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Abstract

Myocyte stress 1 (MS1) also known as Striated Muscle Activator of Rho Signalling
(STARS) and Actin-binding Rho activating protein is a stress responsive, muscle
specific protein expressed in cardiac, skeletal and smooth muscle. MS1 was first
observed to increase in MRNA levels during early states of pressure overload induced
left ventricular hypertrophy, making MS1 sensitive to extracellular stress. MSL1 is highly
involved in actin dynamics, where polymerization of actin leads to the regulation of the
myocardin related transcription factor-A and the serum response factor (MRTF-SRF).
The SRF pathway plays a critical role in the regulation of the skeletal muscle. While in
the heart, MS1 is thought to be implicated in hypertrophic signalling and cardiac
remodelling. Previous studies in the lab have shown that MS1 increased in mRNA
levels during simulated ischaemia/reperfusion injury but levels were attenuated with the
addition of JNK inhibitor SP600125 during simulated ischaemia/reperfusion injury.
Although we know MSL1 is involved in actin dynamics due to its ability to bind actin at
the C-terminal as a result of actin binding domains (located between 234-375 a.a) and
also bind actin binding proteins ABLIM-2 and 3, there is limited information on how
MS1 becomes upregulated and its specific function.

In this study we wanted to investigate the effect of various stimuli on MS1 promoter
activation with the use of luciferase reporter assays. The MS1 promoter was responsive
to sorbitol induced osmotic stress, oxidative stress by serum deprivation and
hypertrophic agonist phenylephrine. All of these are well known activators of the stress
activated protein kinases (SAPKSs); JNK and p38. There may be a link between MAPK
activation and MS1 regulation.

Investigation of other interacting partners of MS1 was proposed to give some insight
into the function of MS1. Binding assays using purified MS1 fragments were used to
look at potential interactions in the heart. Interestingly, novel myofibrillar proteins were
pulled out of heart extract and identified by mass spectrometry as Myosin-6, troponin |,
troponin T, a-tropomyosin, myosin LC2 and actin.

We observed potential phosphorylation sites, located within the N-terminus of MS1. In
vitro kinase assays using activated JNK, p38 and ERK, allowed for phosphorylation of
MS1. Three novel phosphorylation sites Thr24, Thr62 and Ser77 were identified by
mass spectrometry. Immunofluorescence studies were used to determine whether
phosphorylation alters MS1 subcelluar distribution or interaction with actin. Co-
localisation was observed between MS1 and HA-JNK at the cell membrane where there
was evidence of membrane ruffling and actin stress fibres present at the periphery. All
of these findings in this study are novel and imply that MS1 may be involved in the
MAPK pathway and also play critical roles in contractile function, muscle development
and cell motility, where phosphorylation may be responsible for its ability to interact
with myofibrillar proteins.
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Chapter 1. Introduction

1.1. Cardiac Function and Statistics

The cardiovascular system is made up of the heart, blood and blood vessels (capillaries,
veins and arteries) found throughout the body which allows for circulation of the blood.
This system is a closed circuit that is expandable allowing for movement and stresses to
occur without damage. The main function of this system is to maintain homeostasis
within the body, which requires the transport of oxygen, nutrients, hormones and
cellular waste products. The key player in this system is the heart that acts as a pump
and allowing for blood to pump in and out of this organ.

The heart, during embryonic development, is one of the first organs to be formed. This
organ grows through proliferation and physiological hypertrophy of cardiac cells
(Srivastava and Olson., 2000). This is a muscle that acts as a pump to facilitate
circulation, beating approximately 3 billion times without failure during the course of a
normal, healthy lifetime (Lifton., 2007). The heart consists of three layers, the
epicardium, myocardium and the endocardium. The heart is a four chambered double
pump where the four chambers are; the right atrium, right ventricle, left atrium and left
ventricle and two types of valves, known as the atrioventricular and semilunar valves
(Figure 1.1). The left and right side of the heart is separated by a muscular wall of
tissue known as the septum (Figure 1.1). The right side of the heart is smaller and
receives deoxygenated blood which has circulated throughout the body. The right
atrium receives venous blood, where contraction of the heart passes the blood through
the tricuspid valve to the right ventricle (Lifton., 2007). The blood is then pumped to the
pulmonary artery, where capillaries within the lungs enable oxygenation of the blood
which is then received by the left side of the heart enabling its adequate distribution
throughout the body (Lifton., 2007). Specialised cells known as cardiomyocytes make
up the heart, and are responsible for contraction of the hearts chambers (Lifton., 2007).
This system is susceptible to breakdown and assault as a result of different factors.
These factors arise due to abnormalities with development and environmental factors or
genetic disorders that lead to the development of cardiovascular diseases.
Cardiovascular disease (CVD) is described as complications that occur to either cardiac
function or the related vasculature such as blood vessels, capillaries, arteries and veins.

CVD which includes heart disease and stroke is the leading cause of death worldwide.
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Figure 1.1: The Anatomy of the Heart.
Coronal section of the human heart shows the four chambers which are the right atrium,
right ventricle, left atrium and left ventricle along with the valves and vessels

responsible for receiving and distributing blood throughout the body. (Picture taken
from ‘Lasker Award to Heart Valve Pioneers’ Lifton., 2007)



Based on the world health organisation statistics from a 2011 study, it was estimated
that 17.3 million people died of CVD in 2008, which accounted for 30% of deaths in the
world (World Health Organization, 2011). Low and middle-income countries are most
affected by this disease which is not gender specific as both men and women are equally
affected (World Health Organization, 2011).

1.2. Cardiovascular Diseases

1.2.1. Coronary Heart Disease

Coronary heart disease (CHD) which is also known as coronary artery disease (CAD)
and ischaemic heart disease, causes the highest number of deaths amongst all of the
CVDs with more than 7.2 million deaths observed in 2008 (World Health Organization,
2011). CHD is described as narrowing of the blood vessels responsible for supplying
the heart (myocardium) with blood and oxygen. Build-up of cholesterol rich deposits or
plaques known as atherosclerotic plaques or fatty streaks that form within the walls of
the artery are often the main reasons for narrowing of these vessels (Figure 1.2). Once
the artery wall has thickened, and the space for blood flow is reduced blood flow to the
myocardium becomes restricted leading to the reduced intake of oxygen and nutrients
required. Plaque development begins during injury or infection of the endothelium
within the layer of lipid on the arterial wall where macrophages and T-cells are present
(Ross, 1999; Napoli et al., 1997; Stary et al., 1994). For over 25 years, it was thought
that elevated levels of low density lipoprotein (LDLs) which are the major cholesterol-
carrying lipoprotein in the plasma, were the main cause of CHD (Nabel., 2003).
Although these plaques are initially stable with low lipid levels, over time, they become
unstable and finally rupture (Figure 1.2) (Ashley and Niebauer, 2004). As a result of
excessive thickening that causes the arterial wall to remodel in order to retain the
diameter of the lumen vessel plaques can become fatal. This can lead to the release of
metalloproteinases by macrophages, that degrade the fibrous cap of the plague and
make it susceptible to rupture (Figure 1.2) (Liu et al.,2004; Galis et al., 1994;
Schonbeck et al., 1997). A staggering 70% of all fatal myocardial infarctions and
coronary deaths occur as a result of plaque rupture (Naghavi et al., 2001; Falk et al.,
1995).
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Figure 1.2: Formation and Composition of Atherosclerotic Plaques

Atherosclerotic plaques are initially triggered as a result of injury or infection of the
endothelium. The lipid levels and macrophages accumulate gradually within the walls of the
artery that are encapsulated by a fibrous cap (a thickened layer within the artery wall as a result
of smooth muscle cells that deposit collagen and elastin fibers). As the atherosclerotic plague
thicken, this leads to restricted blood flow as it is within the lumenal space and the cap is
susceptible to rupture. (Taken from Ashley and Niebauer., 2004)



Studies have shown that atherosclerotic progression is caused through inflammation.
This is as a result of proinflammatory cytokines and growth factors, which are produced
in an area within the plaque known to induce monocytes differentiation into
macrophages (Virmani et al., 2005; Smith et al., 1995; Van der Wal et al., 1994).
Although coronary heart disease is a killer, it can be prevented and is treatable with
lifestyle changes and drugs which can regulate LDL cholesterol levels.

1.2.2. Congenital Heart Disease

Congenital heart disease is defined as a cardiovascular malformation of the heart
present from birth (Pierpont et al., 2007). Coronary heart disease is the most common
cause of congenital disorders found in newborns that can result in perinatal and infant
mortality, with approximately 6-13 new-borns out of every 1000 births affected
(Tennant et al., 2010; Bird et al., 2006). These cardiovascular malformations are
symptomatic and are identified shortly after birth whilst other defects are often detected
during infancy (Wren et al., 2008; Gregory et al., 1999). During the last 20-25 years
there has been an increase in adult patients with congenital heart disease owing to
progression in paediatric cardiology and surgery. In the UK, approximately 250,000
adults live with congenital heart disease, which implies that timely diagnosis during
hospitalisation and new-born management has reduced mortality rates of CHD (Swan et
al., 2006; Gatzoulis., 2006; Tennant et al.,2010; Boneva et al., 2001).

Heart conditions that develop as a result of congenital heart disease are due to mutations
in genes or chromosomes. The most common CHD lesions are atrial septal defects that
can cause mitral valve prolapse leading to mitral valve regurgitation (Lifton., 2007).
Other common lesions are obstructive lesions of the left or right side of the heart
resulting from lost systemic perfusion lost or restricted blood flow (Altman et al.,
2014). Problems with the bicuspid and/or tricuspid valves can also be affected. In
critical cases, surgery or patient management is required to correct these problems
(Altman et al., 2014; Brickner et al., 2000). In recent years, major advances have been
undertaken in the development of effective treatments for valvular disease which causes
prolase of the valve (Lifton., 2007).

1.2.3. Deep Vein Thrombosis or Pulmonary Embolism
Deep vein thrombosis is described as the development of blood clots which are termed

deep vein thrombi (DVT) that can be found within the leg veins as well as the arms and
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cerebal veins which can become dislodged and travel to the heart and lungs (Kucher, N.,
2011; Kyrle and Eichinger; 2005; Goldhaber and Morrison., 2002). Pulmonary
embolism (PE) occurs as a result of clots that break off from the vein walls, when this
occurs they can travel through the heart to the pulmonary arteries. The term used to
describe both disorders is called venous thromboembolism (VTE) (Goldhaber and
Bounameaux; 2012; Goldhaber et al., 2002). Although, studies have shown that DVT
and PE can arise spontaneously or be caused by clinical conditions as a result of trauma,
surgery or excessive bed rest, these disorders can also occur due to hereditary traits and
predisposition which can increase an individual’s susceptibility.

PE is the third most common cause of death from cardiovascular disease after heart
attack and stroke (Goldhaber and Bounameaux; 2012). So far, studies carried out in
Sweden and Norway have confirmed that DVT and PE are not gender specific,
however, there is a slightly higher incidence in women than men (Naess et al., 2007;
Nordstorm et al., 1992). Deep vein thrombosis is rare in children and more prevalent in
adults aged 65-89 (Kniffin et al., 1994). Studies confirmed DVT is also prevalent in
Caucasian and Blacks based on a British study where 25% Caucasians and 22% Blacks
were more susceptible than Asians, who had a significantly lower incidence (Klatsky et
al., 2000; Patel et al., 2004).

Symptoms of DVT include days of cramping that intensify over time, followed by leg
swelling and discolouration (Goldhaber and Bounameaux; 2012). Patients with PE are
asymptomatic leading to a delay in diagnosis that often results in progression of this
disease, however imaging tests and ultrasounds are done to correctly diagnose patients.
Formation of venous thrombi occurs as a result of low blood flow and low shear stress.
Clots are formed of fibrin strands, red bloods cells and platelets that develop in the
pockets of calf veins (Goldhaber and Ridker., 2002). DVT and PE are usually treated
with blood anticoagulants or in more serious cases, either surgery or a catheter to
remove the clot (Goldhaber and Bounameaux; 2012).

1.2.4. Rheumatic heart disease

Rheumatic heart disease develops as a consequence of rheumatic fever which is caused
by group A streptococcus bacteria and can show symptoms of a sore throat or tonsillitis
in children (Cunningham, MW; 2004). During fever, organisms attach to epithelial
cells producing enzymes that allow for the invasion of tissues. In acute stages during

rheumatic fever, an inflammatory response develops. There seems to be a period
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between pharyngitis and rheumatic fever of about 1-5 weeks that allows for the
inflammatory response to develop and attack the tissue (Bisno et al., 1995; Stollerman,
GH; 1995 and 1991). This leads to activation of streptococcal M-protein types that
extend from the cell membrane of the Streptococcal A group bacteria (Cunningham,
MW., 2000). The streptococcal M-proteins can mimic the immune system and cardiac
antigens, for example the protein myosin and valvular endothelium allow them to
invade the tissues without detection (Cunningham, MW; 2004). Cytoskeletal proteins
such as tropomyosin, laminin and ECM are recognized by antimyosin antibodies that
result in damage to the valves of the heart (Cunningham, MW; 2000). T-lymphocyte
production plays a role in the damage to myocardium, endocardium and pericardium
resulting in carditis or endocarditis as a result of TNF and release of interleukins
(Kaplan 2005; Roberts and Mi; 2008; Guilherme et al., 2004).

Rheumatic heart disease is observed in children between ages 5-15 in both
underdeveloped and developing countries, where antibiotics are not commonly used for
pharyngitis (Kaur et al., 1998). Unfortunately, as a result, complications in the heart
such as mitral valve disease and atrial fibrillation can develop. Mitral valve disease is
most common in rheumatic heart disease, and is found in around 50% of individuals
with rheumatic fever, a disease that is estimated to affect approximate 15 million people
worldwide (Cunningham, MW; 2000; World Health Organization., 2004). This is due to
the accumulation of calcium deposits or fibrosis in the aortic valve that either prevents
the valve closing and causes regurgitation (leaky valve) or results in complete failure
known as mitral stenosis (Roberts and Mi; 2008). Atrial fibrillation is another incidence
of rheumatic heart disease due to blood clot formation. To date there is still a debate on
the pathogenetic mechanism of the development of rheumatic fever and rheumatic heart
disease (Kaplan., E.L; 2005), however It has been hypothesised that the virus herpes
simplex | could play arole in this disease (Li et al., 2005).

The cardiovascular diseases listed are some examples of a broad range of disorders;
however these develop at different stages in life and affect different aspects of the
cardiovascular system. These diseases have similar risk factors, for example diabetes,
smoking, obesity, limited physical activity and high cholesterol to name a few that can
make people more susceptible. Most of these diseases are treatable with dietary
management and increased physical activity, however, in severe cases, corrective

surgery is required. A greater focus on the physiological aspects of heart diseases with



emphasis on ischaemia/reperfusion injury and cardiomyopathies are discussed in the

following sections.

1.3. Pathophysiology of Ischaemia/Reperfusion Injury an Overview

Despite advances in the treatment of acute myocardial infarction (AMI) over the last 30
years, it is still understood to be the most common cause of death in the world (Mewton
et al., 2010). Myocardial ischaemia-reperfusion injury can occur as a result of
thrombolysis, angina pectoris, embolic vascular occlusion, coronary by-pass surgery,
angioplasty or heart transplantation, and can result in cardiomyocyte death by necrosis
and apoptosis (Hausenloy and Yellon, 2013; Zhan et al.,2007; Dhalla et al., 2000
(Sahna et. al., 2005). During reperfusion, apoptosis is enhanced, owing to the sudden
readmission of oxygenated blood into the tissues after an ischaemic event leading to
further tissue damage. Apoptosis is described as programmed cell death and is known to
play a role in myocyte death due to ischaemia reperfusion injury, where the inhibition of
apoptosis may attenuate injury (Dhalla et al., 2000; Krijnen et al., 2002). There are a
series of biochemical and metabolic changes that occur during ischaemia reperfusion
injury in the heart, these include; oxidative stress, ATP depletion, inhibition of
myocardial contraction, calcium overload, neutrophil mediated endothelial dysfunction,
loss of membrane phospholipids and a decrease in microvascular flow (Figure 1.3)
(Maxwell and Lip.,1997; Hausenloy and Yellon, 2013).

1.3.1. Pathophysiology of Ischaemia

Ischaemia is defined as an insufficient supply of blood to organs as a result of an
obstruction that can lead to a reduction of arterial or venous blood flow. This leads to a
decrease in oxygen (known as hypoxia) and nutrient supply to the tissues, leading to a
series of events which cause tissue damage (Parlakpinar and Sagir, 2013, Vanteeffelen,
JW, 2008). Damage as a consequence of ischaemia is dependent on the length of time
blood flow is restricted. If occlusion is for less than 40 minutes, metabolic and
biochemical changes are reversible and can be treated. However if restriction of blood
flow is between 40-50 minutes, this can result in progressive damage and instances
where damage is irreversible. Over 50 minutes results in damage so severe that it
resembles damage that takes place during reperfusion injury (which is more damaging
than ischaemia) (Maxwell and Lip, 1997; Piper et al.,1998).
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Figure 1.3: An overview of the Pathophysiology of Myocardial Ischaemia-Reperfusion Injury

During myocardial ischaemia restriction of blood flow leads to hypoxia, this triggers a compensatory switch to anaerobic respiration that leads to lactate
build up, creating an acidic environment. This induces ATPase mediated pumps Na* /H" to remove H" and leads to the accumulation of intracellular Na*
that causes a chain reaction activating 2Na* /Ca®* exchanger to malfunction resulting in calcium overload. Na* /K* ATPase pumps cease to work during
ischaemia. At the onset of reperfusion, reactivation of the electron transport chain causes an influx of ROS. This leads to the opening of the
mitochondrial permeability transition pore (MPTP) that leads to dysfunction of the sarcoplasmic reticulum. Intracellular accumulation of Ca®* by lipid
peroxidation causes cell damage. Rapid restoration of pH balance, allows for the MPTP to open. However all these events during reperfusion leads to
further injury within cardiomyocytes. (Picture taken from Hausenloy and Yellon, 2013)




Pathological abnormalities that commence during decreased oxygen tension result in
depletion of mitochondrial oxidative phosphorylation, leading to a reduction in ATP
production for energy metabolism. Decreased ATP levels trigger a compensatory
pathway known as anaerobic glycolysis necessary for ATP production (Maxwell and
Lip, 1997). This leads to the accumulation of lactate resulting in decreased pH levels
and an increased production of hydrogen ions, causing intracellular acidosis, attenuation
of glycolysis and residual energy metabolism (Buja et al., 2010). ATP depletion occurs
during ishcaemia when the purine precursors that are necessary for the resynthesis of
ATP degrade to hypoxanthine and xanthine (Eltzschig and Collard, 2004; Maxwell and
Lip, 2005). During normal physiological conditions, the enzyme responsible for the
conversion of hypoxanthine to xanthine is catalysed by Xxanthine dehydrogenase.
However, during ischaemic conditions xanthine dehydrogenase is converted to xanthine
oxidase, which requires the use of oxygen instead of nicotinamide adenine dinucleotide
(NAD) as the substrate (Eltzchig and Collard, 2004). The inability to catalyse the
conversion of hypoxanthine to xanthine, due to lack of oxygen, leads to the
accumulation of hypoxanthine allowing for the propagation of toxic reactive oxygen
species to form during reperfusion (Kaminski et al., 2002; Maxwell and Lip, 2005).
This continued reduction in energy also causes a disturbance in cell electrolyte balance,
where there are abnormally elevated levels of potassium and magnesium proton ions
(Buja et al., 2005; Maxwell and Lip, 2005; Eltzschig and Collard, 2004). As a result,
potassium ions leak rapidly from the intracellular compartment of the cell into the
extracellular compartment due to an accumulation of metabolites and inorganic
phosphates (Maxwell and Lip; 1997; Buja, L.M,2005).

The Na'/K" ATPase pump responsible for maintenance of the cell membrane potential
becomes inhibited during this time (Buja, L.M., 2005). This leads to alterations in ion
transport, with a further decline in potassium ions and an increase in sodium ions within
the cell. This contributes to the previous elevation of sodium ions based on the Na* /H”
ion exchanger that extrudes protons and allows sodium to enter the cell (Avkiran and
Marber, 2002; Buja LM., 2005). Increases in sodium ions in addition to already present
chlorine ions contribute to cell swelling. The mechanisms essential for maintaining
normal calcium concentrations required to carry out functions are driven by ATP.

When these mechanisms cease to work calcium ions accumulate within the cytosol due
to the malfunction of the ion transport systems occurring in the sarcolemma and

sarcoplasmic reticulum. Calcium overload leads to the activation of phospholipases and
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protein kinases (Buja et al., 2005). During phospholipase activation, production of the
potent prostaglandin inducer, arachidonic acid which is a free fatty acid (FFA) occurs
leading to membrane degradation and the integrity of the membrane becomes
compromised (Buja et al., 2005). The reduced pH of the cell as a result of acidosis
prevents the opening of the mitochondrial permeability transition pore (MPTP) causing
impaired contractility in cardiomyocytes which can cause rigor (Buja et al., 2005;
Hausenloy and Yellon, 2013). Although the biochemical changes and mechanisms
mentioned contribute to ischaemic injury, it is during reperfusion that damage to
cardiomyoctes worsens. This is as a result of an influx in blood restoration that carries
reactive oxygen species (ROS) and free radicals causing oxidative stress (Buja et al.,
2005; Darwin, 1995; Maxwell and Lip, 1997; Hausenloy and Yellon, 2013)

1.3.2. Pathophysiology of Reperfusion Injury

Reperfusion is termed as the re-establishment of blood flow into ischaemic tissue.
Restoration of blood flow to ischaemic tissue was initially thought to prevent permanent
damage as a result of ischaemia. Timely reperfusion can salvage cardiomyocytes and
decrease cardiac morbidity and mortality. This can, depending on the severity of the
injury, even reverse the damage caused by ischaemic injury (Verma et al., 2002).
However, although reperfusion is beneficial following ischaemia for the prevention of
long term damage, it can also have negative effects (Hausenloy and Yellon, 2013;
Braunwald and Kloner, 1985).

During reperfusion the sudden influx of blood can contribute to damage already caused
by ischaemia, this leads to progressive damage as a result of calcium overload in the
cytosol and mitochondria, acute inflammatory response and formation of toxic Reactive
Oxygen Species ROS (Braunwald and Kloner, 1985; Napoli et al., 2002; Eltzschig and
Collard, 2004). During ischaemia there is an accumulation of hypoxanthine due to the
depletion of ATP (as discussed in section 1.3.1). In the presence of oxygen, substrate
xanthine oxidise can convert hypoxanthine to xanthine with the restoration of blood
flow, with production of by-products such as toxic ROS (Kaminski et al.,2002; Berry
and Hare, 2004; Li and Jackson, 2002). The production of superoxide radicals (oxygen
with an unpaired electron) has been heavily studied in animal models, however some
studies have disputed that there is a lack of evidence to show their relevance in humans
(Stewart et al., 1986; Maxwell and Lip, 1997, Kloner, 1997). It is thought that the

quantities of superoxide radicals may be insufficient to affect humans, although
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xanthine oxidase has been found to accumulate in endothelial cells (Maxwell and Lip,
1997). However, oxygen radicals can also be formed by other mechanisms such as
mitochondrial respiration and activated neutrophils, which explains why they can still
be found in elevated levels within the heart and are considered a major contributor to
reperfusion injury based on a series of breakthrough studies supporting this theory
(Bolli et al., 1989; Jolly et al., 1984; Zweier and Weisfeldt, 1987; Ambrosio et al.,
1989; Ferrari et al., 1989).

During ischaemia, oxygen deprived tissue is primed following metabolic changes,
leading to the promotion of damage during reperfusion (Ambrsio and Tritto, 1999).
Previously, limitations prevented the capacity to adequately measure the level of
oxygen radicals in patients (Kloner, 1993). However, new techniques such as electron
paramagnetic resonance spectroscopy have been used to measure oxygen radicals, and
have confirmed elevated levels of these radicals cam contribute to damage caused
during reperfusion (Ambrosio and Tritto, 1999; Duilio et al., 2001).

During early reperfusion there are events that mimic an inflammatory like response
mediated by neutrophils (a type of white blood cell). They are considered the “first-
responders” of the inflammatory cells whereby they migrate towards the site of
inflammation (Palakpinar and Sagir, 2013). Superoxide generation results from
neutrophil membrane associated NADPH oxidases that are activated through either
proinflammatory cytokines, platelet activating factor (PAF) or particular stimuli (Jordan
et al.,1999). Neutrophils adhere to both biological surfaces and inflammatory mediators
such as interlukin 6 (IL-6), interlukin 8 (IL-8) and tumor necrosis factor alpha (TNF-a)
(Jordan et al., 1999; Verma et al., 2002; Jacobs et al., 2010). The stimulation of
neutophils by pro-inflammatory mediators not only leads to the production of
superoxide anions but also hydrogen peroxide and hydroxyl radicals during a
respiratory burst (Jordan et al., 1999). The formation of hydrogen peroxide is due to
dismutation of superoxide anions (Jordan et al., 1999). The vascular endothelium is
susceptible to damage by existing oxygen radicals that result in increased permeability
and adherence of neutrophils (Dreisher et al., 1993; Svendsen and Bjerrum, 1992). A
reduction in release of endothelium-derived factors that have adverse effects on
neutrophils, such as nitric oxide a vasodilator and adenosine can also occur (known
cardioprotective properties), this can exaggerate damage and dysfunction (Jordan et al.,
1999; Verma et al.,2002). Oxygen free radicals further contribute to damage by the
production of lipid peroxides and hydroperoxides which can lead to damage of the
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sarcolemma and the disruption of membrane-bound enzyme system function (Verma et
al.,2002; Aceto et al., 1990). Lipid peroxidation is evidence of free radical contribution
to reperfusion injury, which was observed in studies of patients following thrombolytic
reperfusion after prolonged ischemia of coronary thrombosis (Grech et al.,1993 and
Davies et al., 1990). Needless to say, there are many studies that support lipid
peroxidation as a major contributor of free radical production, (Lau et al., 1991, Weitz
et al., 1991; Maxwell and Lipp, 2005).

Changes in calcium homeostasis have also been shown to majorly contribute ti
reperfusion injury (Gross et al., 1999). As previously discussed (Section 1.3.1), the
calcium concentration increases during prolonged ischaemia and is further exacerbated
during reperfusion injury. Increased levels of calcium in the sarcolemma are due to
entry through L-type calcium channels and the inhibition of the sarcoplasmic reticulum
(Ca?* -ATPase) and sarcolemma (Na*, K*- ATPase) pumps (Verma et al., 2002; Piper et
al.,1998). As a result of the removal of H* protons, the activation of the Na* / H*
exchanger to restore the intracellular pH results in an influx of Na" into the cells through
the Na* /Ca®* exchanger, resulting in an increase of Ca®* ions (Schafer et al.,2001).
Further uptake of calcium ions by the sarcoplasmic reticulum then results in calcium
oscillations leading to myocytes going into a state of hypercontracture when exposed to
oxygen and re-energization after reperfusion (Inserte et al., 2002; Piper et al., 1998;
Schafer et al., 2001; Siegmund et al., 1997; Dirksen et al., 2007). Other consequences
of calcium overload during reperfusion, resulting in injury; are the activation of
proteases, dysfunction of gap-junctions and membrane rupture (Menown and Adgey,
2001; Dirsken et al., 2007; Ruiz-Meana et al., 1999). Membrane rupture occurs due to a
sudden influx of water and cell swelling as a result of intra and extracellular increases in
osmolarity during ischaemic events (Piper et al., 1998; Garcia-Dorado et al., 1992).
Inevitably, in combination, all of these events contribute to cell death through necrosis

or apoptosis.

1.3.3. Prevention of Reperfusion Injury

For years there have been many debates on whether reperfusion injury exists, and if so
to what extent is it detrimental to myocytes. This is the major reason for debate on its
existence due to major limitations with the methods used to measure severity in clinical
experiments (Kloner et al., 1993). Numerous studies using experimental data and

clinical trials have, in recent years, validated the occurrence of reperfusion injury in
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humans (Ambrosio and Tritto, 1999; Kloner, 1993; Dirksen et al., 2007). The overall
aim, is to reperfuse an ischaemic myocardium in the safest way possible without
incurring additional damage, therefore reperfusion is carried out in a fast and effective
manner in order to avoid further damage. Understanding the mechanisms involved in
reperfusion, and ensuring measures are taken to minimise potential damage, are the best
solutions to this ongoing problem. Currently, biotechnology and pharmaceutical
industries have developed new therapies to deal with reperfusion injury through
numerous experimental models which have been proven as effective (Eltzschig and
Collard, 2004; Collard and Gelman, 2001; Maxwell and Lip, 1997).

Lipid peroxidation and xanthine oxidase (in animals more than humans) are major
contributors to free radical damage (Paradies et al., 1999; Kalogeris et al., 2014).
Antioxidant therapy has been extensively studied in regard to its protective capacity
against oxidative stress in animal studies, through the use of superoxide dismutase,
vitamin E (a major lipid-soluble free radical scavenger for free radical damage and lipid
peroxidation), allopuritol (competitive inhibitor of xanthine oxidase), iron-chelating
compounds, super oxide dismutase, angiotensin converting enzyme inhibitors, mannitol
and calcium channel antagonists (to prevent calcium overload) (Maxwell and Lip, 1997;
Collard and Gelman, 2001; Marzi et al., 1993). Although the experimental evidence
from these studies proves to be beneficial, however the use of this therapy in humans is
still under investigation. However, it is still highly regarded as a protective measure
against reactive oxygen species (Dhalla et al., 2000).

Ischaemic preconditioning is described as the phenomenon by which tissues are
exposed to brief periods of sublethal ischaemia separated by periods of reperfusion, and
is used as protection against prolonged Ischaemia/reperfusion injury (Hausenloy and
Yellon, 2013; Collard and Gelman, 2001). Experimental evidence using this technique
has shown improved ventricular function and a decrease in the accumulation of
neutrophils (Jerome et al., 1995; Wang et al., 1999). Unfortunately, there is still limited
clinical evidence in humans supporting the efficacy of this method. There is however, a
plethora of experimental data using animal models that supports this method (reviewed
in Dirksen et al., 2007, Collard and Gelman, 2001; Maxwell and Lip, 1997).

Leukocyte mediated ischaemia/reperfusion injury is another therapeutic target in the
prevention of reperfusion injury. Inhibition of leukocyte endothelial adhesion and
synthesis, and inflammatory mediator release are central to these therapeutic

experimental strategies (Panes et al., 1999). Antagonists such as inflammatory
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mediators, platelet activation factor and TNF-a are the major targets in antileukocyte
therapies (Panes and Granger, 1999) and have been used as mediators to facilitate
leukocyte activation. Studies have shown that aspirin can trigger the biosynthesis of a
new group of bioactive eicosanoids known as aspirin-triggered lipoxins, of which
lipoxins are products generated from arachidonic acid (Chiang et al., 1999). Lipoxins
prevent transmigration of neutrophils triggered by leukotrienes, which suggests that
lipoxins may act as inhibitors in host inflammatory reactions (Chiang et al., 1999).

The above mentioned therapies are a few of many strategies that support the use of
drugs which target the major contributors of reperfusion injury. These therapies are
thought to be capable of limiting the size of infarcts prior to or at the onset of
reperfusion (Dirsken et al., 2007).

In summary, the extent of injury that myocardial cells sustain is dependent on the length
of time that they are subjected to ischaemic conditions. Reperfusion can either reverse
the damage caused during ischaemia or increase damage of the cells (Piper et al., 1998).
The contributing factors during reperfusion call into question the efficiency of this
process, as it might not benefit all patients and could be detrimental due to the
manifestations that occur (Maxwell and Lip, 1997). Reperfusion injury exists based on
experimental evidence and clinical relevance (Ambrosio and Tritto, 1999; Verma et al.,
2002; Hansen, 1995; Dirksen et al., 2007). Therefore measures taken to prevent injury
either before or during early stages of reperfusion could prevent or limit the extent of

damage in humans.

1.4. Simulation of Ischaemia and Reperfusion in vitro

There are different methods used in order to simulate ischaemia/reperfusion injury in
vitro (Bogoyevitch et al., 1996). The most commonly used method for these two
processes is the addition of known concentrations of ions and metabolites to cell media
in order to mimic the conditions observed during clinical ischaemia/reperfusion. This
cell culture method allows for the selection of an appropriate cell line that allows for
experimental reproducibility.

In order to simulate reperfusion HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffered Krebs (4 mM HEPES pH 7.5, 2 % FCS, 137 mM NaCl, 3.58 mM KCl,
0.49 mM MgCl, 0.9 mM CaCl,, 559 mM glucose) is used to mimic normal
physiological conditions which cells tend to thrive in during extended periods of

manipulation. As previously mentioned, the characteristics of ischaemic conditions are;
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the inhibition of anaerobic glycolysis, depletion of ATP levels, build up of lactate,
decrease in pH levels and increase of intracellular calcium and extracellular potassium
concentrations. These characteristics are mimicked by the use of inhibitors and
chemicals that allow for these effects to be reproduced in vitro. The glucose analogue 2-
deoxyglucose is used to inhibit hexokinase through blocking the conversion of glucose
into glucose-6-phosphate, a committed step in glycolysis. This reaction is attenuated
when 2-deoxyglucose is present; therefore inhibition of the glycolytic pathway occurs
resulting in decreased ATP production (Mohinder and Belgrave, 1997). Sodium
dithionite can also used as an oxygen scavenger to induce hypoxia. Mitochondria
require the presence of oxygen for use in the electron transport chain; however, the use
of sodium dithionite inhibits this action. Another incidence of ischaemia is the
accumulation of lactate that leads to increased pH levels, termed acidosis. Lactate build
up during ischaemia can be mimicked in vitro by the addition of sodium lactate, this
results in a lowered pH replicating the acidic conditions which so commonly occur.
Finally, potassium chloride is added to replicate the increased levels of ions observed
during ischaemia as a result of the Na'/K'-ATPase pump failing to function. This
results in the accumulation of extracellular concentrations of potassium, with these
elevated concentrations leading to changes in osmolar load within cells causing swelling
to occur. Reperfusion was simulated by using unaltered HEPES buffer, which mimicked

the normal physiological conditions where cells thrive.

1.5. Cardiac Hypertrophy

Cardiac hypertrophy (CH) can be defined as the enlargement of an organ or tissue as a
result of biochemical signalling events and changes in gene expression, leading to
protein synthesis and increase in cell size (Marian et al., 2008; Kee and Kook, 2011;
Frey et al., 2004). CH is a disease associated with the thickening of the interventricluar
wall; and results in changes in the sarcomeric structure (Frey et al., 2004). CH is seen in
heart diseases such as ischemic heart disease, familial hypertrophic cardiomyopathy and
valve disease (Frey et al., 2004; Carreno et al., 2006).

Hypertrophy is a myocardial response to biochemical stresses caused by intrinsic and
extrinsic stimuli that correct the pumping function of the heart (Frey et al., 2004).
Prolonged hypertrophy can lead to heart failure, as cells that have increased in size
become overworked in order to compensate for cells which have died. Thickening of

the walls of the heart reduces pumping efficiency leading to dysfunction and malignant
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arrhythmia (Levy et al., 1990; Ho et al., 1998). For years the mechanisms that are
responsible for the progression of hypertrophy to heart failure have been poorly
understood (Carreno et al., 2006; Frey et al., 2004). However, in recent years studies
have been able to identify mechanisms implicated in the pathogenesis of cardiac
hypertrophy such as, protein kinase C (PKC), NFAT, M-TOR, IGF-1, MAPK and
PISK-AKT/PKB pathways (Oka et al., 2008; Molkentin et al., 1998; Balakumar et al.,
2010; Aoyagi and Matsui, 2011; Rohilla et al., 2012).

1.5.1. Physiological vs Pathological Hypertrophy

CH can be classed as either physiological or pathological, and can be divided into two
sub-classes either concentric or eccentric due to changes in shape that are dependent on
the initiating stimulus (Pluim et al., 2000; Grossman et al., 1975). There are two types
of hypertrophy which are observed in the heart, hypertrophy which can arise as an
adaptation in response to continuous exercise as seen in athletes or alternatively
pathological hypertrophy which occurs to compensate for the loss of other myocytes as
a result of continuous stress (Levy et al., 1990 and Ho et al., 1998).

Physiological hypertrophy is in response to regular physical activity or continual
exercise training that results in increased myocardial muscle mass and pumping ability
(Fagard R.H., 1997; Mone et al., 1996). Pathological hypertrophy develops in response
to stimuli such as, genetic mutations, hypertension and valvular disease, leading to a
compensatory mechanism as previously discussed, increased muscle mass and
accumulation of collagen within the myocardium (Sagara et al., 2012). Although
physiological and pathological hypertrophy both display an increase in size, there are
neither visual differences to the heart nor major differences with the biochemical
pathways that lead to their induction (McMullen and Jennings, 2007). During
physiological hypertrophy growth factors become activated, whilst pathological
hypertrophy is initiated by the activation of paracrine/autocrine factors e.g angiotensin
Il and endothelin (ET-1) (McMullen and Jennings, 2007; Frey et al., 2004).

The development of hypertrophic growth is initiated in two ways, eccentric and
concentric hypertrophy (Barry et al., 2008). Eccentric hypertophy is as a result of
volume overload leading to dilation and thinning of the heart wall (Watasuki et al.,
2004; Dorn et al., 2003). Concentric hypertrophy occurs after pressure overload and
leads to reduced left ventricular volume with increased wall thickness (Barry et al.,

2008; Watasuki et al., 2004). Eccentric hypertrophy leads to cell elongation as a result
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of the expansion of the sarcomeres whilst concentric hypertrophy occurs due to
enlargement of the sarcomeres in parallel resulting in increased cell thickness (Watasuki
et al., 2004; Barry et al., 2008).

1.5.2. The Fetal Gene Program

A characteristic feature observed during pathological hypertrophy is the re-
establishment of the fetal gene program. This includes the upregulation of the genes;
atrial and brain natriuretic peptides, a-skeletal actin and - myosin heavy chain (MHC)
(Kuwahara et al., 2003; Thurm et al., 2007). These genes are normally expressed during
the development of the heart and are repressed in the adult myocardium (Barry et al.,
2008). Expression of these genes allows for coordinated protein synthesis leading to
increased myocyte size (Thurm et al., 2007). The re-expression of these genes has been
shown to lead to the downregulation of additional genes normally expressed in adult
hearts such as o-MHC and Ca®" - ATPase (McMullen et al., 2003). The foetal gene
program is not observed in physiological hypertrophy, which is another feature that
differentiates pathological and physiological hypertrophy (McMullen and Sadoshima,
2005; Sadoshima and lzumo, 1997).

1.5.3. Intracellular Signalling Mechanisms involved in Cardiac Hypertrophy

There are various signalling mechanisms that are involved in hypertrophic development
including; MAPK, PKC, calcineurin NFAT system, IGF-1, PI3K-AKT/PKB and
mTOR. Two major factors which stimulate biochemical stress resulting in pathological
hypertrophy are neurohormonal stimulation, and mechanical stress. When biochemical
stress occurs, the formation of paracrine and autocrine factors, which includes
angiotensin and endothelin, is important for the development of pathological CH
(McMullen and Jennings, 2007). This leads to the activation of G-protein coupled
receptors (GPCRs), which are responsible for the dissociation of G,q and the activation
of downstream signalling molecules such as second messengers; tyrosine kinases,
protein kinase C (PKC), and the mitogen activated protein kinases (MAPK) JNK, p38
and ERK (YYamakazi et al.,1999; Carreno et al., 2006).

Studies have shown that mechanical stress (for example physical stretching of cultured
cells) leads to the activation of phospholipase C (PLC) which produces second
messengers, inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Dorn et
al.,2003). Mechanical stress could support the accessibility of membrane-associated
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phospholipases to their substrate. In lipid bi-layer systems, PLC activity is increased by
the elevation of pressure on the monolayer, leading to expansion of the space found
between phospholipids, enabling access of phospholipases to the hydrophobic section of
its substrates (Carreno et al., 2006). The activation of PLC leads to the release of IP3
and DAG and the activation of PKC, which is important for the initiation of the early
genes such as c-fos and Egr-1 in response to mechanical stress (Dorn et al., 2003;
Kumuro et al., 2001). PKC has different isoforms, however the isoforms found within
the heart that become activated as a result of DAG or intracellular calcium are PKC
a,B,0 and & (Molkentin, 2004; Carreno et al., 2006). PKC isoforms a and 3 are both
activated in response to intracellular calcium and DAG, whilst isoforms 6 and ¢ are also
activated by DAG but not calcium (Molkentin, 2004). PKC activation results in the
enhancement of hypertrophic gene expression in the heart (Molkentin, 2004).

The activation of MAPKSs c-jun N-terminal kinase (JNK), p38 and extracellular signal
regulated protein kinase (ERK) are involved in the stimulation of myocyte growth,
environmental stress such as; oxidative stress, UV radiation and DNA damage (Force et
al., 1996; Sugden et al., 1998; Carreno et al., 2006). These are serine-threonine kinases
known to phosphorylate substrates involved in growth and differentiation, including CH
leading to the development of pathological hypertrophy (Carreno et al., 2006). Insulin-
like growth factor (IGF-1) induces CH by creating alterations in potassium channels
responsible for the generation of action potential repolarisation, (Rohilla et al., 2012).
This occurs through the MAPK and PI3K pathways (Rohilla et al., 2012; Kim et al.,
2008; McMullen and Izumo, 2006). IGF-1 is involved in the development and
progression of physiological hypertrophy of the heart (Rohilla et al., 2012). PI3Ka is
another major player in CH based on studies using dominant negative PI3K transgenic
mice, which resulted in the inhibition of exercise induced physiological hypertrophy
when compared to the wildtype (McMullen et al., 2003). PI3K is also a known
heterodimer which consists of the regulatory subunits p85 and pl110 found to be
expressed in the heart and activated by GPCRs. PI3K (110a) is known to play a crucial
role in physiological hypertrophy (McMullen et al., 2003 and 2007) and also involved
in the sarcolemmal recruitment of kinases AKT/PKB, these kinases work with PI3K in
the progression of physiological hypertrophy (DeBosch et al., 2006). Constitutive
overexpression of PISBK-AKT/PKB however, leads to cardiac dysfunction as seen in

several animal studies (Heinke and Molkentin, 2006, Balakumar et al., 2010).
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The signalling mechanism mammalian target of rapamycin (mTOR) is found
downstream of PI3K-Akt and ERK signalling and regarded as a regulator of CH (Shioi
et al., 2003). mTOR expression is associated with the beginning of heart failure, where
studies have shown that mTOR mRNA and protein levels became elevated in cardiac
tissue of patients with heart failure, when compared with healthy patients (Song et al.,
2010). Rapamycin inhibition of mTOR attenuates pathological hypertrophy in human
and animal models (Shioi et al., 2003; Yang, 2007; McMullen et al., 2004; Song et al.,
2010). Recent studies have suggested that mTOR plays a cardioprotective role during
left ventricle (LV) pressure overload (Zhang et al., 2010). Experiments which further
supported the theory of mTOR being protective against heart injury used cardiac
specific transgenic mice that overexpressed wildtype mTOR. Comparison between
these and WT mice showed that transgenic mice which overexpressed mTOR were
protected against LV pressure overload (Song et al., 2010).

CH remains an ongoing problem not yet resolved in cardiovascular disease.
Pathological hypertrophy is a highly complex event that involves different types of
stimuli, intracellular signalling cascades, transcription factors, expressed genes and
effectors, that when combined, allow for changes in the structure and function of an
organ. Determining the pathways and mechanisms involved in hypertrophy can lead to
new pharmacological and therapeutic treatments for pathological cardiac hypertrophy

and heart failure.

1.6. Mitogen activated protein kinases (MAPKs) in Cardiac Function,
Hypertrophy and stress in the heart

The MAPKs are cytosolic signalling proteins that have specialised phosphorylation
systems that enable them to become activated in response to a wide range of external
stimuli. MAPKSs belong to a highly conserved family of Serine-Threonine protein
kinases in the human kinome (Lee and Megency, 2005, Johnson and Hunter, 2005;
Manning et al., 2002) with extracellular signal-regulated kinase (ERK 1 and 2), c-Jun
N-terminal kinase (JNK), p38 and ERK5 known to be the four best characterised
MAPK subfamilies (Johnson et al., 2002; Qi and Elion, 2005; Nishimoto and Nishida,
2006). Activation of these kinases requires dual phosphorylation of a specialised motif
Threonine-X-Tyrosine (X could be amino acids Gly, Pro or Glu) within a regulatory
loop (Marshall, 1994; Canagarajah et al., 1997; Raingeaud et al., 1995). Each of the 4

classic MAPK subfamilies are involved in a well-conserved three-tiered kinase
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signalling cascade that is mediated by the upstream MAP kinase kinase kinases
(MAPKKKs, MAP3Ks, MEKKs or MKKKS) as seen in Figure 1.4. These MAPKKKSs
activate the MAPK kinases (MAPKKs, MAP2Ks, MEK or MKK) that in turn activate
MAPK by phosphorylation which promotes signal amplification and fidelity (Figure
1.4) (Chen et al., 2007). The MAPKSs play major roles in a broad range of physiological
functions such as growth, proliferation differentiation, motility, survival and
metabolism (Qi, 2005; Nishimoto and Nishida, 2006; Elion, 2005; Ferrel, 1996). The
activity of the kinases are utilised to direct the function by MAPKSs (Rose et al., 2010).
The MAPKSs are further subdivided into two different groups; where prototypic ERK
1/2 is found to be mainly responsive to growth factors (such as fibroblast growth factor
FBF) (Ramos, 2008; Rubinfeld and Serger, 2005), whilst JNK and p38 are known as
Stress activated protein kinases (SAPKSs) due to their response to physical, chemical and
physiological stress (UV, osmotic shock, oxidative stress, infection and cytokines)
(Kyriakis and Avruch, 2001).

MAPKSs are highly specific as they have unique docking sites and binding partners
(Caldwell et al., 2006; Zhou et al., 2006; Sharrocks et al., 2000; Remenyi et al., 2005;
Raman et al.,2007). The docking sites (D sites) and their respective upstream MAPKSs
allows for the MAPKSs to branch into different signalling pathways (Bardwell, 2006;
Bardwell et al. 2009; Ho et al., 2007; Grewal et al., 2006). Following activation, the
MAPKSs go on to phosphorylate specific target proteins at serine and Threonine residues
within a specific Pro-X-Thr/Ser-Pro motif (Serger and Krebs, 1995). Scaffolding
proteins along with negative regulators and positive modulators are involved in bringing
together upstream and downstream signalling components (Roux and Blenis, 2004;
Nakamura et al., 2003; Dahanasekaran et al., 2007). Determination of MAPK activation
in stimulated cells is carried out by the use of negative feedback regulation of ser/thr
specific, dual specific phosphatases and regulatory inhibitors (Wang et al., 2007; Owens
and Keyse, 2007). Although the MAPK signalling cascades are thought to be specific to
each other, there is also a great degree of overlap also known as “cross-talk” between
them, where different upstream activators and downstream targets can be involved with
different subfamilies (Qi and Elion, 2005; Wang et al., 2007). In addition to the kinase
phosphorylation cascades there are several non-conanical pathways involved in MAPK
activation, adding to the complexity of MAPK signal transduction (Roux and Blenis,

2004). Finally, MAPKs form complex signalling networks in response to an array of
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Figure 1.4: A schematic diagram of mitogen activated protein kinase (MAPK) signalling
pathways ERK, JNK and p38.

The MAPKSs are activated by canonical three-tiered phosphorylation events. The most popular
MAPKKSs are listed for each MAPK. This is a simplified diagram of the steps between the
stimulus and activation of the MAPK and the biological responses as a result of regulation of
transcription factors.
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external stimuli and achieve specific cellular effects through a multitude of regulatory
mechanisms (Rose et al., 2010).

MAPKSs are ubiquitously expressed, with great focus having been placed on their
function in the heart for over 10 years (Sugden, 2004; Sugden and Clerk, 2006; Muslin,
2008; Petrich and Wang, 2004). Activation of MAPKSs is recognised in different stages
of heart disease including, hypertrophic cardiomyopathy, dilated cardiomyopathy and

ischaemia/ reperfusion injury (Wang et al., 2007).

1.6.1. ERK Pathway and activation

The (ERKSs) are one of the most widely studied signalling pathways. In the 1980’s ERK
was identified because of its ability to phosphorylate the microtubule-associated
protein-2 (MAP2) in 3T3-L1 adipocytes in response to insulin stimulation (Avruch,
2007, Rose et al., 2010). As previously mentioned, ERK 1/2 activation occurs via a
three tiered signalling cascade following extracellular stimulation by growth factors.
The signalling cascade consists of Ras-Raf-MEK-ERK. Rat sarcoma (Ras) belongs to
the family of small GTP-binding proteins that act as a molecular switch between
tyrosine kinase receptors and downstream signal transduction machinery (Wang et al.,
2007). Ras recruits and activates Raf (MAPKKK) at the plasma membrane enabling its
translocation from the membrane to the cytoplasm. Once Raf is activated, it
phosphorylates and activate MEK 1/2 (MAP2K)1/2, which then activates ERK 1/2 by
phosphorylating the Thr or Tyr residue that is located within the Thr-Glu-Tyr motif
within the regulatory loop. The activation of ERK 1/2 allows for phosphorylation of
downstream targets within the cytoplasm or nucleus (including transcription factors)
(Raman et al., 2007; Rose et al., 2010).

During cardiac development, the ERK 1/2 pathway plays a major contribution due to its
role in growth factor signalling. FGFs are a family of growth factors that are involved in
a variety of cellular processes during development which include proliferation,
differentiation, cell survival, apoptosis and cell migration (Bottcher and Niehrs, 2004).
Three main pathways that are mediated by the FGFs are; Ras-Raf-ERK, phospholipase
C/Ca*" and the PI3K/Akt pathway (Daily, 2005).

CH is an adaptative response to external stressors which include mechanical loading
and oxidative stresses. As previously mentioned CH can allow the heart to function
efficiently after cardiac myocyte death, but prolonged stress on the heart results in

changes in gene expression, contractile dysfunction and remodelling of the heart
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(Diwan and Dorn, 2007). Earlier studies using cultured myocytes initially showed
correlation between Ras and hypertrophy (Fuller et al., 1998; Thorburn et al., 1993). A
link was then discovered between Ras expression and the severity of CH given by Ras
MRNA measurements from patients who suffered from hypertrophic cardiomyopathy
(Kai et al., 1998). There have been many genes discovered in recent times that confirm
that the ERK pathway plays an important role in cardiac development and hypertrophy
such as GATA4, Elk-1, SMAD 1-4 and cMyc (Reviewed in Wang et al., 2007 and Rose
etal., 2010).

Germline mutations in genes such as tyrosine phosphatase (a key regulator for receptor
tyrosine kinase mediated MAP kinase activation) SHP2 (Sarkozy et al., 2004; Tartaglia
et al., 2001), neurofibromin-1 (NF1) (Xu et al., 1990), K-Ras and sons of sevenless
(SOS1 known to be an important cytoplasmic protein of Ras guanine nucleotide
exchange factor) were found to cause Noonan syndrome, a condition that affects many
parts of the body that results in skeletal malformations and is the major cause of
congenital heart disease (Roberts et al., 2006; Schubbert et al., 2007). Mutations in H-
Ras, K-Raf and MEK 1/2 are also involved in genetic disorders that result in cardiac
defects. These genetic disorders include Costello syndrome, cardio-facio-cutaneous
(CFC) and Noonan syndrome with multiple lentigines (LEOPARD) syndrome
(Reviewed in Sala et al., 2012). The aforementioned mutations disrupt the biochemical

properties of the proteins they encode.

1.6.2. C-jun N-terminal Kinase JNK pathway and activation

The second MAPK subfamily discovered in the 1990°s was JNK through its ability to
phosphorylate microtubule-associated protein 2 in rat liver, after cycloheximine
injection (Reviewed in Rose et al., 2010; Kyriakis et al., 1991). The three genes that
make up this MAPK subfamily are JNK1, JNK2 and JNK3 and can generate 10 known
isoforms through alternative splicing (Barr and Bogoyevitch, 2001; Davis, 2000). INK1
and JNK2 are ubiquitously expressed, while JNK3 is found restricted to the heart, testis
and brain (Davis, 2000). JNK activation occurs in response to different stimuli and is
termed a stress-activated protein kinase (SAPK), where it is highly responsive to
inflammatory cytokines and cellular stresses such as ischaemia-reperfusion injury,
hyperosmolarity, UV radiation, oxidative stress and DNA damage (Bogoyevitch et al.,
1995; Clerk and Sugden, 1997; Laderoute and Webster, 1997; Karin and Gallagher,

2005). This signalling cascade begins with the upstream MAP kinase kinase kinases
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(MEKKSs) MEKK1, MEKK2 and MEKK3 as well as the mixed lineage kinases MLK1
and MLK2 (Weston and Davis, 2002). These MAP kinase kinase kinases go on to
phosphorylate and activate the MAP kinase kinases (MAP2Ks), MKK4 and MKK7
which are involved in the signalling cascade leading to JNK activation (Figure 1.4).
JNK is activated following the phosphorylation of a conserved Thr-Pro-Tyr motif
(Sugden and Clerk, 1998).

Due to the ability of some of these substrates to shuttle between the cytoplasm and
nucleus, JNK activation leads to the phosphorylation of many downstream cytoplasmic
proteins as well as nuclear targets (Morrison and Davis, 2003; Sugden and Clerk, 1998).
JNK plays major roles in many biological processes, such as actin reorganization,
mobility, differentiation, apoptosis, proliferation and cytokine production (Bogoyevitch
and Kobe, 2006; Davis, 2000). With regards to the heart, INK activation in a stressed
myocardium as a result of mechanical overload or ischaemia-reperfusion injury allows
for involvement in heart related hypertrophy and remodelling of the myocardium (Rose
etal., 2010).

Investigation of JNK activation and involvement during cardiac hypertrophy was
initially thought to be controversial based on conflicting studies with cultured neonatal
cardiomyocytes and the use of transgenic mouse models (Wang et al., 1998; Sadoshima
et al., 2002; Liang and Molkentin, 2003; Petrich et al., 2004). Studies using
cardiomyocytes showed an observed hypertophic phenotype, re-establishment of the
foetal gene program and cellular pathology (Wang et al., 1998). Whilst studies with the
use of in vivo animal models resulted in the failed induction of CH upon JNK activation
(Sadoshima et al.,2002). Although myocyte hypertrophy was not observed, there was
re-activation of the foetal gene program in transgenic mouse models (Wang et al. 1998).
After 10-15 minutes JNK activity is upregulated during these early stages of pressure
overload and reaches maximum upregulation after 30 minutes (Petrich and Molkentin,
2004). Studies have shown that JNK activation is important for pressure overload
induced hypertrophy to take place. This is based on in vivo studies in rats whereby
dominant negative MKK4 was observed to cause disruption in JNK activation leading
to inhibition of hypertrophy as a result of pressure overload (Choukroun et al., 1999).
Studies have shown that JNK does not become activated during volume overload in the
heart (Miyamoto et al., 2004, Sadoshima et al., 2002). The upstream targets of the INK
signalling pathway are also implicated in CH, where inactivation of MEKKZ1 resulted in

the attenuation of G4 induced CH and dysfunction (Minamino et al., 2002). Recently
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JunD, a downstream target of JNK was seen to block hypertrophy in cardiomyocytes in
response to phenylephrine (a known hypertrophic drug) and pressure overload (Hilfiker-
Kleiner et al., 2005 and 2006). This implicates JNK as a negative regulator of
hypertrophy. These studies highlight the uncertainty in regard to the function of JNK
and other members of this signalling cascade with respect to their influence during CH.
A possible reason for this ambiguity could be due to the different isoforms of JNK that
become activated and the scaffold proteins that lead to activation of those isoforms
(Wang et al., 2007).

1.6.3. p38 pathway and activation in the heart

Another member of the MAPK subfamily of SAPKs is p38, which was discovered
around the same time as JNK following isolation as a tyrosine phosphorylated protein in
lipopolysaccharide-induced TNF-a expression (Han et al., 1994). There are four
different isoforms of p38 identified including p38a, p38P, p386 and p38y. Two of these
isoforms, p38a and p38P, are ubiquitously expressed in adult tissues, whilst p38y is
found primarily expressed in skeletal and cardiac muscle (Li et al., 1996) and p386 is
found in the lungs, kidneys, pancreas, testis and small intestine (Jiang et al., 1996).
Activation of p38 is similar to the other members of the MAPK family, where p38 is
phosphorylated and activated through a signalling cascade that involves three tiers of
kinases upstream of p38 that form a canonical activation pathway. p38 is part of the
MAPK subfamily of SAPKs and is highly responsive to inflammatory cytokines, UV
radiation, osmotic shock, heat and pathogens (Kyriakis and Avruch, 2001; Johnson and
Lapadat, 2002; Ono and Han, 2000; Waehre et al., 2011). These stresses initiate the
activation of this signalling cascade in combination with the MAPKKKs (MEKK1-4,
TAK1 and ASK1), which go on to phosphorylate and activate the downstream
MAPKKs (MKK3, MKK6 and MKK4) (Rose et al., 2010). MKK3 and MKK6 do not
activate the other MAPKS, which implies, that they are highly selective for p38
activation (Cuenda and Rousseau, 2007, Enslen et al., 1998). The type of MKKs
activated is dependent on the type and intensity of stimuli which triggers the signalling
cascade (Reviewed in Risco and Cuenda, 2011). The MAPKKSs go on to activate p38
through phosphorylation of the conserved Thr-Gly-Tyr motif, within the activation loop
enabling conformational changes that lead to the activation of these p38 isoforms
(Raingeaud et al., 1996; Enslen et al., 1998; Keesler et al., 1998). Activation of p38
also occurs in two non-canonical MKK independent pathways which include TAB-1

26



autophosphorylation (Ota et al., 2010; Ge et al., 2002; Tanno et al., 2003) and ZAP-70
which is mediated by T-cell activation that subsequently allows for phosphorylation of
p38 at Thr 180, Tyr 182 and Tyr 323 (Salvador et al., 2005). The involvement of p38 in
many biological functions such as differentiation, apopotosis, myocyte hypertrophy and
cardiac gene regulation has been observed (Thornton and Rincon, 2008; Zarubin and
Han, 2005; Baines and Molkentin, 2005; Petrich and Wang, 2004; Liang and
Molkentin, 2003; Engel, 2005).

Extensive studies have implicated p38 activation in cardiac development and skeletal
muscle development (Keren et al., 2006). A major upstream protein that allows for p38
activation is transforming growth factor-p-activated kinase 1 (TAK1). This is a member
of the mitogen activated protein kinase kinase kinase (MAP3K) family that are involved
in adaptive immune signalling cascades (Wang et al., 2001). Bone morphogenic
proteins (BMP) are essential for cardiac organogenesis during mid-gestation for
development of the myocardium (Monzen et al., 1999). BMPs regulate cardiac
development through p38 activation via TAK-1 allowing regulation of transcription
factors such as GATA-2/4, MEF2C and ATF-2 (Greenblatt et al., 2010; Srivastava et
al., 2000 and 2006; Han and Molkentin, 2000; Monzen et al., 1999, Monzen et al.,
2001).

The involvement of activated p38 during CH and growth has been extensively studied
(Liang and Molkentin, 2003). The use of small molecule inhibitors (such as SB203580
and SB202190) or a dominant negative p38 adenovirus attenuated hypertrophic effects
during in vitro studies in neonatal rat cardiomyocytes (Liang and Molkentin, 2003;
Nemoto et al., 1998; Zechner et al., 1997; Wang et al., 1998). A study using an
adenovirus in ventricular muscle cells further confirmed that p38 activation was
essential for the induction of CH (Wang et al., 1998). Although there are many in vitro
studies that suggests p38 activation is essential for CH, results from in vivo studies
showed that activation of p38 did not produce a hypertrophic response (Liao et al.,
2001). In addition, agonist-induced hypertrophy did not require p38 MAPK activation
carried out in cardiomyocytes (Choukroun et al., 1998). This was as a result of
cardiomyocytes treatment with hypertrophic agonist endothelin-1 (ET-1) and inhibitor
SB203580, where results showed that the inhibitor had no effect on ET-1 induced
hypertrophy suggesting p38 MAPK activation may not be required for CH (Choukroun
et al., 1998). In concluding the role of p38 activity on promoting hypertrophy, it can be
seen that substantial in vitro studies suggest p38 is important for a hypertrophic
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response but in vivo studies contradict this theory. However, experimental evidence
suggests that p38 activity may be important in pathological cardiac remodelling
(Reviewed by Rose et al., 2010).

The role of p38 in cardiac protection has also been widely studied, where p38 activation
was seen to have a cardio protective role during ischaemia-reperfusion injury
(Martindale et al., 2005; Haq et al., 1998; Mocanu et al., 2000; Zechner et al., 1997;
Schulz et al., 2002; reviewed in Zhao, 2013). Other studies have been shown to
contradict these previous findings, where p38 activation is detrimental to the state of the
myocardium during ischaemia-reperfusion injury and as a result, (Lu et al., 2005; Bell
et al., 2008; Saurin et al., 2000) the role of p38 during ischaemia-reperfusion injury
remains controversial (Steenbergen C., 2002; Ping and Murphy, 2000; Bassi et al.,
2008, reviewed in Vassalli et al., 2011). A possible reason for this contradiction could
be variation in experimental conditions, methods, species and inhibitors used to carry
out these studies (Rose et al., 2010). During ischemia-reperfusion injury in vitro, kinase
activity in isolated-perfused rat hearts is subjected to 20 minutes of ischemia and 15
minutes of reperfusion resulting in an approximate 2 fold increase in p38 MAPK
activity (Milano et al., 2007). p38 MAPK activation contributes to tissue damage
through the induction of the tumour necrosis factor-alpha (TNF-a) in response to the
production of hydrogen peroxide generated during reperfusion (Meldrum et al., 1998).
However, p38 MAPK activation is seen to have a protective role during ischemic
preconditioning, where short periods of ischemia can act as a form of protection to limit
cell death and contractile dysfunction (Bolli et al., 2007; Steenbergen C.,, 2002).

As previously mentioned, there are different isoforms of p38 that are expressed in the
heart. The ability for p38 to be either cardioprotective or detrimental to the myocardium
is also dependent on which isoform (p38a or p38p) is activated during this condition
(Sicard et al., 2010; Saurin et al., 2000). Recently, a study confirmed that the p38a
isoform is required for ischaemic preconditioning but not the p38p isoform (Sicard et
al., 2010). Inhibition of p38 activity resulted in protection of the myocardium during
ischaemia, with a reduction in scarring and promotion proliferation in cardiomyocytes
(Engel et al., 2006). Studies inhibiting the p38a isoform resulted in protection of the
myocardium (Saurin et al.,2000), whilst p383 was discovered to help facilitate cardio-
protection through the phosphorylation of small heat shock proteins (Hsp27) during
ischaemic preconditioning (Rouse et al., 1994; Li et al., 2008; Clements et al., 2011).
Hsp27 is also involved in the stabilization of actin cytoskeleton. During ischaemia
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reperfusion injury p38 was seen to activate a small heat shock protein that can promote
cardiac protection (Martindale et al., 2005)

The role of p38 in cardiac protection still remains controversial, and the mechanisms by
which different isoforms of p38 are activated within the heart are still a mystery.
Therefore the use of p38 as a therapeutic target during ischemic injury still needs to be
further assessed.

In summary, the involvement of MAPK signalling in the heart has provided some
insight into the members of the MAPK family that play clear roles in cardiac regulation
(Wang et al., 2007). The MAPK family has many isoforms, each of which have various
substrate affinities and functions. Therefore, pin-pointing the specific isoforms which
may contribute to cardioprotection function, remodelling and adverse affects on the
myocardium could allow for the development of new therapeutic targets in diseases and
conditions of the heart. The advancement in technology, along with a combination of
molecular and genetic approaches specific model organisms (mouse to human) may
allow for greater insight and potentially reduced contradiction amongst studies. There is
still more to be uncovered about MAPKSs and their role in development, function and
pathogenesis within the heart. The MAPKSs not only play major roles within the heart
but are also highly involved in skeletal muscle development and regulation where they
associate with sarcomeric proteins which are involved in muscle movement, growth and

skeletal muscle differentiation.

1.7. Sarcomeric Proteins, the Actin cytoskeleton and actin binding proteins (ABPs)
1.7.1. The Sarcomere and sarcomeric proteins

Striated muscle cells comprising both skeletal and cardiac are made up of sarcomeres
(Sanger et al., 2010). Sarcomeres are large, highly ordered and known for their key
roles as a contractile apparatus. Made up of a parallel array of thick and thin filaments,
these are required to form the molecular motor responsible in powering cardiac
contraction (Steinberg; 2013). The thin and thick filaments are actin and myosin
respectively with approximate lengths of 7 nm in diameter for actin and 15 nm in
diameter for myosin. The thin filaments are made up of three different types of proteins;
actin which is comprised of 2 helical strands of actin monomers, tropomyosin molecule
(Tm) that associates with actin to form a continuous long strand from end to end and the
troponin complex (cTn, cTnl, Tm that binds to ¢cTnT subunit) which associates with

tropomyosin (Steinberg ; 2013). Within the sarcomere, there are 6-7 actin molecules per
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tropomyosin present. While the thick filaments are comprised of 2 molecules of myosin
heavy chain (MHC) complexed with 2 molecules of myosin light chain and 2 molecules
of the regulatory light chain (MLC-1 and MLC-2) (Steinberg ; 2013). Actin and myosin
are regulators of muscle contraction within the sarcomere and the motor filaments have
repetitive patterns throughout of overlapping cytoskeleton (Gautel, 2011).

The sarcomere is approximately 2.5 um long and made up of many components which
include the z-disk (or z-line), A-band, I-band and M-line regions. The z-disk is located
at the end of each sarcomere and attached to actin filaments at their plus ends where a-
actinin is also present (Figure 1.5). The A-band is the dark band (because it is
anisotropic) and the I-band is the light band (because it is isotropic in polarized light)
within the sarcomere (Cooper, J.A., 2002; Clark et al., 2002). These bands correspond
to the presence or absence of myosin filaments, where the I-band contains only thin
filaments (actin) while the A-band contains thick filaments (myosin) (Clark et al.,
2002). Myosin and actin overlap is seen in the peripheral regions of the A-band (Figure
1.5) (Clark et al., 2002). The actin filaments are attached to the z-disk via their plus
ends where a-actinin is also present. Two additional proteins that play keys roles in
muscle elasticity, stretch response and sarcomeric organizationd are titin and nebulin
(Wang, 1996, Hoshijima, 2006; Clark and Braggs, 1995).

Titin (also known as connectin) is the largest protein in the human body, it is located
within the sarcomere with a molecular weight between 3000-3700 kDa (Reviewed by
Linke and Kruger, 2011, Meyer and Wright, 2013). In the sarcomere, titin is thought to
be a major player in sarcomeric assembly (Ehler and Gautel, 2008), a molecular spring
(Tskhovrebova and Trinick, 2010, Maruyama et al., 1985, Soteriou et al., 1993) within
muscle cells and more recently a regulatory protein involved in the many signalling
pathways within cardiomyocytes that control hypertrophic gene regulation (Linke and
Kruger, 2010 and 2011). The N-terminus of titin is embedded in the z-disk, while the c-
terminus is found within the M-line of the sarcomere, stretching over half the length of
the sarcomere where the elastic region is found within the I-band and myosin binding
region found within the A-band as observed in figure 1.5 (Labeit et al., 1992, Labeit and
Kolmerer, 1995; Trinick, 1996; Furst et al., 1988 Maruyama et al., 1985).
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Figure 1.5: Organization of the Sarcomere

The sarcomere is composed of two main filaments; the thin and thick filaments.The thin filaments are crosslinked by actin and anchored by the z-disk.
Proteins found within the thin filaments are actin, tropomyosin and the troponin complex. The tropomyosin —troponin complex play an important role in
interacting with the thick filament, myosin, which is needed for muscle contract by interacting with actin. Nebulin is also found within the thin
filaments and is known to be a regulator protein in thin filament lengthening. Also present are the capping proteins CAPZ and tropomodulin. The thick
filaments are located along the M-line and span the A-band region as well. A protein found in the M-line is titin, one of the largest proteins of the
sarcomere which spands from the M-line to the z-disk (Figure taken from Sparrow and Schock, 2009).
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Titin has phosphorylation sites that are responsible for signalling in the sarcomere.
These are found in various areas of titin, which spans across the sarcoemere of the I-
band, M-line and z-disk and thought to be a major regulator of myocyte signalling
(Reviewed in Kruger and Linke, 2011 and Ahmed and Lindsey, 2009). Since the I-band
region of titin is flexible this functions as a spring to determine passive stiffness, a stress
sensor and regulation of hypertrophic genes (Reviewed in Kruger and Linke 2010,
Ahmed and Lindsey, 2009). Different proteins interact with titin based on the location
within the sarcomere. In the I-band region actin, myopalladin and DRAL/FHL-2
interact with titin, while muscle specific RING-finger proteins (MURFs), calmodulin,
DRAL/FHL-2 interact with titin in the M-line and lastly within the z-disk are
telethonin/T-cap, a-actinin and obscurin are common proteins that interact with titin
(Lange et al., 2006). These protein interactions are necessary for communication along
the sarcomere in order to allow for genes responsible for muscle expression,
development and contractile function.

Nebulin is another giant filamentous protein found in the sarcomere with a molecular
weight between 600-900 kDa. Located along the entire length of the thin filament (I-
band), nebulin is anchored within the z-disk region by its C-terminus and the N-
terminus extends outward towards the centre of the sarcomere (Reviewed in Pappas et
al., 2010, Wright et al., 1993). For years, nebulin has been implicated as a key player in
the regulation of thin filament lengthening based on studies which used nebulin
knockout (KO) mouse models (Witt et al., 2006). The ability of actin and myosin to
slide pass each other to facilitate contraction of skeletal muscle is highly important.
Actin must be of an appropriate length to facilitate this process, which is regulated by
nebulin that acts in a stabilization mechanism (reviewed in Pappas et al., 2010, Georgio
et al., 1995, Labeit et al., 2011, Horowists, 2006). F-actin lengthening is regulated by
nebulin through interactions with the well-known F-capping protein, tropomodulin (a
member of the Tmod gene family) at the N-terminus and the barbed end capping protein
CapZ, interacts with nebulin at the z-disk (Gregorio et al., 1995, McElhinny et al.,
2001, Pappas et al., 2008). These capping proteins are important for inhibiting actin
polymerization and depolymerisation at the filament ends, which are essential for actin
assembly and regulation (Gregorio et al., 1995, Mudry et al., 2003). More recently,
nebulin KO mouse studies also showed that nebulin is involved in the regulation of
muscle contraction (Reviewed in Ottenheijm et al., 2010, Labeit et al., 2010,
Ottenheijm et al., 2010, Bang et al., 2009, Chandra et al., 2009).
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The filamentous proteins; titin, nebulin and actin all associate with the z-disk, whereas
myosin filaments, do not directly associate with the z-disk (Frank and Frey, 2011,
reviewed in Clark et al., 2002). The z-disk acts as an anchorage to three of the four
main sarcomeric proteins (Reviewed in Clark et al.,, 2002). The z-disk has actin
filaments present which are crosslinked by a-actinin, where they are aligned in an anti-
parallel manner and thought to act like the backbone as seen in figure 1.5 (Djinovic-
Carugo et al.,1999, Frank and Frey, 2011, Gautel S., 2011). Over the last 10 years the
role/function of the z-disk has become more defined as it serves as the hub for
signalling within the sarcomere, that includes signalling, mechanosensation,
mechanotransduction, cell survival and an anchorage for the major cytoskeletal proteins
present.

Signalling of the z-disk and M-line, where information is relayed between each other
for the control of gene expression, protein synthesis and protein degradation plays a
vital role in the function of the sarcomere (Gautel S., 2011, Knoll et al., 2011). A few of
the z-disk related proteins that are involved in the many signalling processes within the
sarcomere are the LIM domain containing proteins such as muscle LIM protein (MLP),
cypher, myotilin, telethonin, zyxin, a-actinin, MURFs and MAPKSs (Review in Knoll et
al., 2011). Some of the aforementioned proteins are able to shuttle between the z-disk
and other subcellular locations within the cell, such as the nucleus and cytoskeleton in
order to transmit signals (Reviewed in Frank and Frey, 2011).

There are many transcription factors present within the z-disk. An examples of the z-
disk and involvement in nuclear activity is the pathways that involves NFAT, a known
target of phosphatase calcineurin involved in the development of maladaptive
myocardial hypertrophy (Gautel S., 2008, Knoll et al., 2011). Another shuttling z-disk
protein that can shuttle between the z-disk and nucleus is MLP. This protein interacts
not only with phosphatase calcineurin, but also telethonin, a-actinin and zyxin (Heineke
et al., 2005, Knoll et al., 2010, Knoll et al., 2002, Kong et al., 1997, Louis et al., 1997).
MLP is found within the nucleus where it interacts with MyoD, myogenin and MRF4,
these are all transcriptional factors responsible for myogenesis (Knoll et al., 2011, Kong
etal., 1997).

The z-disk was initially thought to only play a structural role within the sarcomere,
supporting the major proteins important for mechanical stability. However, in recent
years proteins within the z-disk are not restricted to interacting with each other, but also

associate with other proteins located outside the z-disk region within the sarcomere and

33



subcellular locations within cells. This relationship allows for communication between
the sarcomere and nucleus via cytoskeletal components to control gene expression and
signalling pathways. There is still more to be determined about the role of z-disk and z-

disk related proteins.

1.7.2. The Actin Cytoskeleton and Actin Binding Proteins ABPs

The eukaryotic cytoskeleton is composed of actin microfilaments, microtubules and
intermediate filaments (dos Remedios et al., 2005). The actin cytoskeleton functions in
contractility, motility, membrane trafficking and cell division (Winder and Ayscough,
2005, Carlier et al., 2005, Chen et al., 2000). Actin assembly and disassembly in
response to extracellular signals, plays a fundamental role in some of these processes
(Chen et al., 2000).

Actin exists in two distinct forms: a monomeric form called G-actin and a polar,
filamentous form known as F-actin, where each unit binds to either ATP or ADP (Chen
et al., 2000, Grummt I., 2006, Barbara et al., 2000, Winder and Ayscough, 2005). The
minimal concentration of G-actin required to initiate polymerization (actin assembly), is
known as the critical concentration (Cc), which is lower for ATP-actin than ADP-actin
and allows for cells to maintain their structure and also movement (Carlier and
Pantaloni, 1997, Chen et al., 2000). Above the critical concentration of G-actin,
polymerization occurs which formation of F-actin, however below the critical
concentration of G-actin, results in depolymerisation (Chen et al., 2000). ATP
hydrolysis allows for directional actin filament growth which is known as
“treadmilling”, a known driving force behind the mobility and stability of the cell. The
filaments have a pointed end which is slow growing (minus) end with a higher Cc,
while the barbed-end of the filament is known as the fast-growing (plus) end with a
lower Cc. The term steady-state is used when the net assembly of subunits at the plus
end is equal to the minus end. This process is called actin-treadmilling, which allows for
equilibrium between the amount of G-actin and F-actin formed (Winder and Ayscough,
2005, Chen et al., 2000, Cooper and Schafer, 2000). In the cytoplasm, changes in
cytoskeletal actin dynamics or the assembly transcriptional regulatory complexes have
shown implication in the regulation of gene transcription within the nucleus
(Sotiropoulos et al., 1999, Grummt 1., 2006).

The function of the actin cytoskeleton in skeletal muscle is as a structural scaffold

linking the sarcomere and cell membrane. There are many proteins that associate with
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the different forms of actin, these proteins are known as actin binding proteins (ABPs).
There are different classes of ABPs that aid in controlling actin bundling, nucleation,
filament capping, fragmentation and the regulation of monomers within the cytoplasm
of the cell (Reviewed in dos Remedios et al., 2003). In recent times the actin has been
implicated as a major regulator in transcription (Zheng et al., 2009). There are some
ABPs that are capable of shuttling between the cytoplasm and the nucleus. This
provides a link between structure and gene regulation within cells (Reviewed in Zheng
et al., 2009).

A relatively new ABP is the striated muscle activator of Rho signalling (STARS) or
Myocyte stress 1 protein (MS1) (Arai et al., 2002, Mahadeva et al., 2002). This muscle
specific protein was identified to be involved in a mechanism with RhoA activation and
actin polymerisation (Arai et al., 2002, Kuwahara et al., 2005). The link between actin
treadmilling and transcriptional regulation is via MS1 upregulation. After MS1 binds to
F-actin, this results in the release of another ABP, myocardin related transcription factor
(MRTF-A), that interacts with G-actin (Zheng et al., 2009). As the levels of G-actin
decrease within the cytoplasm, this allows for the release of MRTF-A to shuttle from
the cytoplasm and translocate to the nucleus where it activates the serum response factor
(SRF) (Kuwahara et al., 2005). MS1 is implicated in providing a link between

extracellular stress signals and transcriptional regulation.

1.8. Myocyte Stress Protein (MS1)/ Striated Muscle activator of Rho-signalling
(STARS)

1.8.1. Discovery of MS1

Myocyte stress -1 (MS1) protein or Striated muscle activator of Rho signalling
(STARS), was discovered by two independent labs in 2002 (Mahadeva et al., 2002 and
Arai et al.,2002), the human gene is known as ABRA (Actin Binding Rho Activator).
MS1 protein was confirmed to be expressed in muscle as a result of cDNA screening for
genes expressed in the heart with the use of mouse embryos (Arai et al., 2002). A novel
method known as molecular indexing which was used to quantitatively identify genes
expressed, to analyse MS1. This showed strong evidence that during LVH rat models,
MRNA levels of MS1 increased significantly in rat hearts as a result of pressure
overload induced ischaemia/ reperfusion injury which was caused as a result of aortic

banding of the hearts, after one hour (Mahadheva et al., 2002).
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Studies carried out by Arai et al., 2002 confirmed that MS1 was involved in the Rho
signalling pathway, which leads to the transcriptional activation of the serum response
factor, hence the name Striated muscle activator of Rho signalling (STARS).
Immunostaining methods, using lysates from adult mouse hearts and COS cells
transfected with a MS1 expression vector, confirmed that MS1 was muscle specific,
with a confirmed size of 45 kDa based on western blot analysis. Immunofluorescence
studies to determine the localisation of MS1 confirmed a-actinin and MS1 protein co-
localise with each other. MS1 is found to be localized specifically in the I-band and
between the z-lines and to a lesser extent in the M-line region of the sacromere of
cardiomyocytes, which confirms that the protein is muscle specific and binds to actin
(Arai et al., 2002).

MS1 is thought to be found mainly in the cytosol, but recent studies have confirmed its
presence in the nucleus using human skeletal muscle tissue (Wallace et al., 2012), non-
muscle COS cells and stressed rat endothelial cells when MS1 was overexpressed in
studies carried out by Triodl et al (Arai et al., 2002 and Triodl et al., 2009). Although

MS1 has two different names, throughout this thesis it will be referred to as MS1.

1.8.2. Gene and Structure of MS1

The gene which encodes human ABRA is located on chromosome 8 on position 8923.1
with accession number NP_631905 (Arai et al., 2002). Rat MS1 was used throughout
the project, and the rat gene is located on chromosome 7 on position 7931, while the
gene for porcine (pig) MS1 is located on chromosome 4 on position 4913 (Peng et al.,
2008). MS1 is an actin binding, muscle specific protein found expressed predominantly
in the cardiac muscle, as well as the skeletal muscle and smooth muscle (Mahadeva et
al., 2002; Arai et al., 2002; Triodl et al., 2009).

Investigation of MS1 with the use of Bioinformatics studies revealed that MS1 has
many homologs present in eukaryotes, with the full length of MS1 being 375 amino
acid residues. The gene of MS1 although expressed in different species might not
necessarily have the same function in each species. The N-terminus of the MS1 protein
sequence is not as highly conserved as the C-terminus of MS1 in different species
which is observed in Figure 1.6 (Uniprot). Initial studies attempted to express full

length MS1 in Escherichia coli (E. coli) were unsuccessful as a result of severe protein
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Figure 1.6: An alignment of MS1 amongst 13 different species where the C-terminus is most conserved.

The aligned species are Ophiophagus hannah — king cobra Accession number ERE66548.1, Ana platyrhynchos - Bird accession number EOA96796.1,
Cricetulus griseus — chinese hamster (accession number ERE52450.1), Rattus norvegicus — Brown rat (accession humber NP787038.1), Mus musculus -
mouse (accession number AAM28877.1), Bos taurus — Taurine cattle (NP001179163.1), Camelus ferus — Bactrian camel (accession number
EPY77909), Sus scrofa — wild boar (accession number NP001129432.1), Pteropus alecto — Black flying fox bat (accession number ELK08610.1),
Myotis brandtii — Brandt’s bat (accession number EPQ05312.1), Tupaia chinensis — chinese tree shrew (accession number XP005072681), Homo
sapien - Human (AAM27268) and Macaca mulatta — Rhesus monkey (accession number EHH28705)
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Figure 1.6: Continued.
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degradation upon refolding (Fogl et. al., 2011). The degradation of full length MS1 (45
kDa), led to the investigation of putative domains as a result of consistent, well defined
bands of smaller sizes between 10 — 20 kDa when protein fragments were expressed
(Fogl et al.,2011).

Bioinformatics and other computational programs, such as GlobPlot, RONN and Poodle
methods were used to investigate the domains of MS1which confirmed that 4 domains
are present that overlap each other. These were; MSD1 which covers 2-118 amino
acids, MSD2 covers 40 — 196 amino acids and are known as the N-terminal domains,
while ABD1 covers 193-296 amino acids and ABD2 which covers 294 — 375 amino
acid residues are the C-terminal domains of MS1 (Fogl et al., 2011). The figure below
shows the domains of MS1 and where they are located along the full length of MS1
(Figure 1.7). There are two actin binding sites located at the C-terminus of the protein
in two different domains; ABD1 and ABD2 (Fogl et al.,2011). ABD2 and ABD1 are the
two well structured domains of the four domains of MS1 and both are located at the C-

terminus.

1.8.3. Binding partners of MS1

1.8.3.1. MS1 binds to actin

As previously mentioned, MS1 was discovered to bind to actin as a result of a series of
immunofluorescence studies that confirmed co-localisation between MS1 and a-
actinin at the M-line and Z-lines to sarcomeric structures, that can be seen in Figure
1.8A (Arai et al., 2002). The actin binding region of MS1 was mapped by co-
immunoprecipitation experiments. The ability of actin to co-precipitate with wild-type
MS1, or C-terminal deletions and point mutations thereof were compared (Arai et al.,
2002). The actin binding region was observed to be presemt in two regions of the C-
terminus between 234-279 aa and 346-375 aa, as deletions of these areas resulted in loss
of interaction with actin. These separate regions were thought to bind actin in a co-
dependent manner (Arai et al., 2002). Domain hunting tools were able to identify
putatative domains found within full length MS1. Recent literature showed through co-
sedimentation assays as well as quantitative fluorescence F-actin binding assays that
there are fragments with separate actin binding sites located on two entirely different
domains, which were named ABD1 (193-296 aa) and ABD2 (294-375 aa) and both are
capable of binding F-actin independently (Fogl et al., 2011). Initially, studies by Arai et
al., 2002 used a longer fragment (193-375 aa) and thought that actin binding sites
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Figure 1.7: Domains of full-length MS1
Positions of the proposed domains found by Domain X. Adapted from Fogl,C; “Structure and
Function of the cardiac stress protein MS1” (2011)
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Figure 1.8: Identification of MS1 in the sarcomere

A Immunofluorescence staining of the sarcomere where MS1 is the green fluorescence and o-
actinin is stained red shows colocalisation on the I-band and M-line of rat myocytes.

B Schematic diagram illustrating the localization of MS1 and its relation to actin and myosin.
Actin is represented by the black horizontal lines and myosin is depicted in red. Blue vertical
lines show where MS1 co-localises. (Figure taken from Arai et. al., 2002.)
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within MS1 were co-dependent for binding to occur. This hypothesis was rejected as the
individual fragments established from domain hunting, showed the binding region is
located within two separate domains as previously mentioned (Fogl et al., 2011). Using
MS1 fragments it was shown that ABD1 cosedimented more with F-actin than ABD2,;
but no cosedimentation with F-actin was observed using fragments derived frim the
with N-termimal domains. ABD2 is folded and well structured, while ABDL1 is less
structurally defined, but ABD1 binds to actin with a higher affinity than ABD2 (Fogl et
al., 2011). This could mean that although ABD2 can bind actin, this specific site to be
involved in other functions, owing to the role of MS1 in the transcriptional activation of
SRF (serum response factor) and the localisation of MS1 within the z-disk of the

sarcomere (Kuwahara et al., 2005; Arai et al., 2002).

1.8.3.2. MS1 Binds to Actin Binding LIM (ABLIM) Proteins

MS1 is also known to bind actin binding Lim proteins, ABLIM 2 and 3, observed as a
result of yeast two hybrid screening with the use of a skeletal muscle cDNA library and
MS1 C-terminus covering 234-375 aa as the bait protein (Barrientos et al., 2007).
ABLIM-2 and ABLIM-3 are new isoforms of ABLIM that have a unique characteristic,
as they all have four LIM domains. Each LIM domain has a consensus sequence of
CX,CX16-23HX,CX,CX,C X 16.21CX2(C/H/ID) where X is denoted as any amino acid
(Figure 1.9) (Schmeichel and Beckerle, 1994). The LIM domains consist of two tandem
zinc fingers which are known to be cysteine rich and separated by two residues. The
zinc binding residues (1-4) co-ordinate the first Zn-finger and residues 5-8 co-ordinate
the second Zn finger ion as seen in Figure 1.9 (Michelsen et al., 1994). LIM domains
have a linker region attached, followed by a 74 aa vilin head domain (Kadrmas and
Beckerle 2004). ABLIM- 2 is located primarily in the skeletal muscle and found in the
brain, spleen and kidney at lower levels, while ABLIM-3 is found mainly in the heart
but also expressed in the liver and lungs (Barrientos et al., 2007).

Investigating the localisation and expression of ABLIM proteins by
immunofluorescence, showed that ABLIM-2 has the same co-localisation pattern as
MS1, where it is seen to overlap with a-actinin staining in mouse skeletal muscle tissue.
The same overlap was also observed with MS1 staining with a-actinin (Barrientos et al.,
2007). COS cells transfected with MS1 and either ABLIM-2 or ABLIM-3 were used in
co-immunoprecipitation experiments, which showed MS1 co-precipitated with all of the

ABLIM proteins (Barrientos et al., 2007). In vivo immunofluorescence experiments in
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C2C12 cells co-transfected with MS1 and ABLIM2 further supported what was seen in
vitro, as co-localisation between ABLIM-2 and MS1 was observed (Barrientos et al.,
2007). The localisation of ABLIM within the skeletal and cardiac muscle explains the
ability of ABLIM to bind proteins found within the z-disk of the sarcomere. The z-disk
is known to play a major role in sensing biomechanical stress and leads to signalling
which is directed to the nucleus (Frey et al., 2004). The interaction of ABLIM and MS1
was thought to be involved in MS1 dependent transcriptional activation of SRF to assist

binding of MS1 to the sarcomere (Barrientos et al., 2007).

1.8.4. Transcriptional Regulators of MS1

There is limited information on the molecular mechanism of how MS1 can be able to
sense and respond to stress signals within the heart or the skeletal muscle. Analysis of
the MS1 promoter identified target sequences that are present for many transcription
factors, known to impact on muscle growth, differentiation, arteriogenesis and
myogenic proliferation. The list of transcriptional regulators of MS1 are; MEF2, MyoD,
ERRa, GATA4 and SRF that will be discussed in detail in this section.

1.8.4.1. MEF2 as a Transcriptional Regulator of MS1

Analysis of the promoter region of MS1 identified essential binding sites for myocyte
enhancer factor-2 (MEF2). MEF2 is a member of the MADs box family which are
known for their roles as transcription factors that are involved in the regulation of many
genes that have a vast amount of biological functions (Shore and Sharrocks; 1995). As a
result of stress placed on the heart, cardiac specific expression of MS1 has been
hypothesized to be controlled through binding of myocyte enhancer factor 2 (MEF2).
MEF2 is known to have DNA binding activity located at the A/T rich element found in
promoters of genes involved in skeletal and cardiac muscle development, as well as
activation of early stage hypertrophic genes (Wang et al., 2002 and 2003; Black and
Crips., 2010). Investigation of the promoter region of MS1 identified two regions, M1
and M2, that resembled the 10bp consensus sequence for MEF2 binding which is
CTA(T/A)AAATAG/A (Kuwahara et al.,2007).

Regulation of MS1 expression was investigated with transgenic mouse embryo carrying
-1581 MS1 LacZ transgene and Luciferase reporter assays with the use of the proximal
region of the MS1 promoter with or without deletions of the M1 or M2 regions. These

promoters were either normal or mutated and transfected in cardiomyocytes or non-
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Figure 1.9: Representation of the conserved LIM domain.
The two zinc binding regions are co-ordinated by the presence of cysteine. Where cysteine 1-4
co-ordinates the first Zn, while 5-8 co-ordinates the second Zn finger (cysteines are represented

by green colour). X-denotes any amino acid. The separation between cysteines 2-3 and 6-7 by
amino acids vary.
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cardiac cells (Kuwahara et al., 2007). The activity of the promoter region of MS1 was
diminished when deletions of either, M1 or M2 region were made, as these particular
regions were identified to be involved in MS1 expression (Kuwahara et al., 2007).
Microarray studies were used to measure the difference of MS1 expression between
mouse embryos that were either MEF2C-null embryos or wildtype. Expression profiles
confirmed that MEF2C mutants had significantly reduced expression of MS1 compared
to the wildtype (Kuwahara et al., 2005). This study demonstrated that activation of
wild-type MS1 promoter by MEF2C was 40-fold higher than that of promoter
constructs with mutations in the M1and M2 binding regions (Kuwahara et al., 2007).

1.8.4.2. MyoD as a Transcriptional Regulator of MS1 during Myogenic
Differentiation

Myogenic differentiation is a highly specialised programme used to generate skeletal
muscle. The initial stage of this process, is the formation of mitotically quiescent
myoblasts from the mesoderm as seen in Figure 1.10 (Jiang and Balik., 2013).
Activation of myoblasts occurs as a result of exercise, injury or pathological signals that
cause myoblasts to proliferate in the muscle (Jiang and Balik., 2013). After proliferation
cells exit the cell cycle, differentiate and fuse to the pre-existing myofibrils as seen in
Figure 1.10 (L’honore et al., 2007; Jiang and Balik., 2013). MyoD is among a special
group of transcription factors that are able to facilitate myogenic differentiation. MyoD
protein is from a family of myogenic regulatory factors (MRFs) which belong to a
group that contains a basic helix-loop-helix (bHLH) motif required for
heterodimerisation with E-proteins of transcription factors (Tapscott., 2005). These
proteins are DNA-binding and act via a highly specific sequence within DNA known as
an E-box consensus sequence [CANNTG] found within the promoter regions of most
skeletal-muscle specific genes (Berkes and Tapscott., 2005; Tapscott., 2005; Blackwell
and Weintraub., 1990).

Studies were carried out to analyse the upstream 5’ sequence of the MS1 gene in order
to indentify myogenic transcription factor binding motifs (Ounzain et al.,2008).
Analysis of the proximal promoter identified two E-box sequences (-253/-247 bp and -
221/-215 bp) located within evolutionarily conserved regions amongst species. MS1
expression was assessed in C2C12 myoblast cells from the leg muscle of a mouse which

differentiate to form myotubes when serum starved. These cells were transfected with
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Figure 1.10: Step by step process of Myogenic Differentiation.

The formation of myoblasts initially starts from the mesoderm after the expression of Myo D
and Myf5.This allows for the conversion to skeletal muscle myoblasts. After the development
into myoblasts, they enter the cell cycle and begin to proliferate. After cells proliferate they exit
the cell cycle and differentiation is initiated. The presence of Myogenin and MRF4 facilitates
the differentiation process, where they change in appearance and become elongated to become
myocytes. Myocytes contribute to the formation of myotubes, where they fuse to other
myoctes. The formation of myotubes leads to the expression of muscle specific protein such as
alpha-actin, myosin heavy chain (MHC) and muscle creatine kinase (MCK). Matured myotubes
become myofibers. (Figure taken from Jang and Balik., 2013 Review)
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the promoter region of MS1 that was either wild type or contained mutations to the sites
of interest which were the E-Box1,2 and 3 and the TATA binding sites.

Initial experiments were done comparing differentiated C2C12 myoblasts with NIH3T3
fibroblasts, both transfected with the promoter region of MS1. Based on the cell type
alone, the promoter activity of MS1 in C2C12 myoblasts increased 4-fold compared
with NIH3T3 cells suggesting, that the promoter favours a myogenic environment
(Ounzain et al.,2008). Experiments carried out in C2C12 cells that were transfected
with the MS1 wildtype promoter in combination with MyoD, MEF2D and myogenin,
showed that in the presence of MyoD, there was a significant increase seen in the
promoter activity of MS1 (Ounzain et al., 2008). This was not seen with the other
transcriptional activators, MEF2D and myogenin, where in the absence of MyoD,
promoter activity of MS1 decreased. This suggests MyoD is a key regulator in the
promoter activity of MS1 (Ounzain et al., 2008). Site directed mutagenesis was done on
the promoter region, where the E-box sites possessing the consesensus sequence
(CANNTG), essential for MyoD binding were present as well as the TATA box region.
These mutations were either single or in combination and compared with the wildtype
to determine the effects of the promoters in the presence of overexpressed MyoD on
MS1 activity (Ounzain et al., 2008). This experiment played a pivitol role in confirming
that mutations to the E1 and E2 regions as well as the TATA box (TATT) reduced the
interactions between MS1 and MyoD which caused significant reductions in the
promoter activity of MS1 (Ounzain et al., 2008). The promoter region of MS1 is
regulated by MyoD binding and is believed to potentially play keys roles in myogenic
differentiation and regeneration (Wang et al., 2002). Interestingly, MyoD is a
transcription factor known to be activated by Akt and PGC-la (Lin et al., 2002;
Guerfali et al., 2007). PGC-1a is a transcriptional activator that is known to control
genes involved in glucose uptake, mitochondrial biogenesis and fusion as well as being
upregulated in muscle during endurance exercise (Lin et al., 2002; Guerfali et al., 2007;
Cartoni et al., 2005; Michael et al., 2001; Russell, A.P; 2010). More importantly PGC-
la works with another transcription factor, ERRa, that also plays a role in the regulation

of MS1 (Wallace et al., 2011)
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1.8.4.3. Oestrogen-related receptor-o target gene binds to the Promoter region of
MS1

Further analysis of the human MS1 promoter region identified that the binding site for
oestrogen related receptor-a (ERRa), a member of the nuclear receptor superfamily, is
located approximately 150 bp from the transcriptional start site of MS1 (Wallace et al.,
2011; Hock and Kralli; 2009). Although this receptor shows similarity to the oestrogen
receptor, in terms of DNA and ligand binding, it is not activated by oestrogen nor
oestrogen like molecules (Giguere et al., 2008). ERRa plays a key role in mitochondrial
biogenesis, aiding in the formation of new mitochondria (Schreiber et al., 2004).
Activation of this process occurs as a result of different signals due to cellular stress or
in response to environmental stimuli (Hock and Kralli., 2009; Giguere et al., 2008).
ERRa works with peroxisome proliferator activated receptor coactivator 1 (PGC-1a),
where they are both important regulators of mitochondrial biogenesis and oxidative
metabolism (Schreiber et al., 2004). PGC-1a is found in highly specific tissue, the
skeletal and cardiac muscle (Kallen et al., 2004).

In order to investigate whether PGC-1o/ERRa can activate the MSltranscriptional
programme, C2C12 myotubes were infected with adenovirus either control LacZ or
adenovirus expressing human PGC-1a, in the absence or presence of ERRa (which was
silenced by SiIRNA). There was an observed increase in MS1 mRNA expression by 3-
fold compared to the control and a significant decrease in mRNA expression levels
when ERRo was silenced (Wallace et al., 2011). The ability for ERRa to bind is
dependent on the presence of an oestrogen receptor response element (ERRE)
(Schreiber et al., 2004). Within the MS1 promoter is a target sequence, that is identical
to the known 9 bp target sequence for ERRa binding 5’-TNAAGGTCA-3’ (Wallace et
al., 2011).

Determination of how PGC-la and ERRa interact with the MS1 promoter was
investigated by chromatin immunoprecipitation (ChIP) assays. These assays were
carried out to identify whether both activators are required to either act directly on the
gene of MS1, or whether physical interaction between the activators and MS1 promoter
are needed. This study was able to show that Flag-tagged ERRa and PGC-1a were both
detected at the ERRE, and knockdown of endogenous ERRa, expression by siERRa
resulted in diminished binding of PGC-1a co-activator to the ERRE region of MS1
(Wallace et al., 2011). This showed that ERRa binds directly to the promoter of MS1
and is required for PGC-1a recruitment to the promoter (Wallace et al., 2011).

50



The transcription factors discussed thus far, MyoD, MEF2c and ERRa/PGC-1a all have
a positive effect on the promoter activity of MS1, leading to an increase in its
expression (Kuwahara et al., 2007; Ounzain et al., 2008 and Wallace et al., 2011).
These transcription factors are all involved in cardiac hypertrophy, myogenic
differentiation, strenuous exercise and diabetes (Yoshitake et al., 2013; Mootha et al.,
2004). A recent study has shown that the transcription factor GATA4 has an opposite
effect which leads to repression of MS1 expression in embryonic, neonatal and adult
hearts (Ounzain et al., 2012). The research has been able to show MS1 can be regulated

both positively and negatively by various transcription factors.

1.8.4.4. GATA4 Transcription factor as a repressor of MS1 expression

The GATA-binding protein 4 (GATA4) is from the GATA superfamily that are zinc
finger containing transcription factors, and is cardiac specific (Kobayashi et al., 2007
and Zhou et al., 2012). GATAA4 recognises a motif seen in the promoters of many
cardiac genes that have a consensus sequence 5’-AGATAG-3’, which allows for
binding of GATA4. It plays a key role in cardiac development, cytoprotection in
cardiomyocytes and maladaptation of the heart such as hypertrophy (Oka et al., 2006;
Liang et al., 2001 and Molkentin, L, 2000).

Previous investigations analysing the 5 kb of the 5°- flanking sequence upstream of
MSI transcription start site (TSS), identified evolutionarily conserved regions (ECRs) a
and B (Ounzain et al., 2008). Investigations by the same group explored further
upstream by analysing 20 kb 5’-flanking sequence up stream of the MS1 start site. Two
new regions were identified as DINA (distal intergenic activator) located 16 kbp
upstream of TSS of MS1 and (SINA) stress intergenic activator located 9 kb (Ounzain
et al., 2012). SINA and DINA are cardiac specific cis-regulatory domains for the
repression and enhancement of gene expression dependent on different stress signals
(Sakabe et al., 2012). The two new regions, as well as ECRa were all observed to have
GATA recognition sequences and assumed that GATA binding proteins may be
involved in the regulation of the MS1 gene (Ounzain et al., 2012).

Luciferase reporter assays were performed where 1.6 kbp of promoter region, relative to
the MS1 TSS, was amplified and cloned into pGL3-Basic reporter plasmid. Constructs
which had deletions of the ECR regions at various positions and SINA and DINA
regions were also cloned upstream of the simian virus 40 (SV40) promoter in a

luciferase based enhancer/repressor reporter vector pGL3-Promoter (Ounzain et al.,
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2012). Different cell lines were used, to determine whether the activity of DINA and
SINA was tissue sensitive. DINA and SINA domains transfected in H9¢2 and neonatal
rat ventricular myocytes (NVRMs) had enhanced promoter activity of SV40 by 75 and
110% respectively compared to the control. Where COS7 and NIH3T3 cells did not
have any increased activity (Ounzain et al., 2012). Critical analysis of ECRa, SINA
and DINA showed the activity of the promoter is dependent on regions that are cardiac
cell-specific between -300 to +60 and -300 to -127 and also have GATA elements
present (Ounzain et al., 2012). The presence of known distal enhancers such as
monomethylation at histone 3 lysine 4 (H3K4mel) and binding by acetyltransferase
p300 are associated with regulatory markers are used in CHIP assays to identify active
tissue specific enhancers (Heintzman et al., 2007; Pulakanti et al., 2013; Creyghton et
al., 2010).

The use of co-transfection gene reporter and ChIP assays, showed GATA4 is able to
repress ECRa activity but enhances the activity of DINA. Loss-of-function and gain-of-
function approaches exploited, confirmed the role of GATA4 in relation to MS1
expression (Ounzain et al., 2012). Embryonic, neonatal and adult cardiomyocytes were
used to look at the effects of GATA4 on MS1 regulation. When GATA4 is
overexpressed this leads to downregulation of MS1, however when
knockdown/knockout of GATA4 was carried out, this resulted in the upregulation of
MS1 (Ounzain et al., 2012).

Elucidation of MS1 regulation by GATA4 was investigated with regards to diseases
such as diabetes. The use of type 1 and 2 diabetic hearts in this study was to observe the
effects of GATA4 on MS1 expression in a pathophysiological environment. Previous
studies have demonstrated GATA4 levels are decreased during hyperglycemia as a
result of ubiquitination and degradation (Broderick et al., 2012). The mechanism by
which this occurs is proposed to be by the E3 ubiquitin ligase CHIP, which mediates
ubiquitination and degradation by the ubiquitin proteosome system (UPS) (Broderick et
al., 2012; Oka et al., 2006 and Liang et al., 2001). When GATA4 levels are decreased,
hyperglycemia is increased which makes the hearts more susceptible to ischaemic injury
as a result of an increase in ROS, cardiomyopathy from fibrosis and increases apoptosis
(Barouch et al., 2006; Gutkowska et al., 2009). In type 1 diabetic 2-month old FVB
mice, where streptozotocin (STZ) treatment, a drug used to destroys pancreatic 3 cells
was used in induced type | diabetes (Islam et al., 2009, Ridolfi et al.,1991, Rossini et
al., 1977 and Szkudelsk, T., 2001) GATAA4 protein levels decreased significantly but
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MS1 expression increased by 1.3 fold when compared to the untreated hearts. Similarly,
in type 2 diabtetic models, db/db diabetic mice showed a decrease in GATA4 levels
with an increase in MS1 expression by 1.3 fold compared to the db/+nondiabetic
controls (Ounzain et al.,2012).

It can be concluded that GATA4 has a negative effect on MS1, where the dysregulation
of MS1 is observed. Furthermore, GATA4 does not only control MS1 regulation but
also has major effects on MRTF-SRF signalling in cardiac development and disease.
Myocardin related transcription factor- serum response factor (MRTF-SRF) target genes
JunB and NPPB were upregulated when GATA4 was depleted in typel and type 2
diabetic models, which could be expected as MRTF-SRF are direct downstream targets
of MS1 in the SRF signalling pathway (Chong et al., 2012, Kuwahara et al., 2005 and
Arai et al., 2002). This might however only apply to the activation of the SRF pathway
via MS1 and not RhoA which can act independently of MS1 to allow SRF signalling
(Sahai et al., 1998,). SRF is a known transcriptional activator of muscle specific genes
which are involved in cardiac development, activation of foetal genes during a

hypertrophic response in the heart and actin cytoskeleton (Nelson et al., 2005).

1.8.4.5. Regulation of MS1 via a feed-forward loop by the Serum response factor
SRF

In vitro studies have shown that SRF is a downstream target of MS1 and the Ras
homolog gene family member, RhoA, where MS1 acts in conjunction with RhoA by
binding of G-actin (Arai et al., 2002 and Kuwahara et al.,2007). The translocation of
SRF from the cytoplasm to nucleus through actin dynamics, allows for the regulation of
many genes involved in cardiac development, function and structure (Arai et al., 2002;
Miano et al., 2004 and Niu et al., 2005). Recent studies with the use of a zebrafish MS1
orthologue (zSTARS) knockdown showed that there were cardiac defects such as
abnormalities with the ventricle (decreased size and shortening), enlarged atria and
decreased end diastolic dimension in the absence of MS1 expression (Chong et al.,
2012). However, with injection of zsrf (serum response factor) mRNA into morpholino
embryos, this resulted in the suppression of the cardiac phenotype induced by zSTARS
morpholino knockdown (Chong et al., 2012). Ectopic overexpression of MS1 in vitro
leads to the activation of the proximal promoter, known to contain the conserved SRF
binding site at position -305 bp (Chong et al., 2012).
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Confirmation that SRF was the cause of this autoregulatory feedback loop was
investigated with the use of Luciferase and ChIP assays. H9c2 cells were transfected
with the conserved binding region for SRF -1585/+60 and -365/+60, upstream of the
MS1 TSS. Luciferase activity confirmed MS1 promoter activity was significantly
higher compared to the control (pcDNA without promoter). These effects were reversed
in the presence of the inhibitor CCG-1423 when compared to control (without CCG-
1423) where the control was 4 times greater, confirming MS1 activity was blocked
(Chong et al., 2012). The inhibitor works by preventing MKL1 nuclear localization,
which is a co-factor of SRF, that in turn prevents SRF dependent gene expression (Jin et
al., 2011, Evelyn et al., 2007 and Miralles et al., 2003). This study along with other
research has shown that MS1 does influence SRF transcriptional activity in vitro and in
vivo. The role of MS1 in the SRF signalling pathway and the other members involved

are discussed in greater detail in the following Section 1.8.5.

1.8.5. MS1 as a key regulator in SRF transcriptional activity via MRTF-A nuclear
translocation

The serum response factor (SRF) is a member of the MADS (MCM1, Agamous,
Deficiens, SRF) box domain containing family of transcription factors found in many
animal species and fungi (Miano et al., 2003, Miano et al., 2007, Posern and Treisman,
2004). This family of transcription factors are involved in the regulation of skeletal
muscle growth and muscle gene expression (Wu et al., 2011, Miano et al., 2007, Shore
and Sharrocks, 1995). SRF was discovered and given the name, based on binding
activity to the serum response element (SRE) located within the promoter region of a
well known proto-oncogene c-fos, an immediate early transcription factor involved in
cancer (Treisman et al., 1995; Treisman et al.1988, Norman et al., 1988, Wang et al.,
2002). Further studies observed SRF binding was dependent on SRE found within the
promoter region of many genes controlled by SRF (Shaw et al., 1986). SRF binds to
AJT rich DNA sequences that are facilitated through the SRE, where a highly conserved
sequence is found within the inner core of SRE known as the CArG box (Shore and
Sharrocks, 1995, Pipes et al., 2006). The CArG box is a 10 bp consensus sequence;
CC[A/Tg]GG is recognised by SRF and similar to MEF2C from the MEF family, that
recognises a 10 bp sequence for binding to DNA as discussed in Section 1.8.4.1
(Pelligrini et al., 2005). This explains how regulation of MS1 by both SRF and MEF2

occurs with the CArG-like element found present within the MS1 promoter. MS1 can
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facilitate its own transcription that leads to the feed-forward mechanism that requires
activation of SRF (Chong et al., 2012). A vast number of genes are targets for SRF
(over 200) and many of them play roles in cell growth, myogenesis , regeneration and
organization of the cytoskeleton (Sun et al., 2006, Miano et al., 2007, Kuwahara et
al.,2005; Shore and Sharrocks 1995).

MS1/RhoA and MAPK pathways are involved in the transcriptional activation of SRF
in skeletal and smooth muscle (Kuwahara et al., 2005, Mahadeva et al., 2002, Murai et
al., 2002, Lu et al., 2001, Arai et al., 2002). The link between the RhoA/MS1 signalling
pathways and SRF activation is facilitated through changes via actin dynamics that
allows for SRF to translocate to the nucleus (Kuwahara et al., 2005). The MAPK
signalling pathways facilitate SRF activation through phosphorylation of SRF co-
factors, ternary complex factors (TCF), that are part of the Ets domain family e.g EIk1
and SAP-1 (Lee et al., 2010, lyer et al., 2006, Buchwalter et al., 2004, Janknecht et al.,
1993). The involvement of GTPase Ras, allows for the activation of the serine-threonine
kinases Raf, MEK and ERK bind to DNA through recognition of an Etf motif
[C/A][C/A]GGA[A/T] located near the SRF binding CArG box (Treisman et al., 1994,
Shaw et al., 1989, Katsch et al.,2012).

The second set of co-factors which allow for SRF activation are the myocardin related
transcription factors (MRTFS) that are controlled by MS1/RhoA. RhoA is a ras
homolog gene family member, that is a small GTPase, part of the Rho GTPase family
that includes Racl and Cdc42 (Posern and Treisman, 2006, Hill and Treisman, 1995).
Rho A is involved in the stimulation of actin polymerization by activation of Rho kinase
(ROCK) and mammalian homolog of diaphanous (mDia) that can stabilize (F-actin) or
deplete depolymerised globular actin (G-actin) within the cytoplasm (Mack et al., 2001,
Narumiya et al., 1997 and Sotiropoulos et al., 1999). MS1 stimulates SRF activity
through Rho A-dependent mechanism, where COS cells were transfected with SM22-
luciferase reporter and MS1 or RhoA expression vector which was constitutively active
RhoA to determine the effect these had on SM22 promoter activity, a gene known to be
regulated by SRF (Arai et al., 2002). The greatest activity of the promoter was seen in
the presence of RhoA and MSL1 together, however with presence of one or the other, the
activity of SM22 promoter decreased by 50% (Arai et al., 2002). Studies further
confirmed that activation of SRF by RhoA and MS1 was through actin dynamics with
the key involvement of intermediary proteins from the MRTFs family, specifically
MRTF-A (Kuwahara et al.,2005).
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MRTF-A (also called MAL, MKL-1 and BSAC) is a member of the myocardin related
transcription factors family, which includes MRTF-B (also called MKL-2 and MAL16)
and myocardin (Sakuma et al., 2003, Wang et al., 2002). The MRTFs A and B are
found expressed in a wide range of embryonic and adult tissue, while myocardin is
found specifically expressed in cardiac and smooth muscle cells (Parmacek M.S., 2007,
Pipes et al., 2006, Wang et al., 2001, 2002,2004). Although these have different
expression patterns, they have a series of highly conserved domains such as the SAP
domain that is a 35 aa motif containing two amphiphatic a-helices that resembles 1 and
2 of the homeodomain (Pipes et al., 2004, Aravind et al., 2000, Wang et al., 2002). The
other conserved domains include, a Q-rich region required for association with SRF and
the RPEL domains located at the N-terminal region that mediate cytoplasmic
localization and actin binding only in MRTF-A and MRTF-B (Wang et al., 2001, Pipes
et al.,2006).

There are three RPEL motifs [Arg-Pro-X-X-X-Glu-Leu] essential to the MRTFs that
allow for direct interaction with G-actin (Posern and Treisman, 2002). The RPEL
domains are thought to bind tightly to G-actin when in the cytoplasm, as observed in
NIH3T3 cells in the absence of serum and can also accumulate due to serum stimulation
(Kuwahara et al., 2005, Miralles et al., 2003, Guettler et al., 2008). Investigations using
the same cell line, co-transfected with MRTFs and MS1 showed that MRTFs
translocated to the nucleus without the presence of serum (Kuwahara et al., 2005).
Although myocardin is part of the MRTF family, the RPEL motifs do not facilitate
binding to G-actin, and the presence or absence of MS1 does not affect translocation to
the nucleus (Wang et al., 2003, Kuwahara et al., 2005).

MS1 binds to polymerized actin (F-actin) as previously mentioned and depletes the G-
actin pool within the cytoplasm (Arai et al., 2002). G-actin is responsible for controlling
the translocation of MRTFs into the nucleus, depletion of G-actin within the cytoplasm
leads to the activation of MRTF-A that accumulates within the cytoplasm and allows for
translocation to the nucleus to activate SRF transcription (Kuwahara et al., 2005).
Although MRTFs bind to SRF, the interaction between them is low. To summarize this
process of SRF transcriptional activation, due to MS1/RhoA activation a model is
represented in Figure 1.11.
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Figure 1.11: A model showing the role of MS1/RhoA on the activation of the SRF.
Different stress signals trigger the activation of transcription factors to regulate MS1 expression. This allows for the polymerization of actin. F-actin
polymerization occurs with increased levels of MS1 and/or RhoA. Lower G-actin within the cytoplasm allows for the release of MRTF, a co-activator

of SRF to translocate from the cytoplasm to the nucleus to activate SRF. Activation of SRF allows for expression of its target genes that are responsible
for cytoskeletal reorganization, hypertrophy, muscle contraction and movement.(Adapted from Kuwahara et al., 2005)
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1.8.6. MS1 during Cardiac Hypertrophy

Transcription factors GATA4, MEF2 and SRF are involved in cardiac hypertrophy and are
also known regulators of MS1. Cardiac hypertrophy is an adaptation of the heart as a result
of the heart coping with increased workload, stress and injury as reviewed in Section 1.5
(Dorn et al., 2009). MS1 was first observed to increase in expression levels by a study
carried out by Mahadeva et al. MS1 mRNA levels increased by 3 fold within 1 hr of left
ventricular hypertrophy in rats as a result of pressure overload induced by aortichanding
and decreased to basal levels within 24 hrs of post banding (Mahadeva et al., 2002). MS1
is thought to be an early sensor of cardiac hypertrophy based on the early upregulation of
MS1 within 1 hr. MS1 is also implicated in sensing mechanical stress which leads to
cardiac remodelling in response to LVH (Mahadeva et al., 2002).

Experiments with the use of transgenic mouse models that constitutively expressed active
calcineurin (a key mediator in cardiac hypertrophy) under the control of a-myosin heavy
chain (a-MHC) promoter resulted in the development of cardiac hypertrophy and
cardopmyopathy (Kuwahara et al., 2007). The level of MS1 expression was observed to be
8 times higher in the transgenic mouse hearts when compared to the MS1 expression levels
in wild type littermates (Kuwahara et al., 2007). In vitro studies showed that when MS1 is
overexpressed in H9c2 rat cardiomyocytes compare to the control, there was an increase in
cell size (Koekemoer et al., 2009). MS1 overexpression significantly induced hypertophic
gene marker brain natroiretic peptide (BNP) (Koekemer et al., 2009). Interestingly, MS1
was observed to have a cardioprotective effect against staurosporine-induced apoptosis,
where MS1 overexpression resulted in the up-regulation of Nol3, a known cardioprotective
gene (Koekemoer et al., 2009).

These studies all show the involvement of MS1 during cellular hypertrophy and the
potential ability of MS1 to act as an early sensor of cardiac hypertrophy and may also have

cardioprotective properties.

1.8.7. Regulation of MS1 during Exercise and Mechanical Stress.
Skeletal muscle is regulated by the increase (hypertrophy) or decrease (atrophy) where
these changes elicit an extracellular signal that triggers the intracellular activation of

specific genes as a result of changes in size, structure and function (Lamon et al., 2013,
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Wallace, A.P., 2010). MS1 expression within the skeletal muscle was seen to be regulated
during exercise through actin dynamics. During mechanical stress as a result of contraction,
increased loading or immobilization, detection of these extracellular transduction stress
signals need to be transmitted within the cells for an appropriate physiological response
which is important to the body to determine muscle fate and gene expression (Fluck., 2006
and Russell, A.P 2010). MS1 is upregulated during sensitivity to overload and pathological
cardiac hypertrophy as a result of aortic banding of mouse hearts as well as forced
overexpression of MS1 in mouse hearts through adenoviral infection that confirmed MS1
as a stress responsive protein (Mahadeva et al., 2002 and Kuwahara et al., 2007). MS1
plays an essential role in the transcriptional activation of SRF (discussed in Section 1.8.5)
that leads to the expression of proteins essential for muscle growth, contraction and

remodelling (Miano et al., 2007).

1.8.7.1. Effects of MS1 during Pro-longed Resistance and Endurance training

Initial studies first observed MS1 increased at mRNA levels in response to hypertrophy
induced resistance training in skeletal muscle (Lamon et al., 2009). This study was carried
out using males who were subjected to a series of resistance-exercises over an 8-week
period. Biopsies were taken post-training which revealed MS1 mRNA increased by 3.4 fold
compared to samples taken prior to training (Lamon et al., 2009). MS1 mRNA levels
increased as well as the targets downstream of MS1 that include MRTF-A and B, and SRF
that all resulted in an over 2.5-fold increase in mMRNA levels. Target genes of SRF such as
MHC-IIa, a-actin and IGF-1 also increased similarly. Other studies have shown that MS1
expression was affected by plyometric power training in early postmenopausal women (50-
57 yrs old) over a 12 month period (Pollanen et al., 2010). The aim of the study was to
determine the effects of power training or oestrogen containing HRT on skeletal muscle
properties after menopause as previously carried out by Sipila et al., 2001. Although
MRNA levels of MS1 increased, the downstream gene targets analyzed from previous
studies (Lamon et al., 2009) did not show the same effect (Pollanen et al., 2010). These
studies were focused on the expression of genes as a result of exercise over a extended
period of time, in all cases MS1 mRNA levels increased increased by 3 fold in skeletal

muscle.
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Comparative studies were carried out to observe effects of MS1 mRNA levels and
members downstream of its signalling pathway MRTF-A and SRF, after 10 weeks of
endurance and resistance training (Lamon et al., 2013). After prolonged training regardless
of the type of training performed, mMRNA levels of MS1 and all downstream targets
increased (Lamon et al., 2013). Other comparative studies were done to investigate the
regulation of MS1 at the mRNA levels and protein levels, during unilateral eccentric and
concentric resistance training over a 12 week period (Vissing et al., 2013). Habitual
exercise over a prolonged period, which consisted of either concentric or eccentric

resistance exercises, resulted in protein levels of MS1 left unchanged (Vissing et al., 2013).

1.8.7.2. Effects of MS1 during single bout exercise in trained and untrained states
Other studies observed changes in MS1 expression in a short period of time as a result of
acute single bout eccentric exercise where MS1 mRNA increased after 3 hrs of exercise,
along with its downstream targets by 10-fold (MacNeil et al., 2010). MS1 mRNA levels
also increased by 8 fold and 6 fold at 2.5 hrs and 5 hrs respectively, after a single bout of
resistance exercise, however this was not translated to protein level as MS1, MRTF-A and
SRF protein levels remained the same (Lamon et al., 2013). Although there was not any
increase in MS1 expression during habituated concentric and eccentric exercises over a 12
week period, there was an observed increase in MS1 mRNA levels in both concentric and
eccentric single bout exercise. Specifically, a 10-fold increase in MS1 mRNA levels
following a single bout eccentric exercise was observed which is consistent with previous
studies (Vissing et al., 2013, MacNeil et al., 2010). It should be noted that although there
was an increase in MS1 mRNA levels, this was not the same for the other downstream
targets MRTF-A and SRF. SRF only showed an increase in mRNA levels post 1 hr
concentric exercise but this was not as high as MS1 mRNA levels (Vissing et al., 2013).
The same effects were seen for MRTF-A in a different study as a result of training in a
habituated state (Lamon et al., 2013).

All studies thus far supported evidence that MS1 was increased at the mRNA levels in
skeletal muscle after endurance or single bout exercise whether concentric or eccentric, but
this was not seen at the protein level (Lamon et al., 2009, MacNeil et al., 2010, Lamon et

al., 2013, Vissing et al., 2013). MSL1 is responsive to moderate intensity exercise where test
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subjects did single leg cycling until exhaustion (single leg endurance exercise). It was
observed that mRNA levels of MS1 increased 3 hrs post exercise but reduced to basal
levels 24 hrs after (Lamon et al., 2011). MS1 protein levels also increased 3 hrs post
training, but only SRF of the downstream members of the pathway showed an increase but
not MRTF-A which could be due to its translocation to the nucleus, as the nuclear extracts
were not used for this analysis (Lamon et al., 2011).

1.8.7.3. MIS1 decreases as a consequence of Muscle atrophy and Ageing

Atrophy is the term used for the reduction of skeletal muscle as a result of lack of physical
activity (disuse), neuromuscular disorders or after musculoskeletal trauma due to diabetes,
cancer and AIDS (Doucet et al., 2007, Kim and Choi., 2010). MS1 was seen to decrease in
levels during detraining (atrophy) after an 8 week period, of reduced physical activity.
Similarly, a decrease in MRTF-A/B and SRF mRNA was observed along with SRF target
genes (MHC-Ila, a-actin and IGF-1) which were reduced to the original pre-training levels
(Lamon et al., 2009). Unloading as a result of hind limb suspension for 20-days in humans
did not show any reduction in MS1 mRNA levels or downstream targets leading to SRF
activation (Sakuma et al., 2009). This result differed from a previous study that showed a
decrease in MS1 mRNA levels along with the downstream targets (MRTF-A and SRF) in
24-month old mice (Sakuma et al., 2008). The possible reason could be the amount of
muscle loss that has to take place to have a negative effect on MS1. This is based on the
study using aged mice with muscle loss of over 19%, which was higher than the study with
humans which was only 10% (Sakuma et al 2008 and 2009). It is logical to believe that
since reduction of SRF levels responsible for genes such as a-actin, IGF-1 and MHC-1la are
known to play key roles in muscle regeneration and increase muscle fibres as a result of
hypertropy (Schiaffino and Mammucari., 2011, Russell, A.P., 2010). The reduction of
IGF-1 involved in the Akt pathway, results in promoting atrophy due to the activation of
FoxOf/atrogene pathway during ageing, hind-limb suspension and untraining (Leger et al.,
2006 and 2008, Crossland et al., 2008, Schiffiano and Mammucari, 2011).

Based on all the evidence in this section, MS1 might be involved in important roles within
the skeletal muscle where it is regulated by hypertrophy and atrophy as a result of pro-

longed resistance training and disuse. MS1 might also function as an early sensor for
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muscular distress in skeletal muscle contractions due to resistance training, and allows for
early adaptation during exercise in single bout exercise (Wallace et al., 2012). This
suggests that MS1 might have more of a protective role in the skeletal muscle, where
increase in levels of MS1 occurs to protect the sarcomere from any damage due to
overloading (Lamon et al., 2013). The importance of knowing the specific role of MS1 and
the downstream targets that facilitate SRF activation is important for positive regulation of
skeletal muscle mass. This would be vital in the long run for persons with diseases which
either result in atrophy or as a result of sarcopenia. Investigating specific pathways as
therapeutic targets to enhance skeletal muscle mass would allow for a better quality of life
for those suffering from atrophic disabilities that could be combated through repair and

muscle growth.

1.8.8. Regulation of MS1 in Diabetes, Angiogenesis and SMC proliferation

1.8.8.1. MS1 Regulation in Type 2 Diabetes

Diabetes is a growing concern worldwide, in 2010 a staggering 285 million people were
diagnosed with diabetes and it was estimated that by the year 2030, nearly 439 million
individuals could be affected by this disease (Shaw et al., 2009). Insulin resistance is
associated with type 2 diabetes (T2D) as this is one of the early detectable metabolic
defects observed in humans (Tabak et al., 2009). To date the molecular basis of insulin
resistance is still not fully understood, but it is known that one of the causes of insulin
resistance is due to reduced glucose uptake into the skeletal muscle (Saltiel and Kahn.,
2001). A recent study showed that type 2 diabetes, increased upregulation in the serum
response factor and its coactivator MRTF-A (Jin et al., 2011).

The study used muscle biopsies from patients that were either full blown type 2 diabetics,
non-diabetic subjects with one or both parents with T2D (FH+) and non-diabetic (FH-)
subjects to identify phenotypes that are associated with insulin resistance through skeletal
muscle gene expression. As mentioned previously SRF and MRTF-A are downstream
targets of MS1 (Kuwahara et al., 2005). In T2D patients MS1 was identified to be the
highest differentially expressed gene and showed a 2.5-fold increase as compared to
healthy non-diabetic patients (FH-) (Jin et al., 2011). Mouse models that were made insulin

resistant by high-fat feeding were also showed a 3-fold increase in MS1 when compared to
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the controls (Jin et al., 2011). This finding is not a surprise since MS1 facilitates SRF
activation by sequestering G-actin in the cytoplasm by converting it to F-actin, and causes
the release of SRF coactivator MRTF-A, that allows for SRF gene expression as discussed
in more detail in Section 1.8.5 (Arai et al., 2002, Kuwahara et al., 2005 and 2007).

Further exploration into the SRF signalling pathway was to determine the effects of
reduced MS1 on insulin uptake and glucose in myotubes. Silencing of MS1 in L6 myotubes
resulted in a decrease in MS1 protein expression by 54% and increased Akt-
phosphorylation by 1.7-fold as a result of insulin stimulation (Jin et al., 2011). Reduced
MS1 expression also affected the basal and insulin-stimulated glucose uptake in myotubes
by 3.7-fold and 3.6-fold respectively (Jin et al., 2011). Knockdown of MS1 expression also
resulted in the increase of plasma membrane GLUT4 localization in basal and insulin-
stimulated states (Jin et al., 2011). GLUT4 is a key component of insulin-stimulated
glucose transport in muscle cells and adipose tissue and found mainly in these tissues
(Stockli et al., 2011). Diabetic mouse models were used in a more recent study, to look at
the effects of GATA4 expression or depletion on MS1 regulation as discussed earlier in
Section 1.8.4.4 (Ounzain et al., 2012). Diabetic induced cardiomyopathy occurs as a result
of hyperglycemia-induced depletion of GATA4 (Kobyashi et al., 2007). This evidence is
still not enough to determine whether MS1 is a key player that contributes to insulin
resistance in diabetic muscle but based on human and mouse models, it is worth doing

further investigations.

1.8.8.2. MS1 Regulation in Arteriogenesis and Smooth Muscle Cell Proliferation

Arteriogenesis is defined as the increase in diameter of pre-existing collateral vessels which
is facilitated by fluid shear stress (FSS). FSS is the physical stimulus responsible for acting
on endotheial cells responsible for controlling these processes, that attract circulating cells
to the collateral walls where monocytes are known to play a major role during
arteriogenesis (Helisch and Schaper.,2003; Triodl and Schaper.,2012). MS1 was identified
as a key regulator of arteriogenesis as a result of upregulation in growing collaterals during
elevated FSS that resulted in a 7-fold increase (Triodl et al., 2009). Depletion of the
stimulatory effect of FSS on collateral growth was done with the use of a nitric oxide (NO)

inhibitor L-NAME, resulted in complete repression of MS1 transcription (Triodl et al.,
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2009). The blockage of NO proves that it can be a possible mediator in FSS activity that
also controls MS1 expression. To determine the function of MS1 in arteriogenesis in vivo,
adenovirus infection of the collaterals of rabbits exposed to femoral artery ligation (FAL)
without the use of an AV-shunt was performed (Triodl et al., 2009). Overexpression of
MS1 resulted in the improvement of collateral conductance in rabbits after FAL, while
deletion of MS1 resulted in impaired arteriogenesis (Triodl et al., 2009). MS1 was further
investigated to determine the functional role it has during arteriogenesis.

During arteriogenesis proliferation of smooth muscle cells (SMC) occurs which is essential
for vessel maturation (Pipp et al., 2004). Overexpression of MS1 resulted in proliferation
and metabolic activity of smooth muscle cells (SMC) in A10 rat cell line (Triodl et al.,
2009). During arteriogenesis the activation of the Rho/ROCK pathway is initiated and
functions to help the remodelling of small arteries (Van Oostrom et al., 2008). The Rho
pathway is also involved in the signalling of SRF transcription which is known to be
controlled by MS1 or by a Rho-A dependent pathway (Kuwahara et al., 2005). However, in
this case MS1 seems to facilitate the activation of this pathway where increased expression
of RhoA was observed in overexpressed MS1 collateral vessels of rats, then decreased in
MS1 deficient mice (Triodl et al., 2009). Arteriogenesis usually occurs in areas that are
underperfused as a result of an obstruction that causes tissue ischaemia (Triodl and
Schaper., 2012; Schaper and Scholz., 2003). MS1 is upregulated during
ischaemia/reperfusion injury in mice (Mahadeva et al., 2002) and is also involved in the
RhoA pathway (Arai et al., 2002; Kuwahara et al., 2005) which is required during
arteriogenesis for actin polymerization, necessary for the remodelling of arteries and
improve collateral growth (Triodl et al.,2009). Based on the results of this study, there is
strong evidence that MS1 may act as a sensor during ischaemia that initiate pathways
responsible for induction of arteriogenesis. This could imply that MS1 may play a key role
in structure and function.

There is no doubt that MS1 has a key function within the cardiac, skeletal and smooth
muscles. It has been demonstrated to be a major participant in muscle adaptation and the
link between sensing stress and intracellular activation of specific pathways for an accurate
physiological response. Although steps have been taken to understand the structure of MS1,

more has to be done in this respect. With regard to MS1 upregulated at the protein level,
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this needs to be investigated in the future as not many studies have looked at the stability of
MS1 or how exactly it is upregulated at the protein level. The goal is to eventually use MS1
as a pharmaceutical target in disease conditions that gear towards prevention of muscle loss
and also increase of muscle development based on the different roles it is involved with in

different studies.

1.9. Hypothesis and Aims of the Study

1.9.1. Hypothesis of this Study

MS1 is a stress responsive protein, expressed predominantly in skeletal, cardiac and to a
lesser extent smooth muscle. Overexpression of MS1 in conjuction with Rho leads to actin
polymerization by increasing the binding of G-actin to F-actin, which leads to the
transcriptional activation of SRF (Arai et al., 2002 and Kuwahara et al., 2005). This leads
to activation of intracellular signalling pathways that are responsible for the transcriptional
regulation of genes that play key roles in cardiac and skeletal muscle hypertrophy,
stabilization of the sarcomere, reorganization of the actin cytoskeleton due to damage,
diabetes, proliferation and differentiation of myocytes. However the specific physiological
role of MSL1 is yet to be identified.

Previous studies in the lab showed MS1 mRNA expression was attenuated by JNK
inhibitor SP600125 during simulated ischaemia/reperfusion injury. This was of interest
because it is still unknown what pathway is responsible for the regulation of MS1. Based
on these results, the MAPK pathways might be responsible for the regulation of MS1 and
should be further investigated.

To date there are only three known proteins that interact with MS1, these are actin and
ABLIM-2 and ABLIM-3. Based on the localisation of MS1 to be very specific, it is of
interest to explore any other potential binding partners of MS1within the heart, that would
allow for further characterization of the MS1 protein and also give a better understanding of
the pathways it is involved with based on potential protein interactions.

Finally, there are potential MAPK phosphorylation motifs located at the N-terminus that to
date, have not been investigated. The potential interaction between MS1 and MAPK
pathways, could play a role in the regulation of MS1 activity. Therefore we wanted to

determine whether there is a link between MS1 and the MAPK pathways, which allows for
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phosphorylation of MS1 in response to stress stimuli, that results in a change in MS1

conformation or even lead to its activation, in order to facilitate protein interaction.

1.9.2. Aims of Study
The aim of this project was to therefore use biochemical, cell and molecular biology based
assays to investigate the regulation and interactions of MS1in the cardiac muscle.

The specific experimental objectives are defined as follows:

1. To determine the effect of endogenous MS1 protein expression in cardiac cells in
response to different physiological conditions with the use of an MS1 antibody.

2. Develop a reporter system to investigate the promoter activity of MS1 in response
to different physiological conditions and stresses. We used the promoter region of
MS1 (-1585/+60) cloned into a firefly luciferase pGL3 reporter vector and
transfected in cardiac cells to observe luciferase activty.

3. To investigate potential interactions in the cardiac muscle with establishing a
binding assay, where GST and His-tagged domain fragments of MS1 were used as
bait in mouse heart extracts. Proteins found to potentially interact were identified by
mass spectrometry.

4. Finally, to investigate whether potential MAPK phosphorylation motifs located at
the N-terminus of MS1 can be phosphorylated by one of the MAPKSs; ERK, p38 or
JNK. Phosphorylation of these sites was carried out by radiolabelled in vitro
phosphorylation assays.
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Chapter 2. Materials and Methods

2.1. Materials

2.1.1. General Chemicals and Reagents

All general chemicals and reagents were purchased from Sigma (Dorset, UK) or Fisher
Scientific (Loughborough, UK) unless otherwise stated. Centricon columns were purchased
from Millipore (Billerica, MA, USA).

2.1.2. Antibodies

Mouse monoclonal anti-Green Fluorescent Protein antibody (anti-GFP) (G6539-2mL,
057k4785), mouse monoclonal anti-a-tubulin (B-5-1-2) and anti-y-tubulin (T6557, Clone
GTLI-88) and mouse monoclonal anti-FLAG M2 antibody (F3165), FLAG antibody
(F1804), Anti-Actin (A4700), Anti-His (H1029), were purchased from Sigma. Rabbit
polyclonal antisera (2221 and 2222) were raised against MS1 and were produced at
Cambridge Research Bioscience. Anti-STARS (Cat No. Ab21986) was purchased from
Abcam (Cambridge,UK), anti-HA(Y-11) (sc-805), Anti-STARS (Cat No. Sc-98151), anti-
cjun (D-11) (Cat.No sc7481), anti-p38 (N-20) (Cat. No. Sc-728-G), anti-ERK1 (k-23)
(Cat. No. Sc-94), Anti-JNK (Cat. No Sc-571), anti-p21 (c-19) (Cat. No. Sc-397) and anti-
RhoV (N-12) (sc-160741) were purchased from Santa Cruz (Santa Cruz, California,U.S.A).
Phospho-SAPK/INK (Thr183/Tyr185) (Cat. N0.9255), phospho-ERK and anti-phosphop38
(Thr180/Tyr182) (Cat.N0.9215) were purchased from Cell Signalling Technology
(Dundee,UK). Horse-radish peroxidase (HRP) conjugated anti-rabbit and anti-mouse
secondary antibodies used in western blotting were purchased from Amersham

Biosciences.

2.1.3. Mammalian Cell Culture and Transfection Reagents

The HOC2 rat myoblast cells (2-1) (Cat No. 88092904) were purchased from the ECACC
(Salisbury, UK), HEK-293 (human embryonic kidney cells) were a kind gift from Dr.
Joanna Hay (previous PhD student, Department of Biochemistry, University of Leicester,
Leicester) and HL-1 cardiac cell line were a kind gift from Dr. Nina Storey (Department of
Cell Physiology and Pharmacology, University of Leicester, Leicester). COS-1 (African
Green Monkey cells) were a kind gift from Dr. Raj Patel (Department of Biochemistry,
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University of Leicester, Leicester). Dulbecco’s Modified Eagle’s Medium (DMEM), L-
glutamine, streptomycin, heat inactivated Foetal Calf Serum (FCS), Horse Serum (HS) and
penicillin were purchased from Invitrogen (Paisley, UK). Collagen IV (Sigma C-5533) was
purchased from Sigma.

ExGen500 in vitro transfection reagent (R0519) and TurboFect in vitro transfection reagent
(RO531) were purchased from Fermentas JetPEI transfection reagent was purchased from
Poly-Plus (N.Y, U.S.A).

2.1.4. Molecular Biology and Biochemistry Reagents

Restriction enzymes used were purchased from Roche (Lewes, U.K). Plasmid Preparation
kits were purchased from Qiagen (Crawley, U.K). DNA Markers were purchased from
Fermentas (York, U.K). Ethidium bromide was purchased from Invitrogen (Paisley, U.K).
Gateway cloning enzymes were gifts from Prof. Andrew Fry (Department of Biochemistry,
University of Leicester). Quikchange site directed mutagenesis kit was purchased from
Stratagene (La Jolla, CA, USA). The BCA assay kit for protein quantification and Compat-
Able Protein Assay prep reagent (Cat. No. 1858576) were purchased from Thermoscientific
(Rockford IL,USA). Luciferase assay system kits were purchased from Promega (Essex,
UK). 1 Kb Plus DNA ladder (10787-018) was purchased from invitrogen.

For western blot analysis Nitrocellulose membranes (Protran) was purchased from
Schleicher abd Scheull (Dassel, Germany) and Immobilon P (cat no. IPVH00010) was
purchased from Amersham Biosciences (Little Chalfont, U.K). Protein A sepharose beads
were purchased from Sigma (Poole, U.K). Precision plus prestained protein markers (10-
250 kDa range) were purchased from Biorad (Hemel Hampstead, U.K) while prestained
molecular weight markers (Cat No. SDS7B2) were purchased from Sigma (Poole, U.K).

Prestained marker (250-4 kDa range) was purchased from invitrogen

2.1.5. Plasmids

pCMV2-FLAG-MS1 generated during previously in the lab, GST-MS1 (1-192 a.a) was
made by Lara Lewis. Gateway vectors pcDNA-DEST53 and pDONR201 was purchased
from Invitrogen (Paisley, U.K). pEGFP-C1 (GFP) was purchased from Clontech pETM-11-
MS1, pLEICS-03-MS1 and p-LEICS-07-MS1 expression plasmids were generous gifts
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from Dr. Mark Pfhul (University of Leicester, Biochemistry Department). Renilla
Luciferase reporters pRL-SV40 vector, pRL-TK vector, pRL-CMV, Luciferase reporter
construct Rat MS1 promoter pGL3-MS1 (-1585/+60) and the pGL3-Basic construct were
generous gifts from Dr. Nelson Chong (Glenfield Hospital, Department of Cardiovascular
Sciences, Leicester,UK). Below is a list of additional MS1 constructs, showing the residues
covered, were received as gifts from Dr. Mark Pfhul (Department of Biochemistry,
Leicester, UK).

Table 2.1: MS1/STARS construct names and the residues which they contain.

MS1 Constructs Residues of MS1/STARS (a.a)
MSD1 2-118

GST- MS1 2-196

MSD2 40-196

ABD1 193-295

C-terminal Tandem (ABD1 + ABD2) 193-375

ABD?2 193-295

2.1.6. Primer Sequences for pPCMV2-FLAG-MS1

Table 2.2: Forward 5°-3’ (F) and the reverse primer 3’-5’ (R) that were used to
generate FLAG tagged MS1 to study localisation

Primer Name Primer sequence 5°-3°
N-CMV-30 F AATGTC GTA ATA ACC CCG CCC CGT TGA CGC
C-CMV-24 R TAT TAG GAC AAG GCT GGT GGG CAC
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2.1.7. General Laboratory Buffers

Table 2.3: General Lab Reagents Solutions and their compositions.
A list of a number of general buffers used in the lab:

Luria-Bertani Medium 5 g (w/v) Bacto-Tryptone, 2.5 g (w/v)
Bacto-Yeast Extract, 5 g (w/v) NaCl in
500 ml dH,O with addition of 50 pg

Ampicillin or Kanamycin

Ampicillin Stock Solution 50 mg/ml in dH,O. Use
1:1000

Gentamycin Stock Solution 20 mg/ml in dH,O. Use
1:1000

10 x Tris Buffer Saline (TBS) 500 mM Tris-Base, 1.5 M NaCl

10 x Phosphate Buffer Saline (PBS) 80 g NaCl, 2.0 g KCI, 14.4 g Na;HPOy,
2.4 g KH,PO4 in 1L dH,0




Tris— EDTA (TE) 10 mM Tris, 1 mM EDTA ,pH 7.4

Start Buffer 50 mM Na,HPO,4 pH 7.4, 0.5 M NaCl, 10
mM Imidazole

50 x TAE 40 mM Tris-base, 50 mM EDTA, 5.72 %
(v/v) glacial acetic acid, pH 7.4

3x Sample Buffer 36 % (v/v) glycerol, 12 % (w/v) SDS, 150
mM Tris, 0.01 % bromophenol blue, pH
6.8
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Coomassie Destain Solution 25 % (viv) MEOH, 7 % (v/v) glacial

acetic acid

Enhanced Chemiluminescence Buffer A 90 mM p-Coumaric acid in DMSO

Transfer Buffer 48 mM Tris, 39 mM Glycine, 20 % (v/v)
methanol
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2.2. Methods

2.3. Cell Culture

2.3.1. Maintenance of Cell Lines

All cell lines were maintained in a humidified atmosphere 5% CO, at a temperature of
37°C, in Dulbecco’s Modified Eagle’s Medium (DMEM) containing L-glutamine (2 mM),
supplemented with 10% (v/v) Foetal Calf Serum (FCS) or 5% (v/v) Horse serum with 100
units/ml of penicillin-streptomycin antibiotics. Cells were plated in 75 cm? flasks (Nunc) at
37°C in 5% CO,. When cells were approximately 70% - 90% confluent, they were
passaged. To passage cells, growth media was removed from adherent cells and then they
were washed once with 1x PBS that was supplemented with 0.25% trypsin/1 mM EDTA
for 2 min to detach them. Cells were diluted in fresh pre-warmed Dulbecco’s Modified
Eagle’s medium (1:5) and then replated into 75 cm? flasks, 6-well plates or 60 mm dishes

as needed.

2.3.2. Storage of Mammalian Cell Lines

For long-term storage, cells were frozen in liquid nitrogen. Confluent cells were washed
once in 1x PBS and harvested using 1x PBS supplemented with trypsin-EDTA (0.25%
trypsin/ ImM EDTA) for 2 min before being resuspended in 5ml of supplemented medium.
Cells were centrifuged at 1100 rpm for 5 min and medium was removed before they were
resuspended in FBS supplemented with 10% (v/v) DMSO. The cells were then transferred
to cryotubes to be frozen slowly in an insulated box at -20°C o/n, then at -80°C for
approximately 12 hr then transferred to a liquid nitrogen cell bank.

2.3.3. Transient Transfection of Mammalian Cell Lines

All transfection reagents used were derived from linear polyetheylenimine and acted as
cationic polymers in order to act as a “proton-sponge” which was first hypothesized by
Behr et al., 1997. The transfection incorporates a high concentration positively charged
nitrogen atoms which allows for condensing of DNA to form polyplexes which allows

DNA to be taken up via endocytosis into the cell.
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2.3.3.1. Transfections of Mammalian cells with ExGen-500 Transfection Reagent

HEK-293 and H9c2 cells were transfected with CsCl purified plasmid DNA using ExGen-
500 (cat no. R0519) transfection reagent. This was performed according to the protocol
provided by the manufacturer’s instructions. Cells which were seeded on appropriate tissue
culture dishes (24-well plates, 6-well plates, 60 mm or 10 cm) were grown until they were
approximately 50-70% percent confluent. After 24 hr, plasmid DNA and Exgen-500
reagent were mixed at a ratio of 1:3.3. For a 10 cm tissue culture dish 8 pg of plasmid DNA
was diluted in 500 pl of 150 mM NaCl before the addition of 30 pl of ExGen-500. The
diluted DNA and Exgen-500 were mixed thoroughly and left to incubate for 10 min at
room temperature. The mixture was then added dropwise to the medium and after 24 - 48

hr the cells were then used for appropriate treatments.

2.3.3.2. Transfections with JETPEI

HEK-293, H9c2 and COS-1 cells were transfected with CsCl purified plasmid DNA using
JETPEI transfection reagent. This was done based on the protocol provided by the
manufacturer’s instructions. Cells which were seeded on appropriate dishes (6-well plates,
60 mm or 10 cm) were grown until they were approximately 50-60 percent confluent. After
24 hr, transfections were carried out based on the manufacturer’s instructions of a mixture
of DNA to JetPEl at a 1:2 ratio. The DNA and JetPEI were first, separately diluted in 150
mM NaCl. The mixture of JetPEIl and NaCl solution was added to the DNA diluted with
NaCl. The solution was vortexed and allowed to incubate for 30 min at room temperature.
The mixture was then added dropwise to the medium and after 48 hr the cells were lysed in
either SDS-PAGE sample buffer (2X) or Triton Lysis Buffer and analysed on an SDS-
PAGE gel.

2.3.3.3. Transfections with Turbofect Transfection Reagent

HEK-293 fibroblasts and H9c2 cells were transfected with CsCl purified plasmid DNA
using turbofect transfection reagent. Cells which were seeded on appropriate tissue culture
dishes (24-well plates, 6-well plates, 60 mm or 10 cm) were grown until they were
approximately 70-90 % percent confluent. Transfections were carried out according to the

manufacturer’s instructions of DNA to Turbofect reagent (1:2 ratio). For a 10cm tissue
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culture dish 10pug of plasmid DNA was diluted in serum free medium (1 ml) before 20 ul of
turbofect was added. The diluted DNA and transfection reagent were mixed thoroughly and
left to incubate for 17 min at room temperature. The mixture was then added dropwise to

the medium and after 24 - 48 hr the cells were then treated appropriately.

2.3.4. Cell Treatments

2.3.4.1. Simulated Ischaemia and Reperfusion

H9c2 cells were plated onto 6 cm dishes and grown in DMEM supplemented with 10%
FBS (v/v) and 100 units/ml of streptomycin-penicillin at 37°C in 5% CO; humidified
incubator. When the cells were 90% confluent, the medium was removed and the cells were
washed once with PBS and transferred to 5ml of Hepes buffered Krebs (4 mM Hepes pH
7.5, 2% FBS (v/v), 137 mM NaCl, 3.58 mM KCI, 0.49 mM MgCl, 0.9 mM CaCl,, 5.59
mM glucose, 2 mM L-glutamine) and left to equilibrate for 30 min at 37 °C in the absence
of CO,. The buffer was removed and the cells were subjected to simulated ischaemic stress
by transferring to Hepes-Buffered Krebs supplemented with 16 mM KCI, 1 mM sodium
dithionite, 20 mM lactate, 10 mM 2-deoxyglucose and acidified to pH 6.5. After 1hr,
ischaemic buffer was removed and the cells were then washed twice in 1x PBS. Cells were
reperfused by incubating in Krebs buffer at 37°C prior to extraction in SDS-PAGE sample

buffer at specified times.

2.3.4.2. Sorbitol Treatment

H9c2 cells which were seeded onto 6 well plates or 6 cm dishes were either transiently
transfected with pGL3-MS1 plasmid or pGL3-basic vector or in some experiments
transfected with pGL3-MS1 or untransfected. The cells were treated with DMEM with 0.5
M sorbitol for 1 hr. After treatment, the media was removed and replaced with
supplemented DMEM with 10 % FBS and allowed to recover over time. Cells were lysed

at certain time points.

2.3.4.3. UV Treatment
H9c2 cells which were seeded onto either 6 well plates or 6 cm dishes were transfected
with either pGL3-MSL1, pGL3-basic or left untransfected and left in supplemented DMEM.
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After 24 hr the cells were transferred to 1x PBS and subjected to 2 min UV exposure. The
cells were then transferred to supplemented DMEM with 10% FBS and left to recover over

a period of 13 hr. After the cells were then lysed and assayed (Section 2.4.8).

2.3.4.4. Treatments with Hypertrophic Agonists

H9c2 cells were grown onto either 6-well plates or 60 mm dishes. The cells were
transfected with pGL3-MS1 plasmid. Cells were left for 24 hr before serum starving
overnight. Cells were either left in fresh serum or Krebs buffer for 30 min to equilibriate.
After, either 100 nM of endothelin-1 (ET-1) or 100 uM of phenylephrine (PE-1) was added
to the cells and left to incubate for 1 hr at 37°C. After stimulation, the media was removed
and the cells were washed in cold 1x PBS. The 1x PBS was removed and the cells were
then extracted in passive lysis buffer. After extraction, cell lysates were pretreated and

luciferase activity and protein concentration were measured.

2.3.5. Cell Lysis

Cells which were used for western blots were lysed in SDS-PAGE 2x sample buffer which
was diluted from a 6x concentrated stock ( 6x: 0.35 M Tris pH 6.8, 0.25% bromophenol
blue, 10% SDS, 0.6 M DTT, 30% glycerol). Dishes of cells which were used for
immunoprecipitations (IPs) were lysed in HiLo buffer (50 mM Tris pH 7.4, 0.825 M NacCl,
1% NP-40, 2 pg/ml Pepstatin, Antipain, Leupeptin (PAL); these are protease inhibitors
used to prevent the activity of protease enzymes, 1 mM NazVO,, 1 mM PMSF, 1 mM
NaF). Cells were washed with ice cold PBS (1x) and 1 ml of lysis buffer was added to each
10 cm tissue culture dish. The dishes were then left on ice for one minute, before the cells
were scraped and lysates were then aspirated using a 1 ml Gilson pipette and transferred to
pre-chilled eppendorf tubes. Cells which were grown in 10 cm dishes, which were used in
vitro kinase assays were lysed in Triton lysis Buffer (TLB) (20 mM Hepes,pH 7.5, 137 mM
NaCl, 25 mM B-glycerol phosphate, 2 mM sodium pyrophosphate (NaPPi), 2 mM EDTA,
10% glycerol, 1% Triton X-100, 2 pg/ml Pepstatin Antipain, Leupeptin (PAL), 2 mM
benzamidine, 0.5 mM DTT, 1 mM NazVO,, 1 mM PMSF, 1 mM NaF). After treatments
the dishes were washed with 2 ml of cold 1x PBS. The PBS was removed and 1 ml of TLB

with protease inhibitors was added to each dish and allowed to incubate on ice for 1 min.
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The cells were scraped and lysates were pelleted at 14,000 x g for 10 min at 4°C. The
supernatant was removed and placed in a clean eppendorf tube and left on ice until time for

use.

2.3.6. Sonication and Centrifugation

Cell lysates which were used for immunoprecipitation were sonicated in methanol/dry ice
using Soniprep 150 (10 mm probe, amplitude 12 um) using 3 cycles of 15 sec sonication
bursts at 200-300 W followed by cooling for 10 sec in 1.5ml tubes. The lysates were then
centrifuged at 13,000 rpm in a sorvall SS34 rota for 20 min at 4°C. The lysates were then
aspirated into a syringe through a 25G needle taking the layer between the upper lipid layer
and the precipitated material. This was placed in a fresh clean tube and repeated to ensure

the purity of the lysate. These were then placed on ice until they were ready for use.

2.4. Molecular Biology Techniques

2.4.1. Generation of chemically competent E. coli Cells

The principle of preparing competent E. coli (DH5a and BL21-DES3) cells is to enable cells
walls to become permeable in order to facilitate DNA to enter easily. This is done by
suspending E. coli cells in a calcium solution which creates pores in the cells to make them
competent (Chung et al., 1989). E. coli (DH5a) were streaked onto LB-agar and incubated
overnight at 37 °C. A single colony was picked and used to inoculate 5 ml of Luria Bertani
(LB) broth which was grown without ampicillin at 37°C with shaking at 255 rpm overnight.
An aliquot of the overnight culture (1 ml) was placed into a flask incubated with, 100 ml of
fresh LB and grown to an ODggonm between 0.4-0.45 (approx. 2x10° cells/ml). The culture
was then chilled on ice for 10 min and transferred to two pre-cooled 50 ml falcon tubes for
centrifugation at 3000 x g for 5 min at 4 °C. The supernatant was discarded and the pellet
was resuspended gently in 25 ml of ice-cold 20 mM MgCl; using a pipette which was pre-
cooled. The cells were centrifuged again and resuspended in 25 ml of ice-cold 0.1 M CaCl..
The suspension was incubated on ice for 2 hr and pelleted again as before. The pellet was
resuspended gently in 5 ml 0.1 M CaCl, with 15% glycerol and left to incubate on ice for
10 min. The cells were aliquoted into eppendorf tubes, snap frozen in liquid nitrogen and
stored at -80 °C.
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2.4.2. Transformation of DH5a E. coli

Plasmid DNA (1 pl) was added to 50 ul competent E. coli (DH5a) and incubated on ice for
30 min. The bacteria were then heat shocked for 2 min at 42°C and placed on ice for 2 min.
The bacteria were then incubated in 500 pl LB broth with shaking at 245 rpm for 1 hr at 37
°C. Aliquots of the culture (50 pl and 200 pl) were then plated onto LB-agar with
appropriate antibiotics and incubated overnight at 37°C. Single colonies were picked and

inoculated into LB broth prior to miniprep and restriction digestion analysis.

2.4.3. Preparation of Glycerol Stocks
Overnight E. coli cultures were mixed with 0.5 ml sterile LB/50 % glycerol in cryotubes
and stored at -80 °C.

2.4.4. Small-scale Preparation of Plasmid DNA

Small scale plasmid preparation was carried out using the QlAprep Spin Miniprep Kit. A
single colony was picked from a plate of transformed E. coli (DH50a)) and used to inoculate
5 ml overnight LB- medium at 37 °C with shaking (225 rpm). The bacterial cells were then
pelleted by centrifugation at 13,000 x g for 2 min in an eppendorf tube at room
temperature. The supernatant was removed and the pelleted cells resuspended in 250 pl P1
buffer containing RNase A which is used to remove any RNA present. The cells were then
lysed in 250 pl P2 buffer and mixed thoroughly but gently by inverting the tube, ensuring
the lysis reaction did not continue for over 5 min. Buffer N3 (350 pl) was added and mixed
by inverting the tube. The mixture was centrifuged at 13,000 x g for 10 min in a bench-top
centrifuge. The supernatant was then placed in a QlAprep spin column and centrifuged for
1min. The flow-through was discarded and the spin column was washed with 0.75 ml
buffer PE and centrifuged again for 1 min. The column was placed in a clean
microcentrifuge tube and the DNA was eluted by centrifugation for 1 min with 50 ul buffer
EB (10 mM Tris-Cl, pH 8-8.5) and centrifuged for 1 min.

2.4.5. Large Scale Preparation of Plasmid DNA (Caesium Chloride Method)
A single bacterial colony was used to inoculate 10 ml LB broth containing the appropriate

antibiotics and left to grow overnight. Fresh LB broth (500 ml) with appropriate antibiotics
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was inoculated with 0.5 ml of the overnight culture and left to grow overnight at 37 °C with
shaking at 225 rpm. The bacteria were pelleted by centrifugation at 5,000 rpm for 10 min.
The supernatant was removed and the cell pellet resuspended in 20 ml P1 solution (50mM
Tris-HCI, pH 8.0, 10 mM EDTA, 100 pg/ml RNase A) which removes the presence of
RNA. The suspension was then lysed in 20ml P2 solution (200 mM NaOH, 1% SDS)
which denatures DNA and destroy the cell membrane, and was left to incubate for 5 min
before being neutralised in 20ml of ice-cold P3 solution (3.0 M KAc pH 5.5) which
renatures the plasmid DNA was added. The mixture was centrifuged at 5,000 rpm for 10
min. The supernatant was collected and filtered through cheesecloth and the pellet
discarded. Plasmid DNA was precipitated with 0.7 volumes of isopropanol and collected by
centrifugation at 10,000 x g for 10 min. The pellet was dried and resuspended in 5.5 ml
Tris-EDTA (10mM Tris pH 7.9/1 mM EDTA). Caesium chloride (6 g) was added along
with ethidium bromide (5 mg/ml) to the resuspended pellet and the mixture centrifuged at
6,000 x g for 5 min to remove insoluble material. The solution was then loaded into
Beckman heat sealable tubes and centrifuged overnight in the Beckman ultra centrifuge at
540,000 x g at 20 °C. Isolation of the supercoiled plasmid DNA (lower band) was carried
out with the use of a needle and syringe. The ethidium bromide was removed by solvent
extraction using several washes of water-saturated butanol. Plasmid DNA was precipitated
with 6 volumes of ethanol and placed at -20 °C before centrifugation at 10,000 rpm for 30
min, then washed with 70% ethanol. DNA concentration was calculated by the

measurement of absorbance at 260 nm.

2.4.6. Restriction Enzyme Digestion

To verify the identity of the plasmid, a 1ul aliquot of plasmid approx. 2ug DNA was
digested with appropriate restriction enzymes in appropriate buffers in a final volume of 10
ul for 2 hr at 37 °C. The digested products were then separated by agarose gel
electrophoresis in a 0.8% gel.
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2.4.7. Site Directed Mutagenesis

2.4.7.1. Oligonucleotide Design

Oligonucleotides used for site directed mutagenesis were 29 bp in length. Both of the
primers consisted of the desired mutation, on opposite strands of the plasmid. The
mutation was in the middle region of the primer with 10-15 bases of correct sequence on
either side (Table 2.4).

Table 2.4: Oligonucleotides for Site-Directed Mutagenesis. Forward (F) and reverse
(R) primers that were used to introduce point mutations into the MS1 sequence in
order to test for potential phosphorylation sites.

Oligo Name Primer Sequence (5’ - 3°)

MS1- Thr62A F GACCTACCTCACGCACCTAAAGAACCGGG
R CCCGGTTCTTTAGGTGCGTGAGGTAGGTC
MS1- Thr62E F GACCTACCTCACGAGCCTAAAGAACCGGG
R CCCGGTTCTTTAGGCTCGTGAGGTAGGTC
MS1-Ser77A F  CCCAAACCTCCGGCACCAAAGCCAGATGG
R CCATCTGGCTTTGGTGCCGGAGGTTTGGG
MS1-Ser77D F  CCCAAACCTCCGGATCCAAAGCCAGATGG
R CCATCTGGCTTTGGATCCGGAGGTTTGGG

2.4.7.2. Site Directed Mutagenesis Reaction

Site-directed mutagenesis was carried out according to the manufacturer’s protocol, using
the Quikchange site-directed mutagenesis kit (Stratagene Cat No. 200519). Primers were
designed under the guidelines of the manufacturer’s protocol in order to carry out the
desired mutation. The sample reaction for PCR was set up containing 1x reaction buffer, 50
ng of dsDNA template (Flag-MS1 or his-tagged MSD1), 125 ng of oligonucleotide primer
1, 125 ng of oligonucleotide primer 2, 1 pl of dNTP (10 mM) and the volume was made up
to 50ul with ddH,0. After mixing, 0.05 U of PfuTurbo DNA polymerase was added to the
reaction mix. The PCR reaction was carried out for 1 cycle at 95 °C for 30 seconds,
followed by 16 cycles, at 95 °C for 30 sec 55 °C for 1 min and 68 °C for 5 min. After
completion of temperature cycling, the reaction was placed on ice for 2 min. The amplified
reaction mixtures were then incubated with 1ul Dpn 1 restriction enzyme (10U/p) and left
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to incubate at 37 °C for 1 hr. After incubation the Dpn 1 treated DNA (1 pl) product was
transformed into Xli-blue super competent bacteris according to the protocol supplied with
the kit. A miniculture was set up from one colony of the transformed bacteris and plasmid
DNA extracted using a miniprep kit (QIAGEN). Confirmation of the mutation was verified
by sequencing carried out by PNACL. After confirmation of mutants, they were
transformed in BL-21-DE3 or DH5a E. coli.

2.4.8. Luciferase Assay

H9c2 cells were transfected with either pGL3-Basic empty vector or pGL3-MS1. After 24
hr cells were treated with appropriate treatments (Section 2.3.4) and then lysed as described
in the Promega Kit protocol for luciferase reporter assays (E1900). Then, pretreated (as
described in Section 2.5.11) to remove interfering substances for the determination of the
protein concentration. The luminescence from the firefly enzymes were measured using a

spectrophotometer.

2.5. Biochemical and Cell Biology Techniques

2.5.1. Immunoprecipitation

Immunoprecipitation is a method used in order to isolate a protein antigen out of solution
with the use of an antibody specific to the protein of interest. 20 pl of Protein G-sepharose
4B Fast Flow beads (Sigma P3296) was used for each immunoprecipitation (IP). The beads
were resuspended in 1 ml of 1x PBS (3 times) and pelleted by brief centrifugation. After
the PBS was removed from the beads, 5ug of antibody Anti-HA, Anti-Flag or 1gG (Rabbit
or mouse) were added to each tube and left to tumble overnight at 4°C. The tubes were
removed from the cold room after overnight tumbling and left to incubate at room
temperature for 30min before the lysates were added. Lysates were made after appropriate
stimulation of the transfected cells, based on the method mentioned previously (Section
2.3.5). Aliquots of the clarified lysate (100 ul) were placed in clean eppendorf tubes while
the remainder of the lysate was added to tubes containing antibody bound to protein G-
sepharose beads. The beads were left to incubate with the lysates with tumbling for 3 hr at
4°C. The beads were then centrifuged briefly and washed three times with 1 ml of

appropriate lysis buffer (either HiLo buffer for Co-immunoprecipitations or TLB for in
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vitro Kinase assays). The samples for the in vitro kinase assay were placed on ice until
required for use. The samples used for western blotting were taken up in 50 pl of 2x SDS-
PAGE sample buffer. In some immunoprecipitation experiments 2x sample buffer without
DTT was used with heating at 100 °C for 5 min in order to prevent bonds of the IgG heavy
and light chains breaking.

2.5.2. In vitro Kinase Assay

After immunoprecipitation of the samples as previously mentioned (section 2.5.1), the
pelleted beads were then resuspended in kinase buffer without ATP (25 mM Hepes pH 7.4,
25 mM B-glycerophosphate, 25 mM MgCl,;, 0.5 mM NaVO4, 0.5 mM DTT). The
appropriate protein substrate, 50 UM cold ATP (added to increase ATP concentration so
reaction is optimal ), 2 ul [y-P**] ATP were made up as a master mix in 100 ul kinase
buffer and 50 pl was added to immunocomplexes from stimulated and unstimulated cells.
Tubes were left to incubate for 30 min at 30 °C. After incubation, reactions were terminated
by the addition of 25 pl of 3x SDS-PAGE sample buffer and then boiled for 5 min at 100°C
prior to SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and
autoradiography/phosphoimager analysis. Samples were either run immediately on a SDS-
PAGE gel or stored at -20°C to run on gels the next day.

2.5.3. Sodium dodecyl sulphate — Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Cells were removed from the incubator and extracted in 2x sample buffer ( 6x: 0.35 M Tris
pH 6.8, 0.25 % bromophenol blue, 10 % SDS, 0.6M DTT, 30 % glycerol) and boiled for 5-
10 min at 100 °C. The protein in cell lysates were loaded and resolved on appropriate
sodium dodecyl sulphate polyacrylamide gels as seen below in Table 2.5 and Table 2.6
along with prestained Precision plus protein molecular weight markers (Biorad). The
proteins present in the sample were separated by electrophoresis for approximately 2 hr 30
min at 150 V using the Laemmli method, 1970. The percentage of the acrylamide gel used
was based on the molecular weight of the protein as seen in the tables below (Table 2.5
and 2.6).

82



Table 2.5: Table shows separating gel composition of the different percentage SDS-
PAGE gels.

Percentage 10% 12% 15% 20%
Gel

H,O 18 ml 16.2ml 13.5ml 9ml
1.5M Tris ,pH 9 ml Iml Iml Iml

8.8

30% 9 ml 10.8ml 13.5ml 18ml
Acrylamide

SDS (10%0) 100 pl 100 pl 100 pl 100 pl
APS (10%0) 300 pl 300 pl 300 ml 0.30ml
TEMED 14 ul 14 pl 0.014ml 0.014ml

Table 2.6: Table shows the stacking gel composition.

Reagents Volumes
H,O 6.4 ml
0.5M Tris-HCI pH 6.8 2.5 ml
30% Acrylamide 2 mi
APS (10%o) 0.1ml
TEMED 5 mi

2.5.4. Coomassie Staining of SDS-PAGE Gels

This method allows for proteins to be visualized by the coomassie brilliant blue dye
binding to all proteins which are present in gels. Coomassie staining of gels was carried out
using coomassie stain solution (0.1% wi/v) of Coomassie brilliant blue G250 overnight
(Table 2.3). The gels were then destained with destain solution (7% (v/v) acetic acid, 25%
(v/v) MeOH) for several hrs and a picture taken using GenSnap and dried using a gel dryer
(Biorad) at 80 °C for 2 hr.

2.5.5. Western Blotting
SDS-PAGE gels with the resolved proteins present were removed after electrophoresis and

soaked in Western Transfer Buffer and the proteins were transferred to nitrocellulose
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membrane (Whatman) or Immobilon P (Millipore) by electroblotting using a semi-dry
transfer apparatus (Biorad) running at 22V for 60 min. The membrane was washed briefly
for 10 min in Tris buffer saline with tween TBST (0.2% (v/v) Tween-20, 50 mM Tris, 150
mM NaCl, pH 7.4). The membrane was then blocked for 1hr in TBST/ 3% BSA (0.2%
(v/v), 50 mM Tris, 150 mM NaCl, pH 7.4, 3% BSA (w/v)) or milk / TBST (5% w/v) semi-
skimmed milk 0.1% Tween-20 50 mM Tris, 150 mM NaCl; pH 7.4) depending on the
antibody used and the manufacturer’s instructions. The primary antibody was then diluted
for 1 hr or overnight (Table 2.7). The solution of primary antibody was removed and the
membranes washed three times for 15 min with 1x TBST. HRP-conjugated secondary
antibodies (Table 2.8) were diluted with 3% (w/v) BSA/ TBST or 5% (w/v) milk/TBST
and added to the membrane to incubate for 1 hr and then washed with 1x TBST over a 15
min period for 1 hr.

The tables below show the antibodies and their dilutions of the antibodies indicated on next

page:

Table 2.7: Table shows primary antibodies used for western blotting with their
respective catalogue numbers, dilutions and incubation times.

Antibody Company Cat. No. Dilution Incubation
Actin Sigma A4700 1:1000 Overnight,4°C
His Sigma H1029 1:1000 Overnight,4°C
Flag Sigma F1804 1:2000 Overnight, 4°C
Flag Sigma F3165 1:2000 Overnight, 4°C
Santa Cruz :
HA : Sc805 1:2000 Overnight, 4°C
Biotechnology
Santa Cruz )
ERK ) Sc 94 1:1000 Overnight, 4°C
Biotechnology
Cell Signalling :
Phospho-ERK 9101S 1:1000 Overnight, 4°C
Technology
Santa Cruz
P38 ) Sc728G 1:2000 Overnight, 4°C
Biotechnology
Phospho-p38  Cell Signalling 9215S 1:1000 Overnight, 4°C
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Technology

Santa Cruz

JNK ) Sc571 1:2000 Overnight, 4°C
Biotechnology
Phospho- Cell Signalling :
: 9255 1:2000 Overnight, 4°C
SAPK/INK Biotechnology
Rho-V Santa cruz Sc160741 1:1000 Overnight, 4°C
a-tubulin Sigma T5168 1:2000 Overnight, 4°C
y-tubulin Sigma T6557 1:2000 Overnight, 4°C
GFP Sigma G6539 1:2000 Overnight, 4°C
STARS Abcam ADb21986 1:1000 Overnight, 4°C
Cambridge Research :
MS1 : ) 1:2000 Overnight, 4°C
Biochemicals

Table 2.8: Secondary Antibodies

Antibody Company Cat No. Dilution Incubation
Anti-Mouse 1gG Jackson 115-035-146  1:10000 lhr , RT
HRP Immunoresearch

laboratories
Anti-Rabbit 1gG Jackson 115-035-144  1:20000 1hr,RT
HRP Immunoresearch

laboratories
Anti-Goat 1gG Jackson 305-036-003  1:5000 lhr, RT
HRP Immunoresearch

laboratories

2.5.6. Enhanced Chemiluminescence (ECL
Blots were then developed using Enhanced Chemiluminescence (ECL) reagent which was
20 pl of solution A (Table 2.3) and 50 ul of solution B (Table 2.3) to 0.1 M Tris pH8.5,

85



which was followed by 3 pl H,O;, and incubated for 1 min. The membrane was then
wrapped in saran wrap and exposed to x-ray film (Fuji).

2.5.7. Reprobing Immobilon P or Nitrocellulose Membrane

In order to re-probe a membrane with different antibody, the memebrane was stripped using
a stripping buffer. Blotted membranes were first washed with 1x TBST to remove
chemiluminescent substrate (Table 2.3) and incubated in blot strip buffer for 1 hr at 55 °C
with agitation. The buffer was then removed and the membrane was washed 3 times in 1x
TBST for 15 min each wash at room temperature. The stripped membrane was then

blocked before the addition of antibodies.

2.5.8. MS1 Fusion Protein Production and Purification

2.5.8.1. MS1 Fusion Protein Expression

Expression plasmids which were used were gifts from Dr. Mark Pfuhl’s Laboratory.
PETM-11 expression plasmids were transformed in BL21-DE3 E. coli or Arctic Express E.
coli for fusion protein expression of His-tagged MS1 or GST-MSL1. A single colony from
transformation experiments was used to inoculate 10 ml of fresh LB-medium which was
supplemented with antibiotics. Cells were left to grow overnight at 180-225 rpm at 37 °C.
Saturated culture (1 ml) was used to inoculate 500 ml of fresh LB-medium with appropriate
antibiotics. The saturated culture was then added to 2 litres of fresh LB-medium and left to
grow for 1 hr with appropriate antibiotics. Expression of fusion proteins by IPTG induction
was done at 37 °C with shaking for 6 hr or at 13 °C with shaking for 18 hr.

2.5.8.2. Protein Purification of His-tagged MS1/STARS fusion proteins

Columns which contained charged Nickel Sepharose 6 Fast Flow Resin (GE Healthcare) (2
ml), were used to purify each of the his-tagged proteins. Recombinant-protein expressing
cells were resuspended in FF6 wash buffer (20 mM Na,HPO,, 20 mM NaH,PO,4, 500 mM
NaCl, 10 mM Imidazole, 100 pl BME, 0.02% NaN3) and cells were then extracted in a
French Press and spun down for 90 minutes at 18000 rpm (Beckman JA25.50 rotor in a
Beckman Coulter Avanti J-30 | centrifuge or Sorvall SS34 rotor in a Sorvall Evolution RC

centrifuge).
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The Columns which contained the nickel chelating sepharose 6 Fast Flow resin were
prepared by first washing 4 column volumes (4 x 12 ml) of FF6 wash buffer. The
supernatant from the centrifugation previously mentioned was diluted with FF6 wash buffer
by 50% and poured over the charged nickel sepharose columns and allowed to elute by
gravity. A sample of the flow-through (20 pl) was collected to run on an SDS-PAGE gel.
The column was then washed 4 times with FF6 wash buffer and those fractions were also
collected where a sample of the wash fractions (20 pl) was taken to run on an SDS PAGE
gel. After the resin with the bound his-tagged protein was washed, a column volume (12
ml) of FF6 elution buffer (20 mM Na;HPO,4, 20 mM NaH,PO,4, 500 mM NaCl, 500 mM
Imidazole, 100 pl BME, 0.02% NaN3) was used to elute the protein of interest. The sample
was collected and 20 pl was taken to run on an SDS PAGE gel. Samples which required a
further purification step were concentrated up using vivaspin concentrators and left to

dialyze overnight.

2.5.8.3. Protein Purification of GST-tagged Proteins

For GST-tagged protein purification, pellets from recombinant-protein expressing bacteria
(Section protein 2.5.8.1) were resuspended in extraction buffer (20 mM Tris pH7.4, 1 M
NaCl, 0.2 mM EGTA, 0.2 mM EDTA with protease inhibitors and Beta-mercaptoethanol),
followed by sonication on methanol/dry ice using soniprep (150, 10mm probe, amplitude
12 um) using 3 cycles of 15 sec sonication bursts at 200-300 W followed by 10 sec cooling.
The cell lysate was then clarified by centrifugation at 20,000 x g for 20 min at 4°C. After
centrifugation the clarified supernatant was dialysed against the column buffer (1 M NacCl,
2.7 mM KCI, 10 mM Na,PO,4, 1.8 mM KH,PO, pH 7.3). Protein concentration was
determined before the addition of the protein to the glutathione sepharose by the BCA
assay (Section 2.5.12). 1 ml of glutathione sepharose (GE Healthcare; 17-0756-01) was
washed in the column buffer and the supernatant was added. The supernatant (GST-MS1)
was left to tumble with the sepharose for 2 hr at 4°C. After tumbling, the slurry was
removed and placed in a 10 ml column to settle. The flowthrough was collected and the
beads were washed repeatedly (3 times) in the column buffer with 0.1% Triton X-100. The
beads with the bound GST-tagged protein, was eluted with elution buffer (100 mM Hepes
pH 8, 50 mM reduced glutathione (Sigma; G-4251), 0.2 M NaCl and 0.1% Triton- x100).
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The protein was eluted in 500 pl aliquots. After elution a protein assay was performed to
determine the concentration and the fractions were run on a gel along with a sample of the
beads to ensure the protein had eluted. The fractions were then pooled together and allowed
to dialyze against the buffer required for coupling for NHS-activated sepharose (0.2 M
NaHCOs3, 0.5 M NaCl, pH 8.5).

2.5.8.4. Buffer Exchange

Proteins were placed in dialysis membrane (spectrapore) of an appropriate molecular
weight cut off according to their molecular weight. The protein of interest was then
dialyzed against the desired buffer with at least 2 changes done overnight in a 4L or 5L

beaker.

2.5.8.5. Purification by Gel Filtration

Further purification, if required, was done by gel filtration chromatography. Gel filtration,
is a known chromatographic technique which separates proteins based on size exclusion.
The column is packed with a resin which allows for proteins smaller than its pore size to be
trapped, while larger proteins will elute faster through the column. Proteins which required
a further purification step were dialyzed against Gel filtration buffer (20 mM NaH,PO,4, 20
mM Na;HPO,4, 250 mM, NaCl, 2 mM DTT, 0.02% NaNs3) prior to purification by size
exclusion chromatography. This was done with a Superdex 75 HilLoad 16/60 prepacked
column (GE Healthcare) with a volume capacity of 120 ml. Akta Purifier 9 and Unicorn
software (GE Healthcare) was used to carry out this process. The concentrated protein (5
ml) was left to run on the column at a flow rate of 1 ml/min for 120 ml. Flow through was
collected in 5 ml aliquots. Samples were taken from each aliquot and separated by SDS

PAGE to determine which aliquots should be pooled together.

2.5.9. Protein Concentration of proteins using concentrators

Protein concentrators (Vivaspin 500) of appropriate molecular weight cut-offs were used to
concentrate MS1 proteins after purification and dialysis. Water was first added to the
concentrators and left to spin at 2000 rcf at 4 °C for 20 min in an Eppendorf 5804R

centrifuge. After, the protein was poured in the concentrator and centrifuged at 2000 rcf, 4
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°C for 20 min. The protein concentration was then checked before use and centrifugation
was repeated as required.

2.5.10. Coupling of Fusion Protein to NHS-activated Sepharose.

1 ml of N-hydroxysuccinimide (NHS)-activated sepharose beads (GE Healthcare) were
washed twice with dH,O then washed 10-15 times with cold 1 mM HCI (pH 8.5). The
washed sepharose was incubated with the dialyzed protein of interest of known
concentration and left to tumble overnight at 4°C. After coupling, the beads were pelleted
at 2000 rpm for 1 min at 4°C and the supernatant was removed. The beads coupled with
protein was left to incubate with cold blocking buffer (0.5 M ethanolamine, 0.5 M NaCl pH
8.5) which was used to block any non-reacted groups present on the sepharose for 2 hrs at
4°C. The coupled protein bound sepharose was then pelleted by centrifugation. The
medium was then washed alternating between two different buffers, a high pH (alkaline)
buffer (0.1 M Tris-HCI, pH 8.5) and a low pH (acidic) buffer (0.1 M acetate buffer, 0.5 M
NaCl pH 4.5). The washing was done 3 times with alkaline buffer, followed by three
washes with acidic buffer, which was 5 times to remove any unwanted proteins. After
subsequent washes the coupled medium was then placed in 1x PBS with 20 mM NaN3
which is an inorganic preservative used to avoid any microbial contamination at 4 °C until
ready for use. Samples of the supernatant were collected during the coupling process and
run on a SDS-PAGE gel to determine that the protein was successfully coupled to the NHS-

activated sepharose.

2.5.11. Pretreatment of Protein Samples for Protein Assays

Compat-Able pretreatment kit (Thermo scientific) was used to treat samples which might
contain any interfering substances which would not be compatible with the BCA assay Kkit.
The protocol was followed based on the manufacturer’s instructions. 50 pl of each protein
sample was placed in a clean microcentrifuge tube. 500 pl of CompatAble protein assay
reagent 1 was added to each tube, mixed and allowed to incubate at room temperature for
5min. 500 pl of Compat-Able protein assay reagent 2 was then added to each of the tubes
and centrifuged using the benchtop centrifuge at 10,000 x g for 10 min at 4 °C. After

centrifugation the supernatant was discarded and the pellet was either stored in the fridge
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until ready for use or resuspended in 50 pl of 1X PBS. Samples were then ready to be

assayed.

2.5.12. BCA Protein Assay

The concentration of protein samples was carried out using the Thermo scientific Pierce
BCA Protein Assay kit (Cat no. 23225) according to the manufacturer’s instructions. They
were assayed for protein concentration spectrophotometrically at an absorbance of 565 nm.
A standard curve of bovine serum albumin (BSA) containing a range between 2-30 pg of

protein was used to create a standard curve to calculate the protein concentration.

2.5.13. Preparation of Mouse Heart Extracts for Isolation of MS1 interacting proteins
1-2 mouse hearts were removed from the -80°C and washed with ice cold PBS (1x). The
hearts were then homogenized in 1-1.5 ml TLB (20 mM Tris, pH 7.5, 137 mM NacCl, 25
mM Peta-glycerophosphate, 2 mM sodium pyrophosphate (NaPPi), 2 mM EDTA, 10%
glycerol, 1% Triton X-100, 2 pg/ml Pepstatin Antipain, Leupeptin (PAL), 2 mM
benzamidine, 0.5 mM DTT, 1 mM NagVO,4, 1 mM PMSF, 1 mM NaF) or Guba-straub
buffer (50 mM KH,PO, 100 mM K;HPO,4 300 mM KCI, 1 mM EDTA, pH 6.7). After
homogenization, the extract was left on ice for 15 min before centrifugation at 14,000 rpm
for 20 min at 4°C in the Eppendorf centrifuge model 5417R. After the pelleting of debris
and tissue the supernatant was transferred to a clean pre-chilled 1.5 ml eppendorf tube. The

protein concentration was determined using the BCA assay

2.5.14. Binding Assay

Protein coupled to NHS-activated sepharose or NHS-activated sepharose without coupled
protein were removed from the fridge and washed in appropriate buffer (based on what the
extracts were made in or purified proteins). ~10 mg of mouse heart extract was added to
coupled sepharose beads and left to tumble for 2hrs at 4°C. After the incubation with the
extract the sepharose beads were pelleted at 2000 rpm for 15 sec. The supernatant was
removed and an aliquot (200 pg) was taken to run on a gel. The pelleted sepharose was
then placed in a 5ml column and the sepharose was washed with 3-4 column volumes of 1x

TLB (Recipe previously mentioned in section 2.3.5). After the final wash, elution buffer
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(50 mM sodium acetate, 0.5 M NaCl pH4.5 or 0.1 M glycine-HCI; pH 2.5) was added to
the column which was twice the volume of the sepharose. Tris-Base (1 M) pH 8 (one tenth
the volume of the eluted protein) was added to prechilled eppendorf tubes to neutralize the
proteins which were eluted. After eluting the attached protein 2X SDS-PAGE sample
buffer was added to each sample and boiled for 5 min at 100°C. The samples were later run
on a SDS-PAGE gel and coomassie stained before being taken to PNACL for mass

spectrometry analysis.

2.5.15. Extraction of Actin from Sheep Cardiac Muscle Acetone Powder

100 ml of G-actin buffer (2 mM Tris-HCI pH8, 0.2 mM ATP, 0.1 mM CaCl,, 0.5 mM
DTT, 1mM NaNj3) was added to 5 g of minced sheep cardiac muscle acetone powder and
left to stir slowly for 30 min. The mixture was then centrifuged at 18000 rpm for 20 min at
4 °C using the Sorvall RC5C centrifuge. The supernatant was then filtered through glass
fibers and the pellet was resuspended in G-actin buffer to repeat the process. The
supernatants were pooled together and a volume of 10x KME buffer (100 mM tris HCI
pH8, 500 mM KCI, 25 mM MgCl,, 10 mM EGTA, 10 mM NaN3) which represented a
tenth of the supernatant volume was added to allow for polymerization of G-actin, which
was left to incubate in a water bath at 30 °C for 2 hrs. The solution was brought to a
concentration of 0.8 M KCI and left to stir slowly for 20 min at room temperature. The
mixture was then centrifuged at 43,000 rpm for 90 min at 4°C using the T865 ultra
centrifuge. After centrifugation, the supernatant was discarded and the F-actin pellets were
washed with dH,0 and then left to soak over weekend in ATPase buffer. The pellets were
then resuspended and the protein concentration was checked. The remaining pellets were
soaked in G-actin (10 ml) and left to dialyze for 48 hr against G-actin to remove any
contaminants and depolymerise the actin. The concentration was determined
spectrophotmetrically at 290 nm. Fractions which produced a peak at 290 nm were pooled
together and polymerised using 0.1 volumes of 10 x KME buffer and then incubated at 80
°C for 45 min. The mixture was then centrifuged at 42, 000 rpm using a T1250 rotor for 2

hr at 4°C. Pellets were resuspended in 5 ml ATPase buffer and stored at 4 °C.
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2.5.16. Actin Co-sedimentation Assay

Co-sedimentation experiments were carried out to determine the binding of actin to the
different purified MS1/STARS protein fragments in the presence of myofibrillar proteins
(Kind gifts from Dr. Mohammad EIl-Mezgueldi, University of Leicester). 10 uM of actin
was diluted in actin binding buffer (10 mM tris pH 7.5, 0.2 mM DTT, 1 mM EGTA, 0.1
mM CaCl,, 2 mM MgCl,, 50 mM KCI) which was added to protein(s) of interest which
were made up to a volume of 100 pl in actin binding buffer with protease inhibitors. A
negative control was the actin without any other proteins added, while the positive control
was the actin mixed with a known expressed fragment of MS1 which is known to bind
actin.

The samples were then incubated at room temperature in Beckman polycarbonate
centrifuge tubes (7 x 20 mm) for 20 min and then centrifuged for 30 min at 85,000 rpm
using a TL-100 Beckman rotor in a Beckman Optima Max E ultracentrifuge. After
centrifugation, the supernatants were transferred to eppendorf tubes and (6X SDS PAGE
sample buffer was added to each sample (25 pl). The pellets were then resuspended in 125
ul of 1.5x SDS-PAGE sample buffer. Both the pellets and supernatants were boiled at 100
°C for 5 min and loaded on an SDS-PAGE gel (12 %) which was coomassie stained.

2.5.17. Preparation of Coverslips

Glass coverslips with a thickness of approximately 22 um were first rinsed with distilled
water in a glass beaker. The coverslips were then incubated with 1 M HCI for 30 min,
followed by thorough rinsing with dH,O. The acid-treated coverslips were then sterilized
by the addition of absolute ethanol for 30 min to overnight. Coverslips were then dried on a
piece of clean blue roll and placed in a clean glass beaker, then baked at 240°C for 4 hrs.

After the coverslips were sterilized and cooled, then placed in a sterile 10 cm plate.

2.5.18. Immunofluorescence Microscopy

H9c2 cells were seeded onto acid treated coverslips and grown to 70-80% confluency
before transfections were done using the plasmids of interest. 24 hr after transfections the
cells were subjected to appropriate treatments. The media was removed and cells were

washed once with PBS (1x). The cells were then fixed with 3.7% paraformaldehyde at
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room temperature for 20 min. After fixation, cells were washed 3 times with PBS (1x)
before adding permeabilization solution (0.1% Triton X-100, 1x PBS) for 10 min. The
permeabilization buffer was removed and the cells were then blocked in 3% BSA (w/v) in
PBST (1x PBS, 0.1% Triton X-100 (v/v), Tween-20) for 30 min at room temperature. For
staining of actin filaments, Phalloidin-Texas Red (1:50 dil) was added directly on
coverslips and left to incubate for 30 min. After the incubation, the coverslips were inverted
on Nesco film on which 200 pl of anti-Flag (1:200) had been placed, diluted in PBST
containing 3% BSA and incubation was performed for 1 hr. The coverslips were removed
and washed 3 times with PBS before the addition of secondary antibody (anti-mouse which
has been conjugated to a fluorophore. The coverslips were covered in foil and left to
incubate for 1 hr. After incubation, coverslips were washed 3 times with 1X PBS and
Hoechst 33258 was diluted in PBS, added and left to incubate for 5 min at room
temperature in order to stain the nuclei of cells. The coverslips were washed again with
PBS three times and mounted onto slides using mounting medium (1% (w/v) DABCO (1,4
diazabizyclo[2.2.2] octane), 90% (v/v) glycerol, in 10% (v/v) 10x PBS) and sealed around
the edges with nail varnish.

Images were captured using the Nikon TE300 inverted fluorescence microscope at the cell
imaging facility (in the Department of Biochemistry, University of Leicester).
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Chapter 3. Investigation of MS1 regulation by Western blot analysis and

promoter studies

3.1. Introduction

Mycocyte stress 1 protein (MS1) is known to be a stress responsive, muscle specific protein
where the mRNA levels increased in response to cardiac hypertrophy as a result of aortic
banding which leads to pressure overload (Arai et. al.,2002 and Mahadeva et al.,2002) .
Previous work in the lab showed that MS1 mRNA increases as a result of simulated
ischaemia/reperfusion injury (Hay, unpublished). During ischaemia/reperfusion injury it is
known that the MAP kinases JNK, p38 and ERK all become activated at different points
during this process (Vassalli et al., 2012). Experiments using inhibitors of MAP kinase
pathways identified JNK as a potential kinase involved in MS1 mRNA expression during
simulated ischaemia/reperfusion (Hay, 2006). Although these studies demonstrated that
MS1 expression increases at the mRNA level, it was not known whether this increased
mMRNA was being translated into protein.

Since MS1 mRNA expression is known to increase during left ventricular hypertrophy it
was of interest to determine which pathways may be involved in the increase of MS1. This
would also allow for the possibility of determining what potential role it could play during

hypertrophy.

3.2. Aims of this Chapter

We aimed to investigate MS1 expression at the protein level during simulated
ischaemia/reperfusion injury by western blotting. This was achieved by using an antibody
raised against full length MS1 protein which had been produced in the lab previously. A
Second aim was to determine whether the promoter region of MS1 is responsive to cell
stress as a result of stress inducers which cause the activation of the JNK pathway such as
sorbitol and hypertrophic agonists. This was done using a pGL3-Basic reporter construct
containing a 1645bp fragment of the rat MS1 promoter cloned upstream of the firefly
luciferase gene (Ouzain et al., 2006). The pGL3-Basic promoterless vector was used as a

control in these experiments.
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3.3. Results

3.3.1. Characterization of MS1 Antisera

In order to determine whether or not MS1 is expressed at the protein level following
simulated ischaemia/reperfusion, a reliable antibody was required that would detect
endogenous and exogenous levels of protein. At the start of the project, there were no
commercial antibodies available for MS1. Therefore full length rat MS1 expressed in E.
Coli using a pET11-MS1 construct was purified and sent to Cambridge Research
Biochemicals Ltd for the production of antisera in rabbits. Two polyclonal antisera were
produced MS1 2222 and MS1 2221, and purified by affinity chromatography. Production
and purification of these antibodies have been described in a previous study (Jordan. E,
2008). The antibodies were compared by western blot analysis using lysates which were
made from HEK293 cells transfected with pCMV-MS1 plasmid DNA. Based on a
comparison between the two it, the MS12222 antisera was selected because it produced
blots with less non-specific binding (data not shown). The antiserum was repurified using
two different methods. In the first of these the antiserum was purified by binding to a His-
tagged fusion protein MS1, ABD2 (294-375) which was bound to nitrocellulose membrane
(Jordan, E., 2008). The antisera was then eluted from the membrane with sodium citrate
buffer pH 2.8 and neutralized with 0.5M Tris Base and TBST and 3% BSA. In the second
method, a purified MS1 fragment corresponding to amino acids 294-375 ABD2 was
covalently coupled to NHS-activated sepharose beads and was used as an affinity column
to purify the antiserum. Bound antibody was eluted using 20 mM sodium citrate pH 2.8 and
subsequently neutralized with 0.5M Tris (Jordan, E., 2008). The antiserum used for western

blotting in this section was purified using the first method.

3.3.1.1. Detection of Exogenous MS1 in HEK293 cells

The availability of an antibody that detects the MS1 protein at the correct molecular weight
when overexpressed in cells, and also the endogenous protein, is important for the
characterization of the protein. A reliable antibody which is specific and does not detect
non-specific bands is also important for western blot analysis. Therefore we did a
comparison using a newly available commercial antibody with the antisera which we had

produced and purified. HEK293 (human embryonic kidney) cells were used for
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transfections as they do not express MS1, and only overexpressed MS1 would be detected.
They also have a good transfection efficiency. These cells were transfected with a pPCMV-
Flag-tagged MSL1 construct (Chapter 2.3.3.3) and varying amounts of the cell lysate were
analysed by western blotting using anti-Flag antibody (Chapter 2.5.5), the commercially
available anti-MS1 antibody from abcam and purified MS1 2222 (Figure 3.1). Different
volumes of cell lysate were used to determine what volume would generate the best signal
with the antibody. The western blot shows a band of ~45kDa which is the predicted
molecular weight of MS1, detected by the antiserum MS1 2222, in the extract from
transfected cells but not in the untransfected. The antiserum detects two bands which are
quite close in size at ~45kDa. The lower band was probably due to a proteolytic cleavage of
MS1 protein. The commercial antibody Abcam was used did not detect the overexpressed
Flag-MS1 and had many non-specific bands present on the blot (Figure 3.1). In subsequent
experiments the antiserum made by Cambridge Research Biologicals and repurified by

myself was used. The probe for a-tubulin was used as a loading control..

3.3.1.2. Expression of Endogenous MS1 in H9c2 cells during Simulated
Ischaemia/Reperfusion Injury.

The initial aim of this experiment was to determine whether the increase in MS1 mRNA
observed following simulated ischaemia/reperfusion correlates to what is seen at the protein
level. In order to carry out this experiment we used H9c2 cells, which are rat
cardiomyoblasts. This cell line was used previously in the mRNA studies and is widely
used for in vitro studies focusing on cardiac diseases, as they have been derived from
embryonic rat ventricular tissue (Hescheler et al., 1991) and mimic cardiomyocytes due to
the morphology of the membrane, and the GPCR proteins which are expressed (Hall and
Lefkowitz, 2002).

In a series of three independent experiments we wanted to determine whether the antisera
would be able to detect endogenous MS1 during simulated ischaemia/reperfusion injury in
H9c2 cells. The experiments were carried out under the same conditions where the cells
were initially subjected to 1 hr simulated ischaemia and then transferred into “reperfusion”
buffer for different lengths of time as explained in Chapter 2. The cells were then

solubilised in sample buffer and extracts loaded onto a gel, together with a positive control
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Figure 3.1: Western Blot Analysis of MS1 overexpressed in HEK293 cells

HEK 293 cells were seeded in a 6 well plate and grown until ~80% confluency.HEK293 cells were
then transfected with ~2ug of pCMV2-FLAG-MS1 plasmid DNA using turbofect transfection
reagent. The transfected cells were then extracted in 2X sample buffer and analysed by western
blotting using anti-Flag, and anti-MS1 2222 and MS1 (abcam) antibodies. Blots were also probed
with an anti-a-tubulin antibody. Non-transfected cells (NT) were analysed for comparison.
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which was pCMV-Flag-MS1 expressed in HEK-293 cells. Western blot analysis using the
purified MS1 2222 antiserum detected a band which was ~47kDa which co-migrated with
the positive control pCMV-Flag-MS1 expressed in HEK-293 cells. The results in figure
3.2A, show the band increased with intensity after 2hr and 4hr reperfusion but then
decreased after subsequent time points. Figure 3.2B shows that equal amounts of protein
were present in each sample. By comparing the results from the simulated ischaemia/
reperfusion experiment with the Ohr control, there was a 1.5 fold increase in MS1 protein
after 1 hr of reperfusion but there is no change seen after 1hr of ischaemia (Figure 3.2C).
There is a 1.8 fold increase seen after 2 hr reperfusion with a further increase to 2 fold after
4hr. After 6 hrs of reperfusion there was a decrease in MS1 protein expression which
continued up to 24 hrs. The 25hr control had the highest level of expression which
increased by 2.6 fold higher than the control at the beginning of the experiment (Figure
3.2C). This was not expected as the 25hr control was not subjected to stress, and only

remained in Krebs buffer which is supposed to simulate normal physiological conditions.

3.3.2. Effects of Cell Stress on MS1 promoter activity.

The aim of these studies was to determine whether or not the promoter region of MS1
responds to cell stress and hypertrophic agonists. Since MS1 has previously been shown to
be induced during hypertrophy and studies in this lab have shown the MS1 mRNA is
induced by simulated ischaemia/reperfusion in a JNK dependent manner, we aimed to
investigate the effect of cell stress and hypertrophic agonists on the MS1 promoter.
Previous studies in the lab have also established a role for JNK in the induction of MS1
MRNA expression during simulated ischaemia/reperfusion. Therefore we also wanted to
look at the effect of JNK activation in response to other stresses such as UV and osmotic
shock. The effects of UV and sorbitol on MS1 promoter activity were investigated. Sorbitol
causes osmotic stress in cells which is one of the main types of stress which contributes to
tissue damage during ischaemia (Ferdinandy et al., 2007). UV irradiation is also a known
inducer of SAPK/JNK activation (Helbig et al., 2011; Fritz and Kaina., 2006).

In order to determine the effects of cell stress on the promoter activity of MS1 we
performed luciferase reporter assays, which are a quantitative method to determine gene

expression in mammalian systems. The rat MS1 promoter sequence -1585/+60 (Figure 3.3)

98



A
Cc 1 Repertusion C

Mw (kDa)

Flag-MS1

Ohr  1lhr  lhr  2hr  4hr  6hr 24hr 25hr

92

66.8 —
59

MS1 E—

365 —

B
g-tubulin —>

Relative Intensity
(=]
(=)}

S X
00 Q\%Ca SSJQ 8'& SgaQ Sgﬂ
\\\ .\\\ ,1:0 &\\ b\\

>
\Q&%QQ &00
P AN
Y .-f)

Ischaemia and Reperfusion Time Course (hr)

Figure 3.2: Western blot analysis of Endogenous MS1 protein Expression during simulated
Ischaemia/Reperfusion Injury.

A. H9c2 cells were subjected to ischaemia for 1 hr using modified Kreb’s buffer (I) then transferred
to krebs buffer for different time periods as indicated above (Reperfusion). The cells were extracted
in sample buffer and loaded on a 12% SDS-PAGE gel with a positive control which was cell lysate
from HEK293 expressing flag-MS1 and MW markers. For comparison cells were left in krebs
buffer and extracted at 0 and 25 hr (C) The membrane was then western blotted using MS1 2222
antisera 1:2000. B. Blots were reprobed with an antibody against a-tubulin which was used as a
loading control. C. Data from three independent experiments (n=3) was quantified using imageJ
and the mean value £ SEM is shown.Statistical significance was assessed by paired t-tests and
significant change compared to the control is indicated by an asterisk ** (p<0.01).
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Figure 3.3: Vector map of pGL3-MS1 used for Luciferase reporter Assays.
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The promoter region was cloned into the vector, where it is located upstream of the luciferase gene which is denoted as luc+. Amp' is the

Ampicillin resistence gene and the arrows indicate the direction of transcription.
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was cloned into the expression vector (pGL3-Basic) upstream of the luciferase gene, which
was transfected into H9c2 cells. The cells were then assayed and the reporter gene was
identified based on the emission of light as a result of the combination of luciferase enzyme
with the luciferin substate (Allard and Kopish., 2008). In the first set of experiments, H9c2
cells were transfected either with the luciferase reporter containing the rat MS1 promoter
pGL3-MS1 (Figure 3.3) or the vector alone, pGL3-Basic (promoterless). Cells were
subjected to either 1hr of 0.5M sorbitol treatment (in the presence of serum free medium)
or 2 mins UV treatment. After the treatments, the cells were left to recover in media which
had 10% serum present for 13hrs. Cells were then extracted in passive lysis buffer and then
this was added to the firefly luciferase substrate. Readings were recorded using the
luminometer which measures the light emitted as a result of the luciferase activity. The
amount of luciferase produced reflects the activity of the of the MS1 promoter.

Results showed that there is a ~10 fold increase in luciferase activity in cells transfected
with pGL3-MS1 upon sorbitol treatment, when compared with the controls which were
either untreated cells left in serum or serum starved for 1 hr then incubated in medium with
serum for 13 hr (Figure 3.4). The cells which were exposed to UV treatment showed a two
fold increase in luciferase activity compared with the untreated pGL3-MS1 (Figure 3.4).
The promoterless pGL3-Basic plasmid (Figure 3.4) plasmid also responds similarly to the
stress inducers, but levels were lower. The preliminary data indicates that the MS1
promoter is stress responsive, and furthermore responsive to stress which causes the
activation of JNK and p38.

Based on the results seen in Figure 3.4, the MS1 promoter activity was responsive to
sorbitol treatment. The aim was to determine whether this response increased over time. A
time course was carried out using pGL3-MSL1 reporter only during the experiment, as there
was no effect on the pGL3-basic reporter in previous experiments. The pGL3-MS1 reporter
was important to compare the effects of the reporter with and without sorbitol treatment
over a time period of 14 hours (Figure 3.5). The H9c2 cells were transfected with pGL3-
MS1 only, and treated for 1 hr with 0.5 M sorbitol while other cells were left untreated.
After sorbitol treatments the cells were left to recover over different time periods in normal

DMEM with 10% serum. A 2 fold increase in MS1 promoter activity was observed after 1
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Figure 3.4: Luciferase assay to investigate the sensitivity of the MS1 promoter to stress.

H9c2 cells were transiently transfected with either pGL3-Basic or pGL3-MS1 plasmid in 6 well
plates. After 24 hrs of transfection, the medium was removed from the plates and the cells were
washed with PBS (1X). After washing, the PBS was removed and the cells were then subjected to
either sorbitol (0.5M) treatment for 1hr or UV treatment for 2 min on ice in the presence of PBS.
After the treatments the cells were then placed back in DMEM with 10% FBS and allowed to
recover over a space of 13 hrs. The cells were then washed and extracted in passive lysis buffer
(1X) and the protein concentration and luciferase activity were measured. Protein concentration of
the samples was used to normalize luciferase readings in order to plot bar charts. This experiment
was carried out by Dominic Patel under my supervision. Diagram above also shows non-transfected
cells — NT, Untreated cells in the presence of serum — UT with serum, Untreated cells without
serum — UT without serum values.
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Figure 3.5: Effects of Osmotic Stress on the MS1 promoter

Subconfluent H9c2 were transiently transfected with pGL3-MS1 (0.75ug) plasmid in 60mm dishes. After 24hr the cells were subjected to
0.5 M sorbitol treatment for 1 hr and then left to recover in DMEM with 10% serum at different time points. After extraction in passive lysis
buffer, luciferase activity and protein concentration were measured for normalization. Above are the results which represents the mean from

three independent experiments and the =SEM.
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Having shown that sorbitol, an inducer of JNK and p38 can increase MS1 promoter activity
and JNK and p38 were activated, we wanted to explore the effects of other stresses. We
next looked at the effect of serum withdrawal. These studies were carried out by an
undergraduate student Dominic Patel under my supervision. H9c2 cells were transfected
with the promoter gene luciferase construct pGL3-MS1. The transfected cells were left in
serum free medium over the course of 2 days, during which cells were extracted at varying
time points and assayed for luciferase activity (Figure 3.7). There was no major increase
seen in MS1 promoter activity during the first 24 hrs, however after 48 hrs the activity of
the promoter showed a significantly large increase of almost 6 fold in comparison to the 2
hr time point and a ~2.5 fold increase in relation to the control in which H9c2 cells were
incubated in the presence of serum supplemented DMEM for 48 hr. This indicates that

reduced serum levels have an effect on the promoter region of MS1.
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Figure 3.6: Western blot to determine activation of phospho-JNK and phospho-p38 by Osmotic stress.

Subconfluent H9c2 were transiently transfected with pGL3-MS1 (0.75ug) plasmid in 60mm dishes. After 24hr the cells were subjected to
0.5 M sorbitol treatment for 1 hr and then left to recover in DMEM with 10% serum at different time points. After extraction in passive lysis
buffer, lysates were loaded onto an SDS-PAGE gel and subjected to western blotting using anti-phospho JNK, anti-phospho-p38 and anti-
JNK antibodies. Above shows the antibodies used for each blot and the lysates loaded from each time point.
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Figure 3.7: The Effects of serum deprivation on MS1 promoter activity

H9c2 cells were grown in 60mm dishes in the presence of DMEM, then transfected with pGL3-MS1 DNA. After 24 hrs of transfection, the
cells were then placed in serum lacking medium and were extracted at varying time points. The samples were then assayed for luciferase
activity and protein concentration in order to normalize results. Results are expressed as the mean of three independent experiments + SEM
(n=3) . Statistical significance was assessed by paired t-test and significant change at 48 hr compared to 2hr is indicated by an asterisk
(p<0.05
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3.3.3. The Effect of Hypertrophic Agonists on the MS1 Promoter Activity

Studies have shown that MS1 is responsive to hypertrophic stimuli such as calcineurin
activation, or aortic banding which caused induced pressure overload in the heart
(Mahadeva et al., 2002 ; Arai et al., 2002). H9c2 cells were used for the promoter studies
for hypertrophic response, as they are rat cardiomyoblasts which display hypertrophic-
associated traits seen within the body, such as re-expression of the proteins a-actinin, ANF
and BNP proteins. They also have characteristic membrane morphology (Hescheler et al.,
1991 and Watkins et al., 2011). We used two well known hypertrophic agonists,
phenylephrine (PE) and Endothelin-1 (ET-1) to investigate whether the activation of their
associated receptors could cause the promoter activity of MS1 to go up after treatment
(Sugden and Clerk., 1998).

H9c2 cells were seeded onto 60 mm dishes and left to reach to ~75% confluency. The cells
were then transiently transfected with the pGL3-MS1 reporter plasmid and left for 24 hr
before treatment with 100 nM of ET-1 or 100 uM of PE for 1 hr, and then cells were
extracted in passive lysis buffer, and the substrate was added before luciferase readings
were taken. After one hour of exposure to PE, there is a 2.5 fold increase in MS1 promoter

activity compared to the control, of untreated cells (Figure 3.8). However there was very

little change in the activity of the promoter with the addition of ET-1 when compared to the

control that was untreated (Figure 3.8).
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Figure 3.8: Effects of Hypertrophic Agonists on MS1 promoter Activity after 1hr

H9c2 cells were transfected with pGL3-MS1 plasmid. Cells were then left for 24 hours before being
serum starved overnight. Cells were then placed in Krebs buffer for 30 min to equilibriate before
adding 100 nM ET-1 or 100 uM PE-1. The cells were then extracted in passive lysis buffer before
luciferase activity and protein concentration were measured. The results are expressed as the mean
of three independent experiments £ SEM (n=3)
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3.4. Discussion

3.4.1. Expression of Endogenous MS1 at the Protein Level during Simulated
Ischaemia/Reperfusion Injury

At the outset of these experiments MS1 mRNA levels had been observed to increase in
a simulated model of ischaemia/reperfusion. If this increase in expression is of
physiological relevance we would expect to see an increase in levels of MS1 protein.
These studies had not been possible as no suitable antibody was available. A rabbit
polyclonal antiserum was produced and purified. This was able to recognise MS1 when
overexpressed in cells. A band of corresponding size was also observed in H9c2 cells,
which was thought to be endogenous MS1, when cells were subjected to simulated
ischaemia/reperfusion. An increase of MS1 expression was observed after 2 hr and 4 hr
of reperfusion (Figure 3.2), which supported the observations made previously when
experiments measured mMRNA levels.

Simulated ischaemia/reperfusion injury in H9c2 cells proved difficult to undertake
when optimizing the experiment, the overnight control showed high levels of expression
detected by the antisera (Figure 3.2). The antisera was not sensitive enough to detect
low levels of MS1, and the specificity also caused problems in terms of the many non-
specific bands which were seen throughout experiments. To date, there are not any good
commercially available antibodies which could detect endogenous and overexpressed
MS1. The antiserum used was a polyclonal rabbit antiserum and considerations should
be made to develop a monoclonal antibody that could potentially have a higher
specificity to detect MSL1.

Extensive studies undertaken to investigate simulated ischaemia/reperfusion injury in
the myocardium, suggest that during reperfusion JNK becomes activated during this
phase (Armstrong et al., 2004; Wang, 2007; Yin et al., 1997). This occurs as a result of
the biochemical changes, such as the production of the reactive oxygen species (ROS).
Oxidative stress is a known activator of JNK (Giordano, 2005; Wang, 2007; Clerk et
al., 1998). Therefore the fact that MS1 is detected during simulated reperfusion and not
during ischaemia does suggest that perhaps they might be involved in the same
pathway. Other experiments carried out, were to observe the effect of hypertrophic
agonists, and known JNK activators on the increase in MS1 expression at the protein
level. There were not any obvious changes seen in terms of an increase in levels of MS1
(Data not shown). It would be of interest to inhibit JNK using pharmacological

inhibitors, or knock down its expression using RNAIi to determine whether this
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abolishes the increase in MS1 protein seen during reperfusion. Problems with the
antibody such as the presence of non-specific bands and the inability to detect
endogenous MS1 caused issues and it was decided not to proceed using the antisera in

the remaining experiments.

3.4.2. The Effect of Sorbitol and UV on the Promoter Activity of MS1

There is strong evidence which suggests that MS1 mRNA expression could be induced
by JNK based on previous studies in the lab. Preliminary experiments described in this
chapter support these observations. MS1 has been observed to increase in protein levels
during early stages of reperfusion injury (Figure 3.2). The fact that using well known
activators of JINK/SAPK such as sorbitol and UV, resulted in MS1 promoter activation
as seen in Figures 3.4 and 3.5 supports that there is an association between MS1
expression and JNK activation. The fact that there is evidence which suggests that the
promoter of MS1 has MEF2 and MyoD binding sites which are activated by p38 and
JNK, strongly suggests that the SAP kinases could play a role in controlling MS1

activation.

3.4.3. Serum Deprivation leads to increase in MS1 promoter activity

Experiments carried out where H9c2 cells were transfected with the reporter plasmid
pGL3-MS1, showed a 6 fold increase observed after 48 hr of serum deprivation (Fig.
3.7). The effect of serum deprivation results in the activation of JNK, and also p38 as a
result of cellular stress and leads to cardiac myocyte apoptosis (Wang et al.,1998).
Apoptosis which occurs in the heart is an ordered form of cell death, where cardiac
remodelling can occur during cardiac failure or even during ischaemia/reperfusion
injury (Haunsteller et al., 1998). Previous studies have shown that serum withdrawal
has a proapoptotic action (Malhorta et al., 1999). Therefore this can lead to the
assumption that perhaps MS1 could potentially be playing a role in cardiac remodelling,
which confirms what was previously thought by previous studies carried out by
Kuwahara’s group which focused on the promoter region of MS1 (Kuwahara et al.,
2007). MEF?2 is controlled by transcription factors which are activated via INK/SAPK,
these are in turn activated upstream as a result of upstream kinases (Black and Cripps.,
2010, Passier et al., 2000 and Wu et al., 2000). The promoter region of MS1 has MEF2
binding sites which have been implicated to regulate the gene expression of MS1 since

experiments showed loss of expression of MS1 in MEF2C null mice (Kuwahara et al.,
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2007). It would be interesting to determine whether serum withdrawal could have a pro-
apoptotic effect on the H9c2 cells and whether or not MS1 could be involved. This
could be achieved by over expressing MS1, or doing knock down studies of MS1, in
order to determine whether MS1 could have an effect on apoptosis induced by serum-

withdrawal.

3.4.4. Responsiveness of MS1 promoter to Hypertrophic Agonists

Hypertrophic agonists such as PE and ET-1 are well known JNK/SAPK activators in the
myocardium (Sugden and Clarke., 1998). The pathway which these agonists act through
is the diacyglycerol- induced PKC pathway (Bogoyevitch et al., 1994). These agonists
are both known to stimulate the hydrolysis of phosphatidylinositol 4,5-bisphosphate
which leads to the formation of diacylglycerol (Hilal-Dandan et al.,1992). The use of
100 uM PE did show a major effect after just 1hr as compared with ET-1 which did not
show much of a change in relation to the control (Fig. 3.8). There needs to be further
investigation into the possibility that the PKC pathway could regulate the levels of MS1
as a result of acting on the promoter. A simple experiment would be to treat H9c2 cells
with PMA and look at the MS1 mRNA and protein levels.

There was extensive optimization done on these experiments looking at the promoter
region of MS1. Dual luciferase reporter assays were initially performed using Renilla
luciferase under the control of varying promoters such as CMV, SV40 and TK
(thymidine kinase) as an internal control. This led to problems affecting the reporter as
it seemed very sensitive when co-transfected with the internal controls resulting in high
reporter activity in the absence of treatment. H9c2 cells used for this experiment did not
transfect well. This has led to many issues in terms of inconsistent results. A different
cell line should be considered when doing these reporter experiments.

Overall we were able to determine that MS1 was detected at the protein level during
simulated ischaemia/reperfusion injury. Studies revealed that the promoter is responsive
to cell stress and hypertrophic agonists which result in the activation of INK and p38.
These findings are supportive of the hypothesis that MS1 could be regulated by either
JNK or p38.

A more direct approach to activate JNK to confirm its role in MS1 induction should be
considered. Attempts were made to introduce constitutively active MKK7 into H9c2
cells in addition to the reporter. MKK?7 is a direct activator of JNK. The introduction of

an additional plasmid into H9c2 cells proved problematic again, highlighting the need
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for an alternative cell line. If we could establish a simple reporter assay where
introduction of active MKK?7 into cells could activate the MS1 promoter, this would

open up many opportunities to generate mutant reporter constructs to identify the JINK
responsive element.
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Chapter 4. Investigation of Potential Binding Partners of MS1

4.1. Introduction

Myocyte Stress 1 (MS1) protein is specifically expressed in the cardiac, skeletal and
smooth muscle and is known to have a highly conserved C-terminal region (193-375).
As previously mentioned, MS1 was observed to interact with polymerized F-actin,
through two actin binding domains, ABD1 and ABD2 located at the C-terminal end
between 234-279 and 346-375 amino acids (Arai et. al.,2002). MS1 also interacts with
actin binding LIM proteins, ABLIM 2 and 3, which was discovered through yeast two-
hybrid screening, the actin binding domain of MS1 as bait and a cDNA library from
skeletal muscle (Barrientos et al., 2007). ABLIM 2 and 3 are thought to enable MS1 to
bind to the sarcomere, where it binds to actin (Barrientos et al., 2007). As a result of the
relationship between MS1 and actin as well as the actin binding proteins, ABLIM-2 and
3, great focus has been placed on the C-terminal region of MS1 and not the N-terminus.
The N-terminus of MS1 has yet to be investigated and given the fact that it has potential
phosphorylation sites within this region, this was considered cause to investigate. The
domain structure of MS1 was determined by Dr. Claudia Fogl using a program called
DomainX (Reich et al., 2006, Fogl et al., 2011). Therefore, it was thought to use the
different domains which covered varying sections of the full length of MS1 as bait

proteins for the binding assays.

4.2. Aims of this Chapter

The aim of this chapter was therefore to establish a binding assay using different MS1
domains as bait proteins to determine whether there were any other proteins expressed
in the heart that might bind to MS1. Different domains were expressed and purified for
use and mouse heart extracts were used to carry out experiments. This investigation
would give greater insight into the function of MS1 and the pathways MS1 associates

with, based on the proteins that may potentially interact with MS1 in the heart.
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4.3. Results

4.3.1. Expression and Purification of the MS1 proteins

GST fused MS1 N-terminal tandem (has both Myocyte stress 1 Domain 1 ( MSD1) and
Myocyte stress 1 Domain 2 (MSD2) domains) and His-tagged C-terminal tandem
protein (has both ABD1 and ABD2 domains) were used as bait proteins for the binding
assays. The GST-tagged N-terminal tandem protein, C-terminal tandem protein and the
other expressed His-tagged MS1 proteins are seen in Figure 4.1, which shows the
sequence coverage for each compared to the full-length of MS1. Other his-tagged
constructs were successfully expressed and purified as seen in figure 4.2 and 4.3. Only
ABD?2 was used in preliminary experiments and the following binding assays used His-
tagged C-terminal tandem protein (193-375 a.a.) and GST-tagged MS1 N-terminal
tandem protein (1-196 a.a.). The two tandem proteins, together, covered the full-length

of MS1, so it was decided to use both of them as bait proteins in the binding assays.

4.3.1.1. Expression and Purification of MS1 C-terminal tandem

The C-terminal tandem protein which is His-tagged at the N-terminus and covers the
amino acids (193-375) was expressed in BL21-DE3 (Invitrogen) E. Coli by isopropyl-
beta-D-thiogalatopyranoside (IPTG) induction. The first step of purification was via
metal ion affinity chromatography using a nickel column as seen in Figure 4.4. Samples
from each step of expression and purification were run on a gel and the gel was
coomassie stained (Figure 4.4). In figure 4.4 lane 1 shows a band which is of the correct
size of 34 kDa after IPTG induction. After purification by the nickel column, the
column was washed and the protein was eluted from the column. A sample of the
purified protein was loaded in lane 3. A distinct band of the correct size was seen on the
coomassie stained gel. The second lane in figure 4.4 shows a fraction collected during
the wash step which removes any unbound proteins that are not His-tagged proteins
from the column. The C-terminal tandem protein should not be seen in this fraction,
however a residual amount was present as a result of the nickel column overloaded with
the protein.

The eluted fraction containing C-terminal tandem protein was relatively pure, however,
a second purification step was carried out using gel filtration chromatography in Figure
4.5. The x-axis of the gel filtration column shows the elution volume that passed

through the gel column, while the y-axis is the signal in milli-absorbance units (mAu)
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C-Term tandem | ] 193-375 a.a.

ABD2 _ 294-375 a.a.
ABDI _ 193-295 a.a.

N-terminal tandem _ 1-196 a.a.

(GST-MSI)

MSDI B 2118 aa.

Full length MS1

Figure 4.1: Position and residue number for domains encoded by different MS1 constructs

Various protein fragments of MS1 were produced for use in these studies as indicated above. C-terminal tandem, ABD2, ABD1 and MSD1 were His-
tagged constructs generated in Dr. Mark Pfuhl’s laboratory, while GST-MS1 (N-terminal tandem) was separately made in our lab and was generated
with a GST tag.
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Figure 4.2: Expression of His tagged MS1 Constructs and detection by western blot
Analysis

Western blot showing MS1 lysates, from MS1 constructs which were expressed in BL21DE3
E. coli by IPTG induction and lysates were collected, along with uninduced BL21DE3 cells and
run on an SDS-PAGE gel to determine whether the expressed protein was detected via western
blot analysis using MS12222 antiserum. The arrows show the expression of the proteins at their
correct sizes above
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Figure 4.3: Coomassie stained gels showing the eluted proteins following Gel filtration

Figures above show the protein fragments of MS1 after the bacterial lysates were purified via nickel ion affinity chromatography, followed by gel
filtration chromatography. Gel filtration chromatography was executed using the sephadex hi-load 16/60 prepacked column to elute the MS1 His-tagged
proteins. 5 ml aliquots were run on the column at a flow rate of 1 ml/min. After the proteins were eluted, samples of the fractions were run on an SDS-
PAGE gel and coomassie stained as seen above. Lanes 1-5 on the gel are the eluted fractions
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C-terminal Tandem

Figure 4.4: Expression and Metal ion affinity Purification of MS1 C-terminal Tandem
After the IPTG induction, MS1 C-terminal tandem was purified by nickel ion affinity
chromatography using its His-tag to bind to the column. After binding, the column was washed
and the protein eluted with 0.5 M imidazole. During each purification step, a sample was taken.
The figure above shows the samples from the induced lysate, final wash and eluted protein on a
coomassie stained SDS-PAGE gel.
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Figure 4.5: Gel Filtration Chromatograph of Elution Profile MS1 C-terminal tandem

Gel filtration chromatography was executed using the sephadex hi-load 16/60 prepacked
column to elute the MS1 his-tagged proteins. 5 ml aliquots were run on the column at a flow
rate of 1 ml/min. Elution of C-terminal tandem MS1 is shown by the red peak, while the blue
peak shows the elution of imidazole, which was used to elute the protein from the nickel metal
ion column. Samples of the eluted fractions from gel filtration were run on a SDS-PAGE gel
(12%). Lanes 1-4 contain the eluted fractions of MS1 C-terminal tandem which had a molecular
weight of ~31 kDa
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measured at 280 nm. The elution of C-terminal tandem protein is displayed in red, while
the blue peak is the high concentration of the imidazole which was used to elute the
His-tagged protein from the initial nickel affinity column. The eluted fractions from the
gel filtration column were run on an SDS-PAGE gel (Figure 4.5). Fractions (2-4) which

had the protein C-terminal tandem present were pooled and dialyzed against (PBS).

4.3.1.2. Expression and Purification of N-terminal Tandem protein

The N-terminal tandem (1-196) protein which was fused with GST at the N-terminus
and GST, were both purified by glutathione sepharose affinity chromatography. GST
was used as a negative control for the binding assays. Proteins were expressed in BL21
(STAR) DE3 cells for GST-MS1 and BL21-DE3 cells for GST as stated in the material
and methods section (Chapter 2 Section 2.8.2.1).

The N-terminal tandem protein expressed at the predicted molecular weight of ~53 kDa
and the GST protein was expressed at 25 kDa (Figure. 4.6). The columns with the
bound protein were washed and the proteins eluted using reduced glutathione. Samples
of the eluted fractions from both columns were run on an SDS-PAGE gel. Although the
N-terminal tandem protein eluted from the column, there were lower bands of around
~25 kDa (Figure. 4.6B). The fractions containing proteins were individually dialyzed
against PBS buffer in order to remove any of the reduced glutathione, and to replace the
buffer for one which would be compatible with the resin used to bind the three proteins

for the binding assays.

4.3.2. Optimisation of binding assay using C-terminus of MS1 ABD2 as the bait
protein

The first binding assay was done using ABD2, which has the second actin binding
domain found within the C-terminus of MS1, covers the amino acid residues 294-375.
This was to test if the C-terminus of MS1 could interact with actin by the binding assay
experiment, as expected from previous work (Arai et al., 2002). Since ABD2 is His-
tagged, a nickel chelating sepharose column was used in this experiment. Optimization
was necessary to determine adequate protein concentration necessary for a successful
binding assay. The first binding assay attempted used ~15 pg of ABD2 bound to nickel
chelating sepharose beads, and 25 ug of clarified purified cardiac actin obtained from
sheep heart. After the pulldown was completed the samples were run on an SDS-PAGE

gel, which was coomassie stained to detect the bands present as shown in Figure 4.7.
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Figure 4.6: Elution of GST and GST-MS1 N-terminal tandem from GST-beads with Reduced Glutathione
GST and GST-MS1 were purified from bacterial lysates using glutathione agarose beads. The beads were washed and the protein eluted with 100 mM
reduced glutathione by tumbling for two hours. Beads were then applied to the column and fractions were collected. A sample of each was analysed by

SDS-PAGE gel and coomassie stained. Above shows coomassie stained gels of collected fractions that were loaded. The arrows indicate the proteins
eluted; figure A is GST and figure B is GST-MSL.
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Figure 4.7: Binding assay with ABD2 and actin using charged nickel chelating sepharose
beads.

Nickel chelating sepharose beads with bound ABD2 (25 pl) were subjected to tumbling with the
actin (25 pg) protein for ~2 hr. After tumbling beads were washed 3x before boiling in SDS-
PAGE sample buffer at 100 °C and loaded onto a 12% gel. The gel was then coomassie stained
in order to visualize the proteins. The arrows indicate the proteins of interest ABD2 in lane 4
and actin indicated in lanes 5. Molecular weights are indicated.
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In lane 1 of Figure 4.7 there were two distinct bands seen, this was ABD2 (294-375)
protein bound to the beads only. The upper band of approximately 14.4 kDa
corresponded to ABD2. The lower band of a molecular weight of ~12kDa was a
proteolytic cleavage product of ABD2, identified by mass spectrometry. The two bands
were also seen in lane 4, which had an additional band with an approximate molecular
weight of ~46 kDa, believed to be actin, since it co-migrated with the band in lane 5 of
figure 4.7. The lower bands were the same size as those seen in lane 1 with ABD2 only.
The cleavage taking place, occurred at the C-terminal end of the protein as it was still
able to bind to the nickel chelating resin with its N-terminal His-tag. Lane 3 had
samples from the actin mixed with nickel chelating sepharose beads that was a negative
control, however there was some non-specific binding of actin to the nickel chelating
sepharose beads based on the faint actin band which co-migrated with actin in lanes 4
and 5.

Although there was a band in lane 3, this was less than what was seen in lane 4 where
ABD?2 precipitated more actin. Twenty-five micrograms of actin was loaded in lane 5 in
figure 4.7 and analysed on the SDS-PAGE gel to give an idea of how much actin was
binding to the beads non-specifically and the bait protein in lanes 3 and 4 respectively.
Lanes 6-9 of figure 4.7 were varying known amounts of BSA to quantify what was in
each lane. It was estimated that approximately 15 pg was binding to the MS1-ABD2

protein and 8 pg binding non-specifically to the nickel sepharose.

4.3.3. Non-specific binding of Mouse heart extract to beads

After testing the ability of ABD2 to bind purified actin in vitro, by a binding assay using
mouse heart extract was performed to determine if any proteins including actin would
bind to the ABD2 protein immobilised on the nickel chelating sepharose beads. After
the binding assay was carried out, samples were run on a SDS PAGE gel, then
coomassie stained to visualize the proteins (Figure 4.8). ABD2 was able to bind to
cardiac actin, based on the band seen at ~47 kDa in lane 3 of figure 4.8. This band co-
migrated with the band observed in lane 6, which contained 25 ug of actin. Numerous
bands were observed in lane 4 of figure 4.8, which was a sample from ABD2 with the
mouse heart extract (MHE). However, one band was observed to co-migrate with the
bands of same size seen in lanes 3 and 5, which was purified cardiac actin. The other
bands which were distinct could be seen at molecular weights of 150 kDa, 95 kDa, 79

kDa, 76 kDa, 35.5 kDa and 30.2 kDa respectively. Unfortunately, the negative control
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Figure 4.8: Binding assay using mouse heart extract using ABD2 bound to Nickel
chelating sepharose beads.

Binding assay where ABD2 was bound to nickel chelating sepharosebeads. 75ug of mouse
heart extract was used in this experiment to determine whether any proteins could be
successfully pulled from the extract. The positive control was ABD2 and actin, while the
negative control was the charged beads without any bait protein which was left to tumble with
the mouse heart exctract MHE. C. actin is cardiac actin, while S. actin is skeletal actin. The gel
shows the results after samples from the binding assay were boiled in 3X sample buffer and
boiled at 100°C.
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which was the beads without any protein bound mixed with mouse heart extract in lane
9, also precipitated many non-specific proteins of the heart to the beads.

The proteins that bound non-specifically to the nickel chelating sepharose column, was
possibly due to the presence of histidine-rich proteins. Other resins were tested to assess
non-specific binding. Three different types of resins were tested to determine which
would be compatible for future binding assays. Quantities of 50ug and 100ug of heart
extract was mixed with G50-sephadex, nickel chelating sepharose beads and glutathione
sepharose beads. These were washed to remove anything unbound and loaded on a gel
to determine whether protein from the extract would bind non-specifically (Figure 4.9).
Lanes 1 and 2, showed proteins precipitated by nickel charged chelating sepharose
beads, had close to the same amount of protein bound to them as seen in the lane 7 of
figure 4.9 with 100 pg of extract alone. The G50 sephadex in lanes 3 and 4 and
glutathione sepharose in lanes 5 and 6 of figure 4.9 did not have any presence of extract.
Both, GST-MSL1, and the negative control, GST only eluted from the column with the
extract. This resulted in the tagged proteins masking the unidentified proteins present
and restricted a clear visual of other eluted proteins seen in the SDS-PAGE gel (data not
shown). Another resin had to be selected in order to combat the issue with the bait
proteins eluting from the columns.

The two MS1 proteins used for the binding assays have different tags present, where the
N-terminal tandem protein is GST tagged while the C-terminal MS1 protein is tagged
with poly-His. A resin was selected that would be compatible with both proteins and
minimized variation between binding assays. The resin selected for the binding assays

was N-hydroxysuccinimide (NHS-activated sepharose).

4.3.4. Binding Assay using C-terminal Tandem protein with mouse heart extract

The resin, NHS-activated sepharose contains N-hydroxysuccinimide ester functional
groups, which react with primary amines in proteins to form stable covalent bonds. This
does not require the use of tags to bind to the resin but binds to the purified protein
which has the presence of amine groups. Steps were taken to ensure only the bait
protein was bound and not any other proteins by blocking the non-reacted sites, after
coupling in buffer containing 0.5 M ethanolamine and 0.5M NaCl (pH 8.3). The resin
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Figure 4.9: Investigating non-specific binding of extract to different resins

Mouse heart extract was incubated with various resins nickel chelating sepharose (Ni** CSB),
sepharose G50 (G-50) and glutathione agarose (GSH) in quantities of 50 and 100 (ug). Lanes 1
and 2 are the eluted samples of the nickel chelating sepharose beads alone. Lanes 3 and 4 were
eluted samples from G-50 sephadex resins and lanes 5 and 6 were eluted samples from
glutathione sepharose resin. The last lane consisted of mouse heart extract.
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with the bound protein was then washed repeatedly with high and low pH buffer. After
these washes the proteins bound to the resins were ready for use.

After the binding assay was optimised, experiments using the C-terminal tandem
protein (193-375 a.a) were done. This fragment was selected because as previously
mentioned it has both actin binding domains present and is essentially half of the full
length MS1 protein. The Tandem protein was expressed by IPTG induction and then
purified by metal ion affinity chromatography and then by gel filtration as seen in
figures 4.4 and 4.5. The protein was eluted from the gel filtration column, and dialyzed
into buffers compatible with the NHS-activated sephaorse beads before it was added to
the beads to bind. The NHS-activated sepharose beads form a covalently linked bond
with the protein of interest and can not be removed from the beads. In order to
determine whether or not the protein was successfully bound to the beads a sample of
the protein was taken before binding and after binding which would determine whether
or not successful binding occurred as seen in Figure 4.10. Lane 1 shows a sample of the
proteins before the addition of the beads while lane 2 in Figure 4.10 shows the
uncoupled protein following incubation with the NHS-activated sepharose beads. From
the results shown, coupling was very efficient with approximately 25 mg of protein was
bound to 3ml of beads.

The binding assays were scaled up to increase the chance of proteins in the mouse heart
extract binding to the resin. Beads containing approximately 0.5 mg of coupled C-
terminal tandem were mixed with 10 mg of the mouse heart extract. The negative
control was the beads with reactive sites blocked that were left to tumble with the same
amount of mouse heart extract.

Beads were washed and bound proteins were eluted and analysed by SDS-PAGE.
Figure 4.11, shows a gel with all the eluted fractions from the binding assay seen in
lanes 2-9. Three distinct bands were detected corresponding to putative MS1 binding
proteins. The molecular weights were approximately 45 kDa, 40 kDa, 35 kDa and 29
kDa in size were observed in lanes 6 and 7 in figure 4.11. The gels were sent to
University of Leicester PNACL, where the bands were excised from gels for Mass
spectrometry analysis to identify proteins from the binding assay. The four proteins
were identified as actin, troponin T, a-tropomyosin and RhoV respectively. An
experiment which followed the same protocol for the binding assay used uncoupled

NHS-sepharose with mouse heart extract as a negative control (Figure 4.12). A sample
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C-ternunal Tandem

Figure 4.10: Confirmation of coupling of C-terminal tandem protein to NHS-activated

Sepharose beads
Coomassie stained gel showing a sample of the supernatant of C-terminal tandem protein before

coupling to NHS activated sepharose and after coupling to NHS-activated sepharose beads to
determine whether the protein immobilized to the resin.
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Figure 4.11: Binding Assay using His-tagged C-terminal Tandem to investigate protein interactions with proteins found in mouse heart extract.
His-tagged C-terminal Tandem protein was expressed in BL21 star E. coli and purified by metal ion affinity chromatography and then by gel filtration.
The purified his-tagged protein was dialyzed and then immobilized to NHS-activated sepharose beads. The Bound protein was then washed 4 times to
remove unbound protein and left to tumble with mouse heart extract for 2 hrs. The supernatant was removed and the beads were then washed again in a
column and the protein which was bound was eluted from the column with sodium acetate pH 5.5 in column fractions of the same volume (100ul). The
fractions which were collected from the column were then neutralized with Tris base . The collected fractions were then concentrated using
microcentrifuge concentrators, and sample buffer (3X) was added. Samples were boiled and loaded onto a SDS-PAGE gel ( 12%)
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Figure 4.12: MHE proteins do not bind to NHS-sepharose non specifically

NHS activated sepharose beads without any bound protein were incubated with mouse heart extract (MHE), washed and bound protein eluted. Samples
were run on a SDS PAGE gel which was stained with coomassie. Lane 1 is the marker, Lane 2 is the mouse heart extract before binding and lanes 3-9
are the eluted fractions from the column and lane 10 is the flowthrough (FT) after the incubation with the beads.
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of the extract used in the experiment was run on the gel along with collected fractions
after the binding assay was complete. Eluted fractions were run in lanes 2-9 in Figure
4.12 and coomassie stained. The coomassie stained gel did not show any bands which
suggests lack of non-specific binding from proteins in the extract. This is an indicator
that the proteins are essentially binding as a result of the bait protein and not the NHS-
activated sepharose beads which were used to immobilize the protein. One of the bands
taken for mass spectrometry analysis was confirmed to be actin in Figure 4.11. The
eluted fractions were run on a SDS-PAGE gel for further analysis. Bands observed in
the eluted fractions were also found in the lane labelled MHE (mouse heart extract) in
lane 2 (Figure 4.11). Actin was purified from the MHE with the use of C-terminal
tandem MS1, this validated the approach, and also confirmed previous findings (Arai et
al., 2002, Fogl et al., 2011).

Western blot analysis of actin, using an anti-actin monoclonal mouse antibody was
carried out as a confirmatory test to identify actin, shown in figure 4.13. Some of the
samples from the eluted fractions were run on a separate gel for western blot analysis as
seen in Figure 4.13 in lanes 3-7 which were eluted fractions and a sample of the mouse
heart extract was also loaded onto the gel to determine whether the large band was the
actin protein which could be seen in lane labelled MHE in Figure. 4.13. Western blot
analysis confirmed the band at ~46kDa was actin, picked up by the antibody and also
present in lanes 3-6 where they co-migrated with the band in the lane labelled MHE in
figure 4.13. Unfortunately there were no readily available antibodies which could detect
a - Tropomyosin or troponinT identified from mass spectrometry, while RhoV was only

observed once and was not identified again in subsequent binding assays.

4.3.5. Binding Assays using N-terminal tandem to determine binding Partners

GST-MS1 Tandem which is made from the first half of MS1 has two domains (MSD1
and MSD2). The binding assay previously mentioned involved a His-tagged protein,
immobilized on NHS-activated sepharose beads and when eluted from the column the
bait protein would not elute due to the covalent link with the resin. The N-terminal
Tandem tagged with GST, encountered problems when binding assays were carried out
using the protein coupled to glutathione beads; such as the tagged protein eluting from
the beads. Due to its size it was difficult to see any bands which were present in the

binding assay that could have come from the mouse heart extract.

131



Eluted column fractions

el |
mo
T2 | 2 3 4 5 6 7
= Q
170 —>
130 —>

95 —>
2 —>

55 —>

43 —> < Actin

Figure 4.13: Confirmation by western blotting of actin binding to MS1 in binding assay with mouse heart extract using C-terminal Tandem.
Western blot analysis confirming actin binding to MS1 C-terminal tandem coupled to NHS activated sepharose beads. 200 pug of mouse heart extract
(MHE) was analysed along with samples of eluted fractions from the NHS-activated sepharose column. The samples were separated by SDS PAGE gel
(12 %) and western blotted using mouse anti-actin antibody (1:1000 dil).
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After expression and purification of GST-MSL1, the protein was first eluted from
glutathione sepharose beads, dialyzed to remove reduced glutathione and then coupled
to NHS-activated sepharose beads. Elution of the GST-MS1 (N-terminal tandem)
protein from the glutathione-S-transferase column proved difficult. However there was
enough protein to allow binding assays to be performed. As previously mentioned, a
negative control was used to ensure binding did not occur non-specifically to the tag
and any interactions were specific to the MS1 portion of protein. Two negative controls
were used in these binding assays; GST protein immobilized to NHS-activated
sepharose beads and NHS-activated sepharose beads only. These were to rule out non-
specific binding of proteins. The binding assays were carried out as explained
previously and the eluted fractions were resolved by SDS-PAGE. The gel was then
coomassie stained in order to visualize the bands (Figure 4.14).

A comparison must be made between the negative controls which were the gels in
Figure 4.14 with the gel in Figure 4.15 which are the eluted fractions from the GST-
MS1 tandem protein. It could be seen that there are 4 significant bands which are
present in Figure 4.15 that are not in the control gels.

The control gel and the gel with the eluted samples were sent for mass spectrometry to
identify the bands from the binding assay. The largest band which had a molecular
weight of ~224.2 kDa was Myosin-6, the band of molecular weight of 42.3 kDa was
actin from skeletal muscle, a-tropomyosin was the band identified at 33 kDa, 24 kDa
was troponin-I and myosin regulatory light chain 2 the last band seen at 19 kDa (Figure
4.15).

4.3.6. Binding Assays using Guba-Straub buffer Vs. Triton lysis buffer.

Binding assays using MS1 C-terminal tandem and GST-MS1 N-terminal tandem,
yielded different proteins that were pulled out of the heart extract as seen in Figure 4.11
and 4.15 respectively. However, results from both binding assays, showed there were
myofibrillar proteins present which included actin. To date, there are no reports in the
literature that suggests the N-terminus of MS1 interacts with actin. Myosin was
identified as one of the proteins pulled from the mouse heart extract when GST-MS1 N-
terminal tandem was used as a bait protein and not MS1 C-terminal tandem. A possible

reason for the presence of actin binding to GST-MS1, might be indirect interaction
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Figure 4.14: Binding assay with control beads; GST-Sepharose or NHS-activated
sepharose that had been quenched with no protein

A. GST was expressed in BL21 DE3 E. coli and purified by binding to glutathione coated
agarose beads. The purified protein was then eluted and the isolated protein was immobilized to
NHS-activated sepharose beads. After coupling the non-reacted sites were blocked and beads
were washed. Beads with immobilized protein were left to tumble with mouse heart extract
(MHE). The supernatant was removed and the beads were washed again. The resin was then
placed in a column and eluted .The eluted fractions were then neutralized with Tris buffer and
sample buffer 3X was added and run on a 15% SDS —PAGE above shows the mouse heart
extract used in the binding and eluted fractions. B. NHS-activated sepharose beads were
washed and the reactive sites were blocked with the same buffer previously mentioned in A.
After removing the buffer and washing the beads, they were then left to tumble with mouse
heart extract for 2 hrs, the same method was used in order to isolate any bound proteins from the
beads if any were present. Samples were the run on a SDS-PAGE gel (15%). Figure shows a
sample of the mouse heart extract used and samples
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Figure 4.15: Binding Assay using N-terminal region of GST-MS1 N-terminal Tandem to investigate interactions with unknown proteins in
mouse heart

The N-terminal region of MS1 (1-196 region of MS1) which is GST-tagged was expressed in BL21 stars E. coli and purified by binding to glutathione
coated agarose beads. The purified protein was then eluted from the beads with 100mM Hepes buffer containing reduced glutathione (50 mM) to
isolate the purified protein. The protein was dialysed and then the MS1 (1-196) Tandem protein was immobilized to NHS-activated sepharose beads.
The coupled beads were then placed in a buffer (ethanolamine 0.5 M and NaCl 0.5 M) to block any non-reacted groups. The beads were then washed in
a high and low pH buffer and then left to tumble with mouse heart extract (7 mg) for 2 hrs. The supernatant was removed and the beads were washed
again three times. The resin was then placed in a column and any bound proteins were eluted with pH 5.5 sodium acetate buffer . The eluted fractions
were then neutralized with Tris buffer , sample buffer (3X) was added and samples were run on a 12% SDS —PAGE gel.
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rather than direct interaction. The proteins identified can be found in complex with each
other in myocytes.

To eliminate the possibility of indirect interaction between GST-MS1 N-terminal
tandem and actin, Guba-straub buffer was used in the binding assays to dissociate
myosin from actin. Guba-straub buffer is used to dissociate myosin from actin with the
use of a high salt concentration (Buffer details are in Chapter 2). A comparison should
be made between binding assays using the normal buffer (triton lysis buffer) and Guba-
straub buffer.

The results from the experiment carried out in Figure 4.16, shows an increase in actin
binding in the presence of GST-MS1 N-terminal tandem than with C-terminal tandem
protein in Guba-straub buffer. A comparison was made between the two buffers as seen
in Figure 4.16. There was more proteins eluted using Guba-Straub buffer than using
triton lysis buffer (Figure 4.16). The results from these experiments were inconclusive,
however a control should be in place to determine the actomyosin complex dissociated

in the presence of Guba-Straub buffer.

4.3.7. Actin Co-sedimentation Assay

In order to determine the role of MS1 in complex formation with the identified proteins,
an actin co-sedimentation assay was performed. This allows the determination of direct
binding of proteins to F-actin in an in vitro assay. Therefore using this method would
aid in determining whether or not the MS1 domains were binding directly with actin, or
whether they were bound to another protein that interacts with actin which resulted in
actin being pulled down.

The experiment carried out used all of the known proteins which were identified by
mass spectrometry. These were previously purified and provided by Dr. Mohammed EI-
Mezgueldi (University of Leicetser). An actin co-sedimentation experiment was carried
out as described in chapter 2. It is known that that the C-terminal tandem protein binds
directly to actin through the two actin binding domains present, this was used as a
positive control and the negative control used was GST. In these co-sedimentation
experiments the concentration of MS1 protein used was 50 uM, Actin was 50 uM and
the purified proteins were prepared at a molar ratio of 7:1 compared to F-actin

concentration. Figure 4.17 shows the various combinations of purified proteins
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Figure 4.16: Binding assays using Mouse heart extract in Guba Straub buffer or TLB

Binding assays were performed using mouse heart extracts made in either triton lysis buffer or guba-straub buffer. 75 ul of beads with immobilized
protein or without anything bound to them were left to tumble with 2 mg of MHE. After binding, any bound proteins were eluted, loaded onto an SDS-
PAGE gel and coomasie stained with sample buffer for analysis. Above shows the eluted fractions from the respective proteins used in the binding
assays
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Figure 4.17: In vitro Co-sedimentation assay of GST-MS1, MS1 C-terminal tandem with F-actin and myofibrillar purified proteins.

After each fusion protein was incubated with F-actin and the different myofibrillar proteins in F-actin buffer, the mixtures were sedimented by
ultrcentrifugation. The supernatant was carefully removed from the pelleted protein and both pellet and supernatant. Sample buffer was added and
samples loaded and run on an SDS-PAGE gel, then coomassie stained. The lane labelled M is the molecular weight marker, S represents the supernatant
while the P, represents the pellet in the above figure of each set of proteins. The table above shows the proteins added to each lane.
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(tropomyosin, myosin, troponin complex) that were incubated with either N-terminal
tandem, C-terminal tandem or GST and subjected to ultracentrifugation.

A comparison was made between the sedimentation assays with different proteins and
F-actin after centrifugation. Lane M contains the molecular weight marker, S and P is
referred to as the supernatant and pellet fractions that were run on a SDS-PAGE gel
after the co-sedimentation assay was performed. Purified F-actin alone was
predominantly present in the the pellet and to a lesser extent in the supernatant (Figure
4.17 in lane 1). MS1 C-terminal tandem protein on its own remains in the supernatant
after centrifugation; this was seen in lane 11S of figure 4.17 where there was a band of
correct size of ~35 kDa. C-terminal tandem in the presence on actin and the other
proteins which co-precipitate with actin, was present in both the supernatant and pellet
as seen in lanes 8,9 and 10 in figure 4.17.

GST-MS1 N-terminal tandem was present in both the supernatant and pellet in lanes 6S
and 6P without the presence of actin. This is an indication that GST-MS1 N-terminal
tandem precipitated during high speed centrifugation during the co-sedimentation assay.
GST-MSL1 N-terminal tandem protein in the presence of actin only, was present in lanes
2S and 2P in figure 4.17. There was no major difference where GST-MS1 was present
when compared with GST-MS1 N-terminal tandem in the absence of actin in lanes 6S
and 6P except for lanes 3S and 3P. Lane 3P is GST-MSL1 in the presence of actin and
myosin, where myosin seemed to show a more distinct band. A comparison was made
between GST-MS1 N-terminal tandem with actin only in lane 2 with GST-MS1 N-
terminal tandem in the presence of actin and the other purified proteins myosin,
tropomyosin and troponin complexes in lane 5S and 5P, where there was no major
difference.

The GST protein was used as a negative control to determine whether there would be
any type of protein-protein interaction between the tag and the other proteins. The GST
protein did not sediment during the co-sedimentation assay which meant the protein did
not precipitate as a result of high speed centrifugation as seen in lane 16 comparing the
supernatant with the pellet (S and P) in figure 4.17. The negative control, GST was not
seen in the pellet in the presence of actin (lanes 12 P and S) and all co-sedimentation
experiments showed GST was not present in the supernatant (S). With the addition of
myosin and other myofibrillar proteins, there was no GST protein being pelleted (lanes
12-15).
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The results from the co-sedimentation assay, confirms that MS1 C-terminal tandem
binds to actin, based on the observations without the presence of actin, C-terminal
tandem was present in the supernatant. However, when C-terminal tandem is in the
presence of actin, it is found in the supernatant as well as the pellet. MS1 C-terminal
tandem has both actin binding domains present; ABD1 and ABD2. This was the
positive control in these experiments and confirmed previous findings where the C-
terminal region is known to bind actin (Arai et al., 2002, Fogl et al., 2011 unpublished
data). The negative control; GST was found present in the supernatant after
ultracentrifugation, this did not change with the presence of actin or the other purified
proteins, which suggests no interactions with the other myofibrillar proteins. GST-MS1,
N-terminal tandem precipitated during the co-sedimentation assay, where the protein
was found both in the supernatant and the pellet, when GST-MS1 N-terminal tandem
was on its own. However although this was seen, it is still possible that one of the
myofibrillar proteins that are bound to actin, binds to the N-terminal region of MSL1.
Alternative experiments should be explored to test the binding affinity to the proteins,
which do not require high speed centrifugation. This experiment was repeated three

times and yielded the same results.

4.4. Discussion

The experiments described in this chapter were carried out in order to identify new
binding partners for the MS1 N-terminal domain. Extensive research has been done on
the C-terminus of MS1, two actin binding domains that allow for binding to actin as
well as the actin binding LIM domain proteins; ABLIM-2 and 3 have been identified
(Arai et al., 2002; Barrientos et al., 2007). However, the N-terminus of MS1 has been
so far poorly investigated. Analysis of the sequence showed there are some
phosphorylation sites within the N-terminal region of MS1 which are not present at the
C-terminus. We explored the use of two tandem proteins which covered the entire
length of MS1 at the N-terminus and C-terminus. N-terminal tandem covered amino
acids 1-196, while His-tagged MS1 C-terminal tandem covered amino acids 193-375.
An in vitro binding assay was optimised and the purified MS1 proteins were used as
bait proteins, coupled to NHS-activated sepharose resin. Mouse heart extract was used
as a source to determine new interacting proteins with MS1. MS1 is a highly specific

cardiac, skeletal and smooth muscle protein. Investigating new interactions might
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provide more insight into the cardiac function of MS1 and the pathways the protein is
connected with in the heart.

4.4.1. Novel Proteins Identified by Mass Spectrometry

Mass spectrometry analysis of bands from the binding assays identified new putative
interactions with MS1. The binding assays with MS1 C-terminal tandem confirmed a-
tropomyosin, Troponin T, RhoV and actin. Mass spectrometry results identified bands
from binding assays with GST-MS1 (N-terminal tandem) as myosin-6, actin, o-
tropomyosin, troponin | and Myosin LC2. All experiments were repeated a minimum of
three times and negative controls were used to ensure binding of proteins was
independent of the resin used to immobilize the bait proteins.

MS1 binding to actin at the C-terminal end confirmed previous findings (Arai et al.,
2002). However, actin binding to the N-terminal region of MS1 is a new finding, since
there are no studies which suggested MS1 has actin binding domains present within the
N-terminus. The other proteins Troponin T, Troponin I, Myosin-6, Myosin LC2 and
alpha-Tropomyosin are myofibrillar proteins that have important roles in cardiac and
skeletal muscles. These roles are muscle contraction, muscle structure and mutations in
these genes can also lead to defects found in the heart (Goll et al., 2008; Canton et al.,
2011; Hoffman et al., 2001; Reviewed in Clark et al., 2002; Kerkela and Force, 2006).
Rho V is a member of the Rho GTPase family of small GTP-binding proteins involved
in cytoskeleton organization, migration and transcription (Bustelo et al., 2007; Hall,
1998). Rho V was observed to play a role in the reorganization of the actin cytoskeleton
via JNK activation but it is still poorly understood (Aronheim et al., 1998). RhoA which
is from the same family of RhoV is known to interact with MS1 in the cytoplasm to
facilitate SRF signalling (Kuwahara et al., 2005). Unfortunately, RhoV was only
identified once in the binding assays and there is no evidence that it is found in the heart
(Aronheim et al., 1998).

The myofibrillar proteins identified are localized in the same region of the sarcomere as
MS1. MS1 is found localized in the I-band, z-disk and to a lesser extent the M-line
(Arai et al., 2002). The proteins actin, tropomyosin and the troponin complex are found
within the thin filaments of the sarcomere in the I-band region, while myosin and
myosin LC2 is found within the A-band of the sarcomere (Fauci et al., 1998; Seidman
and Seidman, 2001, Kruger and Linke, 2011). The interaction between myosin and actin
IS necessary for movement. In order to give an idea of how all these proteins are in

complex, figure 4.18 shows the arrangement of the proteins within the sarcomere.
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Figure 4.18: Organization of the myofibrillar proteins within the sarcomere
The thin filaments are made up of actin, a-tropomyosin, and the troponin complex (I, C and T).
The proteins within the thin filaments are also known as regulatory proteins. In their
arrangement in the sarcomere, tropomyosin is found along the length of actin. The proteins in
the troponin complex have different functions; Troponin | inhibits myosin binding to actin,
troponin C is the calcium binding component and Troponin T binds to tropomyosin which
allows the entire troponin complex to bind. The thick filaments consist of myosin and myosin
LC2. Myosin binds to actin to facilitate movement. (Figure adapted from Kamisago et al.,

2000).
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Myosin was identified in the binding assays with GST N-terminal tandem (1-196 a.a) as
the bait protein, however myosin was not present in any of the binding assays using

MS1 C-terminal tandem. The presence of myosin might have influenced actin being
pulled out from the mouse heart extract in the binding assays. This led to further
investigation, to determine whether separation of actin and myosin from each other
confirms whether these proteins are direct interacting proteins or whether they are
binding as a result of the presence of one protein, which has bound to the others as a

complex and not individually to MS1.

4.4.2. Comparison between Extracts made in Guba-Straub Buffer and Triton Lysis
buffer

Binding assays were carried out using extract prepared with Guba-Straub buffer. Guba-
straub buffer is commonly used to allow for the dissociation of actin and myosin. The
addition of high concentrations of salts and phosphate to an actin-myosin complex,
leads to the dissociation of myosin from actin (First discovered by Straub, 1942; Barany
and Barany, 2003). The result observed in Figure 4.16 did not show that there was a
difference with binding assays using Guba-Straub buffer. It could be clearly seen that
the extract which used the mouse heart extract made with the Guba-Straub buffer,
showed the presence of myosin present in the binding assay using MS1 C-terminal
tandem protein. This was never observed in previous experiments using extracts
prepared in triton lysis buffer. Another theory as a result of myosin binding to C-
terminal tandem in the presence of Guba-Straub buffer was; the dissociation of actin
from myosin could have caused a conformational change in myosin that allowed for
binding to the C-terminus. Therefore a control was necessary to ensure dissociation
between the two proteins should be included (comparisons should be made with and
without ATP). The presence of ATP dissociates myosin from actin, however when ATP
is hydrolysed actin and myosin rebind (Szent-Gyorgyi, 2004). The results for N-
terminal tandem (1-196 a.a.) showed that myosin and actin were still pulled out from
the binding assay. A possible explanation is that actin and myosin are separated, myosin
binds independently and actin may remain in complex with tropomyosin and the
troponin complex. In the myofibril the protein are bound to each other in a complex,
where there is a troponin-tropomyosin-actin-myosin arrangement (Smith, 2007).

A new approach was taken to look at the binding of these proteins and to confirm

interactions between them and the bait proteins. The use of an in vitro co-sedimentation
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assay would be useful to determine whether actin is binding directly with the bait
protein GST-MSL1 or whether these proteins need to bind in complex.

4.4.3. In vitro Co-sedimentation Assay to determine Actin Binding

The results confirmed C-terminal tandem is binding directly to the actin, which was
known before. More importantly this confirmed the experiment itself was working
efficiently. The focus in this case was the N-terminus of MS1 as there are no reports of
actin binding activity or an actin binding site in the N-terminus. The results from the
assay showed that although there was co-sedimentation of MS1 protein with actin, there
was a small amount of the N-terminal tandem protein seen in the pellet when
centrifuged at the high speed on its own. The experiment was repeated three times and
each time there was a small amount of protein in the pellet, however only once was it
seen that there seemed to be more protein with the presence of actin. The experiment
had certain limitations since the GST-MS1 N-terminal tandem protein precipitated
during centrifugation at high speed, which made it hard to analyse the results for this
particular protein. This could have been due to the choice of buffer used for the co-
sedimentation assay was not compatible with the proteins or the salt concentration
resulted in obstruction of the proteins binding (Srivastava and Barber, 2008).

Testing the interactions via co-immuoprecipitation could have been another method for
confirming these interactions, however due to time constraints this proved to be
problematic. Experiments were carried out using the purified proteins individually in
binding assays to confirm their binding to MS1. However this proved to be a problem in
terms of getting the purified proteins to bind; possibly because individual protein
requires the presence of the other proteins for interactions to occur. The conditions of
the heart in vivo may have proteins which are phosphorylated and also working together
in a complex. Whereas in vitro, these conditions are not the same using the purified
proteins, which are in a buffer which does not mimic in vivo conditions well.

It is possible that the proteins pulled from the binding assay, bind weakly and may not
be detected or become detached during the wash steps as the washes were quite
stringent to avoid any nonspecific binding of the proteins. It can be assumed that the
bands seen from the binding assays are strongly interacting proteins given the
stringency of the washes. Another approach using extract from stressed hearts with the

bait proteins would be of interest, since MS1 is known to be a stress responsive protein.
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Despite the limitations encountered during these experiments, the proteins identified
could be genuine interactions, given the location of the proteins in proximity to MS1
and their functions. MS1 is implicated in movement such as eccentric and concentric
exercise (MacNeil et al., 2010; Russel A.P, 2010; Vissing et al., 2013). Myofibrillar
proteins are responsible for muscle contraction and cardiac contraction (Cooper, 2000;
Behrmann et al., 2012; King, 2014). MS1 is thought to act as a mechanosensor where
extracellular stress that leads to intracellular signals results in a link to contractile
function within the muscle through MS1 (Reviewed in Wallace et al., 2012). The
myofibrillar proteins are well involved in diseases of the cardiac and skeletal muscle
where mutations in actin, myosin and tropomyosin can lead to serious conditions such
as cardiac hypertrophy and heart failure (Seidman and Seidman, 2001; Canton et al.,
2011; Robinson et al., 2006; Yamada et al., 2005).

The myofibrillar proteins; actin and myosin may bind to MS1 while they are in
complex. The C-terminus of MS1 binds actin which is connected to myosin and the tail
of myosin could bind to the N-terminus of MS1, since actin interacts with myosin via
the myosin head (Lodish et al., 2000). A protein known to bind to actin and myosin
while they are in complex is the myosin binding protein C (MyBP-C), where it acts as a
bridge between the thick and thin filaments, binding to myosin at the C-terminal end
and actin at the N-terminal region (Luther et al., 2011; Shaffer et al., 2009; Kensler et
al., 2011).

These potential interacting proteins are of particular interest and should be further
investigated, since they might provide further insight into MS1 in cardiac function.
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Chapter 5. Investigation of MS1 as a Potential substrate of MAPKSs

5.1. Introduction

MSL1 is implicated in many roles within the cardiac and skeletal muscle, where it is
involved in early stages of cardiac hypertrophy, myogenic differentiation, proliferation,
regulation of skeletal muscle and actin dynamics (Reviewed in Wallace et al., 2012;
Lamon et al., 2014). The C-terminus of MS1 has been the main focus of research since
there are two actin binding domains present, which facilitate the involvement of MS1 in
the SRF signalling pathway (Fogl et al., 2011). MS1 co-precipitates with ABLIM
proteins and is thought to play a role in strengthening its ability to bind to the
sarcomere, which substantiates the role MS1 plays in the downstream signalling in the
muscle (Barrientos et al.,2007). The localization of MS1 in cells is seen predominantly
in the cytosol; however, recent studies have shown that MS1 binds to DNA and can be
found within the nucleus, but the ability for MS1 to translocate to the nucleus or what
function it plays is unclear (Fogl, Unpublished data; Wallace et al., 2011).

Increased MS1 expression leads to the transcriptional activation of SRF in the nucleus
via polymerization of actin within the cytosol (Arai et al.,, 2002). MS1 acts
independently or in association with the Rho GTPase, Rho A to facilitate this process
(Arai et al., 2002 and Kuwahara et al., 2005). The exact mechanism which allows MS1
and Rho A to interact is not known. This raises many questions as potentially how MS1
and Rho A interact during the intracellular signalling pathway and the different
processes within the muscle tissue that allows for the expression of muscle specific
genes. The MAPK signalling cascade also plays an active role in the transcriptional
activation of SRF within the nucleus by phosphorylation of ternary complex factors
(TCFs) which are a subclass of Ets-type co-factors (Buchwalter et al.,2004). The
subfamily of the MAPKSs, the stress activated kinases (SAPKs) JNK and p38 have been
well studied in their roles in hypertrophy, environmental stress, pathological
remodelling within the cardiac and skeletal muscle (Gertis et al., 2007 and Rose et al.,
2010). The MAP kinase ERK is known to be heavily involved in some aspects of
cardiac development which would explain the role it plays in myogenesis and pathology
such as many diseases of the heart. An example is hypertrophic signalling within
cardiac muscle by activating the PI3K pathway and Rho signalling pathway upstream
(Reviewed in Rose et al., 2010).
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Post-translational modification by phosphorylation is used in signal transduction and
important to determine the molecular mechanism of how proteins are activated. This
type of modification allows for the control of many cellular processes such as growth,
differentiation, motility, membrane transport and metabolism (Manning et al., 2002).
MS1 is found within the sarcomere, where proteins located in the z-disk are
phosphorylated by ERK upon its activation, to facilitate the expression of muscle
specific genes which are controlled by SRF (Carnac et al., 1998). MS1 is heavily
involved in actin dynamics and skeletal muscle regulation (Reviewed by Lamon et
al.,2014). To date there is no published data associated with the functional activity of
the N-terminus of MS1. MS1 is not known to have any kinase activity or known to be a
downstream substrate for MAPK proteins or any other kinases.

Analysis of the protein sequence of MS1/STARS shows three potential phosphorylation
sites which display a characteristic motif for phosphorylation by the SAPKS, p38 and
JNK. The motifs characteristic to phosphorylation by the MAPKs are Pro-X-
threonine/Serine motifs which are followed by an extra proline in some cases; located in
the -2 position relative to ser/thr in proteins targeted for substrate phosphorylation
(Cargnello et al., 2011; Rose et al., 2010). Previous experiments in the lab showed that
MS1 mRNA expression was decreased with the use of JNK inhibitor SP600125 during
simulated ischaemia/ reperfusion injury. This decrease in mMRNA expression was not
seen with the use of ERK and p38 inhibitors (Hay., 2009).

5.2. Aims of this Chapter

We wanted to determine whether the motif present at the N-terminal region of MS1
could be a potential substrate of MAPKs JNK, p38 and ERK. This would help to
determine what signalling pathways regulate MS1, as it is unclear the upstream targets
of MS1.
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5.3. Results

5.3.1. Potential phosphorylation sites of MS1/STARS at the N-terminal region of
the protein.

Analysis of the protein sequence of MS1 revealed three potential sites which have a
motif characteristic of MAPK/SAPK substrate phosphorylation. The potential sites are
located at the N-terminal region of MS1 at residues Thr62, Ser77 and Ser150 (Figure
5.1). Based on sequence alignments using sequences from different species, amino acid
Ser150 is conserved in the rat, mouse, pig and human (Figure 5.2). In order to carry out
this investigation a radioactive in vitro kinase assay was performed in order to
determine whether or not MS1 could potentially act as a substrate for any of the
MAPKSs, JNK, p38 or ERK.

To test whether MS1 is a substrate for the MAPKs, we used HEK-293, Human
Embryonic Kidney cells to facilitate the overexpression of the kinases to be used in
immune-complex kinase assays. Plasmids which encoded the MAPKs HA-ERK, HA-
JNK and Flag-p38 were transfected into HEK-293 cells. The cells were subjected to 0.5
M sorbitol treatments to induce activation of p38 and JNK or 1 uM PMA to induce
activation of ERK,

MS1 proteins which were bacterially expressed and purified as discussed in Chapter 4
and used as substrates for the activated MAPKs (Figure 5.3). Three of the constructs
were used in these phosphorylation assays. MSD1 (Myocyte stress Domain 1) protein,
which is the N-terminus of MS1 (residues 2-118 aa) is 17.9 kDa with a His-tag. This
domain has two of the three amino acid residues predicted to be phosphorylated (Thr62
and Ser77). The N-terminal tandem construct, which covers the amino acid residues 1-
196 (Fig. 5.3) is fused to GST at the N-terminus is a 54 kDa fusion protein. This has the
first domains, MSD1 (2-118 aa) and MSD2 (40-196 aa). The sequence of this construct
covers all three of the predicted phosphorylation sites, Thr62, Ser77 and Ser150. The C-
terminus of MS1 was used as a negative control, which is referred to as C-terminal
tandem (193-375 aa). The construct used had a His-tag fused to the N-terminus. The
amino acid residues covered in this construct is between 193-375 aa and has two of

actin binding domains ABD1 and ABD2. Another negative control used was the
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Figure 5.1: Potential phosphorylation sites within the N-terminal region of MS1 within
MSD1 and MSD2 domains,

A. Schematic representations showing the sequence of MS1 (1-375 a.a) and the position of
predicted phosphorylation sites Thr 62, Ser 77 and Ser 150 at the N-terminus. B. The full
protein sequence of Rat MS1 showing the highlighted motifs in red which are for MAPK
substrate phosphorylation by JNK and p38.
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Figure 5.2: An Alignment using Clustalw showing the N-terminus of MS1 where one of the predicted phosphorylation motif is conserved in 4
different species

The alignment which was done using MS1 from pig, rat, mouse and human shows that T62 (underlined in black) is not conserved throughout the
species however, S77 is conserved in rat, mouse and pig which is grouped by the black box. In human, there is an upstream SP present which is circled.
S150 is seen conserved in all species which is grouped by the red box. Above the species are; Q8K4K7 — Rat, B5SNZ6.1-Pig, Q8BUZ1.1- Mouse and
AAM2768.1- Human.
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Figure 5.3: Protein fragments which were used in the in vitro phosphorylation assays
Above shows the coverage of each protein fragment with the positions of their phosphorylation sites where C-terminal tandem and MSD1 are His-

tagged, while N-terminal tandem is GST-tagged
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recombinant protein GST, which would confirm any phosphorylation observed in the
case of GST-MS1, was specific to the MS1 protein and not the GST tag.

5.3.2. Activation of transfected and endogenous MAPKS: JNK, p38 and ERK
HEK?293 cells were plated onto 10cm dishes and grown to 85-90% confluency before
being transfected with plasmids expressing, either HA-ERK, HA-JNK or Flag-p38.
After transfection, cells were placed in culture medium 24 hr post transfection and then
serum starved for 16 hr. The cells were then either left untreated or subjected to
treatment with 0.5 M sorbitol for 30 min, to induce osmotic shock to activate JNK and
p38 or phorbol 12-myristate 13-acetate PMA (1 pM) for 30 min to activate ERK.
Sorbitol treatment was chosen because it has been widely used in order to activate
predominantly JNK and p38 (Kayali et al., 2000). PMA is a very strong hypertrophic
agonist which is known to activate the PKC pathway, which leads to the activation of
ERK (Keshari et al., 2013). Cell lysates were prepared and a sample was analysed by
western blotting to confirm that the kinases were successfully transfected and
phosphorylated. The remaining lysates were then used for in vitro phosphorylation
assays.

The cell lysates were run on a 12 % SDS-PAGE gel and western blots were probed with
an anti phospho-JNK antibody (1:1000) (Figure 5.4A). Sorbitol treatment resulted in
phosphorylation of endogenous and overexpressed JNK which showed bands at
approximately 54 and 44 kDa and represents JNK1 and 2 (Figure 5.4A). Western blots
were also done with anti-JNK antibody to detect total JNK in order to ensure the same
levels were loaded and the apparent activation of the JNK and transfected JNK is not
due to unequal loading. It should be noted that the bands which are also seen in figure
5.4A in lanes 2 and 6 are endogenous phospho-JNK and the additional band present in
lane 4 is overexpressed phospho-JNK. The activation of phospho-p38 was also
successful as indicated by an increase in intensity of the band detected with the anti-
phospho-p38 antibody seen in figure 5.4B. To confirm cells were successfully
transfected with pCDNA3-Flag-p38, blots were probed with anti-FLAG antibodies as
seen in figure 5.4B, which shows a band of ~38 kDa present in the lanes where lysates
from cells transfected with FLAG-p38 were present. Transfected cells with constructs
encoding FLAG-p38 showed an increase in p38 phosphorylation following sorbitol
treatment, although the untransfected cells, showed less phosphorylation in lane 2,

activation of phospho-p38 was seen in lanes 4 and 6 (Figure 5.4B).
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Figure 5.4: Western blot to determine phosphorylation of kinases: JNK, p38 and ERK.
HEK?293 cells were transiently transfected with 10 pug of HA-JNK, Flag-p38 or HA-ERK DNA
constructs before the cells were treated with a stimulus of either sorbitol (0.5 M) or PMA (1
uM) for 30 min. After treatments, cells were lysed and proteins were immunoprecipitated. A
sample of lysate was run on an SDS-PAGE gel and subjected to western blotting using
phospho-specific antibodies as indicated or antibodies detecting the specific MAPKS.
Remaining samples were used for in vitro phosphorylation assays
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There was successful overexpression and activation of ERK, which was confirmed by
western blot analysis using anti-phospho ERK 44/42 as a result of cells subjected to
PMA treatment (Figure 5.4C). Although, the cells in lanes 2,4 and 6 were not treated
with PMA but with 0.5 M sorbitol, this resulted in endogenous sorbitol activation of
ERK. Sorbitol treatment was shown previously to activate ERK via MAP3K which is
responsible for activating JNK and p38 during osmotic stress (Fusello et al,. 2006;
Petrich et al., 2011 and Kayali et al,. 2000). PMA promoted a large increase in intensity
of the band detected with anti-phospho ERK antibody (Figure 5.4C).

The lysates which were made from cells transfected with pcDNA3-Flag-p38 were
subjected to immunoprecipitation of p38 using anti-Flag antibody and both lysates and
immunoprecipitates were run on a SDS-PAGE gel, then western blotted using anti-
FLAG antibodies against the tag. The Flag-tag of p38 was detected as seen in figure 5.5
in both the treated and untreated samples while the immunoprecipitates from cells
which were either untreated or treated with sorbitol, confirmed that the overexpressed
protein was immunoprecipitated with the protein G-sepharose antibody bound beads as
seen in figure 5.5 lanes 7 and 8. Lanes 5 and 6 were the negative controls which were
the lysates from untransfected cells added to protein G sepharose beads with anti-Flag
antibody bound to it. These lanes did not show any presence of the Flag-tagged p38
protein which was predicted to be ~38 kDa. Bands at approximately 50 and 25 kDa seen
in the IP samples correspond to heavy chain and light chain IgG bands (Figure 5.5).
Lysates were also analysed by western blotting using anti-HA antibody to confirm the
successful transfection of HA tagged proteins JNK and ERK (Figure 5.6). Bands
corresponding to HA-JNK and HA-ERK are seen in samples from transfected cells
which had HA-tagged JNK (lanes 3-6) and lysates from cells transfected with pcDNA3-
HA tagged ERK (lanes 7 and 8) which is slightly smaller in molecular weight (Fig. 5.6).
These experiments confirmed that HEK-293 cells, were successfully transfected with
the proteins to be used as imuunoprecipitates for in vitro kinase assays and confirmation
that all MAPKs were phosphorylated; which were identified by antibodies to detect

their tags and overexpression at the correct size.
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Figure 5.5: Western blot analysis of HEK293 cell lysates and immunoprecipitates from cells transfected wit Flag-p38

HEK 293 cells were transfected with 8 pg of pCMV-Flag-p38 DNA. 24 hr post transfection, cells were stimulated with 0.5 M sorbitol for 30 min or left
untreated. After treatments cell lysates were prepared, centrifuged and supernatants immuoprecipitated with anti Flag-antibody. Immunoprecipitates
were loaded onto a 12 % gel. Lanes 1-4 are cell lysates which were either treated (+) or untreated (-) with sorbitol with 1-2 being non-transfected cells

and 3-4 were cells transfected with Flag-p38.
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Figure 5.6: Western Blot analysis of HEK293 cell lysates from HEK293 cells transfected with either HA-JNK or HA-ERK.

HEK 293 cells were transfected with either 8 ug of HA-JNK or HA-ERK DNA for 24 hr and then serum starved for 16 hr before treated with either
sorbitol (0.5 M) or PMA (1 uM) for activation of JNK and ERK for 30 min. Cell extracts were prepared, centrifuged and run on a SDS-PAGE gel and
western blotted with anti-HA antibodies to ensure that the cells were successfully transfected in order to be used for in vitro kinase assay.
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5.3.3. In vitro phosphorylation assay to determine whether activated ERK can
phosphorylate MS1

To determine whether or not MS1 could be a potential substrate of ERK in vitro
phosphorylation assays were performed. HEK293 cells transfected with a construct HA-
ERK were treated with PMA or left untreated. HA-ERK was immunoprecipitated with
anti-HA antibody and in vitro phosphorylation assays were performed using three
different MS1 protein fragments which were mentioned in section 5.3.1. It should be
mentioned that these constructs together would cover the entire length of MS1, however
the main emphasis of this study is placed on the N-terminus. Substrate phosphorylation
of these fragments was compared with myelin basic protein (MBP), which is a known
substrate of ERK and was used as a positive control to confirm ERK activation.

The results in figure 5.7 show phosphorylation of MSD1 in both the treated and
untreated samples, however the sample which has been treated to activate ERK
increased by 1.8 fold relative to the untreated. The other purified protein N-terminal
tandem (1-196 aa) was not phosphorylated even though it has the same residues as
MSD1 (2-118 aa). The N-terminal tandem (1-196 aa), protein had comparable levels of
phosphorylation when compared with the purified GST protein. In relation to the level
of phosphorylation of MBP, which is a known substrate of activated ERK it could be
seen that it was almost twice as high in the stimulated sampled than the unstimulated
sample.

The GST-MS1 (1-196 aa) was not phosphorylated by ERK, even with all three of the
predicted residues present within the construct, however MSD1 was seen to be
phosphorylated. Experiments of the immunoprecipitated in vitro kinase assays were
repeated using MSD1 (2-118 aa), c-terminal tandem (193-375 aa) and the MBP protein.
Based on the results in Figure 5.8, it could be seen that in the untreated (-) lane where
MSD1 was added there was basal phosphorylation but in the treated (+) sample in
comparison to the positive control of MBP phosphorylation half the amount of the
positive control (Figure 5.8B). Phosphorylation of MS1 following stimulus was

approximately 50% of the lane seen with MSDL.
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Figure 5.7: In Vitro phosphorylation assay showing substrate phosphorylation by activated ERK

A. HEK?293 cells which were transiently transfected with HA-ERK (8 ug) for 24 hr and then serum starved for 16 hr were either left
untreated or treated with PMA 1uM for 30 min. Lysates were made and immunoprecipitated with anti HA-antibodies. In vitro
phosphorylation assays were performed using the indicated proteins as substrates. The samples were then analyzed on SDS-PAGE gel,
coomassie stained and subjected to autoradiography (32P). Molecular weights (kDa) are seen on the left. B. The amount of phosphorylation
of each of the proteins was analyzed using a phosphorimager and the phosphorylation of the proteins was calculated relative to the
phosphorylation of positive control MBP.

158



MSD1 C-term MBP
M.W (2-118) (193-375)
(kDa) + - + - + 120
L B v
Z 36 2 & 100 -
g 29 —> =
S 24U —> z
© T 80 -
20 —> = E
—— ~= “—5‘-5 60 - H Untreated
- Q@
a5 s s B PMA (1M)
& 36 —> .:. 40 -
E 29 —> E
S 4 —> Z 20 -
g 20 —> o
= .__. 0 -
MSD1 C-TERM MBP

Figure 5.8: In Vitro phosphorylation assay showing substrate phosphorylation by activated ERK .

A. HEK293 cells which were transiently transfected with HA-ERK (8ug) for 24 hrs and then serum starved for 16 hrs were either left untreated or
treated with PMA 1uM. Lysates were made and immunoprecipitated with anti HA-antibodies.In vitro kinase assays were performed using the indicated
proteins and substrates above. The samples were then analyzed on SDS-PAGE gel, coomassie stained and subjected to autoradiography. Molecular
weights (kDa) indicated. B. The amount of phosphorylation of each of the proteins was analyzed using a phosphorimager and the phosphorylation of
the proteins was calculated relative to the phosphorylation of positive control MBP. The data represents the mean of three separate experiments.
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5.3.4. In vitro phosphorylation assays of immunoprecipitated p38 to determine
phosphorylation of MS1 as a potential substrate

In vitro phosphorylation assays, using immunoprecipitated p38 were done to determine
whether activated p38 leads to phosphorylaion of N-terminal MS1 fragments. HEK293
cells which were transiently transfected with pcDNA-Flag-p38 were either left
untreated or treated with 0.5 M sorbitol. The cell lysates were prepared and FLAG-p38
was immunoprecipitated with anti-FLAG antibody. In vitro phosphorylation assays
were performed using MS1 proteins as previously mentioned (Section 5.3.1) and
positive control, GST-ATF2 as substrates.

Results from the assay showed that N-terminal tandem (1-196 aa) was not
phosphorylated by p38. However, recombinant MSD1 (2-118 aa) protein had a high
level of phosphorylation in this experiment, in both the treated and untreated samples
when compared with the positive control GST-ATF2 (Figure 5.9). This again raised
concern as to why there was evidence of phosphorylation seen for MSD1 (2-118 aa)
samples and not the N-terminal tandem (1-196 aa) in the presence of activated p38.
When the results of 3 independent experiments were quantified, the amount of
phosphorylation by activated p38 on MSD1 is 50% less than the positive control, ATF2
(Figure 5.10). In this phosphorylation assay the C-terminus (193-375 aa) was used as a

negative control as seen in Figure 5.10, and did not show any phosphorylation activity.

5.35.In vitro phosphorylation assays to determine if phosphorylated
immunoprecipitated JNK can lead to substrate phosphorylation of MS1.

The final MAPK to be investigated was the C-Jun N-terminal kinase (JNK). HEK293
cells were transfected with HA-JNK and were either left untreated or treated with
sorbitol. Lysates were immunoprecipitated with anti-HA antibody and added to the
different substrates for the in vitro phosphorylation assay. Strikingly, Figure 5.11A
shows that there was phosphorylation of the MSD1 and N-terminal tandem upon
activation of JNK. There was more phosphorylation observed in the MSD1 (2-118 aa)
protein than N-terminal tandem (1-196 aa) when quantified (Figure 5.11B).
Phosphorylation of N-terminal tandem was observed when JNK was phosphorylated,
but not when the other MAPKS, ERK and p38 were phosphorylated. Phosphorylation of

MSD1 was greater than the positive control substrate, c-jun (Figure 5.11). The negative
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Figure 5.9: In Vitro phosphorylation assay showing substrate phosphorylation by p38

A. HEK293 cells which were transiently transfected with Flag-p38 (8 pg) for 24 hr and then serum starved for 16 hr were either left untreated or treated
with 0.5 M sorbitol. Lysates were immunoprecipitated with anti Flag-antibodies. Phosphorylation assays were performed using MSD1 (2-118) and MS1
(193-375) as a negative control, GST-ATF2 was the positive control. After, the reaction was stopped, samples were boiled at 100 °C. The samples were
then analyzed on an SDS-PAGE gel, coomassie stained and subjected to analysis via the Phosphorimager (*P). Molecular weights (kDa) are seen on the
left. B. The amount of phosphorylation of each of the proteins was analyzed using a phosphorimager and the phosphorylation of the proteins was
calculated relative to the phosphorylation of positive control GST-ATF2.
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Figure 5.10: In Vitro phosphorylation assay showing substrate phosphorylation by p38 .

A. HEK293 cells were transiently transfected with Flag-p38 (8 jg) for 24 hr and then serum starved for 16 hr were either left untreated or treated with
0.5 M sorbitol. Lysates were made and immunoprecipitated with anti Flag-antibodies. Phosphorylatiom assays were performed using MSD1 as a
substrate., C-term tandem was used as a negative control and GST-ATF as a positive control. After the reaction was stopped, samples were boiled at
100 °C. The samples were then analyzed on SDS-PAGE gel which was coomassie stained and subjected to analysis by Phosphorimager (*P). Molecular
weights (kDa) are seen on the left. B. The amount of phosphorylation to each of the proteins was analyzed using a phosphorimager and the
phosphorylation of the proteins was calculated relative to the phosphorylation of positive control ATF2. Quntification was done using imagequant and
the data represents the mean () SEM of three separate experiments n=3.
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Figure 5.11: In Vitro phosphorylation assay showing substrate phosphorylation by JINK.

A. HEK293 cells which were transiently transfected with HA-JNK (8ug) for 24 hrs and then serum starved for 16 hrs were either left untreated or
treated with 0.5M sorbitol. Lysates were immunoprecipitated with anti Flag-antibodies. Phosphorylation assays were performed using MSD1, N-
terminal tandem as substrate and GST as a negative control and c-jun as a positive control. After, the reaction was stopped, samples were boiled at
100°C. The samples were then analyzed on an SDS-PAGE gel, coomassie stained and subjected to autoradiography (*?P). Molecular weights (kDa) are
seen on the left. B. The amount of phosphorylation to each of the proteins was analyzed using a phosphorimager and the phosphorylation of the
proteins was relative to the phosphorylation of positive control c-jun.
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control, GST, was not phosphorylated by activated JNK, which shows that the tag was
not the cause of phosphorylation, of the GST tagged N-terminal tandem protein.

Since N-terminal tandem protein (GST-MS1 1-196) did not show additional
phosphorylation compared to MSD1 (2-118 aa) the His- tagged MSD1 protein was used
for all subsequent phosphorylation assays. In vitro phosphorylation assays were
repeated three times using MSD1 and the C-terminal fragment (193-375 aa) as a
negative control. Based on the results in figure 5.12A and 5.12B the level of
phosphorylation of the MSD1 protein increased by over 4 fold compared with the
untreated sample.

5.3.6. Mass Spectrometry analysis to identify phosphorylation sites in the N-
terminus of MS1 using MSD1 (2-118)

5.3.6.1. Unlabelled in vitro kinase assay using immunoprecipitated MAPKs: HA-
JNK, Flag-p38 and HA-ERK

We wanted to investigate the potential phosphorylation sites which were observed at the
N-terminus. Having shown that MS1 can be phosphorylated in the region 2-118 aa by
JNK and to a lesser extent ERK and p38 we wanted to identify the sites.

Unlabelled in vitro phosphorylation was performed using HEK293 cells transfected
with the MAPKSs Flag-p38, HA-JNK and HA-ERK and then treated with either sorbitol
or PMA in order to activate them. The cells were lysed and the lysates were then added
to protein G-sepharose beads which either had the antibodies anti-HA or anti-FLAG
antibodies bound to them. Samples were then left to bind at 4 °C for 3 hr. The beads
with immunoprecipitated kinases were incubated with ATP and appropriate substrates,
which were then analyzed by SDS-PAGE and sent for mass spectrometry analysis.

A band shift of MSD1 was clearly observed in the presence of activated JNK which was
treated with 0.5 M sorbitol (Figure 5.13). This shift was not seen when the other kinases
p38 and ERK were activated (Figure 5.14A and 5.14B). This evidence supports the
hypothesis that there could be one or more phosphorylation sites present for this to
occur. Samples of each band were removed from the gels and analysed by mass

spectrometry (Figure 5.13 and 5.14).
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Figure 5.12: In Vitro phosphorylation assay showing substrate phosphorylation by activated JNK .

A. Lysates were made from HEK293 cells which were transiently transfected with HA-IJNK (8 ug) for 24 hr and then serum starved for 16 hrs were
either left untreated or treated with 0.5 M sorbitol. They were immunoprecipitated with anti Flag-antibodies. Phosphorylation assays were performed
using MSD1 protein as a substrate, c-terminal tandem as a negative control and c-jun as a positive control. After, the reaction was stopped, samples
were boiled at 100°C. The samples were then analyzed on an SDS-PAGE gel, coomassie stained and Phosphorimager (**P). Molecular weights (kDa)
are seen on the left. B. The amount of phosphorylation on each of the proteins was analyzed using phosphorimager and the phosphorylation of the

proteins were relative to the phosphorylation of positive control c-jun. Quantification was done using imagequant and the data represents the mean ()
SEM of three separate experiments n=3.
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Figure 5.13: Unlabelled In vitro kinase Assay using activated JNK for substrate
phosphorylation.

HEK?293 cells were plated out on a 10 cm dish and transfected with 8 pg of plasmid DNA of
HA-INK. After 24 hr of transfection, cells were serum starved and subjected to either sorbitol
(0.5 M) for 30 min. After cell extracts were made with 1X TLB and left to tumble for 3 hr with
protein G sepharose beads bound with anti-HA antibody. Supernatants were removed and beads
were washed to remove any unbound proteins and finally in kinase assay buffer. To the beads
purified proteins and cold ATP (75 uM) was added to the samples which were treated or
untreated. Samples were then left to incubate, then 3X sample buffer was added and the samples
were heated for 5 min at 100 *C and then run on a 15 % SDS-PAGE gel. Gel was stained with
coomassie and sent for mass spectrometry.
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Figure 5.14: Unlabelled In vitro kinase Assay using activated MAPKs for substrate
phosphorylation.

HEK?293 cells were plated out on a 10cm dish and transfected with 8ug of plasmid DNA of
Flag-p38 and HA-ERK. Cells were subjected to either 0.5M sorbitol (A) or 1 uM PMA (B) for
30 min or left untreated, post-transfection. Proteins were immunoprecipitated. Beads were
washed 3 times with 1X TLB and once with kinase assay buffer. To the beads purified proteins
and cold ATP (75 uM) were added. Samples were then left to incubate at 4 C for 2hrs. 3X
sample buffer was added and the samples were heated for 5 min at 100 * C and then ran on a
SDS-PAGE gel 15%, which were stained with coomassie and sent for Mass spectrometry.
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5.3.6.2. Identification of phosphorylation sites in N-terminus of MS1 using MSD1
(2-118)

The coomassie stained gels discussed in section 5.3.6.1 (Figure 5.13 and 5.14) were
taken for phosphopeptide mapping analysis. The bands were excised and digested with
trypsin and placed in the LTQ-Orbitrap mass spectrometer. The program, MASCOT
was used to analyse the results. Digested peptides were separated by high pressure
liquid chromatography (HPLC) where ions are converted to cations by electron removal
and then sorted according to mass-to-charge ratio m/z. This is measured in order to
produce a spectrum (Wysocki et al., 2005). The results of the phospho-mapping
confirmed that there were residues in MS1, which were phosphorylated by the MAPKs
(Figure 5.15). The residues which were identified in the MSD1 samples that are
phosphorylated were Thr24, Thr62 and Ser77. Phosphorylation of Thr24 was seen in all
of the treated and untreated samples by all three of the kinases. However Thr62
phosphorylation was only observed in HA-JNK kinase assays, but was phosphorylated
in precipitates from sorbitol treated and untreated cells. Unfortunately, the ion scoring
of Ser77 residue was quite low. Although phosphorylation of Ser77 did occur the
peptides were too small to bind to the HPLC column which results in insufficient
recovery of the phosphorylated peptides.

5.3.7. Site-Directed Mutagenesis of MS1 residues Thr62 and Ser77

The next step was to carry out site directed mutagenesis of the specific sites of interest
to determine whether they are necessary for phosphorylation by the activated kinase
JNK. It was not necessary to continue with using the other kinases p38 and ERK as
Ser77 was not identified as a phophorylation site in these samples.

Thr62 and Ser77 were individually mutated to an alanine in order to generate a non-
phosphorylatable version of the constructs. Mutations were also made to convert Thr62
to Glu, and Ser77 to Asp. The Glu and Asp mimic phosphorylation at threonine and
serine sites respectively. Two different parental templates were used in order to carry
out site directed mutagenesis which was the first domain MSD1 (2-118 aa) for in vitro
kinase assays and Flag-MS1 (which is full length MS1) for transfections of mammalian
cells in order to carry out in vivo cell biology techniques such as immunofluorescence

microscopy.

168



A Peptide Sequence Phosphorylated
Residue
KRA[pT]LVINLAR.G Thr 24
R QAQEPAGWLPGATQDLPH[pT|PK.E | Thr62
R QHAPKPP[pS|PKPDGDR.E Ser 77

Sequence Coverage: 74%
Matched peptides shownin Bold Red
1 MAPGETEREA GPAKSALQKYV RRATLVINLARGWQQWANEN STRQAQEPAG
S1IWLPGATQDLP HTPKEPGPRQ HAPKPPSPKP DGDREGRGSE EATEVSHIKR
101 KEVTRTVVSK AYERGGDV

Figure 5.15: Phospho-mapping of the amino acid residues: Amino acids highlighted in red were confirmed to be phosphorylated in Table

above.
A. Derived MS data summarized as a list of the three phosphorylated peptides found in the sample from in vitro phosphorylation assay and the specified
phosphorylated residues. B. Protein sequence coverage of the N-terminal region of MS1 which is high lighted in red.
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Following mutagenesis, plasmids were sequenced to ensure the correct alteration was
made. Western blot analysis was done to ensure the protein was expressed with the His-
tag at the correct size. This was done using either the anti-His antibody (1:1000 dil) to
test the bacterial lysates as seen in Figure 5.16, while the Flag-MS1 (full length)
mutants which would be used for in vivo studies were expressed in HEK293 cells and
checked using MS1 antibody (Figure 5.17). This antibody used was a gift from Dr.
Mark Pfuhl’s laboratory which used the C-terminal end of the protein to make the
antibody.

5.3.8. MS1 mutants with mutation at Threonine 62 are not phosphorylated

Having confirmed the correct sequence of the MSD1 mutants and purified each of these
proteins. They were then western blotted with appropriate antibodies to determine
whether they were the correct size and had their tags. In vitro kinase assays were
performed with four different mutants to determine whether they still acted as substrates
for INK (Figure 5.18).

HA-IJNK was transfected in HEK293 cells as previously described and cells were
treated with 0.5 M sorbitol in order to activate JNK. Immunoprecipitation and
phosphorylation of the recombinant proteins were carried out using various His-tagged
MSD1 (2-118 aa) mutants, wild-type, C-terminal tandem as the negative control and
GST-c-Jun as the positive control in this experiment. Following termination of the
reactions, the samples were then analyzed on SDS-PAGE gels which were coomassie
stained and analysed using an autoradiograph and exposure to film. It was seen that the
mutation of MSD1 at Thr62 to alanine or glutamic acid prevented phosphorylation by
activated JNK (Figure 5.18). The kinase was active since c-Jun and WT MSD1 were
phosphorylated (Figure 5.18). Mutation of Serine77 to alanine or aspartic acid had little
effect on phosphorylation of MSD1 (Figure 5.18).

5.3.9. Confirmation of direct interaction between JNK and MS1 through Co-
Immunoprecipitation.

Protein:protein interactions between JNK and MS1 were assessed by co-
immunoprecipitation, followed by western blotting with the use of HA-JNK and Flag-
MS1 proteins. This was to determine whether interaction between JNK and MS1 occurs

directly, or indirectly since there is evidence in this chapter that MS1 becomes
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Figure 5.16: Expression of His tagged MS1 mutants in BL21-DE3 E. coli before (-) and following (+) induction with IPTG .

Mutants from site directed muatgenesis were transformed in BL21 DE3 E. coli. The fusion protein was induced by IPTG and subsequently purified by a
nickel chelating sepharose column chromatography. Lysates from the uninduced and induced samples were run on a SDS-PAGE gel and western
blotted for the His-tag using anti-his antibodies (1:2000)
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Figure 5.17: Expression of Flag-MS1 mutants in sorbitol treated and untreated samples

H9c2 cells were transfected with 6ug of DNA of the mutants which were made by site directed mutagenesis. After 24 hrs of transfections cells were
serum starved for 2 hrs before being treated with sorbitol (0.5M) which others were left untreated (UT). After the cells were washed in 1X PBS and
placed directly in 1.5X sample buffer before running on a SDS-PAGE gel and western blotted using the anti-MS1 antibody (1:2000 dil) which was
produced by Dr. Mark Pfuhl’s lab (made against the C-terminal end of MS1
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Figure 5.18: In vitro phosphorylation Assay Showing Mutants mutated at Threonine 62 were not phosphorylated.

HEK?293 cells were plated out on a 10 cm dish and transfected with 8ug of plasmid DNA of HA-JNK . After 24 hr of transfection, cells were serum
starved for approximately 16 hr and subjected to sorbitol (0.5 M) for 30 min. After cell extracts were made with 1X TLB and left to tumble for 3 hr
with protein G sepharose beads bound with anti-HA antibody. Supernatants were removed and beads were washed to remove any unbound proteins.
Beads were washed 3 times with 1X TLB and once with kinase assay buffer. To the beads purified proteins, radiolabelled P ** ATP and cold ATP were
added to the samples which were treated or untreated. Samples were then left to incubate at 30" C for 30 min. 3X sample buffer was added and the
samples were heated for 5 min at 100 C and then analysed on an SDS-PAGE gel 15%.
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phosphorylated upon activation of JNK. The detection of Flag-MS1 in JNK precipitates
would indicate that MS1 and JNK are present in a stable complex in vitro.

HEK?293 cells were transfected with HA-JNK and Flag-MS1. Cells were either treated
with 0.5 M sorbitol to activate JINK or left untreated. After treatments, the cell lysates
were run on a gel to confirm that phospho-JNK was activated (Figure 5.19).
Interestingly, Flag-MS1 was able to co-immunoprecipitate with HA-JNK in the absence
of activation by sorbitol (Figure 5.20). However, Flag-MS1 was not present in the
control immunoprecipitation (IgG) nor in samples from treated cells, which suggests
that there was dissociation of JNK after activation (Figure 5.20).

This experiment was repeated four times and each experiment displayed the same result.
This could be an indication that JNK protein might phosphorylate MS1 and then
dissociate. The interaction between the other kinases p38 and ERK and MS1 by co-
immunoprecipitation was not observed (data not shown). This raises questions as to
what is the purpose of phosphorylation and how it could affect the subcellular
distribution of MS1 or the ability to interact with other proteins. Although
phosphorylation occurs in vitro, in vivo studies need to be done to determine whether

phosphorylation occurs in intact cells.

5.3.10. Immunofluorescence microscopy studies to determine the effect of mutating
phosphorylation sites on MS1 co-localization with overexpressed JNK and actin
The N-terminal phosphorylation of MS1 by JNK was observed in vitro, however the
effects of phosphorylation in vivo are unknown. It was of interest to determine the effect
of phosphorylation at Thr62 and Ser77 of MS1 on the association with JNK or actin.
Therefore immunofluorescence microscopy studies were carried out using Thr62Ala
and Thr62GIlu mutants and Ser77Ala and Ser77Asp mutants. Since co-
immunoprecitation experiments showed interaction between MS1 and JNK, it seemed
appropriate to look at the ability of MS1 to co-localise with JNK in vivo and to
determine whether subcellular distribution of MS1 changed when JNK is activated.
Investigations were also carried out to determine whether the mutations at Thr62 and
Ser77 would have an effect on the co-localisation of MS1 with actin as it is known that
MS1 plays a critical role in SRF activation via actin polymerization (Arai et al., 2002).
H9c2 cells were transiently co-transfected with Wildtype Flag tagged MS1 or
phosphorylation site Flag-tagged mutants together with HA-JNK. The cells were either
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Figure 5.19: Western blot analysis of activated JNK by sorbitol treatment

Cells which were co-transfected with HA-JNK and Flag-MS1were either treated with 0.5 M sorbitol or left untreated for 30 min. Cells were then lysed
and western blotted with the antibodies recognising JINK, HA and phospho-JNK.
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Figure 5.20: Co-immunoprecipitation experiment to determine whether JINK and MS1 are present in the same complex

HEK 293 cells transfected with 8 pg Flag-MS1 and 8 ug HA-JNK DNA were treated (+) with 0.5 M sorbitol or left untreated (-). Cells were lysed
with HiLo buffer, then sonicated and clarified cell extract was either immobilised with anti-HA antibody or rabbit IgG (IgG Rab) with tumbling
overnight at 4 °C. Immunoprecipitated proteins along with 1/10 of the cell lysates were resolved on a 12 % SDS-PAGE gel. Western blotting was
performed using anti-Flag or anti-HA antibodies at 1:2000 dilution. This experiment was repeated 4 times.
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left untreated or treated with 0.5 M sorbitol for 30 min in order to activate JNK. The
cells were prepared for immunofluorescence microscopy (Chapter 2 Section 2.5.18). In
Figure 5.21, cells co-transfected with WT-Flag-MS1 and HA-JNK, showed there was
some co-localisation between Flag-MS1 (green fluorescence) and HA-JNK (red
fluorescence) around the membrane of the cells as indicated by the arrows (Figure
5.21). HA-JNK was present in the nucleus and the periphery of the cell where there
seemed to be some co-localisation with WT-MS1 and presence of membrane ruffling,
indicated by the white arrow (Figure 5.21). In cells transfected with WT-MS1 and JNK
exposed to sorbitol treatments, HA-JNK was observed only in the nucleus of the cell
and there was no co-localisation between WT-MS1 and HA-JNK (Figure 5.21).
However, the cells transfected with Thr62Ala mutant and HA-JNK, did not show any
co-localisation in the untreated sample, but the treated cell showed there was co-
localisation at the edges of the cell membrane indicated by a white arrow in the merge
figure 5.22.

Interestingly, in figure 5.22 where cells were transfected with Thr62Ala mutant and
HA-JNK, there was no co-localisation observed in the untreated cell (Figure 5.22). HA-
JNK which was a red fluorescence was in the nucleus of the cell, while Thr62Ala
mutant was distributed evenly in the cytoplasm of the cell, which was identified by
green fluorescence (Figure 5.22). In the treated cells, there seemed to be an overlap of
HA-JNK and Thr62Ala indicated by the white arrow in the merged figure 5.22 of the
treated sample. The untreated Thr62Glu mutant transfected with HA-JNK were both
distributed within the cytoplasm of the cell, seen in figure 5.23. The merged image
shows there is co-localisation seen throughout the cell and was more pronounced at the
periphery of the cell indicated by the white arrow in figure 5.23. In the treated cell with
mutant Thr62Glu and HA-JNK, Thr62Glu was distributed around the cytoplasm
(indicated by green fluorescence) while HA-JNK was seen concentrated within the
nucleus of the cell (red fluorescence) in Figure 5.23. In the merged figure of the treated
cell, there was no overlap of green and red fluorescence (figure 5.23). A comparison
between the WT-MS1 co-transfected with HA-JNK and Thr62Glu co-transfected with
HA-JNK, did not show there was more co-localisation with the mutant than the
wildtype MS1 (Figure 5.21 and 5.23). Mutant Ser77Ala co-transfected with HA-JNK in
untreated cells, showed there was distribution of MS1 within the cytoplasm which is the
green fluorescence and HA-JNK appeared to be seen partly in the nucleus as well as the

cytoplasm of the cell in figure
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DNA Flag-MS1 HA-JNK MERGE
Figure 5.21: Immunofluorescence of wildtype-Flag-MS1 and HA-JNK in H9c2 cells
Cells were transiently co-transfected with Flag-MS1 or mutants and HA-JNK. Cells were either treated with 0.5 M sorbitol or left untreated for 30 min
at 37 °C. The cells were then fixed and permeabilised with methanol. Immunostaining was performed using rabbit anti-HA (red) and mouse anti-Flag

(green) antibodies. Hoechst (33258) was used to stain DNA (blue). The cells were visualised using a Nikon inverted microscope. Scale bar represents
60 pm.

Wt MS1/HA-JNK
Untreated

Wt MS1/HA-JNK
Treated
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DNA Flag-MS1 HA-JNK MERGE

T62A/HA-JNK
Untreated

Treated

T62A/HA-JNK

Figure 5.22: Immunofluorescence of mutant T62Ala Flag-MS1 and HA-JNK in H9c2 cells

Cells were transiently co-transfected with Flag-MS1 or mutants and HA-JNK. Cells were either treated with 0.5 M sorbitol or left untreated for 30 min
at 37 °C. The cells were then fixed and permeabilised with methanol. Immunostaining was performed using rabbit anti-HA (red) and mouse anti-Flag
(green) antibodies. Hoeschst (33258) was used to stain DNA (blue). The cells were visualised using a Nikon inverted microscope. Scale bar represents
60 pm.
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DNA Flag-MS1 HA-JNK MERGE

Figure 5.23: Immunofluorescence of mutant T62Glu Flag-MS1 and HA-JNK in H9c2 cells

Cells were transiently co-transfected with Flag-MS1 or mutants and HA-JNK. Cells were either treated with 0.5 M sorbitol or left untreated for 30 min
at 37 °C. The cells were then fixed and permeabilised with methanol. Immunostaining was performed using rabbit anti-HA (red) and mouse anti-Flag
(green) antibodies. Hoechst (33258) was used to stain DNA (blue). The cells were visualised using a Nikon inverted microscope. Scale bar represents

60 pm.

T62E/HA-JNK
Untreated

T62E /HA-JNK
Treated
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5.24. The merged image did not show any co-localisation between the two proteins
(Figure 5.24). In the treated cells, Ser77Ala and HA-JNK did not show a change
distribution of the cell, when compared to the untreated sample (Figure 5.24).
Disappointingly, Ser77Asp did not transfect as there was not a clear green fluorescence
observed nor was there red fluorescence indicating presence of HA-JNK (Figure 5.25).
In all figures there was no change in the subcellular distribution of MS1. MS1 remained
distributed in the cytoplasm in the MS1 WT and mutants. The HA-JNK secondary
antibody showed substantial background, however most of cells showed that HA-JNK
was in the nucleus and at some points within the cytoplasm (Figure 5.21, 5.22, 5.23,
5.24). This experiment was only done once and needs to be repeated with better controls
and a better antibody. Finally, Thr62Glu and WT showed colocalisation with HA-JNK
in untreated cells, while Thr62Ala mutant in treated cells showed co-localisation with
HA-JNK to a lesser extent.

Immunofluorescence studies were done using cells transfected with WT-Flag-MS1 or
Flag-MS1 phosphorylation site mutants to determine whether there would be a change
in co-localisation of MS1 with actin due to mutations of specific amino acids. In order
to observe the changes in co-localisation, Texas-Red Phalloidin was used to detect actin
and Alexafluor-488 conjugated 2° antibody was used to detect the Flag-epitope.
Transfections with Flag-MS1 mutants were compared with WT-Flag-MS1 without
treatment. There were no substantial changes seen in the co-localisation of MS1 with
actin among the mutants and WT in the untreated cells (Figure 5.26). However, the cells
which were transfected with Thr62Glu appeared stressed, with stress fibres (actin
filaments) at the periphery of the cell, although they were not subjected to any
treatments (Figure 5.26). Overall, there were no other morphological changes seen in
the cells in the untreated samples.

Cells subjected to sorbitol treatment appeared stressed overall, with membrane ruffles at
the cell perimeter and stress fibres throughout in cells transfected with Thr62Glu,
Ser77Ala and Ser77Asp (Figure 5.27). The cells with transfected mutants Thr62Glu,
Ser77Ala and Ser77Asp also appeared rounded and actin increased in levels around the
periphery compared to the WT-Flag-MS1 (Figure 5.27). F-actin disorganization was
observed in sorbitol treated cells, which is indicated by the white arrows and was more
predominant in the cells transfected with Thr62Glu, Ser77Ala and Ser77Asp (Figure

5.27). Co-localisation of MS1 with actin was not affected when the mutants were
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compared with the WT-FLAG in the treated cells and there was no obvious indication
that more co-localisation was taking place among the different mutants (Figure 5.27).
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DNA Flag-MS1 HA-JNK MERGE

Figure 5.24: Immunofluorescence of mutant S77Ala Flag-MS1 and HA-JNK in H9c2 cells
Cells were transiently co-transfected with Flag-MS1 or mutants and HA-JNK. Cells were either treated with 0.5 M sobritol or left untreated for 30 min
at 37 °C. The cells were then fixed and permeabilized with methanol. Immunostaining was performed using rabbit anti-HA (red) and mouse anti-Flag

(green) antibodies. Hoechst (33258) was used to stain DNA (blue). The cells were visualised using a Nikon inverted microscope. Scale bar represents
60 pm.
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DNA Flag-MS1 HA-JNK MERGE

Figure 5.25: Immunofluorescence of mutant S77Asp Flag-MS1 and HA-JNK in H9c2 cells

Cells were transiently co-transfected with Flag-MS1 and HA-JNK. Cells were either treated with 0.5 M sorbitol or left untreated for 30 min at 37 °C.
The cells were then fixed and permeabilized with methanol. Immunostaining was performed using rabbit anti-HA (red) and mouse anti-Flag (green)
antibodies. Hoechst (33258) was used to stain DNA (blue). The cells were visualised using a Nikon inverted microscope. Scale bar represents 60um.

S77D/HA-JNK
Untreated

S77D/HA-JNK
Treated
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Figure 5.26: Co-localisation of MS1 mutants with Actin in Untreated H9c2 cells.

H9c2 cells were grown on coverslips before being transfected with either Flag-MS1 of Flag-
MS1 mutants. After 24 hr of transfection the cells were serum starved for 2 hr before sorbitol
treatment or left untreated with the media replaced with DMEM with serum. Cells were fixed
with 3.7% (w/v) formaldehyde and permeabilised with 0.1% triton before immunostaining with
anti-flag antibody (1:200 dil anti mouse) which was detected by secondary Alexa 488 antibodies
(green). Actin staining was done using Phalloidin-Texas Red. Hoechst (33258) was used to stain
DNA (blue on merge). Images were captured using a Nikon TE300 inverted microscope. Scale
bar represents 60 pm

S77D UT
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0.5 M Sorbitol treated

Flag-MS1 Phalloidin Merge
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Figure 5.27: Co-localisation of MS1 mutants with Actin in sorbitol treated H9c2 cells.
H9c2 cells were grown on coverslips before being transfected with either Flag-MS1 of Flag-
MS1 mutants. After 24 hr of transfection the cells were serum starved for 2 hr before sorbitol
treatment or left untreated with the media replaced with DMEM with serum. Cells were fixed
with 3.7% (w/v) formaldehyde and permeabilised with 0.1% triton before immunostaining with
anti-flag antibody (1:200 dil anti mouse) which was detected by secondary Alexa 488 antibodies
(green). Actin staining was done using Phalloidin-Texas Red. Hoeschst (33258) was used to
stain DNA (blue on merge). Images were captured using a Nikon TE300 inverted microscope.
Scale bar represents 60 um
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5.4. Discussion

Predicted phosphorylation sites at Threonine 62, Serine 77 and Serine 150 at the N-
terminus of MS1 may be potential candidates for MAPK substrate phosphorylation,
based on the presence of SAPK substrate motif Ser-Thr-Pro. Since no research to date
has looked at the phosphorylation of MS1, it was decided to investigate whether MS1
could be a substrate for MAPK mediated phosphorylation. No function has been
identified for the N-terminus of MS1, however recent research within the C-terminus
resulted in the identification of various actin binding domains (Arai et al., 2002).
MAPK mediated interactions are of particular interest since JNK was previously
thought to play a role in the regulation of MS1 mRNA expression during simulated
ischaemia reperfusion with the use of JNK inhibitor SP600125 (Hay et al., 2006). ERK
mediated interactions are also of interest since they play a major role in cardiovascular
pathology, through the calcium/calmodulin signalling pathway, which leads to the
phosphorylation of sarcomeric proteins located at the z-disk and I-band region of the

sarcomere, where MS1 is also localised (Hidalgo et al., 2009 and Kruger et al., 2011).

5.4.1. In vitro phosphorylation of MSD1 (2-118 aa) by activated JNK, ERK and p38
In vitro phosphorylation confirmed MSD1 (2-118 aa) was phosphorylated by activated-
JNK, ERK and p38. Phosphorylation at the N-terminus of MS1 is thought to be specific
since no substrate phosphorylation within the C-terminal tandem fragment which acted
as a negative control was observed. Unfortunately, the GST tagged N-terminal tandem
(1-196 aa) did not appear to display any additional phosphorylation than activated JNK
phosphorylated MSD1 (2-118 aa) and was not observed to be phosphorylated by
phospho-p38 nor phospho-ERK in the phosphorylation assays.

This was a concern since there were additional potential phosphorylation sites, however
a possible reason could be due to the large GST tag which could have caused steric
hindrance. Steric hindrance by GST could have prevented phosphorylation by blocking
the sites which were necessary for substrate phosphorylation by phospho-ERK, since

the tag is also located at the N-terminus of the construct.
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5.4.2. Phosphorylation sites: Thr24 Thr62 and Ser77 Identified by Mass
Spectrometry

Mass spectrometry using LTQ-Orbitrap confirmed two of the three predicted sites
which were Thr62 and Ser77 and an additional phosphorylation site, Thr24. Ser77 was
identified with less confidence due to insufficient recovery of phosphorylated peptides,
as a result of in-gel tryptic digestion. The area of the sequence of MSD1 where Ser77 is
present has many lysine and arginine residues. Lysine and arginine are the amino acids
that are cleaved by trypsin for digestion during mass spectrometry analysis, this would
also result in small peptides being produced and insufficient coverage of the protein
(Dephoure and Gygi; 2012).

The additional site which was identified was Thr24 which was phosphorylated by all
three of the kinases used, in the presence and absence of stimulation. Thr24 is seen
highly conserved in different species and using GPS prediction program was predicted
to be phosphorylated by many different kinases (Appendix 1.0). Non-specific
phosphorylation at Thr24 could be a reason why MSD1 was phosphorylated by all three
kinases. However, Thr24 does not correspond to the MAPK substrate phosphorylation
motif and was not further investigated. The amino acid residues which were identified
to be phosphorylated may explain the band shift which was seen for MSD1 after
activation of JNK. There is more substrate phosphorylation in the in vitro assay when
JNK is activated rather than unstimulated.

Mass spectrometry analysis using LC-MS/MS is limited, because it does not detect
differences in the amount of phosphorylation for each residue. The phosphopeptides
which were present in untreated and treated samples could not determine whether more
phosphorylation occurred when JNK was actived than in the untreated. Quantifying the
amount of phosphorylation seen should be carried out in the future since Thr62 was
identified in the untreated sample which suggests a basal phosphorylation. Also, since
Thr62 was identified in substrate phosphorylation by ERK it should be investigated

further in future.

5.4.3. D-docking Domains or Kinase interacting motif present in the N-terminal
region of MS1

Supporting evidence that could suggest all these phosphopeptides are genuine is the
presence of a kinase interacting motif (KIM) or D-docking domain (D domain)

sequence which is recognised by MAP kinases has this motif; X,-(Arg/Lys)(Arg/Lys)-
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Xs6 (MacKenzie et al.,2000 Bardwell et al.,2003; Sharrocks et al., 2003). These
docking sites or motifs allows for the direct interaction between a protein and a kinase
(Caldwell et al., 2006). At the N-terminius MS1 has a peptide sequence which is
characteristic of this kinase interacting motif or docking site which is; Leu-GIn-Lys-
Val-Arg-Arg-Ala-Thr-Leu-Val-lle-Asn-Leu as seen in figure 5.28. Coincidentally, this
sequence contains the Threonine which is not characteristic of MAPK phosphorylation
but may possibly regulate association and dissociation might explain perhaps why this
became phosphorylated. This D-domain sequence also allows for ERK substrate
phosphorylation and JNK substrate phosphorylation, with a characteristic hydrophobic
patch where “$” is representative of either Leucine, Isoleucine or Valine, following the
residues after the recognition sequence (Arg/Lys)(Arg/Lys)-Xs.6-¢-X-¢ that substrates
conform to which is present at the N-terminus in figure 5.28 (Tanoue et al., 2000; Liu et
al.,2006).

These docking domains can be specific for MAPKSs such as JNK and ERK; which can
use the same recognition sequence but not by p38, as seen for example with EIk1 (YYang
et al.,1998, Galanis et al.,2001; Reviewed in Caldwell et al., 2006). That might also
explain why phosphorylation was not as high when MSD1 was phosphorylated by p38
as opposed to JNK and ERK. What also supports these results is the peptide sequence
mentioned, is also highly conserved in different species and is located within the MSD1
domain where the phosphorylation sites are located (Figure 5.28).

Further observation into the N-terminus of MS1, where the predicted phosphorylation
site Ser150 was located also has D-domains present which are also known as DEJL
domains (Ubersax and Ferrell, 2007; Jacobs et al., 2009). The DEJL domain has a motif
of Leu-X-Leu which preceeds the phosphoaccepter, Ser150 (Figure 5.28). This site was
present within the N-terminal tandem construct but was not sent for phosphopeptide
analysis. A construct should be made with a smaller tag which has both MSD1 and
MSD2 domains present. The smaller tag would eliminate steric hindrance and further
investigation of these MAPK docking sites could be carried out.

Mutants should also be tested with ERK to determine whether they interrupt
phosphorylation and Thr24 may need to be investigated further with site directed
mutagenesis. Another experiment that should be carried out is mutation of the sites

within the recognition sequence in order to determine whether this leads to the
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Figure 5.28: An Alignment using Clustalw showing the N-terminus of MS1 where one of the phosphopeptides confirmed is conserved in 4
different species and D-domains.

The alignment which was done using MS1 from pig, rat, mouse and human shows that Thr24 is conserved (blue box), Thr62 (underlined in black) is
not conserved throughout the species however, Ser77 is conserved in rat, mouse and pig which is grouped by the black box. In human, there is an
upstream SP present. Ser150 is seen conserved in all species present which is grouped by the red box. The red arrows show the D-domains and Kinase
interacting motifs near phosphorylated amino acids within the N-terminus for JNK and ERK recognition.
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abolishment of phosphorylation of the identified phosphorylation sites. Site directed
mutagenesis confirmed that the major site of phosphorylation by JNK is Thr62.

5.4.4. Co-localisation of overexpressed MS1 with INK

Phosphorylation can influence the nuclear localisation of proteins and we know that
increasing levels of MS1 leads to the regulation of transcription factors which promote
hypertrophy, myogenesis and expression of other muscle specific genes (Mahadeva et
al., 2002, Kuwahara et al., 2007 and Koekemoer et al., 2009). Whether phosphorylation
leads to the translocation of MS1 to the nucleus could shed light into the definitive role
of MS1. Phosphorylation of JNK had no effect on the subcellular distribution of MS1
and the protein remained localised in the cytoplasm of the cells. However,
immunofluorescence results looking at MS1 and JNK co-localisation, did show some
overlap but this needs to be repeated since the antibody used for the HA-JNK was not
very clear and also needs to be quantified.

Although it has been suggested that MS1 has the ability to be a transcriptional activator
(Pfuhl, unpublished) and domain prediction programs have shown MS1 to have three
DNA binding domains, with one located at the N-terminus at amino acid 33 and 35,
there was no increase in nuclear MS1 with the presence of HA-JNK in these
experiments.

Immunofluorescence experiments using phosphorylation site mutants were used to
determine whether or not there would be a change between co-localisation of MS1 and
actin. In figure 5.21, cells transfected with WT-Flag-MS1 and HA-JNK displayed
membrane ruffles at the periphery and co-localisation was observed between WT-MS1
and HA-JNK in the area of membrane ruffling (figure 5.21). The same was seen with
phosphorylation site mutant Thr62Glu and HA-JNK in the untreated sample and
Thr62Ala and HA-JNK in the treated sample also showed co-localisation but no ruffling
of the membranes (figure 5.22 and 5.23).

Membrane ruffling is the formation of motile cell surface protrusions containing a
meshwork of newly polymerized actin and bundles of actin fibres run perpendicular to
the plasma membrane (Ridley, 1994; Hall, 1998). The key regulator of membrane
ruffling is Ras related GTP-binding protein, Racl and also newly discovered Rac2
(Reviewed in Hall, 1998; Manhankali et al., 2011). The lamellipodia, filopodia and
membrane ruffles are essential for cell motility and at the periphery of the cell is a

recruitment of molecular scaffolds to their tip where actin polymerization is localised
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(Small et al., 2002; Manhankali et al., 2011). MS1 directly interacts with RhoA, of the
Rho-GTPase family, to enhance actin polymerization of G-actin monomers to make F-
actin (Arai et al., 2002). The presence of JINK makes this even more interesting as there
is evidence that JNK interacts with Rho, Racl and Cdc42 in the Rho-GTPase family
(Minden et al., 1995; Coso et al., 1995).

The family of Rho proteins are well studied and involved in regulation of actin
cytoskeletal organization that in turns influences cell shape, adhesion and motility
(Reviewed in Narumiya et al., 1997; Zohn et al., 1998; Burridge and Wennerberg,
2004; Ridley and Hall, 1992; Sorokina and Chernoff, 2005). MS1 plays a key role in
actin dynamics and regulation and perhaps JNK may form the link between RhoA and
MS1 working together in actin dynamics due to extracellular stress signals. Studies have
also revealed that Rhol regulates apoptosis via activation of JNK at the plasma
membrane (Neisch et al., 2010). MS1 is also believed to reduce chemically induced
apoptosis and this could link the role of the two proteins in the plasma membrane
(Koekemoer et al., 2009). Although co-localisation and membrane ruffling was seen for
W1t-MS1 and phosphorylation site mutants Thr62Glu and Thr62Ala (with cells sorbitol
treated) in the presence of overexpressed HA-JNK, it could not be determined whether
there was more co-localisation compared to the wild-type. Unfortunately this
experiment did not show any change in MS1 subcellular distribution and was not
observed in the nucleus of the cell. There were other problems encountered as Ser77Asp
did not co-transfect with HA-JNK. This experiment needs to be repeated to confirm
what was observed is reproducible.

Co-localisation of MS1 and phosphorylation site mutants with actin was also
investigated to determine whether MS1:actin interaction is attenuated with mutations of
the amino acids. In treatments with sorbitol, Thr62Glu, Ser77Asp and Ser77Ala all
appeared stressed, with disorganization of actin observed and distribution of actin
concentrated around the periphery, with presence of membrane ruffling and stress
fibres. This was not observed in the samples which were left untreated. However,
although the cells appeared very stressed it did not alter interaction between MS1 and
actin. Based on these studies there is no doubt that MS1 is not involved in actin
dynamics but may play a role in cell motility (Olson and Nordheim, 2010). These
results may contribute to confirming the relationship between MS1 linked to F-actin

interaction that leads to regulation of transcription factors such as SRF to allow
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regulation of cell motile function, which was speculated and not fully confirmed (Olson
and Nordheim, 2010).

In these experiments, we showed that MS1 is in a complex with JNK by co-
immunoprecipitation experiments and the in vitro kinase assays. There was some
evidence that shows interaction between MS1 and JNK in vivo. Co-localisation of the
WT-MS1, Thr62Glu and Thr62Ala with HA-JNK was observed. The interaction
between MS1 and JNK might be linked to cell migration and cell motility. Therefore
more work needs to be done to determine whether MS1 is becoming inactivated,
activated or relocated when phosphorylation takes place. Based on the results in chapter
4 where MS1 was seen to potentially interact with new proteins at the N-terminus, it
would be interesting to test whether these interactions are influenced by
phosphorylation of Thr 62 and Ser 77 residues.

Three phosphoprylation sites within the N-terminus of MS1 were identified, these were;
Thr24, Thr62 and Ser77 by in vitro phosphorylation by JNK and ERK and p38 to a
lesser extent. Supporting evidence also identifies a kinase interacting motif at the N-
terminus which is specific to ERK and JNK phosphorylation called a D-domain or KIM
motif which is upstream of the phosphoacceptor Thr62 and Ser77. This sequence is
highly conserved in different species and could confirm that the phosphorylation seen
by the MAPKS are genuine. Site directed mutagenesis confirmed Thr62 as the main site
for MS1 phosphorylation. In vitro Co-immunoprecipitation experiments confirmed
MS1 directly interacts with JNK but not with ERK nor p38. Preliminary attempts to
determine the function of Thr62 and Ser77 shows a possible link between MS1 and
JNK interaction with cell motility. However these experiments needs to be repeated
since it was only done once and there were problems with Ser77Asp transfection. Co-
localisation of MS1 with actin was not affected by mutations in MS1. However, the role

of phosphorylation of MS1 by MAPKS remains to be elucidated.
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Chapter 6. Discussion

MS1 plays a role in cardiac stress responses such as left ventricular hypertrophy, which
was seen as a result of aortic banding in mice, which leads to increased pressure
overload (Mahadeva et al., 2002). Studies which substantiate these findings also
demonstrated that when MS1 is overexpressed, it leads to increased expression of genes
involved in cardiac remodelling and hypertrophy (Koekemer et al.,2007 and Kuwahara
et al., 2007). MS1 is also implicated in the regulation of skeletal muscle (Reviewed in
Lamon et al., 2014). Previous studies in the laboratory by Dr. Joanna Hay showed that
MS1 mRNA expression levels increased as a consequence of simulated
ischaemia/reperfusion in H9c2 cells. The increase was prevented by JNK inhibitors and
actinomycin-D, providing strong evidence that MS1 expression levels could be
potentially regulated by the JNK pathway at the transcriptional level (Hay, 2006).

This research aimed to build on previous studies and confirm that MS1 protein levels
also increase following simulated ischaemia/reperfusion. Since MS1 mRNA levels
increase during simulated ischaemia/reperfusion we wanted to determine whether the
MS1 promoter is responsive to stress known to activate the JINK pathway. MS1 is rather
poorly characterized, and in particular there has been no function assigned to the N-
terminal region. It was therefore aimed to characterize the MS1 protein further by
identifying proteins that interact with the N-terminal region. This was to be achieved by
affinity purification of binding partners from mouse heart extract. Sequence analysis of
the N-terminal region also revealed potential phosphorylation sites for MAP kinases and
stress activated kinases. Therefore studies were designed whether MS1 acts as a

substrate for these kinases.

6.1. MS1 is expressed at the protein level during simulated Ischaemia/reperfusion
injury

In order to investigate endogenous levels of in H9c2 cells, MS1 antisera were generated
as MS1 protein levels increased following simulated ischaemia/reperfusion injury after
2hr and 4hr of reperfusion. Supporting what was seen at the mRNA level during
reperfusion injury, JNK is known to become activated (Bogyevitch et al., 1996, Clerk et
al., He et al.,1999 and Knight et al., 1996) which supports the theory that JNK could
potentially be playing a role in the expression of MS1. Although other MAPKS such as

193



p38 and ERK also become activated during ischaemia/reperfusion injury, their specific
inhibitors did not have any effect on the expression of MS1 mRNA levels (Hay, 2006).

6.2. Promoter studies

6.2.1. MS1 promoter is responsive to activators of cellular stress

Studies in HI9c2 cells, using a luciferase reporter under the control of the MS1 promoter,
showed the promoter was responsive to UV, and sorbitol had an even greater effect on
the promoter. Serum withdrawal also displayed a significant effect on the MS1
promoter, with a 6 fold increase seen in 48 hrs being left without serum. These different
types of stress are known to be major activators of the JNK and p38 pathway (Wang et
al.,1998).

6.2.2. MS1 promoter is responsive to hypertrophic agonists

MS1 has been implicated in left ventricular hypertrophy by Mahadeva et al., 2002
where this leads to the re-establishment of the foetal gene program. Hypertrophic
stimulation is asscosiated with activation of a number of intracellular signalling
pathways which include the MAPKs (Force et al., 1999), calcineurin and PKC.
Promoter studies carried out by Kuwahara et al., 2002 showed that MS1 expression was
mediated by MEF2 and SRF as a result of hypertrophic stress. More recently promoter
studies carried out by Ounzain et al., 2012 has shown that GATA4 is involved in
regulation of MS1 expression. MS1 is known to be involved in the SRF signaling
pathway leading to the activation of sarcomeric genes such as alpha-actinin and alpha-
MHC. MEF2 is also known to be a downstream target of the SAPKs (Wang.,2007).
This evidence prompted us to look at the effect of, hypertrophic agonists, known to
cause the activation of JNK to determine whether this will have an effect on the
promoter activity of MS1. The two hypertrophic agonists which were selected to carry
out these experiments were PE and ET-1. Both of these hypertrophic agonists activate
the PKC pathway which is activated by IP3 and diacyglycerol (Hilal-Dandan et al.,
1992). 100 uM of PE caused a 2.5 fold increase in the promoter activity of MS1 after 1
hour treatment, whereas Endothelin-1 (100nm) did not cause an increase in promoter
activity (Fig. 3.8). Previous studies showed that the promoter of MS1 is responsive to

the hypertrophic agonists (Kuwahara et al., 2007).
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6.3. Mass spectrometry identifies putative myofibrillar proteins from binding
assays

Research on the C-terminal domain of MS1 has been of great interest. Studies of the c-
terminus demonstrated that deletion of residues 234-375 resulted in the loss of binding
of actin (Arai et al., 2002). Research done by Dr. Cladia Fogl showed that MS1 consists
of four different domains, two are actin binding domains ABD1 and ABD2 which have
independent actin binding activity and are located in the C-terminal half of the protein
(Fogl et al., 2011). MS1 is known to stimulate the SRF-pathway by interacting with
Rho-A (Kuwahara et al., 2005). There have been other proteins recently discovered
which are known to interact with the C-terminus which are ABLIM-2 and ABLIM-3
(Barrientos et al., 2006). It was of interest to look at the N-terminal domain of MS1
which is poorly characterized to determine whether there are any proteins within the
heart which would bind to this domain. In order to investigate this, affinity purification
was performed using purified MS1 protein fragments coupled to sepharose beads, to
determine whether any proteins from Mouse heart extract would be bound. The N-
terminal domain of MS1 was investigated using purified N-terminal tandem as a bait
protein, this purified construct consisted of MSD1 and MSD?2 together (1-196 residues).
Binding assays using both the C and N-terminus of MS1, pulled out proteins from
mouse heart extract. These bound proteins identified by mass spectrometry were
Myosin heavy chain (MHC), actin, a- topomyosin, troponin I, troponin T and myosin
LC2.

There has never been any indication that there are potential actin binding sites within
the N-terminal domain of MS1. a-MHC and LC myosin were only seen to be binding at
the N-terminal domain. These proteins are all known to interact with each other as they
are all myofibrillar proteins which are found within the sarcomere. Myofibrillar proteins
have been implicated in hypertrophic cardiomyopathies (Ruparelia et al., 2012; Peddy
et al., 2006, Rao et al., 2007). These proteins are also seen located within the I-band and
z-disk region where MSL1 is also located. These putative interacting proteins could
interact with MS1 directly or via actin which binds to MS1 at the C-terminal region.
C-terminal tandem (193-375) was also investigated to determine whether any other
proteins might potentially be pulled down from heart extract that had not been
previously identified. The results of mass spectrometry identified that actin, troponin T

and a-tropomyosin were present.
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Although putative interacting proteins have been identified by mass spectrometry it is
not certain how they interact with the MS1 protein itself. Binding studies using N-
terminal tandem coupled to sepharose incubated with individual purified proteins did
not confirm the interaction (data not shown). The proteins did not successfully bind
and it was thought perhaps they need to be in complex with each other to bind with
MSL1. Therefore we did a series of actin co-sedimentation assays to determine whether
the presence of actin is required for other proteins to bind. Actin was seen to interact
with the C-terminal tandem domain (193-375) while this was not seen for the N-
terminal tandem domain (1-196).

Based on what was observed in this study, myofibrillar proteins were identified to bind
to both the N-terminal and C-terminal tandem MS1 proteins. However Myosin was
seen binding at the N-terminal domain and not the C-terminal domain which could be a
reason why actin is being pulled down at the N-terminal domain. Although this is
preliminary data it is novel and more needs to be done in order to determine whether
these interactions are directed or facilitated through one of the proteins present and not
all of them.

Future work to confirm the association identified, could involve co-
Immunoprecipitation experiments. Evidence from experiments carried out in chapter 5,
identified MS1 as being a substrate of JNK/SAPK. This could mean that
phosphorylation is required for binding to occur, therefore it would be interesting to
design binding assays using phosphorylated N-terminal tandem or the mutant proteins
with Ser to Asp, or Thr to Glu that mimic the phosphorylated protein.

6.4. Thr 62 and Ser 77 of MS1 are phosphorylated by JNK in vitro.

MS1 is still poorly understood in terms of what is responsible for its activation and what
pathways it is associated with. MS1 is known to activate the SRF which is involved in
myocyte differentiation and regulation of developing hearts (Arai et al., 2002, Wong et
al., 2011; Pipes et al., 2006; Niu et al., 2005 and Takano et al.,1998). There have not
been any previous studies which have investigated MS1 in terms of its phosphorylation.
The sequence of MS1 showed potential SAPK phosphorylation sites within the N-
terminal domain due to the presence of the conserved phosphorylation sequence that
had the classic motif of MAPK substrates SP/SPT (Cargnello and Roux, 2011; The

predicted phosphorylation sites were Thr62, Ser77 and Ser-150. In vitro kinase assays
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were carried out using the MAPK’s JNK, p38 and ERK were used to determine whether
MS1 is a potential substrate when any of the kinases are activated.

Mass spectrometry results identified that there were 3 amino acid residues which were
being phosphorylated by MAPKSs in vitro. Thr24, Thr62 and Ser77 were the sites which
were phosphorylated, however site directed mutagenesis was only carried out on two of
the putative sites which were Thr62 and Ser-77. These sites were identified to be
phosphorylated by JNK, ERK and p38 to a lesser extent. Site directed mutagenesis
prevented phosphorylation of Thr62 but not Ser77. Co-IP experiments were done to
investigate whether FLAG-MS1 and JNK can directly interact with each other. The
results confirmed direct interaction between MS1 and JNK in vitro.

We wanted to explore further the function of these phosphorylation sites.
Immunofluorescence studies were done to determine whether phosphorylation of these
sites led to change in subcelluar distribution of MS1 and also to determine whether MS1
phosphorylation has an effect on actin and MS1 interaction. Results from these
experiments did not show any change in colocalisation of MS1 with actin but cells
appeared stressed and there was disorganization of the cytoskeleton. Colocalisation
experiments using WT or phosphorylation site mutants transfected with HA-JNK were
subjected to sorbitol treatment. There was observed in vivo co-localisation between
MS1 and JNK at the periphery of the cell with WT MS1 and Thr62E.

6.5. Overall summary

In this study we were able to determine that expression of MSlat the protein level
increased after 2hr and 4hr of simulated reperfusion. This supports what was seen
previously by Dr. Joanna Hay, where levels of MS1 mRNA increased during simulated
ischaemia/reperfusion injury. MS1 promoter studies provided strong evidence that the
MS1 promoter is responsive to the cellular stresses that have been shown to activate
JNK and p38. The MS1 promoter was also responsive to phenylephrine which is a
strong hypertrophic agonist and leads to the activation of JNK via the PKC pathway.
Mass spectrometry confirmed binding of, Myosin HC and LC, a-tropomyosin, and
troponin to the N-terminal region. Similarly the C-terminal domain of MS1 was able to
bind a-actin, a-tropomyosin- and troponin but not f-Myosin of LC-Myosin which was
quite interesting. This is the first time that the N-terminal domain has been shown to
bind actin and is worthy of further investigation. Lastly we showed via in vitro kinase

assays, that MS1 is a substrate for JNK phosphorylation, at Thr62 and Ser77. Co-
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immunoprecipitation studies indicated that JNK and MS1 interact directly with each
other and there is little co-localisation between MS1 and JNK in vivo. However, where
there was evidence of interaction between them, the cells appeared stressed with
membrane ruffles at the periphery and observed disorganization of actin. Membrane
ruffling is controlled by the Rho-GTPase family that interact with JNK (Hall, 2008,
Borm et al., 2005, Demali et al., 2003; Johansen et al., 2007)

These studies have provided evidence that MS1 is associated with the JNK pathway.
MS1 could potentially be regulated by JNK activation and this needs to be explored
more in depth. A possible role for INK in MS1 expression and function is illustrated in
figure 6.1. Activation of the MAPK/JNK as a result of stress, targets the MS1 promoter
which could be targeting the GATA4 sites within the promoter (Ouzain et al., 2012).
MS1 protein is phosphorylated by JNK at two positions; Ser77 and Thr62.
Phosphorylation of these sites may lead to increased levels of MS1 within the cytosol
where it may promote interactions with other proteins. The increase of MS1 levels leads
to polymerization of G-actin to F-actin. When G-actin levels become depleted, this
results in the release of MRTF, which is translocated from the cytoplasm to the nucleus.
MRTF activates SRF which leads to the expression of hypertrophic genes such as
myosin, alpha actinin, and others. Hypertrophic proteins which are expressed could be
in a feedback mechanism interacting with MS1 to aid in myogenic differentiation, and
may interact with other proteins to aid in myofibrillar disarray. Phosphorylation of MS1
by JNK could also have an impact on its localization and could potentially promote
translocation to the nucleus where it could act as a transcription factor.

The data provided has shown for the first time that the MS1 protein is a substrate for
phosphorylation by JNK and it will be important to determine the functional
significance of this phosphorylation. JNK is also involved in induction of MS1
expression as no other studies have reported protein interacting with the N-terminus of
MSL1. Although the studies are preliminary, they are novel and have given more insight

into the potential function of MS1.

198



+ F-Actin -

a-actinin

. G-Actin
Myosin

o Ny 99900 @
Tropomyosin ‘ 0 O
RhoA O O

MS1

|
e

Cell Stress

\

’L} toskeletal tar; get

Ms1/STARS “ ﬁ

Figure 6.1: An overview of how MS1 links stress signals & actin dynamics to hypertrophic gene expression and cytoskeletal target genes.

Extracellular stress signals are transmitted into the cell, where proteins upstream of JNK become activated. JINK activation leads to direct phosphorylation of
MS1 or targeting specific sites within the promoter to drive MS1 expression. Phosphorylation at Thr62 and S77 may facilitate interaction with myofibrillar
proteins,that in turn assist in actin dynamics. F-actin increases in concentration in the cytoplasm while G-actin becomes depleted. G-actin depletion allows for
the translocation of MRTF-A into the nucleus, where it binds SRF. SRF activation regulates hypertrophic and cytoskeletal genes, that become expressed and
lead to interactions with MS1.
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Appendices

APPENDIX 1:- GPS 2.1 OUTPUT Data of predicted phosphorylation sites within

MS1 and their cognate protein kinases
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Rho-activating protein OS=Rattus 24 CA/'\SEID?(ASPK LOKVRRATLVINLAR 9 4.222
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 89 CA/'\S%?(A?,PK GDREGRGSEEATEVS |4.389 | 4.222
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 104 CA/'\[’)'%%PK HIKRKEVTRTVVSKA |6.111 | 4.222
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 89 e Clgll CK| GDREGRGSEEATEVS | 1.647 | 1.588
norvegicus GN=Abra PE=1 S\VV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 56 CKl/(ieKl/CK AGWLPGATQDLPHTP | 1.429 1
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMgggDK/ ATQDLPHTPKEPGPR |3.947 | 2.512
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding 77 CMGC/CDK/ | QHAPKPPSPKPDGDR 3 2.512
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Rho-activating protein OS=Rattus CDC2
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMgg/&DK/ ATQDLPHTPKEPGPR | 7.385| 5.077
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CMSSI&DK/ QHAPKPPSPKPDGDR |9.846 | 5.077
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMgg/é:SDK/ ATQDLPHTPKEPGPR [10.579| 9.158
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CMSS{%DK/ QHAPKPPSPKPDGDR |13.263| 9.158
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 104 CMSS/KC?DK/ HIKRKEVTRTVVSKA | 45 | 2.278
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CM?DC/EIRK QHAPKPPSPKPDGDR | 4.714 3
norvegicus GN=Abra PE=1 SV=2 Y

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMGGSC':(/? AS B ATQDLPHTPKEPGPR | 4.167 4
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CMG%%? AS o QHAPKPPSPKPDGDR 4 4
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding CMGC/GSK/
Rho-activating protein OS=Rattus 77 GSK3B QHAPKPPSPKPDGDR | 5.041 | 4.102
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CM(?E:QIA(APK ATQDLPHTPKEPGPR |7.377 | 5.91
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CM?EQQAPK QHAPKPPSPKPDGDR | 8.671| 5.91
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMG}\%'EAPK ATQDLPHTPKEPGPR | 4.812 | 4.688
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 CMG/CQ\E/;IAPK ATQDLPHTPKEPGPR [5.224 | 4.776
norvegicus GN=Abra PE=1 SV=2 P

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 CMG/CQ\E/;IAPK QHAPKPPSPKPDGDR | 6.328 | 4.776
norvegicus GN=Abra PE=1 SV=2 P

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 6 ST%E;EI/M *MAPGETEREAGPA 7 7
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 93 ST%?;EI/M GRGSEEATEVSHIKR 9 7
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 104 ST%S,ZT}EZ/ Ml HIKRKEVTRTVVSKA | 9 7
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 104 STIXFS,;}E;/M HIKRKEVTRTVVSKA | 6.75 | 3.25
norvegicus GN=Abra PE=1 S\VV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 106 STI/EA/FS,;E;/M KRKEVTRTVVSKAYE | 4.6 3.2
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 2 STEﬁIﬁ”’ Pl LOKVRRATLVINLAR | 4.431 | 3.052
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|JABRA_RAT Actin-binding TKL/MLK/IL
Rho-activating protein OS=Rattus 2 K HORUIRRASITEAINIEAR, || 88l8 || 85299

264




norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding TKL/MLK/IL
Rho-activating protein OS=Rattus 109 K EVTRTVVSKAYERGG | 3.889 | 3.556
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding Atvoical/PIKK
Rho-activating protein OS=Rattus 56 >/’BN AP | AGWLPGATQDLPHTP |3.333 | 2.952
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding .
Rho-activating protein OS=Rattus 62 Aty‘;'FCSKF;'KK ATQDLPHTPKEPGPR | 7.4 | 58
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding .
Rho-activating protein OS=Rattus 77 Aty‘;'FCSKF;'KK QHAPKPPSPKPDGDR | 6.667 | 5.8
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 24 Othelj/F'?ER/A LQKVRRATLVINLAR |5.931| 5.69
norvegicus GN=Abra PE=1 SV=2 )

sp|Q8K4K7|ABRA_RAT Actin-binding Other/AUR/IP
Rho-activating protein OS=Rattus 24 L 1-veast LQKVRRATLVINLAR [ 8.053 | 6.211
norvegicus GN=Abra PE=1 SV=2 Y

sp|Q8K4K7|ABRA_RAT Actin-binding Other/NEK/N
Rho-activating protein OS=Rattus 104 EK2 HIKRKEVTRTVVSKA 8 6.667
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding Other/NEK/N
Rho-activating protein OS=Rattus 109 EK2 EVTRTVVSKAYERGG | 7.333 | 6.667
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding Other/NEK/N
Rho-activating protein OS=Rattus 24 EK9 LQKVRRATLVINLAR | 8.667 | 8.333
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding Other/Other-
Rho-activating protein OS=Rattus 77 Unique/KIS QHAPKPPSPKPDGDR | 5.6 5.2
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding Other/Other-
Rho-activating protein OS=Rattus 89 Uniaue/KIS GDREGRGSEEATEVS | 6.8 5.2
norvegicus GN=Abra PE=1 SV=2 q

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 Otz 'I;EK/ PKl ATODLPHTPKEPGPR | 2.875 | 2562
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 106 Other/PEKIPK KRKEVTRTVVSKAYE | 3 | 2.562
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 6 Other"lz'l-K/ PLI wxMAPGETEREAGPA |1.362 | 1.208
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/AbI/Abl | ERGGDVNY******* | 3354 | 1.333
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 112 TK/AxI/Mer | RTVVSKAYERGGDVN | 6.667 | 4.34
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/EEER/EG ERGGDVNY******* | 3918 | 2.197
norvegicus GN=Abra PE=1 S\VV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/EC;I;R/Erb ERGGDVNY ***#***xx 2.8 2.2
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding TK/InsR/IGEL
Rho-activating protein OS=Rattus 112 R RTVVSKAYERGGDVN| 2 1.839
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/InsR/InsR | ERGGDVNY******* | 30911 | 2.489
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/JakA/Tyk2| ERGGDVNY******x | 4375 | 4.25
norvegicus GN=Abra PE=1 SV=2
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Sp|Q8K4K7|ABRA_RAT Actin-binding

Rho-activating protein OS=Rattus 112 TK/Src/HCK | RTVVSKAYERGGDVN| 5 3.917
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/Src/lLck | ERGGDVNY**#***** | 5352 | 2.889
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 112 TK/Src/Src |RTVVSKAYERGGDVN | 1.369 | 0.832
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/Src/Src ERGGDVNY**#***** | 1 497 | 0.832
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/SVISIZAW ERGGDVNY******x | 275 | 2.15
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/Tec/ITK | ERGGDVNY*****x* | 8286 | 3.571
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 120 TK/ZE?; e ERGGDVNY******* 17 625| 3.25
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding AGC/DMPK/
Rho-activating protein OS=Rattus 24 ROCK/ROCK| LQKVRRATLVINLAR | 4.6 34
norvegicus GN=Abra PE=1 SV=2 1

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ﬁg%ggf IZ’ QHAPKPPSPKPDGDR 7 5.75
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding AGC/GRK/G
Rho-activating protein OS=Rattus 106 RK/GRK-1 KRKEVTRTVVSKAYE | 4.625| 3.75
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 24 AGfa//FF’,EEZMp LOQKVRRATLVINLAR |4.291 | 3.97
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 AGhCa//FI;Pé(CZ:/AIp QHAPKPPSPKPDGDR | 3.2 2.6
norvegicus GN=Abra PE=1 SV=2 g

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 41 AGt(;//E&géDEI QQWANENSTRQAQEP | 3.826 | 3.478
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 6 AG;;I;EE{DEI *MAPGETEREAGPA | 5.25 | 4.125
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 41 AGggEg{Del QQWANENSTRQAQEP | 45 | 4.125
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 106 AG%EE?EM KRKEVTRTVVSKAYE | 5.25 | 4.75
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 15 AGa%ﬂéi/IOt REAGPAKSALQKVRR | 3.615 | 3.615
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding AGC/PKC/lot
Rho-activating protein OS=Rattus 106 APKCz KRKEVTRTVVSKAYE | 3.615 | 3.615
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 2 AGIS/SS?KK{RS LQKVRRATLVINLAR | 4.2 | 42
norvegicus GN=Abra PE=1 S\VV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 89 AGIS//§SSI5{RS GDREGRGSEEATEVS | 4.7 4.2
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding CMGC/CDK/
Rho-activating protein OS=Rattus 62 CDC2/CDC2 ATQDLPHTPKEPGPR | 6.784 | 4.072
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding 62 CMGC/CDK/| ATQDLPHTPKEPGPR | 7.622 | 3.095
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Rho-activating protein OS=Rattus
norvegicus GN=Abra PE=1 SV=2

CDC2/CDK2

sp|Q8K4K7|ABRA_RAT Actin-binding

Rho-activating protein OS=Rattus 77 gggglégg QHAPKPPSPKPDGDR | 5.473 | 3.095
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 gggﬁggﬁ ATQDLPHTPKEPGPR | 7.385 5
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ggggggg QHAPKPPSPKPDGDR | 9.846 5
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7|ABRA_RAT Actin-binding CMGC/CDK/
Rho-activating protein OS=Rattus 15 CDK4/CDK6 REAGPAKSALQKVRR | 6.25 | 5.25
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 ?EhlgGK(lzl\//ll\,iﬁE; ATQDLPHTPKEPGPR | 8.583 | 6.557
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ?E“é?(%\//ll\i?iﬁ QHAPKPPSPKPDGDR |10.548| 6.557
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 ?EBIA?GK?I\//I'\,{‘I\Qig ATQDLPHTPKEPGPR |10.322| 7.747
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ?E“é?(%\//ll\i?ig QHAPKPPSPKPDGDR (10.172| 7.747
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 ?E'\é?(ﬁ\//l'\iﬁﬁl; ATQDLPHTPKEPGPR | 3.286 | 3.214
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ?E“IQGK?A//IA,{‘I\?&? QHAPKPPSPKPDGDR | 4.071 | 3.214
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 %'\N/lﬁ%'\iﬁ‘}zg QHAPKPPSPKPDGDR |16.778| 15.889
norvegicus GN=Abra PE=1 SV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 %ﬂﬁ%’ﬂ?&g ATQDLPHTPKEPGPR | 4.947 | 4.947
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|ABRA_RAT Actin-binding CMGC/MAPK
Rho-activating protein OS=Rattus 77 /INK/MAPK1| QHAPKPPSPKPDGDR (10.571| 8.857
norvegicus GN=Abra PE=1 SV=2 0

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 62 ?'\3{5&%'?‘(?: ATQDLPHTPKEPGPR | 6.4 5.72
norvegicus GN=Abra PE=1 SV=2 P

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 77 ?'\éls&%'?(?: QHAPKPPSPKPDGDR | 7.58 | 5.72
norvegicus GN=Abra PE=1 SV=2 P

sp|Q8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 24 S;E/:/Efgp LQKVRRATLVINLAR [6.679| 5.5
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7'|AE.’>RA_RA.T Actl_n-blndlng STE/STE20/P
Rho-activating protein OS=Rattus 24 AKA/PAK? LQKVRRATLVINLAR [ 4.882 | 3.118
norvegicus GN=Abra PE=1 S\V=2

sp|Q8K4K7_|ABRA_RA_T Actln-blndlng STE/STE20/P
Rho-activating protein OS=Rattus 106 AKA/PAK? KRKEVTRTVVSKAYE | 4.471 | 3.118
norvegicus GN=Abra PE=1 S\VV=2

SplQ8K4K7|ABRA_RAT Actin-binding
Rho-activating protein OS=Rattus 93 S;EIAS‘/L%%P GRGSEEATEVSHIKR | 2.2 2
norvegicus GN=Abra PE=1 SV=2

sp|Q8K4K7|A3RA_RAT Actln-blndlng TKL/MLK/M
Rho-activating protein OS=Rattus 15 LK/MAP3K11 REAGPAKSALQKVRR | 6.333 | 4.667

norvegicus GN=Abra PE=1 S\VV=2
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