP kinases have
also been reported to increase the inhibitory phosphorylation of MYPT1 at
Thr696 and Thr853, the physiological importance of these events are less clear
(Hartshorne et al., 2004). Moreover, studies have shown that the
phosphorylation of MYPT1 is responsible for the structure and subcellular
distribution of the MLCP holoenzyme. In SMCs, phosphorylation at Thr696 and
Thr853 activates the dissociation of the MLCP holoenzyme from myosin lla,
which is required for increased MLC phosphorylation (Velasco et al., 2002).
Similarly, Shin et al. (2002) revealed that in SMCs RhoA-ROCK mediated
phosphorylation of MYPT1 at Thr696 triggers the translocation of the MYPT1-
PP1c complex from the cytosol to the plasma membrane, which is followed by
the dissociation of PP1c from MYPT1 and subsequently PP1c returns to the
cytosol, where it has reduced phosphatase activity towards phosphorylated
myosin lla. In platelets, phosphorylation of MYPT1 at Thr853 in thrombin-
stimulation also triggers the dissociation of PP1c from MYPT1 (Aburima et al.,
2013) and once free, PP1c showed low catalytic activity towards myosin lla
(Terrak et al., 2004). Interestingly, cyclic nucleotides via PKA and PKG significantly

inhibited the translocation and dissociation of the MLCP holoenzyme, which is
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required for increase phosphatase activity (Neppl et al., 2009). We have also
attempted to examine the role of cAMP elevating agents on the subcellular
distribution of MYPT1 in human platelets using subcellular fractionation and
immunofluorescence techniques. However, our attempts were not successful as
the MYPT1 protein degraded very rapidly in fractionation buffer and the signal of

phospho-specific MYPT1 antibodies was very weak and inconclusive.

Similar to SMCs, in platelets phosphorylation of MYPT1 at Ser695 is basally high,
suggesting that there is an active adenylyl cyclase or a constitutively active PKA
or an unknown kinase or a reduced phosphatase level involved in this process
(Figure 3.1-3.7). Another possible explanation would be the presence of platelet-
derived NO (Freedman et al., 1997), which could possibly be responsible for high
basal phosphorylation of Ser695. In endothelial cells a NOS inhibitor (L-NAME)
completely abolished the basal phosphorylation of Ser695, indicating that the
cGMP-PKG pathway is involved in this process (Neppl et al., 2009). However, this
aspect needs to be investigated in platelets by using PKA/PKG inhibitors.
Additionally, in SMCs, high basal phosphorylation of Ser695 is responsible for
preserving basal vascular tone (Grassie et al.,, 2012; Neppl et al., 2009;
Wooldridge et al., 2004). We speculate that in platelets high basal Ser695
phosphorylation may be involved in keeping the inhibitory threshold levels high
for platelet activation. Furthermore, this high basal phosphorylation potentially
preserves the MLCP holoenzyme in complex with myosin lla, which is required
for maintaining MLC dephosphorylation and thus keeping platelets in a non-

adherent state.

In SMCs and endothelial cells the RhoA-ROCK pathway increases the
phosphorylation of MYPT1 at Thr696 and Thr853, with no baseline
phosphorylation of these residues (Yuen et al., 2014; Kitazawa et al., 2003). We
found that in platelets thrombin rapidly increases phosphorylation of MYPT1 at
Thr696 and Thr853 in a dose and time-dependent manner, with minimal baseline
phosphorylation of these residues (Figure 3.3B & 3.5). These basal levels are
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possibly due to the presence of an active regulatory phosphatase. Previous in
vitro studies have shown that the MLCP directly dephosphorylates MYPT1
inhibitory residues, Thr696 and Thr853, during RhoA-ROCK signalling, indicating
the involvement of this phosphatase in the regulation of MYPT1 phosphorylation
(Kaneko-Kawano et al., 2012; Khromov et al., 2009; Kiss et al., 2008; Kimura et
al., 1996). Furthermore, our results suggest that PGl, does not provoke the
phosphorylation of inhibitory residues, indicating that these residues are
exclusively phosphorylated by platelet activatory signals, which is in line with the

work carried out in 293T HEK cells by Yuen et al. (2014) (Figure 3.4).

6.2. Splice variants of MYPT1 in blood platelets

A novel aspect of this work was to investigate the expression of different splice
variants of MYPT1 in platelets. Research studies have revealed several splice
variants of MYPT1 in various cell types in human, birds and insects. These splice
variants are generated by cassette-type alternative splicing of a single gene,
PPP1R12A, at central exon and 3’ exon sections and involve the presence or
absence of central insert (Cl) and C-terminal leucine zipper (LZ) domains (lto et
al., 2004). Of these splice variants, the C-terminal leucine zipper variants are well
characterised in the literature. Huang et al. (2004) have shown that in cultured
SMCs the over-expression of the MYPT1 splice variant containing the LZ motif
(LZ* MYPT1) but not the splice variant lacking this motif (LZ- MYPT) increases MLC
dephosphorylation in response to cGMP elevating agents (8Br-cGMP). They have
also reported that the cGMP-activated PKG interacts with both splice variants;
however, only the LZ* MYPT1 variant was able to induce smooth muscle
relaxation, suggesting that the LZ motif is essential for PKG-mediated smooth
muscle relaxation. Similarly, 8Br-cGMP only increases MLCP activity in 293T HEK
cells expressing the LZ* MYPT1, but not the LZ MYPT1 splice variant, indicating
that the relative expression of MYPT1 splice variants determines the magnitude
of MLCP activity (Yuan et al.,, 2014). In SMCs, the LZ MYPT1 variant has low

intrinsic MLCP activity and higher Thr696 and Thr853 phosphorylation as
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compared to the LZ* MYPT1 variant. Furthermore, relative expression of these
splice variants is tissue specific, developmentally regulated as well as modulated
in a number of diseases (Singh et al., 2011; Payne et al., 2006; Karim et al., 2004;
Khatri et al., 2001). Recent studies have suggested that the changes in the
expression of MYPT1 splice variants markedly contribute to changes in the
sensitivity to cGMP-mediated smooth muscle vasodilation that are associated
with several pathological conditions including heart failure, pulmonary
hypertension, portal hypertension and pregnancy-induced hypertension (Yuen et

al., 2014).

Our data clearly suggests that there are at least two splice variants of MYPT1 in
platelets, which are differentially phosphorylated by cAMP elevating agents
(Figure 3.7). PKA interacts with both splice variants; however, only one is
phosphorylated at Ser695, whereas in thrombin-stimulated platelets both
variants are phosphorylated at Thr696 and Thr853. The basis of this differential
phosphorylation by PKA is not known yet as there are no splice variant-specific
antibodies available that could be used to dissect the role of each splice variant
on platelet function. At this moment of time, we are also not aware of the
identity and relative contributions of these splice variants on the activity of MLCP
holoenzyme. We also do not know what the situation of these splice variants is in
megakaryocytes and whether the expression of these variants changes in
platelets especially during disease conditions, such as atherosclerosis.
Nevertheless, on the basis of this study we assume that there are potentially two
splice variants of MYPT1, which are possibly distributed into two different pools.
One pool is exclusively under the influence of RhoA-ROCK, while the second pool
is under both PKA and RhoA-ROCK. This assumption would be consistent with the
spatial compartmentalisation of cAMP signalling (Raslan et al., 2015a; Seino &

Shibasaki, 2005).
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6.3. Interaction of MYPT1 with PKA regulatory subunits

The data we present in this thesis and the work of others clearly suggest that all
four PKA regulatory subunit isoforms are present in platelets. They are generally
classified into two types, type | and type Il (Figure 4.1). These regulatory subunits
are differentially distributed and control a number of cellular activities in various
cell types (Taylor et al., 2012; 2008; Pidoux & Taskén, 2010). In platelets, the
cellular distribution and activity of these isoforms have not been characterised
until very recently (Raslan et al., 2015a). Raslan et al. (2015a) showed that type |
subunits are distributed in the cell periphery where they are involved in the
down-regulation via phosphorylation of the surface glycoprotein (GPIbB), a
subunit of the GPIb-V-IX complex required for vWF-platelet interaction. However,
the precise role of these isoforms in the regulation of the platelet contractile
apparatus is fairly unknown. Here we show for the first time that all four PKA
regulatory subunits interact with MYPT1 (Figures 4.2-4.4). Our experiments
clearly show that MYPT1 and PKA regulatory subunits along with their catalytic
partners are in a complex in platelets. Unfortunately, due to unavailability of
MYPT1 and PKA regulatory subunit-specific inhibitors and their murine KO
models, we were not able to explore the physiological significance of this MYPT1-
PKA interaction in platelet function. Platelets are inherently difficult cells to
manipulate and their lack of nucleus precludes direct genetic manipulation,
which further limited our investigations. Nevertheless, we selected a mammalian
cell line (293T HEK), successfully mapped the interaction and confirmed that only
the central region of MYPT1 (aa501-706) is directly involved in the interaction
with all four PKA regulatory subunits (Figure 4.12). At this moment, we were not
able to explore whether the direct interaction of MYPT1 with the PKA regulatory

subunits has any effect on MYPT1 phosphorylation and the activity of MLCP.

Initially we hypothesized that MYPT1 is an AKAP as it displays striking similarities
with known AKAPs, such as acting as a scaffold for PP1c to localise it close to its

substrates as well as binding of PKG, RhoA, myosin and PKA, to allow the
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formation of multienzyme complexes (Butler et al., 2013). Indeed, structural
analysis of MYPT1 shows the presence of amphipathic helices, one at the N-
terminus (aa267-285) and second at the end of C-terminus (2aa986-1004),
typically found in AKAPs, which may act to localise PKA to a particular subcellular
regions via interacting with the D/D domain of the regulatory subunits (Figure
4.6). Our biochemical findings suggest that MYPT1 does not interact with PKA in
an AKAP fashion, as neither the amphipathic helices of MYPT1 are involved nor
the D/D domain of PKA is required for interaction (Figure 4.7, 4.8 & 4.13).
Although MYPT1 directly interacts with PKA in a non-AKAP fashion, it cannot be
ruled out that an AKAP tethers PKA towards MYPT1 and is responsible for PKA-
mediated MLCP activation. Recently AKAP2 has been reported to regulate PKA-
mediated MLCP activity via directly associating with MYPT1. Deletion of AKAP2
abolished PKA-mediated activation of MLCP, which is required for MLC
dephosphorylation and increased endothelial cells contraction and preservation
(Batori et al., 2017). In platelets the identification of an AKAP that is tethering
PKA towards MYPT1 could easily be investigated by utilizing standard
approaches, such as PKA-R overlay assays and mass spectrometry-based
chemical proteomics experiments. The later approach has proven their value in

capturing, identifying and characterising novel AKAPs (Scholten et al., 2008).

On the basis of our results, we suggest the following model of MYPT1 and PKA
interaction in blood platelets (Figure 6.1). At basal level PKA has been reported to
phosphorylate numerous downstream substrate proteins (El-Daher et al., 1996).
In this study, we have noticed that MYPT1 is basally phosphorylated at Ser695
(Chapter 3, section 3.4.3) possibly via direct association with basally active PKA,
which results in active MLCP that reduce phosphorylation of MLC and thus keep
platelets in non-adherent state (Figure 6.1A). This basal PKA activity is either due
to the presence of a constitutively active adenylyl cyclase that maintain
intracellular cAMP level or the presence of cAMP-independent pathway required

for keeping platelets in dormant state. Stimulation of platelets with PGl, causes
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activation of PKA that moderately enhances the phosphorylation of MYPT1 at
Ser695 and the activity of the MLCP, which are responsible for inhibition or
reversal of platelets activation (Figure 6.1B). On the other hand, thrombin
stimulation leads to the activation of RhoA-ROCK signalling, which
phosphorylates MYPT1 at Thr696 and Thr853, resulting in MLCP inhibition and
subsequent phosphorylation of MLC, which leads to reversal platelets activation

(6.1C).
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Figure 6.1: A proposed model of MYPT1-PKA interaction in platelets. A) In resting platelets PKA regulatory subunits directly interact with the
MYPT1 in a way that the PKA catalytic subunit docks on the Ser695 of MYPT1 and induces its phosphorylation. The phosphorylated MYPT1 then targets MLCP
to myosin and thus keeps the contractile machinery in an inactive state by continually dephosphorylating MLC. These events contribute to keeping platelets in
a quiescent state. B) Platelets stimulated with PGl cause PKA activation via increased intracellular cAMP level. PKA in the presence of cAMP moderately
increases the phosphorylation of MYPT1 at Ser695 and MLCP activity. MLCP via MYPT1 remains associated with myosin (Johnson et al., 1997)
dephosphorylates MLC and results in platelet inhibition. C) Platelets stimulated with thrombin trigger activation of RhoA, which then activates ROCK kinase
that phosphorylates MYPT1 at Thr696 and Thr853, inhibits MLCP activity and probably dissociates MLCP holoenzyme from myosin (Aburima et al., 2013;
Khasnis et al., 2014; Neppl et al., 2009; Velasco et al., 2002), thus decreasing the dephosphorylating activity of MLCP towards MLC. Concurrently thrombin also
triggers increased intracellular calcium release that leads to the calmodulin (CAM) dependent activation of MLCK. Both RhoA-ROCK (Amano et al., 1996) and
MLCK (Somlyo & Somlyo, 1994) phosphorylate MLC and potentiate myosin Ila-based motor activities that lead to platelet activation. Note that thrombin has

no effect on the phosphorylation of Ser695 as it remains equivalent to basal level.
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6.4. Cellular distribution of MYPT1 and PKA in blood platelets

The idea of compartmentalised cAMP-PKA signalling has long been proposed
(Buxton & Brunton, 1983); however, in platelets it has only recently been
demonstrated (Raslan et al., 2015a). As our binding studies suggest that MYPT1
directly interacts with PKA regulatory subunits and if PKA regulatory subunits are
organised in different compartments as proposed by Raslan et al. (2015a), MYPT1
may also be differentially arranged in these compartments along with PKA. To
explore this hypothesis, we used double-labelling immunofluorescence and
fluorescence microscopy to investigate the subcellular localization of MYPT1 and
PKA regulatory subunits. In resting platelets adhered to poly-L-lysine, MYPT1 and
PKA Rl are mainly co-localised in the cell periphery where MYPT1 may possibly be
responsible for positioning PKA Rl nearby membrane protein substrates, such as
GPCRs and GPIbB, which have been shown to be regulated via phosphorylation
by PKA (Raslan et al., 2015a; Smolenski, 2012). Furthermore, this peripheral PKA
Rl may phosphorylate MYPT1 at Ser695, which is responsible for MLCP
disinhibition and subsequent inhibition of HDAC6. This enzyme is required for
microtubule deacetylation and disintegration in activated platelets (Joo &
Yamada, 2014; Aslan et al., 2013). On the other hand, co-localisation of MYPT1
with PKA Rlla and RIIB is predominantly seen in the cell cytoplasm, which
suggests that PKA Rlla and RIIB are targeted in the cell cytoplasm where they
may catalyze the phosphorylation of MYPT1 and other proteins that are
important to the regulation of the contractile apparatus (Figure 5.3). This
differential distribution of PKA regulatory subunits along with MYPT1 in resting
platelets suggest the presence of different compartments of cAMP signalling
where MYPT1 may target PKA towards its particular substrate proteins, which is
responsible for distinct cellular activities. In return, PKA phosphorylates MYPT1 in
these compartments, which is responsible for MLCP activation and subsequent
inhibition of the platelet contractile machinery. Due to this differential
distribution of PKA regulatory subunits along with MYPT1, one may also assume

that MYPT1-PKA Rl may play a role in regulating the marginal band of
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microtubules and MYPT1-PKA Rlla and RIIB in the acto-myosin contractile

machinery.

Once platelets become activated as they spread on fibrinogen, the cellular
distribution of MYPT1 and PKA regulatory subunits entirely changed. MYPT1
strongly co-localised with PKA Rl in the cell centre where PKA Rl concentrated in
a circular pattern. It can be inferred from this result that MYPT1 and PKA RI
possibly associate with the microtubule ring in the cell centre where these two
proteins may be involved in the reassembly and stability of microtubules in
spread platelets, which is potentially needed to accumulate organelles in the cell
centre for secretory reaction (Sadoul, 2015). By contrast with PKA Rlla and RIIp
the co-localisation of MYPT1 was consistently to two regions, cell centre and
some fair peripheral localization especially with PKA RIIB, indicating two distinct
compartments of PKA responsible for localized cAMP signalling (Figure 5.6). To
the best of our knowledge the differential distribution of MYPT1 and PKA
regulatory subunits is also a novel observation as this has not been reported

previously, particularly in spread platelets.

To summarise, the work presented in this thesis clearly identifies MYPT1 as a
novel PKA substrate protein in blood platelets. Our data shows that human
platelets express two MYPT1 splice variants, which are differentially regulated by
cAMP signalling. Furthermore, our data shows that MYPT1 directly interacts with
PKA regulatory subunits and possibly influences cellular functions. We believe
that advancing our understanding of how MYPT1-PKA interaction influences
cellular activities will reveal new pathways that regulate platelet activation and

present target for novel antithrombotic therapeutics.
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6.5. Future work
The key findings of this study, such as splice variants of MYPT1 and interaction of
MYPT1 with PKA have opened up a number of avenues that need to be

considered in future investigation.

e The identity of MYPT1 splice variants in platelets can be confirmed in mRNA of
platelets using RT-PCR with specific primers. Once the identity of these
variants has been confirmed we can either over-express them as tagged fusion
proteins in mammalian cells or could possibly generate antibodies against
specific variants and confirm their subcellular distribution even in platelets via
immunohistochemistry or cell fractionation techniques. This will help us to

dissect their specific roles in the cell function.

Our biochemical data suggests that PKA interacts with both splice variants of
MYPT1; however, only the one with slightly higher molecular weight is
phosphorylated through PGl; signalling. Confirming the identity of these splice
variants will help us to investigate the role of the missing motif on the
phosphorylation of Ser695 and MLCP activity. For example, in SMCs, MYPT1
splice variants carrying the LZ motif serve to target PKG and affect MLCP
activity; however, it is not known whether the LZ motif plays any role in the

phosphorylation of MYPT1 on Ser695.

In SMCs and platelets, the relationship between the activity of MLCP and the
phosphorylation of MYPT1 has been well documented (Aburima & Naseem,
2014; Hartshorne et al., 2004). However, very little is known about the relative
expression of different splice variants of MYPT1 in disease conditions. Karim et
al. (2004) have reported that in congestive heart failure (CHF) the expression
of the LZ* MYPT1 splice variant was markedly reduced in the smooth muscle
cells of aorta and iliac artery as compared to control animals, indicating that
CHF is associated with a decrease in the relative expression of the LZ* MYPT1
splice variants. However, in platelets, we are not aware whether MYPT1 splice
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variants are also differentially expressed in disease conditions, such as
atherosclerosis, metabolic disorders or infection that could be investigated in
patients or animal models. If that is the case then the modulation of MYPT1
splice variants expression may open a new and possibly more effective avenue

for treating patients with atherosclerosis.

There are no specific inhibitors or knock-out models of MYPT1 and PKA
regulatory subunits available that could be used to explore the functional
relevance of MYPT1-PKA interaction in blood platelets. Furthermore, the
inability to genetically modify platelets further restricted our hands to study
the role of this interaction on platelet function. To overcome these limitations
one could explore this protein-protein interaction in suitable mammalian cell
lines that are easily manipulated by genetic engineering. For example, HUVEC
cells as they have cyclic nucleotide and thrombin signalling pathways similar to
platelets and could be used to investigate the effect of MYPT1-PKA interaction
on functions, such as membrane permeability. Therefore, to begin with, the
contents of endogenous MYPT1 or PKA could be lowered by siRNA-mediated
knock-down and the effects of PGIl; and thrombin on the cell permeability

assessed by measuring transendothelial electrical resistance.

It would be of interest to determine the role of individual isoforms of PKA on
MYPT1 phosphorylation. This could easily be achieved by using an expression
system e.g. human MEG-01 cell line as they express IP receptors, PKA Rla, RIp,
RIIB and PKA-catalytic, synthesise cAMP and phosphorylate VASP in response
to PGI;. siRNA-mediated selective silencing of PKA isoforms would be
introduced in the MEG-01 cell line to isolate isoform specific effects on MYPT1
phosphorylation and signalling. This strategy has been successfully used to

isolate PKA-RII specific events in endothelial cells.
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e |t may also be of benefit to examine the effects of MYPT1 phosphorylation on
MLCP activity, structure of the holoenzyme and subcellular localisation. This
could be explored via point mutation of Ser695, Thr696 and Thr853, followed
by expression in HUVEC cells and assessed the consequences of these
mutations on MLCP holoenzyme structure using co-immunoprecipitation. The
effects of mutations on subcellular localisation could be examined using
immunohistochemistry and cell fractionation approaches. The effects of
mutations on MLCP activity could be determined using SensolLyte protein

phosphatase assay kit with immunoprecipitated PP1c.

e One could also examine the effects of MYPT1-PKA interaction on the activity
of MLCP and MYPT1 phosphorylation. The easy approach to follow this would
be to either delete or mutate the binding motif of MYPT1 involved in the
association with PKA, followed by expression in mammalian cells,
immunoprecipitation of mutated MYPT1 or PKA from cell lysates pretreated
with or without PGl,, analyze phosphorylation of MYPT1 via western blotting

and measure PP1c activity using Sensolyte protein phosphatase assay kit.
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