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Abstract

Troponin | (Tnl) is the inhibitory subunit of the troponin (Tn) complex of the
myofilament. Tnl’s function is regulated by phosphorylation at a number of sites
by different kinases. As a result of B-adrenergic stimulation, protein kinase A
(PKA) phosphorylates Tnl at Ser23/24, which causes positive lusitropy and
inotropy. The PKA-mediated phosphorylation events on cardiac excitation
contraction coupling proteins are often controlled by phosphodiesterase (PDE)
enzymes which degrade cyclic 3’,5’-adenosine monophosphate (cAMP), reducing
local activation of PKA. This is accomplished by the integration of PDEs into
macromolecular complexes, or signalosomes, containing PKA, PKA substrate
proteins, anchoring proteins and often other kinases and phosphatases. Research
published in another thesis from the Baillie lab indicated that PDE4D9 binds
directly to Tnl, thereby regulating the cAMP dynamics at the myofilament and
the PKA phosphorylation events. Little is known about other post-translational
modifications of Tnl, but the identification of other modifications could lead to
better understanding of the regulation of Tnl function within the myofilament
and how this is altered in disease states. SUMOylation is a post-translational
modification in which a small ubiquitin-like modifier (SUMO) is covalently
attached to a substrate protein by an enzymatic cascade similar to the

ubiquitination cascade.

This thesis began with the testing of a disruptor peptide which was designed to
interrupt the proposed interaction between PDE4D9 and Tnl. It was hypothesised
that disruptor peptides would ‘unhook’ the PDE4D9-Tnl complex, allowing
enhanced cAMP dynamics at the myofilament and enhanced PKA phosphorylation
of Tnl. However, using fluorescence resonance energy transfer (FRET) and
immunoblotting for phosphorylation levels, it was shown that disruption of the
proposed interaction did not significantly affect the outcomes of B-adrenergic
signalling at the myofilament. Subsequent attempts to confirm the existence of
the proposed interaction were unsuccessful suggesting that PDE4D9 may not be a
Tnl binding partner after all. Further study is necessary to determine the

mechanisms by which PDEs regulate signalling at the myofilament.

In silico analysis of Tnl revealed a high probability SUMOylation site (K177)
suggesting that Tnl could be a SUMO substrate. This hypothesis was tested in the



second part of this thesis. For the first time, it was shown that Tnl can be
SUMOylated using a number of biochemical techniques. Furthermore, detection
of SUMOylated Tnl was facilitated by the successful development of a SUMO-Tnl
site-specific antibody, the first of its kind to detect a SUMOylated substrate
protein. Interestingly, the levels of SUMOylated Tnl were significantly enhanced

in human heart disease, suggesting a role in the pathophysiology of disease.

Functional analyses of the role of Tnl SUMOylation in protein stability and
myofilament dynamics were then carried out. Viral overexpression of mutant Tnl
in which the SUMO acceptor lysine was mutated did not have any effect on Tnl
stability nor the contractility of neonatal rat ventricular myocytes (NRVM).
However, functional differences were discovered when mutant Tnl was
overexpressed in adult rabbit ventricular myocytes (ARVM) and SUMOylation was
globally upregulated. The data suggested that Tnl SUMOylation may have a
scavenging effect, sequestering SUMO proteins from other myofilament SUMO

targets.

The present work provides a major contribution to the field, showing for the
first time that Tnl can be modified by SUMOylation and that the modified protein
alters myofilament function. Understanding the way post-translational
modifications affect the function of cardiac excitation-contraction coupling
proteins is necessary for a full understanding of pathophysiology, especially
when the modification has been shown to be altered in disease states. Further
work elucidating the molecular mechanisms by which Tnl SUMOylation alters

myofilament dynamics may reveal potential therapeutic targets for heart disease.
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1.1 Cardiac Excitation-Contraction Coupling

Cardiac excitation-contraction coupling is the process by which electrical signals
in the heart are converted to mechanical contraction of the cardiac muscle. This
is achieved by the coordinated activity of calcium handling proteins and
myofilament proteins and is stimulated by the cardiac action potential (Figure
1.1) (reviewed in (Bers 2002)).

CaZ+.

Cell Membrane

Myofilament

T-Tubule

Figure 1.1: Cardiac excitation-contraction coupling. Caz+ enters the cell through LTCC located
in cell membrane invaginations called T-tubules. This small amount of Caz+ entry stimulates Caz+-
induced Caz+ release from intracellular stores by RyR. Upon increased [Caz+], the myofilament
contracts. Relaxation is caused by decreasing [Caz+] to diastolic levels by resequestering in the SR
through SERCA and extrusion across the cell membrane. (ATP, ATPase, LTCC, L-type Caz+
channel, NCX, Na+/Caz+ exchanger, PLB, phospholamban, RyR, ryanodine receptor, SERCA,
sarco/endoplasmic reticulum Ca2+ ATPase) (Adapted from (Bers 2002)).

Depolarisation of the myocyte membrane activates the inward Caz:+ current (Ica)
by opening the depolarisation-activated L-type calcium channel (LTCC). This
small influx of calcium triggers a process called Caz+-induced Caz+ release, in
which Caz- is released from the sarcoplasmic reticulum (SR) into the cytosol
through the ryanodine receptor (RyR). This causes the cytoplasmic Caz+
concentration ([Caz+]i) to rise to such an extent that Caz+ binds to the

myofilament, stimulating contraction. Relaxation is triggered by a reduction of
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[Caz+]i to resting levels, leading to dissociation of Caz+ from the myofilament.
[Caz+]i is reduced through several mechanisms. The largest source of Caz+ efflux
from the cytosol is through the SR Caz+-ATPase (SERCA), which replenishes the
intracellular Caz- stores in the SR. The Na:/Caz+ exchange pump (NCX) and Caz-
ATPase extrude Caz+ across the cell membrane into the extracellular space.
Finally, the Caz+ uniport allows Caz+ to enter the mitochondria, creating an
additional small intracellular store. Upon the next depolarisation, the process
repeats itself (Bers 2002).

1.1.1 Cardiac Myofilament

The cardiac myofilament is made up of a thin and a thick filament. The thin
filament is comprised of actin, tropomyosin (Tm) and the troponin (Tn) complex.
The Tn complex is a hetero-trimer containing troponin C (TnC), troponin T (TnT)
and troponin | (Tnl) (de Tombe 2003). The thick filament is comprised of myosin,
which is made up of several regions with discrete functions. The interactions
between these proteins are altered with the binding of Caz-, ultimately resulting

in myofilament contraction (reviewed in (de Tombe 2003)).

T

, ' 2P0
Actin ~yosin o [WAcin

Force

Figure 1.2: Cardiac myofilament in increasing [Caz+]. The components of the Tn complex are
arranged such that Caz+ binding to TnC reveals the myosin binding site on tropomyosin. As the S1
domain of myosin binds to this site, ATP is hydrolysed, and the sarcomere contracts. (MyBP-C,
myosin binding protein C; TnC, troponin C; Tnl, troponin |; TnT, troponin T). (Adapted from (de
Tombe 2003)).

When [Caz+]i rises, Caz2+ binds to TnC, inducing a conformational change in the
protein. TnC has two high affinity Caz+ binding sites, which are constantly
occupied. It is the binding of Caz+ to TnC’s third, low affinity binding site which
results in a conformational change (Holroyde, Robertson et al. 1980). This

conformational change affects the interactions between the three components
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of the Tn complex; the interaction between TnC and Tnl is weakened, which
releases TnT from the inhibitory influence of Tnl. These changes in the
conformation of the Tn complex cause a conformational change in Tm,
tightening its binding to actin, and allowing binding sites for the globular head
portion (51) of myosin to be revealed (Lehman, Craig et al. 1994, Solaro and
Rarick 1998). Thereby, cross-bridging between actin and myosin can occur and
the myofilament contracts, utilising ATP, which is hydrolysed by the S1 domain
of myosin (Figure 1.2). The simultaneous contraction of all electrically
stimulated cardiac myocytes of the ventricle is sufficient to expel blood,
propelling it into the circulation. While many of the physiological and
pathophysiological alterations in contractile function can be ascribed to changes
in Caz+ handling, there is increasing awareness of the role of myofilament
properties in the modulation and fine tuning of cardiac contractility (Hamdani,
Kooij et al. 2008).

1.2 Cardiac Troponin |

Cardiac Tnl (hereby referred to as Tnl) is the inhibitory subunit of the
heterotrimeric Tn complex of the thin filament. The thin filament is comprised
of long actin polymers. Within the grooves of the actin polymer chains, resides
the elongated protein, Tm, which spans seven actin proteins. Each Tm is
accompanied by a Tn heterotrimer (Gordon, Homsher et al. 2000, Metzger and
Westfall 2004). The three Tn subunits each have a discrete function: TnC binds
Caz+, Tnl has an inhibitory role and TnT binds Tm. Together, the Tn complex
serves as the link between Caz+ binding and cross-bridging/force generation. At
low [Caz-+]i during diastole, Tnl inhibits these interactions, thereby inhibiting
contraction and holding the myofilament in a relaxed state. However, during
systole, when [Caz+]i rises, the binding of Caz+ to TnC causes a conformational
change, which eliminates Tnl’s inhibitory influence, allowing the cross-bridging
to occur and the myofilament to contract (Metzger and Westfall 2004, Layland,
Solaro et al. 2005).

1.2.1 Troponin Structure

A description of the structure and function of Tnl is impossible without

explanation of the context of the heterotrimeric Tn complex. TnC, Tnl and TnT
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are three separate polypeptide chains from separate gene products. These three
proteins are folded around each other, interacting at numerous sites. The
complex is highly flexible, which is integral to its functional dependence upon
changes in protein conformation. There are two structurally separate
subdomains of the Tn complex: the regulatory head domain and the IT arm. The
regulatory head is made up of TnC 3-84 and Tnl 150-159, and the IT arm is made
up of TnC 93-161, Tnl 42-136, and TnT 203-271. The structure of the Caz:-
bound form of the complex has been elucidated using X-ray crystallography, as

shown in Figure 1.3 (Takeda, Yamashita et al. 2003).

The N-terminal portion of Tnl (residues 1-42) was not well defined by this study
(Takeda, Yamashita et al. 2003). Therefore, the crystal structure begins N-
terminally with residues 43-79, which form an a-helix in the IT arm (labelled A in
Figure 1.3). The N-terminal end of this a-helix interacts with TnC. Upstream of
this region, residues 80-89 break the a-helical pattern and extend, forming a
binding site with TnT (B). Residues 90-135 form another a-helix which can be
considered as a coiled-coil structure with the helical segment of TnT (C). The
inhibitory region (137-148) although not defined within the present structure, is
thought to be extended and flexible (D). Finally, the C-terminal portion of Tnl is
comprised of 2 a-helices, one formed of residues 150-159 (E), which interacts
weakly with TnC, and one formed of residues 164-188 (F), which protrudes and
has not been shown to interact with the rest of the troponin molecule (Takeda,
Yamashita et al. 2003, Takeda 2005).

TnC has two similarly sized globular domains connected by a helix (Figure 1.3).
Each of these globular domains contains Caz+ binding sites (Herzberg and James
1985, Sundaralingam, Bergstrom et al. 1985). The C-terminal sites are constantly
occupied and therefore, do not have a significant functional role. However, the
N-terminal site has a lower affinity for Caz+, and is only occupied during systolic
[Caz-]i.

TnT’s structure underpins its function of binding tropomyosin, and anchoring the
troponin complex to the thin filament. TnT’s structure is comprised primarily of
a-helices, one of which, residues 226-276, forms a coiled coil around Tnl’s

residues 90-135 as previously described. The C-terminal domain of TnT (residues

272-288) forms the tropomyosin binding region.
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In conditions of diastolic [Caz2+]i, the inhibitory region of Tnl is bound to actin,
blocking cross-bridging. However, when sarcoplasmic [Caz-]i rises to systolic
levels, occupation of the N-terminal Caz+ binding site of TnC induces a
conformational change in TnC which reveals a hydrophobic binding patch, to
which the a-helix directly downstream of Tnl’s inhibitory region (C) binds (Li,
Spyracopoulos et al. 1999). This causes Tnl to detach from actin and tropomyosin,
and the inhibitory effect is relieved. Determination of the structure of the
troponin complex via X-ray crystallography has been integral to understanding

the way Caz- binding to the myofilament triggers contraction (Takeda 2005).
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Figure 1.3: Molecular structure and phosphorylation sites of Tnl. A. Crystal structure of the
troponin molecule. The troponin heterotrimer is made up primarily of a-helices. There are two
structurally separate subdomains: the regulatory head domain and the IT arm. The regulatory head
is made up of TnC 3-84 and Tnl 150-159, and the IT arm is made up of TnC 93-161, Tnl 42-136,
and TnT 203-271. B. Schematic view of the phosphorylation sites of Tnl. Under stimulation via 3-
adrenergic stimulation, PKA is activated, and can phosphorylate Tnl at Ser23/24, leading to an
increase in cross-bridge cycling and decreased myofilament Caz+ sensitivity. This site can also be
phosphorylated by PKG, which is activated by nitric oxide (NO) or C-type natriuretic peptide (CNP)
signalling. PKC phosphorylation can occur at Ser23/24, Ser42/43, and Thrl44; PKC can be
activated due to Angll, ET-1 or a-adrenergic agonists. PKC phosphorylation at the latter two of
these sites results in opposing functional effects to Ser23/24 phosphorylation. Finally, PAK3 can
phosphorylate the final site, Ser149. (Adapted from (Takeda, Yamashita et al. 2003, Layland,
Solaro et al. 2005). Created using (Rose, Bradley et al. 2018) (PDB ID: 1J1D)).
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Post-translational modifications of Tnl have been shown to have regulatory
effects on cardiac contractile function. In particular, the phosphorylation of
specific serine and threonine residues has been widely studied (Figure 1.3B)
(reviewed in (Metzger and Westfall 2004, Layland, Solaro et al. 2005)).

Most relevant to the work presented here is the phosphorylation of Ser23/24 by
protein kinase A (PKA). Under conditions of increased cardiac demand, B-
adrenergic stimulation triggers production of cAMP which activates PKA,
resulting in the phosphorylation a number of substrate proteins. The
concomitant phosphorylation of calcium handling and myofilament proteins by
PKA results in positive inotropic and lusitropic effects. Studies in rodents have
shown that PKA phosphorylation of Ser23 and Ser24 (Ser22/23 in mouse) plays a
part in this effect by enhancing the relaxation of the myocyte by altering
myofilament properties. When Tnl is phosphorylated at this site, the
myofilament shows a reduced sensitivity for Caz+ and an increased rate of
dissociation of Caz+ (Zhang, Zhao et al. 1995). Studies have also reported
increased cross-bridge cycling rate and unloaded shortening velocity. When Tnl
expression was altered by the replacement of endogenous Tnl with either slow
skeletal Tnl (ssTnl, which lacks 27-33 N-terminal residues including the
phosphorylation site) or mutated Tnl in which the phosphorylation site has been
replaced by non-phosphorylatable alanine residues, the lusitropic response to B-
adrenergic stimulation was attenuated (Fentzke, Buck et al. 1999, Kentish,
McCloskey et al. 2001, Pi, Kemnitz et al. 2002, Pi, Zhang et al. 2003).
Furthermore, the changes in myofilament Caz+ sensitivity were abolished. On the
other hand, overexpression of constitutively “phosphorylated” Tnl in which
Ser22/23 were replaced with aspartate residues, enhanced the lusitropic effects
(Takimoto, Soergel et al. 2004). Together, these studies provide convincing
evidence that Tnl phosphorylation contributes to the positive lusitropic response
observed following B-adrenergic stimulation. However, it is important to note
that these findings are considered rather controversial, as other studies did not
record functional changes at the myofilament under similar conditions (Janssen
and de Tombe 1997, Johns, Simnett et al. 1997). More recently, these studies
have been expanded to determine the role of biphosphorylation and
monophosphorylation in human myocardium. Using isolated cells from donor and

transplant human myocardium, endogenous Tnl was exchanged for either of the
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two monophosphorylated mutants (aspartic acid at either Ser23 or Ser24), a
biphosphorylated mutant (aspartic acid at both Ser23/24) or a non-
phosphorylatable mutant (alanine at Ser23/24) (Wijnker, Foster et al. 2013). The
results from this work suggested that phosphorylation at both serine residues
was necessary to observe the reduced myofilament sensitivity to Caz+ in both

healthy and diseased cardiac myofilaments.

Phosphorylation of Tnl by PKC is less well established with numerous conflicting
reports in terms of functional effects. In cardiac myocytes, PKC can be activated
by several agents, including angiotensin I, endothelin-1 and phenylephrine. PKC
isoforms expressed in the heart include PKCqa, PKCs and PKCg; several of these
isoforms are upregulated in disease, such as PKCs1/82 and PKCa (Metzger and
Westfall 2004). PKC has been shown to phosphorylate Tnl at three sites,
Ser23/24, Ser43/45, and Thr144. Interestingly, the activation of PKC by different
physiological agonists has been observed to affect cardiac contractility in
different ways (Metzger and Westfall 2004). This is likely due to the widespread
myofilament and non-myofilament effects of PKC phosphorylation in the cells.
Briefly, studies employing the use of phosphomimetic Ser43/45 Tnl have shown
that phosphorylation at this site leads to reduced myofilament Caz+ sensitivity,
reduced shortening and slowed contraction (Noland, Raynor et al. 1996, Burkart,
Sumandea et al. 2003, Liu, Lopez et al. 2014, Lang, Schwank et al. 2015). The
role of phosphorylation at Thr144 has been studied in a similar way, by replacing
endogenous Tnl with phosphomimetic Tnl. The functional role of this
modification, although shown in some studies to have little influence, likely
involves the desensitisation of the myofilament to Caz+ with little effect on other
functional parameters (Burkart, Sumandea et al. 2003, Lu, Hinken et al. 2010).
Studying the functional effects of phosphorylation at the PKC sites is further
complicated by the evidence of extensive crosstalk between the sites. Several
research groups have employed the use of multiple site phosphomimetic Tnl to
determine the additive effects of multiple phosphorylations (Lu, Hinken et al.
2010, Lang, Schwank et al. 2015). It has been shown that that phosphorylation of
Ser23/24 enhances the Ser43/45 induced decrease in function while
phosphorylation at Thr144 reduces the functional effect of phosphorylation at
Ser43/45 (Lang, Schwank et al. 2015).
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1.3 Cardiac Troponin | and Heart Disease

1.3.1 Heart Failure

Although heart disease comes in many forms, the present work will focus mainly
on heart failure, which was estimated to affect nearly one million people in the
UK in 2014 (Conrad, Judge et al. 2018). Put simply, heart failure is a syndrome
caused by the inability of the heart to meet the needs of the circulation. Often,
this is caused by damage to the heart, such as myocardial infarction (M) or
pressure overload due to high systemic blood pressure, which leads to structural
or functional changes in the heart. Symptoms often include breathlessness,
fatigue and pulmonary oedema. Such symptoms can display at rest or during
activity depending on disease severity. This complex and multifactorial disease
is often diagnosed with a number of comorbidities, such as hypertension, and
causes increased likelihood for a number of other cardiovascular diseases, such

as stroke.

One way of categorising heart failure is on the basis of ejection fraction, which
is the fraction of left ventricular blood pumped out of the heart with each
contraction. Patients who have impaired cardiac contractility (<40%) are
diagnosed with HFrEF (heart failure with reduced ejection fraction, or HF with
systolic dysfunction); patients whose ejection fraction is normal or only mildly
reduced and who have a normal, undilated left ventricle, but other signs of
structural damage of the myocardium, have HFpEF (heart failure with preserved
ejection fraction) ((SIGN) 2016).

Heart failure can also be described in terms of the stage of disease (Figure 1.4)
(Tham, Bernardo et al. 2015). Following cardiac stress or injury, hypertrophic
growth and remodelling of the heart can be compensatory, allowing the cardiac
output to meet the demands of the circulation. Although this growth is still
considered pathological, it is reversible with lifestyle change and/or treatment.
Chronic stress on the heart, however, can lead to dilated, decompensated heart
failure, in which the ventricles become dilated and dysfunctional. The ventricles
are no longer able to contract sufficiently to produce sufficient cardiac output
to meet the circulatory demands, and symptoms, such as exercise intolerance

become much more profound.
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Figure 1.4: Pathological remodelling of the ventricle in heart failure. In reaction to stress or
injury, the left ventricle undergoes hypertrophic remodelling. If the stress is sustained, remodelling
can result in the onset of decompensated heart failure, in which the ventricle is enlarged and
dilated and systolic dysfunction leads to decreased cardiac output. (Adapted from (Tham, Bernardo
et al. 2015)).

There are a number of ways in which heart failure is managed, from lifestyle
changes to pharmacological therapy and interventional procedures, all of which
are outlined by national clinical guidelines ((SIGN) 2016). Although numerous
pharmacological agents are used for the management of this syndrome, the most
common are B-adrenergic receptor blockers (B-blockers), angiotensin-converting
enzyme inhibitors (ACE inhibitors) and angiotensin receptor blockers (ARBs)
((SIGN) 2016). B-blockers function by reversing the detrimental neurohormonal
effects of sympathetic nervous system hyperactivation. This hyperactivation is
first compensatory by increasing cardiac output, but later becomes detrimental,
inducing hypertrophy and impaired function (Bavishi, Chatterjee et al. 2015).
ACE inhibitors and ARBs act by reducing systemic vascular resistance through its
interaction with the renin-angiotensin system. These drugs reduce fluid
retention by attenuating the activity of angiotensin, reducing blood volume,
which has a direct effect on the systemic blood pressure (Brown and Vaughan
1998). Other pharmacological agents include mineralocorticoid receptor
antagonists, neprilysin inhibitors and various diuretics (which decrease systemic
blood pressure), ivabradine (which induces negative chronotropy to normalise
sinus rhythm) and digoxin (which induces positive inotropy) (Campbell and
MacDonald 2003, Koruth, Lala et al. 2017). Intraventional therapies generally
treat the underlying cause of heart failure rather than the symptoms of the
syndrome itself. Cardiac resynchronisation therapy and implantable cardioverter
defibrillators are used to normalise sinus rhythm and to protect against

ventricular fibrillation ((SIGN) 2016). Finally, cardiac transplantation has been



30

used with good outcomes for patients with advanced heart failure (Anyanwu,
Rogers et al. 2002). Most heart failure management plans also involve lifestyle

interventions, including a healthy, low sodium diet and exercise.

1.3.2 Troponin | in Heart Failure

In the context of heart disease, Tn is most commonly referred to in the context
of Tn level detection for diagnostics. Elevated Tnl or TnT levels in the blood
indicate damage to the heart as the damaged myocardium releases Tn into the
circulation (Mahajan and Jarolim 2011, Shah, Ferry et al. 2017). Current tests
detect Tnl in the blood with high sensitivity (NICE 2014). However, studying
post-translational modifications of Tnl has shown that this protein has functional

effects in pathophysiological states beyond its diagnostic utility.

For over two decades, it has been known that the phosphorylation of Ser23/24 of
Tnl is reduced in chronic heart disease, from dilated cardiomyopathy to chronic
heart failure (Bodor, Oakeley et al. 1997, Zakhary, Moravec et al. 1999). The
cause and effect relationship of this reduction between healthy and pathological
states is not well established. However, reduced Tnl phosphorylation may be due
to the downregulation of the B-adrenergic signalling pathway which is often
characteristic of heart failure (Wolff, Buck et al. 1996, Layland, Solaro et al.
2005). The functional effects of reduced phosphorylation at this site are
consistent with the pathophysiology of the disease. Decreased PKA-dependent
phosphorylation increases Caz+ sensitivity of the myofilament as well as
impairing cross-bridge dynamics, and these effects may contribute to impaired
contraction and relaxation of the myocardium in disease states (Layland, Solaro
et al. 2005). Interestingly, the functional role of Ser23/24 phosphorylation by
PKA has been shown to change in disease states due to the reduced basal
phosphorylation during disease. Activation of PKA following B-adrenergic
stimulation in failing myocardium that has reduced phosphorylation and
increased basal Caz+ sensitivity, results in a greater reduction in Caz+ sensitivity
than in healthy myocardium with normal phosphorylation levels (McConnell,
Moravec et al. 1998, van der Velden, Papp et al. 2003, Kooij, Saes et al. 2010).
More recent studies have shown that the outcome of TNI phosphorylation by PKA
is dependent on disease stage. Simply put, in heart failure caused by pressure

overload (e.g. congestive heart failure) the myocardium first compensates for
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the increased demand by exhibiting hypertrophy and preserved contractility. In
later stages of disease, the ventricle dilates and contractility is impaired. Hence,
in early stage, compensated heart failure, Tnl phosphorylation increases, while
late stage, dilated heart failure is marked by reduced phosphorylation (Walker,
Fullerton et al. 2013).

Conversely, the PKC-mediated phosphorylation of Ser43/45 is upregulated in
heart failure in conjunction with an increased expression of PKCs, which may
contribute to impaired cardiac function and increased myofilament Caz+
sensitivity observed in disease (Layland, Solaro et al. 2005, Christopher, Pizarro
et al. 2009, Walker, Walker et al. 2010). Again, these alterations may be

dependent on the stage of disease.

In heart failure, although the overall phosphorylation levels of Tnl are
unchanged, the levels of Ser23/24 and Ser43/45 phosphorylation are increased
and decreased respectively compared to healthy myocardium. This observation
is consistent with the functional roles of these post-translational modifications
and suggests that the changes may have a role in the pathophysiology of heart
disease. Often, it is thought that Caz+ handling and altered Caz+ dynamics are the
major factor in cardiac myocyte dysfunction in disease, but increasingly, altered
myofilament dynamics are thought to have an important role (Hamdani, Kooij et
al. 2008).

Noteworthy evidence for a functional role of Tnl truncation and degradation in
heart disease also exists. In a rodent model of I/R injury, Tnl was cleaved at its
C-terminal end, leaving truncated Tnl1-192. Although replacement of full-length
Tnl with truncated Tnl aid not alter maximal force development, it increased
myofilament Caz+ sensitivity significantly (Hamdani, Kooij et al. 2008). Low
levels of Tnl degradation were also observed in a porcine model of myocardial

infarction (van der Velden, Merkus et al. 2004).

1.3.3 Myofilament Dysfunction in Heart Failure

The pathophysiology of heart failure is often attributed to changes in structure
of the heart (such as dilation or hypertrophy), cell death or alterations Caz:-

handling. More recently, however, it has become clear that impaired
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myofilament function can contribute to decreased inotropy and lusitropy within
the failing myocardium. More specifically, development of reduced sarcomeric
maximal force attenuates contractility while increased Caz- sensitivity and
passive stiffness contribute to impaired relaxation (Hamdani, Kooij et al. 2008).
There are multiple factors which may contribute to these observations, including
altered expression of different sarcomere protein isoforms, proteolysis or
protein degradation and post-translational modifications, namely

phosphorylation.

In the failing myocardium, it has been observed that foetal protein isoform
expression is increased. A small shift in expression of the fast a-MHC to the slow
B-MHC has been shown to reduce both energy consumption and the speed of
contraction (Barany 1967, Lompre, Schwartz et al. 1979, Mercadier, Bouveret et
al. 1983, Miyata, Minobe et al. 2000, Narolska, van Loon et al. 2005).
Furthermore, MLC-1 expression was changed in diseased ventricles. In adults,
the normally expressed ventricular form (VLC-1) was replaced by the atrial form
(ALC-1), which caused increased maximal force (Ritter, Luther et al. 1999).
Finally, expression of foetal TnT has been observed, but without a clear
indication of a functional effect (Mesnard-Rouiller, Mercadier et al. 1997,
Hamdani, Kooij et al. 2008). Importantly, the expression changes were highly
variable across different studies, and some were more significant in rodent
studies than in humans, casting doubt upon a significant functional role in the
pathophysiology of human disease (Lompre, Mercadier et al. 1981). In fact, it
has been postulated that these changes do not explain dysfunction, but

conversely, represent compensatory changes (Hamdani, Kooij et al. 2008).

Phosphorylation of sarcomeric proteins has been widely shown to have a
pathophysiological role in heart failure. Much of the altered protein
phosphorylation can be attributed to changes in neurohormonal signalling. In
heart failure, desensitisation and down-regulation of B-adrenergic receptors
reduces the activation of PKA, which leads to a reduction in the phosphorylation
of several myofilament proteins such as Tnl and MyBP-C (Bristow, Ginsburg et al.
1986). As previously mentioned, reduced PKA phosphorylation of Tnl leads to
increased Caz-+ sensitivity, which has been directly observed in permeabilised
human myocytes isolated from diseased hearts (Wolff, Buck et al. 1996, Bodor,

Oakeley et al. 1997, van der Velden, Papp et al. 2003, Messer, Jacques et al.
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2007). Moreover, the increased Caz+ sensitivity of the myofilament can be
completely reversed by treatment with PKA catalytic subunit, confirming the
role of phosphorylation in this parameter of myofilament dysfunction in disease
(van der Velden, Papp et al. 2003). Overall, reduced phosphorylation of Tnl
contributes to impaired relaxation in the failing myocardium (Hamdani, Kooij et
al. 2008).

More recently, it has been shown in both human heart failure and in animal
models (dogs with pacing induced end-stage heart failure) that the PKA
phosphorylation of MyBP-C is dramatically reduced in diseased myocardium (El-
Armouche, Pohlmann et al. 2007, Kooij, Holewinski et al. 2013). MyBP-C is
associated with the cardiac thick filament, and functions by maintaining the
structure of the sarcomere and regulating crossbridging of actin and myosin
(Carrier, Mearini et al. 2015). Phosphorylation by PKA accelerates cross-bridging
of actin and myosin by alleviating the inhibitory influence of non-phosphorylated
MyBP-C (Gautel, Zuffardi et al. 1995, Shaffer, Kensler et al. 2009, Moss,
Fitzsimons et al. 2015, Kensler, Craig et al. 2017). Therefore, reduced
phosphorylation restores this inhibitory influence, attenuating cross-bridging and
slowing cross-bridge kinetics. The relative contribution of these phosphorylation

changes to the pathophysiology of disease requires further investigation.

1.4 Cyclic Nucleotide Signalling

1.4.1 Intracellular Signal Transduction and Second Messengers

Signal transduction is the mechanism by which an extracellular stimulus is
converted to an intracellular effect. Generally speaking, this process begins with
the interaction of an extracellular ligand, often a hormone or neurotransmitter,
with a membrane bound receptor. Upon activation, the receptor initiates an
intracellular signalling cascade, which often involves a second messenger.

Second messengers provide the link between receptors and cellular effector
proteins which convert a signal into a physiological action (Sutherland 1972).
Activation of receptors alters the intracellular concentration of the
corresponding second messenger, which in turn affects the activity of cellular
effector proteins, which orchestrate the appropriate, receptor-specific response.

The response is ended when the concentration of second messenger is reduced
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to a resting state, which can be accomplished via the efflux of second messenger
out of the cell, or the degradation of second messenger by specialised proteins.
Some second messengers which are widely employed by cells for signal
transduction include Caz+, inositol triphosphate (IP3), diacylglycerol (DAG) and
the cyclic nucleotides (Berridge 1984). There are two main cyclic nucleotide
species, cyclic 3’,5’-adenosine monophosphate (cAMP) and cyclic 3’,5’-guanosine
monophosphate (cGMP), which are each comprised of a nucleotide with a single
phosphate which have two single bonds between the sugar and phosphate groups,
creating a cyclic structure (Figure 1.5). Less well-known non-canonical cyclic
nucleotides, such as cyclic 3’,5’-cysteine monophosphate (cCMP) and cyclic

3’,5’-uracil monophosphate (cUMP) will not be described in the present work.

1.4.2 cAMP Signalling Pathway

The concept of a second messenger was born out of the discovery of cAMP (Rall
and Sutherland 1958).
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Figure 1.5: Molecular structure of cAMP. The cyclic structure derives from the presence of two
single bonds between the sugar within the nucleotide and the phosphate group. One of these
phosphodiester bonds, highlighted in red, is hydrolysed by PDEs, yielding the product, 5'-
adenosine monophosphate (5’-AMP) (adapted from (Bender and Beavo 2006)).

The cAMP signalling pathway begins with the interaction of a ligand with a G-
protein-coupled receptor (GPCR). In humans, approximately 4% of the protein

coding genome codes for GPCRs; these receptors are widespread in terms of
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expression and physiological actions, from hormonal and neuronal signalling to
sensory transduction (Fredriksson, Lagerstrom et al. 2003). The receptors are
comprised of an extracellular N-terminal region, seven transmembrane a-helices
and an intracellular C-terminal region. Generally, the N-terminal domain
contains the ligand binding site while the C-terminal region interacts with
heterotrimeric G-proteins, which contain a, B, and y subunits (Cherezov,
Rosenbaum et al. 2007). Upon activation by ligand binding, the GPCR causes the
a-subunit’s attached guanosine diphosphate (GDP) to be exchanged for
guanosine triphosphate (GTP), causing a conformational change and the
dissociation of the Ga. There are three types of Ga subunit with distinct
functions: Gas, Gai and Gaq (Pierce, Premont et al. 2002). Gas positively
interacts with the enzyme, adenylyl cyclase (AC), which catalyses the production
of cAMP. Conversely, Gai negatively interacts with AC, inhibiting its action.
Finally, Gaq acts independently of AC and the cAMP pathway, instead activating
phospholipase C and signalling through the second messengers IP3 and DAG.
Additionally, the By complex of the G protein often mediates alternative
signalling pathways. Each subunit is coded by nhumerous genes (sixteen a, five B
and twelve y), and the various ways in which these subunits combine add to the

functional diversity of GPCR signalling (Pierce, Premont et al. 2002).

As mentioned, the classical signalling pathway of GPCRs involves the activation
or inhibition of the membrane bound enzyme AC by Gas and Gai respectively.
When AC was first cloned in 1989, its complex structure led the researchers to
infer a channel or transporter function (Krupinski, Coussen et al. 1989). It is
comprised of NH2 and COOH terminal domains, two transmembrane clusters
(TM1 and TM2), and two cytoplasmic loops. The two cytoplasmic loops contain
the catalytic regions, C1A and G2A, which are conserved ATP-binding regions.
These regions dimerise, forming the catalytic site of the enzyme. Since the
initial characterisation, eight more structurally similar AC isoforms have been
identified (Krupinski, Lehman et al. 1992, Willoughby and Cooper 2007). Upon
activation by the association with Gas, AC is activated and catalyses the
production of cAMP from ATP. The structure of the catalytic site is remarkably
similar to DNA polymerase, suggesting that it functions by the same phosphoryl
transfer mechanism (Tesmer, Sunahara et al. 1997, Zhang, Liu et al. 1997). In

fact, the catalytically active site contains two aspartate residues which allow
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the binding of two Mgz molecules. These metal ions facilitate phosphoryl-
transfer, promoting the cyclisation of cCAMP and the release of the two
phosphate groups (Willoughby and Cooper 2007). The activity of AC results in an

increase in the intracellular concentration of cAMP.

1.4.3 cAMP Effector Proteins

A rise in the concentration of cCAMP above threshold levels activates four main
types of effector proteins: protein kinase A (PKA), exchange proteins directly
activated by cAMP (Epac), cyclic nucleotide gated ion channels (CNGC) and
popeye domain-containing proteins (POPDC) (Figure 1.6).
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Figure 1.6: B-adrenergic signalling utilising cAMP as a second messenger. Although this
figure uses the B-adrenergic receptor as an example, a number of GPCRs utilise similar signalling
pathways. Following the activation of the GPCR, the tethered Gs protein is activated, stimulating
AC to produce cAMP from ATP. cAMP activates four types of effector proteins: CNGC, PKA, EPAC
and POPDC, all of which have varied cellular effects. HCN channels are also gated by cAMP and
are important in cardiac cells. PDEs are enzymes which hydrolyse cAMP, having an inhibitory
effect on its second messenger activity. (AC, adenylyl cyclase; ATP, adenosine tri-phosphate; B-AR,
B-adrenergic receptor; C, catalytic subunit of PKA; CNGC, cyclic nucleotide gated channel; EPAC,
exchange protein directly activated by cAMP; Gs, stimulatory G-protein; HCN, hyperpolarisation-
activated cyclic nucleotide-gated channel; PDE, phosphodiesterase; PKA, protein kinase A,
POPDC, popeye domain containing protein; R, regulatory subunit of PKA).
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PKA exists as a tetrameric enzyme with two regulatory subunits (R) and two
catalytic subunits (C) (Kemp, Bylund et al. 1975). The regulatory subunits bind
cAMP, which causes a conformational change and the dissociation of the
catalytic subunits. The dissociation of the regulatory subunits from the catalytic
subunits serves to activate the enzyme’s catalytic activity. Recently, this
classical view of activation via regulatory subunit dissociation has been
challenged, with evidence that dissociation was not necessary for activation of
catalytic activity (Smith, Esseltine et al. 2017). PKA belongs to a family of
serine/threonine kinases; its active site catalyses the transfer of a phosphate
group from ATP to threonine or serine residues on its target proteins, which are
typically integrated into the motif R-R-@-S (@ in this case is a hydrophobic amino
acid) (Skalhegg and Tasken 2000). Phosphorylation of PKA substrate proteins can
have a myiad of cellular effects. For example, in cardiomyocytes, PKA is a very
influential cAMP effector, phosphorylating and affecting the function of many
proteins involved in excitation-contraction coupling (Wolff, Buck et al. 1996,
Baryshnikova, Li et al. 2008, Jones, Meng et al. 2008, Barefield and Sadayappan
2010).

Epac was identified more recently as a cCAMP effector when it was shown to have
a CAMP binding domain similar to that of PKA’s regulatory subunits (de Rooij,
Zwartkruis et al. 1998, Kawasaki, Springett et al. 1998). This protein functions to
activate the Rap1 and Rap 2 proteins, which belong to the Ras family of small
GTPases (Cheng, Ji et al. 2008). The two isoforms, Epac1 and Epac2, have
different expression patterns, with Epac1 being more widespread and Epac2
having more restricted expression. These proteins have been shown to be
involved in many cellular processes including cell adhesion and junction
formation as well as the control of neurotransmitter and hormone release (Bos
2006). Many of these processes depend on the integrated activities of PKA and
Epac.

First discovered in rod photoreceptors in the eye, cyclic nucleotide-gated ion
channels (CNGC) are the third type of cyclic nucleotide effector protein. In the
rod photoreceptor cells, these channels are predominantly activated by cyclic
guanosine monophosphate (cGMP) (Chen and Yau 1994, Liu, Chen et al. 1994).
CNGCs are composed of four subunits which all share similar structures and are

organised around a central pore through which cations can flow. The subunits
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each contain six transmembrane domains and a C-terminal region with a cyclic
nucleotide binding domain (CNBD) (Matulef and Zagotta 2003). Binding of a
cyclic nucleotide to this domain results in the opening of the channel and the
influx of cations into the cell. Of particular physiological importance in the heart
is the hyperpolarisation-activated cyclic nucleotide-gated (HCN) channel
(Herrmann, Schnorr et al. 2015). Activated by membrane hyperpolarisaion, these
channels are open and permeable to Na+ and K+ near the resting membrane
potential of cardiac cell, resulting in the If current (Benarroch 2013). The If
current provides the initial depolarisation of the cardiac action potential.
Binding of cAMP to the CNBD of these channels activates their current by
lowering the threshold potential for channel opening (DeBerg, Brzovic et al.
2016).

Recently, the POPDC family of proteins (POPDC1, POPDC2 and POPDC3) has been
identified as a novel class of CAMP effector proteins. These transmembrane
proteins are abundant in muscle cells and have been shown to bind cAMP with
high affinity, but their functional role and biochemical activity is not well
understood (Brand and Schindler 2017). Most of the current understanding of
POPDC’s function comes from knockout animals. In mice, POPDC1 and 2 are
highly expressed in the myocardium and knocking out these genes caused altered
cardiac phenotypes. In rodents, myocardium lacking POPDC1 displayed reduced
recovery after cardiotoxin injection and ischaemic reperfusion (I/R) injury than
wildtypes, suggesting a role for the protein in recovery (Alcalay, Hochhauser et
al. 2013, Kliminski, Uziel et al. 2017). Furthermore, POPDC1 and 2 are enriched
in the conduction system of the heart, and knockout animals displayed age-

dependent dysfunction in pacemaking (Froese, Breher et al. 2012).

1.5 Cyclic Nucleotide Phosphodiesterases

Ending cyclic nucleotide driven responses requires the concentration of the
second messenger within the cell to decrease below the activation threshold of
cAMP effectors, which occurs via the action of cyclic nucleotide
phosphodisterases (PDEs). PDEs are the only known enzymes which can degrade
cyclic nucleotides. These enzymes function by hydrolysing the 3’,5’-
phosphodiester bond of cAMP or cGMP, converting it to 5’-AMP or 5’-GMP

respectively.
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Although there are three classes of PDEs, all mammalian enzymes fall under
Class 1. There are 21 genes in this class, which have been grouped into eleven
families. The numerous splice variants that can be expressed in each family
result in nearly 100 PDE isoforms (Maurice, Ke et al. 2014). This large family of
enzymes has a wide variety of distributions and functions, but the general
structure of these enzymes remains fairly consistent. The large C-terminal
region comprises cyclic nucleotide binding regions and areas which regulate
catalytic activity. The increasingly important localisation information is mostly
housed within the N-terminal region of the proteins, although it is becoming
clear that other conserved targeting domains are possible. For example, a
multifunctional docking domain has been identified within the catalytic domain
of PDE4 (Houslay, Christian et al. 2017). Between the C-terminal and isoform-
specific N-terminal parts, the conserved catalytic domain is the largest segment
that carries out the hydrolysis and degradation of cAMP (Omori and Kotera 2007).
It has been shown that the catalytic activity of this domain is inhibited by
caffeine, which in turn potentiates cAMP signalling due to the inhibition of its
degradation (Sutherland and Rall 1958).

Of the numerous members of the PDE superfamily, only a subset of isoforms has
been shown to be active in the heart. These isoforms will be discussed in more

detail in later sections of this work.

Considering the widespread role of PDEs in the ubiquitous cyclic nucleotide
signalling pathways, it is not surprising that the ablation of their hydrolytic
activities have been targeted as a therapeutic strategy by many research labs
and pharmaceutical companies. In the early 1960s, the caffeine derivative,
theophylline was shown to potentiate cardiac inotropic responses by enhancing
adrenergic signalling (Rall and West 1963). Since then, the efforts to target PDEs
pharmacologically have continued, and a few drugs, which target PDE families

specifically have reached the market.

1.5.1 PDE4 Family

The PDE4 family of enzymes is the most relevant for the present work. The four
PDE4 genes (PDE4A, B, C and D) are alternatively spliced into over 20 isoforms

(Houslay, Baillie et al. 2007). Generally, PDE4s are comprised of an isoform
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specific N-terminal transduction domain (TD), upstream conserved regions 1 and
2 (UCR1 and UCR2), which are linked to each other and to the catalytic region by
linker regions 1 and 2 (LR1 and LR2) respectively, and the conserved C-terminal
catalytic domain (Houslay, Baillie et al. 2007, Fertig and Baillie 2018). Based on
the presence and size of UCR1 and UCR2 in PDE4 splice variants, family members
can be further categorised into long, short, super-short or dead-short isoforms
(Figure 1.7). The TD has been shown to be important for targeting of PDE4
isoforms to specific subcellular locations; however, it has recently been shown
that other regions can direct localisation, including the multifunctional docking
site at the C-terminal end of the catalytic domain (Houslay, Christian et al.
2017). UCR1 and UCR2 function by regulating the outcomes of PDE4
phosphorylation by PKA or ERK (Hoffmann, Baillie et al. 1999, MacKenzie, Baillie
et al. 2002). Finally, the catalytic domain has been shown to include a deep
hydrophobic pocket, which provides the active site for cAMP hydrolysis (Ke and
Wang 2007).

Examples:
PDE4A4, 5, 8, 10, 11

N-Terminal C-Terminal
PDE4BI, 3, 4
PDE4CI, 2, 3

LR1 3
Long "Ucry || ucr: ECCEMM  Cotalytic Domain
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Short TD JES¥ UCR2 LR2 Catalytic Domain PDEA4BY; 4D1,2

P
Super-short LR2 Catalytic Domain
Dead-short [:pl Catalytic Domain PDE4A7

(@ PKA Phosphorylation Site
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Figure 1.7: PDE4 isoforms. A schematic representation of the domain organisation of PDE4
enzymes and the organisation of the isoforms into long, short, super-short and dead-short. (LR,
linker region; TD, transduction domain; UCR, upstream conserved region.) (Adapted from (Fertig
and Baillie 2018)).

1.5.2 Compartmentalisation of cAMP Signalling by PDEs

CAMP is a small, highly diffusible molecule. When it is produced by membrane
bound AC, it should quickly diffuse throughout the cell, uniformly increasing the
cytosolic and nuclear concentration and subsequently activating all available

effector proteins. If this were true, however, it would not be possible for cAMP
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to cause multiple different, receptor-specific responses within the same cell.
The reality is that many cells utilise cAMP signalling in response to many
different stimuli to produce discrete, non-overlapping responses. The
mechanism behind these receptor-specific responses was first investigated by
Brunton and colleagues, who showed that many different GPCRs in cardiac
myocytes elevated cAMP concentration to similar levels within the cell, yet
resulted in different physiological outcomes (Hayes, Brunton et al. 1980). In
conclusion, the researchers proposed the concept of the compartmentalisation
of signalling, in which specific CAMP effectors were restricted to specific
compartments within the cell, and certain receptors could only activate certain
pools of these effectors depending on their proximity to PDEs (Brunton, Hayes et
al. 1981, Hayes and Brunton 1982).

Early immunohistochemical staining techniques were able to show localisation
and compartmentalisation of cyclic nucleotides (Steiner, Whitely et al. 1975),
but advances in the field were slow before the development of genetically
encoded optical probes, which could detect cyclic nucleotide dynamics in real
time in living cells, using fluorescence resonance energy transfer (FRET)
(discussed in more detail later) (Zaccolo, De Giorgi et al. 2000, Nikolaev,
Gambaryan et al. 2006, Nikolaev and Lohse 2006). The visualisation of discrete
cAMP microdomains in the cardiac myocyte due to different receptor
stimulations was one of the first major ground-breaking studies using this
technique (Figure 1.8) (Zaccolo and Pozzan 2002). Several pre-existing
observations led to this study. It had already been shown that PKA was localised
in specific subcellular locations by A-kinase anchoring proteins (AKAPs), and
there was evidence for the localisation of PDEs by the same mechanism (Yang,
Drazba et al. 1998, Dodge and Scott 2000, Dodge, Khouangsathiene et al. 2001).
These observations provided the necessary framework to make the proposed

mechanism of cAMP compartmentalisation feasible.

Many studies have now provided direct evidence for the mechanism of cAMP
compartmentalisation and receptor-specific responses. Localisation of PDEs in
discrete subcellular locations creates a mechanism by which these enzymes can
act as local ‘sinks’ which decrease local cAMP concentration and restrict the
diffusion of the second messenger (Baillie 2009). This allows subcellular cAMP

gradients to be created within the cell, dependent on the specific receptor that
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has been stimulated. These gradients were displayed in cardiac myocytes using
genetically encoded cAMP reporters (Zaccolo and Pozzan 2002). In this study,
when cardiac myocytes were treated with B-adrenergic agonists, there were
defined, simultaneous cAMP gradients formed throughout the cell. However,
when these cells were treated with the non-specific PDE inhibitor, IBMX, the
areas of high cAMP concentration expanded until the whole cell was swamped in
a uniformly high cAMP concentration. This observation was key in signifying the
importance of localised PDE activity in restricting the free diffusion of cCAMP and
shaping cAMP gradients in space and time. Therefore, this is a mechanism by
which the cAMP concentration can increase in the vicinity of the appropriate
effector proteins without ubiquitously activating all effectors in the cell. Of
course, this is made possible by the anchoring of the effectors to specific
locations, for example, the anchoring of PKA by AKAPs. When a receptor is
activated, the concentration of the respective pool of cCAMP is elevated enough
to swamp the correctly positioned PDEs, and the relevant effector can be

activated.
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Figure 1.8: The effect of B-adrenergic stimulation and PDE inhibition on cAMP diffusion in a
cardiac myocyte. Cells were transfected with cAMP reporters (based on the structure of PKA, RII-
CFP and C-YFP), allowing local changes in [CAMP] to be detected. A. The distribution of C-YFP
within the cell. When cells were treated with isoproterenol (C) to stimulate 3-adrenergic signalling,
local increases in cAMP were observed compared to the low basal levels in a resting cell (B).
Treatment of the same cell with nonspecific PDE inhibitor, IBMX, resulted in the diffusion of these
high [cAMP] areas throughout the cell (D), displaying the role of PDE in the compartmentalisation
of signalling (Adapted from (Zaccolo and Pozzan 2002)).
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An important concept in the compartmentalisation of cAMP signalling is that of
the ‘signalosome’. Compartmentalisation relies on the spatial restriction of the
protein machinery involved in the signalling pathway, which is made possible by
the formation of macromolecular complexes called ‘signalosomes’. These
complexes contain enzymes which produce, degrade, and are activated by cAMP
as well as scaffolding, or structural proteins (Maurice, Ke et al. 2014). When
coupled with the formation of cCAMP gradients in discrete microdomains, this
organisation allows the spatial and temporal regulation of signalling, which is
key for the promotion of specific physiological outcomes from different

receptors.

1.5.3 PDEs in the Cardiovascular System

Cyclic nucleotide signalling in the heart and vessels has been studied widely. In
healthy myocardium, cyclic nucleotide signalling is generally beneficial, with
acute cAMP elevation regulating excitation-contraction coupling. However, when
CAMP is raised chronically in conditions of chronic sympathetic stimulation, this
signalling pathway contributes to hypertrophy and heart failure (Bobin, Belacel-
Ouari et al. 2016). The role of cyclic nucleotides in the pathophysiology of
disease has led researchers to investigate the therapeutic potential of targeting
the pathway, often by targeting PDEs. PDE3 and PDE4 subfamilies are the major
players in the heart and vessels. However, there is also evidence for the roles of
other subfamilies, (PDE1, PDE2, PDE5 and PDE9) in the context of disease (Bobin,
Belacel-Ouari et al. 2016). Although PDE family-specific inhibitors have been
shown to have widespread utility in pre-clinical studies, their use clinically has
been rather limited. PDE3 inhibitors, such as milrinone, increase contractility,
but were shown to increase mortality when used for the treatment of chronic
heart failure due to cardiac arrhythmia; however, milrinone is still used for in
acute decompensated heart failure and to maintain cardiac function following

surgery (Packer, Carver et al. 1991, Baillie, Tejeda et al. 2019).

The major pathway for the present work involves B-adrenergic signalling in the
heart. During the ‘fight or flight’ response or other increases in cardiac demand,
the sympathetic nervous system is activated, and adrenaline binds to B-
adrenergic receptors. These receptors are Gs-coupled GPCRs, which in turn

activate AC, raising intracellular [cAMP]. Due to the compartmentalised nature
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of CAMP signalling, this activates specific pools of PKA, which phosphorylate a
number of substrate proteins, including LTCC, RyR, PLB, and Tnl. The cumulative
effect of these phosphorylation events results in the positive inotropic,
chronotropic and lusitropic responses characteristic of the B-adrenergic response.
The phosphorylation of these substrates is tightly controlled by PDEs, which are
often integrated into signalosomes containing PDEs, PKA holoenzyme, PKA

substrate protein and scaffolding proteins (AKAPs) (Figure 1.9).
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Figure 1.9: Cardiac PDE signalosomes. Many of the protein components of cardiac excitation-
contraction coupling have been shown to be PKA phosphorylated in a process which is tightly
regulated be members of the PDE3 and PDE4 families. This is made possible by the formation of
macromolecular complexes, or signalosomes. B-arrestin forms a complex with PDE4D5, regulating
receptor desensitisation (Bolger, McCabhill et al. 2003). The cardiac IKs channel interacts directly
with PDE4D3, regulating the channel’s regulation by cAMP (Terrenoire, Houslay et al. 2009). LTCC
and RyR are regulated by PDE4B and PDEA4D respectively, regulating the process of calcium-
induced calcium release (Lehnart, Wehrens et al. 2005, Leroy, Richter et al. 2011). SERCA
interacts with PDE4D, which regulates reuptake of calcium into the intracellular store (Beca, Helli et
al. 2011). Finally, HSP20'’s cardioprotective effects are mediated by PDE4D5 (Sin, Edwards et al.
2011). (Adapted from (Maurice, Ke et al. 2014, Fertig and Baillie 2018)).

The specific PDE isoforms integrated into several of these signalosomes have

been identified using a number of techniques. Firstly, pharmacological inhibition
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of PDE families and subsequent analysis of the phosphorylation of the substrate
protein was used to identify the family of PDEs involved (Sin, Edwards et al.
2011). To increase the specificity to the subfamily, knockout animals were used
to reduce the expression of specific PDE genes, for example, PDE4A, B, C or D
(Lehnart, Wehrens et al. 2005). Finally, isoform level specificity was achieved
using a dominant negative approach or specially designed siRNA (Maurice, Ke et
al. 2014). The theory behind this approach is that the overexpression of
dominant-negative catalytically inactive PDE mutants displace the endogenous
functional PDEs, allowing the identification of the specific PDE isoform involved
in the regulation of substrate phosphorylation. However, this approach can
affect more than one functional “pool” of one PDE isoform in more than one
cellular location. These approaches have been used in combination with peptide
array technology, which allows the identification of binding sites between
signalosome members. Data from this technique has been used to design and
synthesise disruptor peptides which can “unhook” one PDE isoform from one
discrete location (Lee, Maurice et al. 2013). Furthermore, the use of FRET
probes which have been tethered to specific substrate proteins have provided
additional evidence for the roles of PDE isoforms in the regulation of localised

signalling (Sin, Edwards et al. 2011).

1.6 SUMOylation

SUMOylation is a post-translational modification based on the covalent bonding
of small ubiquitin-like modifier (SUMO) protein to a substrate. This highly
conserved modification has been shown to have a number of functional effects
from the regulation of transcription and cell cycle to subcellular localisation and
degradation of proteins (Muller, Hoege et al. 2001, Seeler and Dejean 2003,
Verger, Perdomo et al. 2003, Hannoun, Greenhough et al. 2010).

Three SUMO homologues are expressed in mammals: SUMO-1, SUMO-2 and SUMO-
3. SUMO-2 and -3 have 95% sequence homology but only share 50% sequence
homology with SUMO-1. Despite their misleading name, these 11 kDa proteins
share less than 20% sequence homology with 8 kDa ubiquitin (Muller, Hoege et al.
2001). SUMO proteins are bound to lysine residues of substrate proteins, which
are often contained within a consensus motif, WKxD/E, where y is a large

hydrophobic residue, K is a lysine, x is any amino acid and D/E is aspartic
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acid/glutamic acid (Hannoun, Greenhough et al. 2010). However, it is worth
noting that many proteins have been shown to be SUMOylated at residues that
are not contained within a consensus motif (Ulrich 2009, Hannoun, Greenhough
et al. 2010). The binding takes the form of an isopeptide bond between the C-
terminal carboxyl group of the SUMO protein and the g-amino group of the lysine
residue of the consensus motif of the substrate protein (Hannoun, Greenhough et
al. 2010). Additionally, SUMO-2 and -3 can be involved in polySUMOylation due to
their N-terminal SUMO consensus motifs. Additional SUMO proteins covalently
bind to these consensus motifs in SUMO itself forming a chain. SUMO-1 does not
contain this site, and therefore, acts as the end of a chain (Kroetz 2005, Ulrich
2009).

1.6.1 SUMOylation Cascade

The enzymatic cascade for the addition of SUMO to a substrate protein is very
similar to the ubiquitination cascade (Figure 1.10). Three enzymes are involved:
E1, the activating enzyme, E2, the conjugating enzyme, and E3, the ligase
(Takahashi, Toh-e et al. 2001, Hannoun, Greenhough et al. 2010).
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Figure 1.10: SUMOylation Cascade. The SUMOQylation cascade begins with the cleavage of the
C-terminal portion of the pro-from of SUMO by SENP isopeptidases. The SUMO protein is then
bound to the E1 protein, which exists as a heterodimeric complex of UBA2/AOSL1, in an ATP-
dependent process. SUMO is then transferred to the E2 conjugating enzyme, UBC9, where a
reactive bond between the UBC9 and SUMO forms. An E3 ligase then facilitates removal of SUMO
from UBC9 and covalent attachment to the SUMOylation motif of the substrate protein. SENPs
remove SUMO from substrate proteins in this dynamic process. (Adapted from (Hannoun,
Greenhough et al. 2010)).

The SUMOylation cascade begins with the cleavage of precursor SUMO protein to
the active species by SENP SUMO deconjugating enzymes, which expose SUMO’s
carboxy-terminal diglycine motif (Kerscher 2007, Mukhopadhyay and Dasso 2007).
Next, the SUMO activating enzyme (E1) interacts with SUMO, forming an
energetic thioester bond. The E1 enzyme is comprised of a heterodimer of Aos1
(SAE1) and Uba2 (SAE2). The formation of the high energy thioester bond by this
enzyme prepares SUMO for conjugation by the E2 enzyme. There is only one

known E2 enzyme, Ubc9. UBC9 includes an active site which binds SUMO via a
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cysteine residue, directly binding SUMO to the consensus motif of a target
sequence. Ubc9 then facilitates the formation of an isopeptide bond between
the e-amino group of the substrate protein’s lysine residue within the consensus
motif, which is directly recognised by the enzyme (Ulrich 2009). Unlike the
SUMO E2 ligase, numerous SUMO E3 ligases have been identified, each of which
has substrate specificity for various SUMO target proteins. Rather than having
any catalytic activity which contributes to the transfer of SUMO from Ubc9 to
the substrate, the E3 ligases contribute to the cascade by acting as a scaffold,
bringing the Ubc9-SUMO complex into close proximity to the substrate (Ulrich
2009). The most prominent E3 ligases belong to the protein inhibitor of activated
STAT (PIAS) family, which, in humans, includes 5 proteins from 4 genes, PIAS1,
PIAS3, PIASxa, PIASxB and PIASy (Palvimo 2007). The PIAS proteins include SP-
RING domains, which can bind to Ubc9, and SUMO interacting motifs (SIMs) which
bind to SUMO directly, thereby promoting SUMOylation of substrate proteins
(Hochstrasser 2001). These proteins have a level of substrate specificity, with
specific PIAS proteins influencing the SUMOylation of specific subsets of target
proteins, often with little redundancy in the system (Schmidt and Muller 2002,
Hannoun, Greenhough et al. 2010).

Finally, like phosphorylation, SUMOylation is reversible; a family of cysteine
proteases called sentrin-specific proteases (SENPs) are able to remove SUMO
from its substrate in a process known as deSUMOylation. There are six known
members of the SENP family which can function in this way, with a degree of
specificity for the different SUMO proteins (Lee 2016 - 31). The variety and
differential expression of the SUMO proteins and the enzymes involved in the
cascade suggest that the process of SUMOylation and deSUMOylation is dynamic,

reacting and responding to cellular environment and stressors (Lee 2016).

1.6.2 Functional Effects of SUMOylation

There is no single effect of target protein SUMOylation, as studies investigating
the SUMOylation of a myriad of target proteins have concluded that a wide
variety of functional effects are possible. However, there are some indications
for general functional effects of SUMOylation (reviewed in (Ulrich 2009)).
Examples of the functional effect of SUMOylation of specific substrates will be

described in later sections.
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Firstly, SUMOylation of target proteins can alter a protein’s interactions with
other proteins (Ulrich 2009, Wang 2011). For example, the conjugation of SUMO
can produce an additional binding site, allowing binding partners to interact or
the substrate to be targeted to a specific intracellular location. Using a two-
hybrid approach, it has been shown that some proteins interact with SUMO
covalently via SUMO’s C-terminal di-glycine motif, as in target protein/SUMO
interactions. However, some proteins also interact with SUMO in a non-covalent
manner due to the presence of SIMs. The first reported interaction involving a
SIM showed that only SUMOylated p73 (a member of the p53 family of tumour
suppressor genes) could interact with certain binding partners (Minty, Dumont et
al. 2000). It has now been determined that SIM binding depends on the presence
of a hydrophobic core within the SIM, which has a consensus sequence of V/I-X-
V/I-V/1, where X is any amino acid (Song, Durrin et al. 2004). The SIM forms a B-
strand which integrates into a B-sheet on the SUMO protein (Kerscher 2007). It
has been shown that numerous downstream effectors contain SIMs and interact
with SUMO in this way. Furthermore, several components of the SUMOylation
cascade itself, including PIASx and E2 ligase subunit Uba2) have been shown to
include SIMs, which are essential for their function (Kerscher 2007). In contrast,
SUMOylation can also block interaction sites, preventing protein-protein
interactions from forming (Ulrich 2009). Finally, it has been shown that
SUMOylation can modify the conformation of substrate proteins, which can also
affect the way the substrate interacts with other binding partners (Steinacher
and Schar 2005).

SUMOylation has also been shown to regulate other post translational
modifications of substrate proteins. For example, SUMOylation can block
ubiquitination, which also requires a lysine residue of a substrate protein (Ulrich
2005). SUMO and ubiquitin sometimes compete for the same lysine on a
substrate, acting in antagonism to control the properties or the fate of the
protein. However, in many cases, the situation is much more complex and SUMO
and ubiquitin crosstalk still occurs even when the proteins modify different
lysine residues on the same protein (Ulrich 2005). The first example of the
former, antagonistic relationship, involves the inhibitor of the transcription
factor NF-kB (IkBa) (Desterro, Rodriguez et al. 1998). The ubiquitination of IkBa

results in its proteasomal degradation, freeing the NF-kB to regulate
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transcriptional activity in the nucleus. However, when one of IkBa’s two
ubiquitination sites is SUMOylated instead, it appears to be protected from this
degradation, inhibiting NF-kB induced transcription. Even this paradigm of the
‘simple’ antagonistic relationship has since been shown to be more complicated,
involving crosstalk between a phospho-site that must be modified for
ubiquitination to occur (Karin and Ben-Neriah 2000). On the other hand, in some
situations, SUMO and ubiquitin act cooperatively; for example, SUMOylation of a
target in the cytosol can promote nuclear localisation, where the protein is then
ubiquitinated (Huang, Wuerzberger-Davis et al. 2003, Ulrich 2005). Crosstalk
between phosphorylation and SUMOylation has also been reported.
Phosphorylation of substrate proteins can both promote and inhibit SUMOylation,
and SUMOylation of substrate proteins can also modulate the functional effects
of protein phosphorylation (Hietakangas, Ahlskog et al. 2003, Yang, Jaffray et al.
2003, Li, Vadrevu et al. 2010). Some SUMOylation sites may only be occupied if
nearby phosphosites are phosphorylated. In fact, a phosphorylation-dependent
SUMOylation motif with the sequence, YKXExxSP, has been identified on
numerous transcription factors. This motif contains the classical SUMOylation
motif followed by a phosphorylation site, separated by two amino acids
(Hietakangas, Anckar et al. 2006). An example in which SUMOylation of a
substrate regulates the functional effects of phosphorylation involves CAMP-
degrading PDE4D5. The PDE’s activity is modified by its phosphorylation by
various kinases including activation by PKA and inhibition by ERK MAPKinase.
SUMOylation of PDE4D5 locks it in a hyperactive state following PKA
phosphorylation and the SUMO modification also prevents inactivation of the PDE
by ERK (Li, Vadrevu et al. 2010).

Although many SUMOylated proteins are nuclear and involved in regulation of
transcriptional activity, there is an emerging role for SUMQOylation of cytosolic
proteins with widely varied functional implications. Taken together,
SUMOylation can modulate a protein’s targeting within the cell, its activity, its
interactions with binding partners and its stability (Ulrich 2009). Given the wide
variety of SUMO substrates that have been confirmed, the potential substrates
that have yet to be identified, and the ubiquitous expression of the SUMO

cascade components, the scope of the functional effects of SUMOylation is vast.
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1.6.3 SUMOylation in Cardiac Function and Disease

Although the SUMO pathway has been shown to play a part in a number of
physiological and pathological states, the present work will focus on the role of
SUMOylation in the heart. There is an abundance of evidence for the role of this
post-translational modification in cardiac development, function and disease
(Lee, Oh et al. 2016).

Firstly, the use of transgenic animals in which different components of the
SUMOylation cascade have been knocked out or overexpressed has shown the
integral, non-redundant roles of these proteins in cardiac function. Both global
and cardiac-specific SUMO1 knockout mice developed severe cardiac phenotypes,
including septal defects and progressive dysfunction leading to sudden cardiac
death (SCD) (Kho, Lee et al. 2011, Wang, Chen et al. 2011). On the other hand,
although SUMO2 knockout led to global developmental defects, no cardiac
specific phenotype was observed, suggesting the dominant role of SUMOT1 in the
cardiac setting (Wang, Wansleeben et al. 2014). Furthermore, alterations in the
expression levels of deSUMOylating enzymes, SENP2 and SENP5 had dramatic
functional effects on the heart. Knockout of SENP2 was embryonic lethal, with
embryonic heart defects observed; to the contrary, overexpression of SENP2 and
SENP5, leading to enhanced deSUMOylation, resulted in dilated cardiomyopathy
in mice, suggesting the detrimental effects of reducing the levels of SUMOylated
proteins in the heart (Kim, Chen et al. 2012, Kim, Zhang et al. 2015). Although
studies employing the use of changed expression in murine models are highly
informative, they are limited by the potential for species differences between
mice and humans. In human heart failure, it has been shown that several of
these proteins have altered activity and expression. Compared to healthy hearts,
the expression of SUMO1 has been shown to be decreased in failing hearts.
SENP1 and SENP5 expression have been shown to be upregulated in failing hearts
caused by idiopathic cardiomyopathy (Kho, Lee et al. 2011, Wang, Wansleeben
et al. 2014, Kim, Zhang et al. 2015). Taken together, these observations suggest
a role for SUMOylation in cardiac function and pathology, making the pathway

and the proteins involved attractive therapeutic targets.
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1.6.3.1 SERCA2a SUMOylation

Several cardiac proteins have been shown to be targets of SUMOylation, but the
most relevant and highly characterised stems from the work of Hajjar and
colleagues, showing the role of SERCA2a SUMOylation in heart failure (Kho, Lee
et al. 2011). SERCA2a functions to resequester Caz+ into the sarcoplasmic
reticulum, resulting in reduced cytoplasmic [Caz+] and diastole. It has long been
implicated in heart failure, which is characterised by reduced expression and
function of SERCA2a. Enhancing the expression of SERCA2a using gene therapy
was thought to be a potential therapeutic, showing great promise until it failed
in stage 2 clinical trials (Greenberg, Butler et al. 2016). The role of SERCA2a in
the pathophysiology of disease is undeniable, so researchers looked to post-
translational modifications of the protein as a potential target to treat heart

failure.

Hajjar and colleagues identified a SUMOylation consensus motifs at lysines 480
and 585 of SERCA2a which were shown to be targets of the post translational
modification (Kho, Lee et al. 2011). SUMOylated SERCA2a was shown to have
enhanced function and stability compared to SERCA2a which had not been
modified in this way. Coupled with the observation that both SUMO1 and
SERCA2a expression are reduced in heart failure, it was determined that this
modification could be targeted as a therapeutic target. Adenoviral gene transfer
of SUMO1 was used effectively to treat heart failure in both murine and porcine
models of disease (Kho, Lee et al. 2011, Tilemann, Lee et al. 2013). In mice
which had been subjected to transverse aortic constriction (TAC) to induce heart
failure, adenoviral mediated overexpression resulted in restoration of SERCA2a
function and expression to healthy levels. Cardiac myocytes isolated from these
animals showed increased reuptake of Caz-+ into the sarcoplasmic reticulum and
increase cell shortening, which was mirrored by enhanced contractility of the
mice hearts. Overall, cardiac function in animals with heart failure was restored

and animal survival significantly improved.

Following the positive results of this approach in mice, a pre-clinical porcine
model of I/R induced heart failure was used to test the therapeutic potential of
SUMO1 gene transfer (Chapman, Lee et al. 2017). The I/R-induced heart failure

was characterised by left ventricular remodelling and dysfunction as well as
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reduced expression of SUMO1 and SERCA2a and reduced SUMOylation of SERCA2a.
Similarly to the previous study, the adenoviral mediated gene transfer of SUMO1
increased expression levels of SUMO1 and SUMOylated SERCA2a levels back to
that of sham-operated animals. Interestingly, the treatment also increased the
expression of SERCA2a, consistent with the role of SUMOylation in enhancing the
stability of the protein. Cardiac function was significantly improved, and

pathological left ventricular remodelling was attenuated.
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1.7 Hypothesis & Aims

Tnl is a key protein in the process of excitation contraction-coupling in cardiac
myocytes. It has been shown previously that post-translational modification of
Tnl can regulate its function, thereby fine-tuning the regulation of cardiac
myocyte Caz+ signalling and contractile dynamics. Post-translational
modifications of Tnl have also been shown to be relevant in disease, with
downregulated phosphorylation of Ser23/24 observed in failing myocardium
(Bodor, Oakeley et al. 1997, Zakhary, Moravec et al. 1999).

B-adrenergic enhancement of contractility relies on the PKA phosphorylation of
numerous cardiac excitation-contraction coupling proteins, a process which has
been shown to be tightly regulated by integration of PDE isoforms into
signalosomes with the protein components. PKA phosphorylation of Tnl at
Ser23/24 (Ser22/23 in rodents) contributes to the overall enhancement of
contractility by increasing crossbridge cycling dynamics and also enhances
diastolic relaxation by decreasing myofilament Caz+ sensitivity (Pi, Kemnitz et al.
2002, Pi, Zhang et al. 2003, Takimoto, Soergel et al. 2004). Previous evidence
has suggested that a PDE4 isoform interacts with Tnl, thereby regulating its
phosphorylation (Edwards 2012). To date, the proposed interaction between
PDE4 and Tnl has not been confirmed, nor has a functional role of the
interaction been shown. It was hypothesised that PDE4 regulates the PKA
phosphorylation of Tnl and that this modulation would be disrupted by a custom
designed cell-permeable peptide that specifically uncouples PDE4 and TNI. The
peptide disruption of the proposed PDE4-Tnl complex was hypothesised to
enhance Ser23/24 phosphorylation, thereby enhancing the positive lusitropic

effects of this modulation. The aims of this study were as follows:

e To test the efficacy of a peptide disruptor of the proposed Tnl-PDE
interaction by studying cCAMP dynamics at the myofilament and the

phosphorylation levels of Tnl

e To confirm the proposed interaction using co-immunoprecipitation and

peptide array technology
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e |If PDE4-Tnl interaction confirmed, use range of PDE4 inhibiting tools
(PDE4 inhibitors, siRNA, dominant negative PDE4 and Tnl-PDE4 disruptor
peptide) to characterise function of PDE4-Tnl complex in healthy and

diseased heart

Another post-translational modification, SUMOylation, has also been shown to be
relevant in the cardiac setting. It has been shown that cardiac excitation-
contraction coupling protein, SERCA2a, is SUMOylated, maintaining its function
and protecting it against degradation in pathophysiological states. Tnl contains a
SUMOylation motif, but it has not yet been shown whether this site can be
SUMOylated. It was hypothesised that Tnl would be SUMOylated at K177 within
the identified SUMOylation motif and that this modification would have
physiological and/or pathophysiological relevance in the heart. The aims of this

study were as follows:

e To determine whether the C-terminal SUMOylation motif of Tnl can be
SUMOylated

e To develop and test a custom antibody specific to SUMOylated Tnl

e To determine whether SUMOylation of Tnl is of functional importance in
cardiac myocytes and whether it has a role in the myofilament

dysfunction observed in cardiac disease
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2.1 General Laboratory Practice

Equipment and reagents were purchased from Sigma-Aldrich (Dorset, UK) unless
otherwise stated. Any hazardous reagents or procedures were handled and
disposed of according to the relevant Control of Substances Hazardous to Health
regulations. Personal protective equipment including laboratory coats and gloves

were worn during all procedures.

Glassware was washed using Decon 75 detergent (Decon Laboratories Ltd, East
Sussex, UK), rinsed with distilled water and thoroughly dried prior to use. Sterile
disposable plastic containers and dispensers were used including microcentrifuge
tubes (Grenier Bio-one, Stonehouse, UK), universals (Corning, Birmingham, UK)
stripettes (Corning, Birmingham, UK) and pipette tips (Rainin, California, USA).
To sterilise reagents, laboratory items and liquids were autoclaved in a Prestige
Medical autoclave (Prestige Medical, Blackburn, UK). For the preparation of
buffers, solutions and media, solid chemicals were weighed using a Mettler
Toledo balance (sensitive to 0.01 g, Ohio, USA) or Sartorius CP124S balance
(sensitive to 0.0001 g, Bradford, UK). Solutions were prepared using distilled
water unless otherwise stated. The pH of these solutions was measured using a
Mettler Toledo Seven Easy digital pH meter (Mettler Toledo, Ohio, USA) and
adjusted using HCl or NaOH. Volumes were dispensed using a Gilson battery
powered pipetting aid (1-25 ml) and Gilson pipettes (0.5-1000 pl; Gilson Medical
Instruments, Staffordshire, UK). Centrifugation was carried out in a temperature
controlled Sigma-Aldrich 1-14K rpm table top microcentrifuge (Sigma-Aldrich,
Dorset, UK), a ThermoFisher Scientific Cl31 multispeed centrifuge (ThermoFisher
Scientific, Paisley, UK), or a Beckman Coulter Optima L-80 XP ultracentrifuge
(Beckman Coulter, High Wycombe, UK) depending on the sample container,
volume and speed requirements. Temperature sensitive incubations were
completed using a Grant OLS200 water bath (Grant Instruments, Cambridgeshire,
UK) or a Techne Dri-Block DB2A heat block (Teche, Staffordshire, UK).

2.2 Isolation and Preparation of Plasmid DNA

Plasmid DNA was used throughout this work for the transient expression of
proteins in cell lines and primary cells. The following describes the process in

which the DNA constructs were isolated.
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2.2.1 Transformation of Chemically Competent Cells

Following storage in 10 pl aliquots at -80°C, chemically competent TOP10 cells
(Invitrogen) were thawed slowly on wet ice. 1-2 ng of plasmid DNA was added to
the cells and mixed gently. The preparation was incubated on ice for 15 minutes
before heat shocking for precisely 1 minute at 42°C, and then was returned to
ice for a further 2 minutes. 200 pl of sterilised SOC medium (Invitrogen) was
then added and the preparation was incubated in a 37°C shaking incubator for 1
hour. Agar plates were prepared using sterilised lysogeny broth (LB) (1% (w/v)
bactotryptone, 0.5% (w/v) yeast extract, and 170 mM NaCl, pH 7.5) with 1.5%
(w/v) agar. Once cooled to handling temperature, appropriate antibiotic (50 pM)
was added and LB agar was poured into 90 mm petri dishes and left to set
proximal to a Bunsen flame for sterility. Plates were stored at 4°C for use within
one month. 50 pl of the transformed cells were plated and left to incubate
upside down overnight at 37°C. Successful transformation was determined by the
presence of colonies. Sterile pipette tips were used to pick single colonies for
inoculation of 5 mls of LB broth. Cultures were incubated overnight at 37°C in an
orbital shaker. These cultures were used in several ways depending on planned

experiments.

2.2.2 Preparation of Plasmid DNA

Glycerol stocks for storage were produced by mixing 0.8 ml of overnight culture
with 0.2 ml of autoclaved glycerol in a cryovial. Stocks were produced in
triplicate and snap frozen on dry ice before being stored at -80°C for long term

use.

2.2.3 Isolation of Plasmid DNA

250 ml of LB with appropriate antibiotic (50 uM) was inoculated with small
overnight cultures or scrapings of glycerol stocks and subjected to overnight
incubation in a 37°C orbital shaker. Qiagen Plasmid Maxi Kits were used to
isolate large amounts of DNA as per manufacturer’s instructions. Sterile nuclease
free water was used to resuspend DNA. A NanoDrop 2000 spectrophotometer
(ThermoFisher) was used to assess DNA concentration and purity. Absorbance at
260 nm was used for measurement of concentration and the A2¢0/A280 ratio was

used for assessment of purity. Preparations were stored at -20°C.
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2.3 Site Directed Mutagenesis

Site directed mutagenesis was used for the production of plasmid DNA constructs
with point mutations that resulted in changes of amino acids, allowing the

determination of the effects of modification of the residues of interest.

QuikChange site-directed mutagenesis kits (Agilent) were used as per
manufacturer’s instructions. This method employed Pfu Turbo DNA polymerase
and a temperature cycling protocol similar to polymerase chain reaction (PCR).
The plasmid DNA with the wild-type insert was incubated in the reaction with
two oligonucleotide primers, designed to be complimentary to the region of
interest, with the exception of the desired mutations. Pfu Turbo DNA
polymerase was used as it is able to replicate both DNA strands, leaving the
mutant oligonucleotide primers in place - thereby introducing the mutant into
the plasmid DNA. Each reaction contained the following: Agilent reaction buffer,
dsDNA template, ‘sense’ oligonucleotide primer, ‘antisense’ oligonucleotide
primer, dNTP mix, and ddHz20. The thermal cycling protocol began with an initial
denaturation step at 95°C, which was followed by 18 cycles of 95°C denaturation,
55°C annealing, and 68°C extension. The extension time was calculated based on

the length of the plasmid.

Following the amplification of the mutant insert-containing plasmids, a
restriction endonuclease digestion was carried out to purify the mutated DNA by
digesting the template dsDNA plasmids. Dpnl is an endonuclease which is specific
for methylated DNA; as DNA isolated from E. Coli is methylated, treatment of
the amplification reaction with Dpnl results in the digestion of wild-type,

template dsDNA, leaving the newly produced mutant plasmids intact.

The product of the thermal cycling and Dpnl digestion was then used to
transform XL1-Blue supercompetent bacterial cells. The plasmid was added to
aliquots of cells, and incubated on ice for 30 minutes. The cells were subjected
to a 45 second heat shock at 42°C and placed on ice for 2 minutes. Pre-warmed
NZY- broth (10% (w/v) NZ amine, 5% (w/v) yeast extract, 5% (w/v) NaCl, 12.5
mM MgClz, 12.5 mM MgS04, 20 mM glucose, pH 7.5) was then added and the
transformation reactions were incubated at 37°C for one hour in an orbital

shaker at 240 rpm. The transformation reactions were then added to antibiotic
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containing agar plates at various volumes (10-250 pl) and incubated overnight at
37°C.

Single colonies from agar plates were selected and used to inoculate 4 ml
cultures of LB broth containing the appropriate antibiotic. These cultures were
incubated overnight in 37°C orbital shakers at 220 rpm. Half of this culture was
used for plasmid DNA purification using a Qiagen Spin Miniprep Kit, and the
sample was analysed using agarose gel electrophoresis (where the mutant
introduced a novel restriction endonuclease recognition site) and Sanger
sequencing. Upon a positive result indicating the presence of mutant plasmid,
the remaining 2 mls of overnight culture were used to inoculate 250 ml LB broth
cultures which were incubated overnight in 37°C orbital shakers and plasmid DNA
was purified in large quantities using Qiagen Maxiprep Kits as previously

described.

2.4 Mammalian Cell Culture

Class Il flow hoods (ThermoFisher) were used for cell culture procedures.
Standard aseptic techniques were used and all solutions and instruments were
autoclaved and kept in sterile conditions. Unless otherwise stated, media and
reagents were acquired from Gibco (ThermoFisher) while flasks, plates and other
consumables were acquired from Corning (Sigma Aldrich). A phase contrast
inverted microscope (Leitz Diavert) was used for regular visual examination of

cultured cells.

2.4.1 HEK-293 Cell Culture

Human Embryonic Kidney (HEK) 293 cells were used for a variety of experiments
due to their robust nature, quick growth and easy transfection. HEK-293 growth
medium was comprised of Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 1% penicillin/streptomycin, 1%
L-glutamine and 1% non-essential amino acids (NEAA). The cells were cultured in
T150 flasks containing growth medium in incubators with humidified air at 37°C
and 5% COa.
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When the cells reached approximately 90% confluency, they were passaged. To
passage cells, medium was removed and flasks were washed twice with sterile
phosphate buffered saline (PBS) solution. The washes were then removed and
trypsin-EDTA solution was added at a volume of 5 ml per T150 flask and cells
were incubated at 37°C. When cells were seen to detach under light microscopy,
10 mls of growth medium was added to inactivate the trypsin. The cells were
transferred to a 50 ml Falcon tube and centrifuged at 150g for 3 minutes to
remove trypsin and collect cells. The cells were resuspended in 3-10 ml of
growth medium depending on desired concentration. For maintenance of cells, 1
ml of cells was added to a new T150 flask with 25 ml of fresh growth medium
and incubated as previously described. For use in experiments, cells were plated
at various concentrations in six well plates or 10 cm dishes. For biochemical
experiments requiring preparation of whole cell lysates, cells were plated at
3x10s cells per well of a six well plate. For FRET imaging experiments, cells were

plated more sparsely, at 1x10s cells per well.

2.4.2 Neonatal Rat Ventricular Myocytes

Neonatal rat ventricular myocytes (NRVM) are a commonly used model to
investigate cardiac biochemical processes due to biochemical similarities to

adult ventricular myocytes and relative ease of isolation and culture.

2.4.2.1 Isolation of Neonatal Rat Ventricular Myocytes

Hearts were removed from 1-2 day old Sprague-Dawley rats following sacrifice
by anaesthesia overdose via intraperitoneal injection of Euthatal. Animals were
handled in accordance with the UK Animals (Scientific Procedures) Act of 1986.
The hearts were placed directly into a 5 cm dish containing ice-cold ADS buffer
(120 mM NaCl, 20 mM HEPES, 1 mM NazPO4, 5 mM glucose, 5.4 mM KCL, 1.8 mM
MgS04, pH 7.4) and dissected to remove atrial and aortic tissue. The hearts were
squeezed gently with forceps to remove residual blood in the ventricles and
transferred to a new 5 cm dish with fresh ice-cold ADS buffer. The hearts were
then minced into Tmma3 pieces and transferred to a 50 ml falcon tube. The
minced hearts were left to settle and the ADS was removed. Collagenase buffer
containing 0.06% (w/v) pancreatin and 0.03% (w/v) collagenase was used for

serial enzymatic digestions. The collagenase buffer was added and the hearts
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were incubated in a 37°C shaking water bath. An initial digestion of 5 minutes
was used to remove pericardial collagen; after this digestion, the supernatant
which contained single cells was removed and discarded. Subsequently, the
hearts were subjected to 5 20 minute digestions. After each digestion, the
minced hearts were allowed to settle and the supernatant was removed and
added to a sterile 15 ml Falcon tube containing 0.5 ml neonatal calf serum (NCS)
to end the digestion. These were centrifuged at 1250 rpm for 5 minutes and
pellets were resuspended in 2 ml of NCS and incubated at 37°C until subsequent
digestions were completed. After the final digestion, cells were pooled and
centrifuged as before and resuspended in 10 ml of Day 1 Medium (M1) (4:1 ratio
of DMEM/Medium 199 (M199) supplemented with 10% horse serum (HS), 5% NCS,
1% L-glutamine and 1% penicillin/streptomycin) per 5 hearts. At this stage of the
protocol, the cells were a mixed culture comprised mainly of fibroblasts and
NRVM. To remove the fibroblasts, a pre-plating step was required. 10 mls of cells
in M1 were plated onto 10 cm dishes and incubated at 37°C for two hours. In this
time, the fibroblasts stuck down to the surface of the dish and the NRVM
remained suspended in the medium, as the do not adhere to uncoated materials.
Following the incubation, the NRVM and medium was removed from the dishes
and transferred to a fresh 50 ml falcon tube. An extra 5 ml of M1 was used to
wash the dishes; this was also added to the 50 ml falcon tube. The cells were
centrifuged as before and the pellet was resuspended in 10 ml of M1. Following
counting using a standard haemocytometer to determine the yield (usually 20-30
million cells per average litter of 10-12 rats), the cells were seeded in coated 6
well plates at varying concentrations. For biochemical experiments, plates were
coated with 1% (w/v) bovine gelatin, and cells were seeded at 8x106 cells per
well. For FRET imaging experiments, coverslips were sterilised in 1:1
ethanol/ether, added to each well, and air dried before coating with 1 pg/cma2
mouse laminin. Cells were seeded at 4x10¢ cells per well. Cells were incubated
in humidified air at 37°C with 5% COz.

2.4.2.2 Maintenance of Neonatal Rat Ventricular Myocytes

After 18-24 hours of culture in M1, the NRVM were washed twice with ADS and
the medium was replaced with Day 2 Medium (M2) (1:4 ratio of DMEM/M199
supplemented with 5% HS, 0.5% NCS, 1% L-glutamine and 1%

penicillin/streptomycin). For transient transfection with plasmid DNA, the cells



63

were left in the incubator for at least two hours following washing and addition
of fresh medium before the addition of transfection reactions. The cells were
then incubated as before, and the medium changed to fresh M2 as described

every other day.

2.4.3 Adult Rabbit Ventricular Myocytes

Adult rabbit ventricular myocytes (ARVM) were isolated as described in (Donahue,
Kikkawa et al. 1997). Isolations were carried out by Aileen Rankine. Adult rabbits
were intravenously injected with heparin to prevent coagulation and
phenobarbital (50 mg/kg). Working quickly, the heart was dissected out of the
animal and rinsed twice in ice-cold Krebs buffer (138.2 mM Na+, 5.4 mM K+, 1.2
mM Mg2+, 1.0 mM Caz+, 144.4 mM CL., 1.2 mM SO42-, 1.2 mM Hz2PO4-, 20 mM HEPES,
15 mM glucose, saturated with 02, pH 7.4). A cannula was inserted into the
aorta and suspended on a Langendorff perfusion rig, in which the perfusion was
retrograde through the ascending aorta into the coronary arteries. First, the
heart was perfused with Krebs buffer for 2.5 minutes at a rate of 30 ml/min
followed by Caz+-free Krebs buffer for 10 minutes at 10 ml/min. Digestion of the
myocardium occurred by perfusion with an enzyme solution (0.025 mM Caz-, 1
mg/ml collagenase B, 0.1 mg/ml protease, 60 mM taurine, 8 mM glutamic acid,
and 2 mM carnitine in Krebs). Following digestion, ventricles were separately
excised (left, right and septal) and agitated using a Pasteur pipette. Valve and
tendon cells and tissues were excluded from the cells by straining through 200
pm nylon mesh filters. Caz+ was gradually reintroduced by resuspending in Krebs
with increasing Caz+ concentrations; this was done in 4 steps with at least 10
minutes equilibration between each step. Finally, the cells were cultured in
supplemented M199 (5 mM creatine, 5 mM carnitine, 5 mM taurine, 0.1 mg/ml
penicillin/streptomycin) in cell culture dishes coated with 1 pg/cm2 laminin.
Approximately one hour after plating, medium was removed and replaced to
reduce the number of dead cells in the culture. Cell counts were measured at
this point by counting the cells in 10 high-power fields and multiplying over the
surface area of the dish. This was determined to be the most accurate way of

determining cell count because many cells did not survive the plating process.
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2.5 Transient Transfection

Cells were transiently transfected with plasmid DNA for the expression of
proteins which were not endogenously expressed at sufficient levels in cells.
Transient transfection was used for the expression of various proteins, such as
FRET probes and Tnl and SUMO proteins for the detection of modified Tnl. The
process of transient transfection allows the expression of the desired protein in
cells without the incorporation of the DNA into the cell’s genome. Lipofectamine
LTX Lipid Reagent (Invitrogen) was used to transiently transfect cells as per the
manufacturer’s instructions. The following describes volumes used for
transfections in 6 well plates. Serum free medium was used to prepare
transfection reactions (M199 for NRVM and Opti-MEM for HEK-293 cells). Each
transfection was prepared in two 1.5 ml Eppendorf tubes. In the first tube, 5 pl
of LTX reagent and 2 pl of PLUS reagent were added to 250 pl of medium. In the
second, 2 ug of plasmid DNA was added to 250 pl of medium. These were
incubated for 5 minutes at room temperature before adding them together,
mixing, and incubating for a further 20 minutes. The full contents of the tube
were then added dropwise to the cells and incubated for 24-48 hours to allow

adequate expression.

2.6 Viral Infection

Cells were transduced with plasmid DNA via adenoviral infection to introduce
mutations not endogenously present in cells. Custom E1/E3 deleted adenoviruses
expressing wild-type and mutant Tnl were acquired from a commercial source
(Welgen, Inc). These deletions ensure that the viruses are able to replicate only
in HEK-293 cells, but are replication deficient in any other cells or cell lines.
Virus titre was provided by the company. Dosage was calculated as multiplicity
of infection (MOI) based on the cell counts in the plates being transduced, (eg.
MOI 1 = 1 viral particle (vp) to 1 cell). To treat cells with virus, appropriate
amount of the virus was added to an appropriate volume of cell culture medium,
mixed thoroughly, and used to replace existing cell culture medium in plates.
Cells were incubated in virus containing medium for 24-48 hours to allow

adequate expression.
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2.7 Preparation of Whole Cell Lysates

The preparation of cell lysates was performed with all reagents and tubes on ice
to limit protein degradation. Lysates could be analysed by gel electrophoresis
and western immunoblotting to identify and quantify proteins of interest. Cells
were washed twice with ice-cold PBS before the addition of 120-200 pl of 3T3
lysis buffer (25 mM HEPES, 50 mM NaCl, 50 mM NaF, 30 mM, Na4P207, 5 mM EDTA,
10% glycerol, 1% triton, pH 7.5 supplemented with protease cocktail inhibitor
tablets (Roche)) depending on cell confluency and desired protein concentration.
The plates were then incubated on ice on an orbital shaker for 5 minutes.
Following incubation, the cells were scraped using an upside down P1000 pipette
tip and the lysate was collected. The lysates were rotated at 4°C for 30 minutes
and then centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant was
collected, snap frozen, and stored at -20°C for short term use and -80°C for long

term use.

2.8 Protein Quantification

Quantification of protein concentration of cell lysates and purified recombinant
proteins was determined by the Bradford Method (Bradford 1976). This assay
employs the use of a colour change for quantification. Assays were prepared in
clear 96 well plates. A standard curve was constructed using known bovine
serum albumin (BSA) concentrations from 0-5 pg. Each well was composed of 50
pl of 1:50-1:200 dilution of the sample of unknown concentration and 200 pl of
Bradford Reagent (BioRad), which had been prepared as a 1:5 dilution. All
samples and standards were added in triplicate. Samples and standards were
measured for 595 nm absorbance using an Anthos 2010 plate reader fitted with a
595 nm filter, and analysed using ADAP software. Using the BSA standards, a
curve was constructed, and concentrations could be derived and adjusted for

dilution.

2.9 SDS-PAGE

Following quantification of protein concentration, samples were equalised for
concentration using 3T3-lysis buffer and diluted in 5x laemlli protein sample
buffer (10 mM Tris-Cl, pH 6.8, 10 % glycerol, 5% B-mercaptoethanol, 2% SDS, 0.01%
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bromophenol blue). Samples were then boiled for 3 minutes at 90°C to cause
protein denaturation; the samples were then ready for use in SDS-PAGE (sodium
dodecyl sulphate polyacrylamide gel electrophoresis) or could be stored at -20°C
for future use. SDS-PAGE is commonly used for the separation of proteins within
a sample by size. Defined amounts of protein (15-30 pg for cell lysates and much
lower amounts for purified protein) were added to wells of precast gels (NUPAGE
4-12% Bis-Tris Gel). 2 pl of molecular weight marker (BioRad) was added to the
first well of each gel for a size reference. Gels were immersed in running buffer
(MES Running Buffer if proteins of interest were 20-50 kDa or MOPS Running
Buffer if proteins of interest were larger) within an Invitrogen XCell SureLock
MiniCell system (ThermoFisher Scientific). Gels were run at 150-180V until
bromophenol blue dye was seen to run off the bottom of the gel - usually 60-90
minutes; although, gels could be run longer if additional separation of protein

size was necessary.

2.10 Western Immunoblotting

Directly following SDS-PAGE, proteins were transferred from the gel to
nitrocellulose membranes (ProTran) using an Invitrogen XCell 1l Blot Module
(ThermoFisher) filled with transfer buffer (5% 20x NUPAGE transfer buffer, 20%
(v/v) methanol diluted in dH20). 30V of current was applied for 90 minutes.
Efficiency of the transfer was determined by visualising the prestained molecular
weight marker’s presence on the nitrocellulose membrane. The membranes, now
containing protein, were then blocked in 5% Marvel milk powder, 5%
Phosphoblocker or 5% bovine serum albumin (BSA) (Cell Biolabs Inc.) in 1x TBS-T
(20 mM Tris-Cl pH 7.6, 150 mM NaCl, 0.1% Tween-20) to prevent non-specific
antibody binding. The membranes were then incubated under constant agitation
at 4°C for 4 hours or overnight in a solution of 1% milk, 1% phosphoblocker or 1%
BSA containing an appropriate concentration of a primary antibody against the

protein of interest (Table 1).



Table 1: Primary Antibodies. (IF, immunofluorescence

array; WB, western blotting).

67

; IP, immunoprecipitation; PA, peptide

Primary Host Immunogen Dilution Supplier; Application
Antibody Species Product
Number
phospho- Rabbit Synthetic 1:1000 Cell Signaling WB
CTnl phosphopeptide Technolgies;
(Ser23/24) corresponding to 4004
residues surrounding
Ser23/24 of human
troponin | (cardiac)
phospho- Rabbit Synthetic 1:1000  Abcam; WB
cTnl polyclonal phosphopeptide derived ab58545
from mouse cTnl around
the phosphorylation site
of Ser22,23
cTnl Rabbit Synthetic peptide within  1:500- Abcam; WB; IP
monoclonal human cardiac Troponin  1:1000 ab52862
| (N-terminal)
cTnl Rabbit Synthetic peptide 1:1000  Abcam; WB; IP
polyclonal  conjugated to KLH ab47003
derived from within
residues 1-100 of human
cardiac troponin |
GAPDH Mouse Glyceraldehyde-3- 1:5000  Millipore; WB
phosphate MAB374
dehydrogenase (GAPDH)
from rabbit muscle
GFP Rabbit Recombinant full length  1:1000  Abcam; WB
protein corresponding to ab290
GFP
Flag Tag Rabbit Synthetic peptide: 1:1000 Thermofisher WB
DYKDDDDKC ; PA1-984B
HA Tag Mouse Synthetic peptide: 1:100- Cell Signaling WB; IF
monoclonal YPYDVPDYA 1:1000 Technologies
Pan-PDE4A Rabbit Conserved C-terminal 1:1000  In-house WB
serum region of rat PDE4A
isoforms
Pan-PDE4B Sheep Conserved C-terminal 1:5000 In-house WB
serum region of rat PDE4B
isoforms of all species
Pan-PDE4D Sheep Conserved C-terminal 1:5000  In-house WB
serum region of PDE4D isoforms
pf all species
PDE4D9 Rabbit Isoform-specific N- 1:1000  Millipore WB
terminal sequence
PDE3A Rabbit Recombinant fragment 1:1000  Abcam; WB
monoclonal corresponding to ab169534
residues in Human
PDE3A
polyHistidi Mouse Recombinant 1:3000 Sigma; H1029 PA
ne polyHistidine tagged
fusion protein
phospho- Rabbit Synthetic peptide 1:1000  Enzo; ALX- WB
cMyBP-C corresponding to aa 276- 215-057-R050

288 of cMyBP-C
phosphorylated at
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Phospho-
(Ser/Thr)
PKA
Substrate
SUMO1 (C-
terminal)

SUMO2/3
(N-
terminal)
SUMO-Tnl

UBC9

V5 Tag

Rabbit

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit

Mouse
monoclonal

Mouse
monoclonal

Ser282

Synthetic phospho-PKA
substrate peptide

Synthetic peptide
corresponding to aa 72-
97 of human SUMO-1
Synthetic peptide
corresponding to aa 1-15
of human SUMO-2
SUMOylated Tnl peptide:
HLKQVKKEDTEK

Amino acids 1-81 of
UBC9 of human origin

Mice were infected with
the paramyxovirus SV5,
Simian-Virus 5

1:1000

1:1000

1:1000

1:10-
1:5000
1:1000

1:1000

Cell Signaling
Technolgies;
9621

Enzo; BML-
PW9460-0025

Enzo; BML-
PW9465-0025

Custom made
with Badrilla
Santa Cruz
Biotechnolog
y; sc-271057
Abcam;
ab27671

WB

PA; WB; IF

PA

PA

PA; WB

PA; WB

Table 2: Secondary Antibodies. (HRP, horse radish peroxidase; IF, immunofluorescence; PA,
peptide array; WB, western blotting).

Secondary Host Immunogen Dilution Supplier; Application
Antibody Species Product
Number
Donkey anti- Donkey IgG 1:5000 Licor; 925- WB
goat 68074
Donkey anti- Donkey IgG 1:5000 Licor; 925- WB
mouse 68072
Donkey anti- Donkey IgG 1:5000 Licor; 925- WB
rabbit 68073
Anti-mouse HRP  Sheep IgG 1:5000 Sigma; PA; WB
NXA931
Anti-rabbit HRP  Goat IgG 1:5000 Sigma; A6154 PA; WB
Goat anti-mouse Goat IgG H+L from 1:500 Invitrogen; IF
488 mouse A21071
Goat anti-rabbit  Rabbit IgG H+L from 1:500 Invitrogen; IF
488 rabbit A21121

The membranes were then subjected to three 5 minute washes in 1x TBS-T at

room temperature under constant agitation. The membrane was then placed in a

solution of 1% milk containing a 1:5000 dilution of secondary antibody (Table 2)

which reacts with the species in which the primary antibody was raised, and

incubated for 60 minutes at room temperature under conditions of constant

agitation. In general, two different types of secondary antibodies were used,

ones which were conjugated to Alexa-Fluor fluorescent moieties, and ones which

were conjugated to HRP. Alexa-Fluor antibodies (Licor) are photo-sensitive, so
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were incubated under aluminium foil to preserve their activity. Membranes were

washed three times as before directly prior to visualisation.

For membranes incubated with Licor Alexa-Fluor antibodies, a Licor Odyssey
Scanner was used for visualisation of bound antibodies. The scanner allows the
detection of the secondary antibody. Both 700 nm and 800 nm wavelengths
could be visualised, allowing the use of antibodies reacting to different species
(i.e. mouse or rabbit) to be visualised. In this manner, proteins of similar
molecular weights within the same sample could be distinguished on the same
membrane. Digital images were acquired and analysed using Licor Odyssey

software.

Membranes incubated with HRP-conjugated secondary antibodies were analysed
using the enhanced chemi-luminescence (ECL) method (Amersham BioSciences)
to detect bound antibodies. Following the three wash steps, membranes were
incubated with ECL solution for 1-3 minutes and exposed to light-sensitive
autoradiography film in a dark environment. The films were developed using a
Kodak X-Omat 2000 processor.

Quantification of bands detected on membranes required comparison to
“housekeeping protein” glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
which was used as a loading control. Both fluorescent and ECL images were

analysed and quantified using Image J software (NIH).

2.11 In Vitro SUMOylation Assay

To determine whether proteins of interest could be SUMOylated, the
hypothesised target proteins were SUMOylated in vitro using a SUMOylation Kit
(Enzo). This kit includes the essential components of the SUMOylation pathway
to provide SUMOylated proteins linked by covalent bonds. The assay components
include SUMO activating enzyme (E1), UBC9 (SUMO E2), SUMO enzyme solutions
(SUMO1, SUMO2, SUMO3), buffer, Mg-ATP, and dH20. Following preparation on
ice as per manufacturer’s instructions, the reaction was incubated at 30°C for 30
minutes. Although formulated for use on target proteins within overexpressing
cell lysates, in vitro SUMOylation was also carried out on peptide arrays, which

is described in a later section.
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2.12 Analysis of Protein-Protein Interactions

The identification and analysis of protein-protein interactions was central to the
present work, and required a number of techniques, including co-

immunoprecipitation (co-IP) and peptide arrays.

2.12.1 Immunoprecipitation

All steps in the immunoprecipitation (IP) protocol were carried out on ice unless
otherwise explained. Cell lysates were equalised to desired concentration in
3T3-lysis buffer or a co-IP buffer (developed by Roland Schindler, Imperial
College London) (150 mM NacCl, 1% v/v triton-x100, 2 mM EDTA, 0.35% w/v
bovine gelatin, pH 8, supplemented with protease cocktail inhibitor tablets
(Roche)). For IPs using endogenous proteins from NRVM, 400 ug of protein was
used. 1 pg of primary antibody was then added to the lysate and the IP reactions
were rotated at 4°C overnight. The following day, 30 pl of G-Sepharose beads
(GE Healthcare Biosciences) were rinsed four times in 500 pl of TBS (20 mM Tris-
Cl pH 7.6, 150 mM NaCl) via centrifugation at 500 rpm for three minutes. The
lysate and antibody reactions were added to the beads and rotated at 4°C for
three hours. The reactions were washed four times in 500 pl of TBS. Following
the final wash, the beads were resuspended in 20-50 pl of 5x loading buffer and
vortexed. They were then microcentrifuged at 14,000 rpm for 30 seconds and
heated at 95°C for five minutes. Finally, the IP samples were microcentrifuged
at 14,000 rpm for 1 minute. At this point the samples were ready to be loaded

onto a gel and analysed by Western Immunoblotting.

Alternatively, immunoprecipitation experiments were carried out using
TrueBlot® IP Ig Agarose beads. These were used as per the manufacturer’s
instructions. Again, cell lysates were equalised to the desired concentration in
3T3-lysis buffer or Co-IP buffer. Lysates were added to 50 pl of TrueBlot® beads
and rotated for 30-60 minutes to preclear. Following a spin to pull down the
beads, the lysates were aspirated and added to a fresh tube with 1 pl of primary
antibody. These reactions were rotated for 60 minutes at 4°C. 50 pl of fresh,
washed beads were then added to these reactions and rotated for 60 minutes at
4°C. The beads were then washed and prepared for analysis by Western

Immunoblotting as previously described.
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2.12.2 Solid phase peptide array
2.12.2.1 Solid phase peptide array synthesis

Peptide arrays were used to identify interacting proteins and to determine the
amino acids involved in the interactions. Solid phase peptide arrays were
produced by direct synthesis onto Whatman cellulose membranes or glass slides
using Autospot Robot ASS 222 (Intavis, Koln, Germany) as described previously
(Frank, 2002). The robot functions by delivering specific volumes of solvents to
small droplets on membranes or slides which contain the synthesis reaction. The
peptides were synthesised and spotted in house. Briefly, this technique is based
on Fmoc (9-fluorenylmethoxycarbonyl) chemistry, which involves the synthesis of
proteins by coupling the carboxyl group on one amino acid to the amino group on
the next (Fields and Nobel, 1990). Fmoc is used to protect the functional side
chains of preceding amino acids to prevent them from interacting with free
carboxyl or amino groups. This allows the isolation of the carboxyl group for
interaction and the synthesis of amino acid chains. This process is shown in
detail in Figure 2.1. Peptide arrays were comprised of overlapping 25-mer
peptides sequentially shifted by 5 amino acids, unless otherwise specified.
Following synthesis, the arrays were stored at 4°C until they were used for a
variety of experiments including the identification of protein-protein
interactions, the identification of SUMOylation sites and the testing of custom

antibodies.
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Figure 2.1: Solid phase peptide synthesis for the coupling of two amino acids. The first
amino acid of the 25-mer chain was coupled to a solid support by its carboxyl group, and its amino
group was protected by Fmoc. The addition of the second amino acid began with the activation of
its carboxyl group, which its amino group remained protected by Fmoc. The Fmoc was also
removed from the amino group of the first amino acid in the deblocking step. The active carboxyl
group of the second amino acid could then interact with the amino group of the first amino acid.
These steps were repeated until the chain reached the desired length. When all amino acids had
been added, additional protective groups were removed and the peptide could be cleaved from the
resin if necessary (Aldrich 2019).
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2.12.2.2 Peptide array overlay

Proteins of interest were overlaid on peptide arrays using the following steps. All
incubation steps were carried out under gentle agitation. Arrays were bathed in
100% ethanol and washed in TBS-T for 10 minutes at room temperature. The
arrays were then blocked to remove non-specific binding for 2 hours in blocking
buffer (5% (w/v) BSA or Marvel milk powder in TBS-T) and again washed using
TBS-T. The protein of interest was then overlaid on the arrays. The protein could
be purified or in the form of cell lysate overexpressing the protein of interest. If
purified protein was used, an antibody only control was included for comparison;
if overexpressing lysate was used, antibody only and non-transfected lysate
controls were included. Proteins were added to the arrays at a concentration of
0.4-1 pg/ml in probing buffer (1% (w/v) BSA or milk in TBS-T) and incubated for
1-4 hours at 4°C under gentle agitation. The arrays were then subjected to three
TBS-T washes before the addition of a primary antibody in probing buffer to be
incubated for 2-16 hours at 4°C with gentle agitation. Again, the arrays were
washed in TBS-T before the addition of a HRP conjugated secondary antibody in
probing buffer for 1 hour at room temperature. Finally, the arrays were washed

again in TBS-T and developed by exposing them to ECL and film.

Peptide arrays on membranes could be stripped for reuse. Stripping buffer (20
mM DTT, 70 mM SDS, 60 mM Tris-HCL, pH 6.8) was heated to 70°C before being
poured onto arrays and incubated for 30 minutes under gentle agitation. The
arrays were subsequently washed twice for 10 minutes in TBS-T and air dried. It
was necessary to develop the arrays as previously described to ensure that the

stripping was successful.

2.12.2.3 SUMOylation of peptide arrays

In vitro SUMOylation of peptide arrays was used to confirm SUMOylation at
consensus motifs. Peptide arrays containing the proposed SUMOylation sites of
target proteins were produced and subjected to in vitro SUMOylation assays
(SUMOylation Kit, Enzo) as described previously. Membrane or glass slide peptide
arrays were bathed in ethanol, washed in TBS-T and blocked in 5% BSA for two
hours at room temperature. SUMOylation kit components sufficient for 20

reactions (the contents of one entire kit) were combined and further diluted to a
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final volume of 1 ml. Arrays were incubated in the SUMOylation reaction mixture
for 1 hour at room temperature. The reaction mixture could then be reused by
transferring it onto another membrane. Following incubation, the arrays were
washed in TBS-T and incubated overnight in polyHistidine primary antibody.
Again, the arrays were washed and incubated with appropriate HRP-conjugated
secondary antibodies before development using ECL and film. Antibody only

control assays were used to ensure a lack of non-specific antibody reactivity.

2.13 Functional Assays

2.13.1 Phosphodiesterase Activity Assay

A two-step radioactive assay was used to measure PDE activity associated with
Tnl, which has previously been described (Marchmont and Houslay 1980). In the
first step of the assay, the samples were incubated with radiolabelled 8-[3H]-
CAMP substrate, and the PDEs in the sample hydrolysed the 8-[3H]-cAMP to [3H]-
5’-AMP. In the second hydrolysis step, snake venom was added to the samples,
which caused the hydrolysis of the [3H]-5’-AMP to [3H]-adenosine. Finally, ion
exchange resin was added, which binds the negatively charged, unhydrolysed
cAMP, leaving the [3H]-adenosine to be measured by scintillation counting. This

measurement was used to calculate the rate of cAMP hydrolysis.

Unless otherwise specified, all steps were performed on ice. Samples to be
assayed were diluted to a final volume of 50 pl in Buffer A (20 mM Tris-CL, pH
7.4). If necessary, these samples included appropriate concentrations of PDE
inhibitors. cAMP substrate mix, containing 2 ul of 1 mM cAMP (unlabelled) and 3
Hl of radiolabelled 8-[3H]-cAMP (final cCAMP concentration 100 uM), was then
added to the samples and incubated for 10-30 minutes at 30°C. Reactions were
boiled for 2 minutes to end the hydrolysis reaction and then chilled on ice for 15
minutes. Snake venom (Ophiophagus hannah) was then added to a final
concentration of 0.2 mg/ml and samples were incubated for 10 minutes at 30°C.
400 pl of Dowex anion exchange resin slurry (resin:Hz20:ethanol 1:1:1) was added
to each sample. Samples were vortexed and incubated on ice for at least 15
minutes. Following the incubation, the tubes were vortexed and centrifuged at
13,000 rpm for 3 minutes. 150 ml of the supernatant from each sample was then

added to 1 ml of Opti Flow SAFE 1 scintillant and samples were mixed by
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vortexing. An additional sample containing 50 pl of cAMP substrate solution and
1 ml of scintillant was also prepared to assess the total counts per minute. All
samples were counted on a Tri-Carb 2900TR Liquid Scintillation Analyser
(Packard BioScience, Connecticut, USA) to determine the amount of
radiolabelled 8-[3H]-CAMP substrate.

The PDE activity of each sample in pmol cAMP hydrolysed/min/mg protein was

determined using the following formula:

count of sample — count of blank 1000
f samp f x 10711 % 1012 x ———
average total ug protein

PDE activity = 2.61 X

where 2.61 corrects for the fraction of supernatant used from the anion
exchange phase, 10-11 corrects for the time in which the hydrolysis occurred and
the moles of cAMP used, 1012 corrects to pmoles, and (1000/pg protein) corrects

for the protein concentration.

2.14 Microscopic Imaging

2.14.1 Fluorescence Resonance Energy Transfer

Fluorescence Resonance Energy Transfer (FRET) was used to monitor cCAMP
dynamics in live cells (Nikolaev and Lohse 2006). FRET describes the transfer of
energy from a donor to an acceptor fluorophore. When the donor is excited by a
particular wavelength, it emits fluorescence at a characteristic wavelength.
However, when the donor and acceptor fluorophores are in close proximity,
their emission spectra overlap, and the characteristic emission of the acceptor

can be detected.

21411 FRET Probes

The sensors used within the present study were called CUTie (cAMP Universal
Tag for imaging experiments) sensors (Surdo, Berrera et al. 2017). These sensors
contain two fluorescent moieties, a donor, CFP, and an acceptor, YFP. In
conditions of low cAMP concentration, these fluorophores are in close proximity,
so energy transfer from donor to acceptor can occur, and YFP’s characteristic

emission is detected. However, when the concentration of cAMP is increased,
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the binding of cAMP to the sensor causes a conformational change, which
increases the distance between the donor and acceptor, and the transfer of
energy stops; now, the donor, CFP’s characteristic emission is detected. FRET
imaging records the ratio of donor to acceptor emission to monitor changes in
the cAMP concentration over the course of the experiment and in response to

stimuli, such as drug additions.

CUTie sensors were developed by the Zaccolo group to overcome various
limitations of previously used sensors, such as EPAC1-cAMPs (Surdo, Berrera et al.
2017).

2.14.1.2 FRET Imaging

Cells were plated onto sterilised 24 mm coverslips (VWR) at low density so that
single cells and clear background regions were available. 24 hours prior to
imaging, the cells were transiently transfected with FRET sensors as previously

described.

The coverslip was carefully removed from a six-well plate with watchmaker’s
forceps, inserted into a metal ring bath and secured carefully. The coverslip was
then washed three times with FRET saline (125 mM NaCl, 5 mM KCL, 1 mM Na3PO4,
1 mM MgSO4, 20 mM HEPES, 5.5 mM glucose, 1 mM CaClz, pH 7.4) before applying
1 ml to the bath. The cells were then viewed on an Olympus IX71 Inverted

Microscope under 40x or 60x oil immersion lenses (Zeiss).

Image acquisition was commenced, and the FRET ratio was monitored in real
time. Cells were left to reach a stable baseline FRET ratio or to reach a plateau
before stimulation with various drugs, including 0.5 nM isoprenaline (non-
specific B-adrenergic receptor agonist), 10 uM rolipram (PDE4 inhibitor) and 10
uM cilostamide (PDE3 inhibitor). All experiments were ended following
treatment with a saturating dose of 100 uM IBMX (non-specific PDE inhibitor) +
25 pM forskolin (AC activator), which was included to ensure the proper

functioning of the probe.

Images were acquired with a 5 second time-lapse, which reduced effects of

photobleaching. A beam splitter separated CFP and YFP images so that the
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images could be used to obtain a ratio of CFP to YFP in defined regions which
had been drawn around cells. The images were converted to mean intensity
values for each image and ratios were calculated. The ratios were used to
determine mean FRET change over the course of the experiment and as a result

of treatment with various compounds.

2.14.2 Immunofluorescence

To confirm the viral overexpression of proteins of interest and the correct
targeting of these proteins, immunofluorescent staining and microscopy was
used. Cells were plated on glass coverslips at low densities to ensure adequate
background. Medium was removed and coverslips were washed with PBS. Cells
were fixed onto coverslips by incubation in 4% paraformaldehyde (PFA) for one
hour on an orbital shaker at room temperature. The fixed coverslips were
washed with PBS 3 times for 10 minutes to remove residual PFA. Coverslips were
then incubated in blocking buffer (0.2% Triton-X, 0.5% BSA in PBS) for 1 hour to
reduce non-specific binding. Cells were then incubated overnight in appropriate
primary antibodies (diluted 1:500 in blocking buffer) in a humidity chamber at
4°C. Following the overnight incubation, coverslips were washed 3 times for 10
minutes in PBS. Appropriate Alexa Fluor® secondary antibodies were prepared at
a concentration of 1:500 and coverslips were incubated in the secondary
antibody solutions for 2 hours at room temperature in a humidity chamber,
protected from light. The coverslips were then washed in PBS 3 times for 10
minutes. Finally, the coverslips were mounted onto microscope slides using one
drop of ProLongtm Gold antifade reagent with DAPI and left to dry overnight in
the dark at room temperature. If necessary, the slides were stored long term at
4°C. A Zeiss Pascal laser-scanning confocal microscope (LSM) 510 Meta and an
Axiovert 100 microscope with water immersion objective were used to image
slides. Images were acquired with Zeiss LSM Image examiner and analysed on

Image J.

2.15 Proteomics

Proteomic experiments and analyses were carried out by Glasgow Polyomics,
Uniersity of Glasgow, UK. Specifically, this approach was used to identify

proteins which interacted with Tnl.
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2.15.1 Sample Preparation

Proteomics analysis was carried out on gel slices, which were sent to Glasgow
Polyomics at room temperature. All steps were carried out in a laminar flow
hood to avoid keratin contamination. Bands were destained using Farmer’s
reducing agent (1:1 20% sodium thiosulphate:1% potassium ferricyanide). Gel
pieces were then washed in 100 mM ammonium bicarbonate and then in 50%
acetonitrile/100 mM ammonium bicarbonate. The gels were reduced by
incubating with 100 mM ammonium bicarbonate supplemented with 45 mM DTT
at 60°C. Gel pieces were cooled to room temperature before alkylation using
100 mM iodoacetamide. Reduced, alkylated gel slices were washed in 50%
acetonitrile/100 mM ammonium bicarbonate. The pieces were shrunken by
adding acetonitrile. The pieces were thoroughly dried in a vacuum centrifuge.
Trypsin resuspended in 25 mM ammonium bicarbonate was used to rehydrate the
gel pieces and the protein was digested overnight at 27°C. The next day, the
samples were centrifuged to pellet the gel pieces. Supernatant was transferred
to a 96 well plate. 5% formic acid was added to the gel pieces prior to the
addition of acetonitrile. These were briefly centrifuged to pellet the gel pieces
and the supernatant was added to the 96 well plate, pooling the supernatant
from each sample together. These were then dried in a vacuum centrifuge and

stored at -20°C until being analysed by mass spectrometry (MS).

2.15.2 Mass Spectrometry

MS allows the identification of proteins based on a peptide’s mass-to-charge
ratio. Proteins within the sample were digested into peptides by enzymatic
digestion with trypsin and Lys C, which increases solubility and sensitivity (Glish
and Vachet 2003). More specifically, trypsin cleaves polypeptides C-terminally to
each arginine and lysine residue while Lys C cleaves polypeptides C-terminally to
each lysine residue. Samples were then ionised by passing electrical potential
through a needle in a process known as electrospray ionisation. The peptides
were then subjected to electrical fields within a vacuum chamber. The
differential responses of the peptides to the electrical fields allowed their mass-
to-charge ratio to be detected by Orbitrap Elite MS (ThermoFisher Scientific).
This allowed the generation of a spectrum specific to each sample. The

spectrums were analysed to determine the theoretical amino acid sequences of



79

each peptide, which were then identified using the Mascot search engine (v2.6.2,
Matrix Science Inc) and compared against the NCBI Genbank database

(https://www.ncbi.nlm.nih.gov/protein) (Steen and Mann 2004).

In the present study, Tnl immunoprecipitates were run on SDS-PAGE gels and gel
slices containing proteins between the weights of 50-150 kDa were analysed by
MS.

2.16 Statistical Analysis

All values are presented as mean + SEM from at least three experimental
replicates unless otherwise stated. Level of statistical significance was
determined by p-values calculated using paired or unpaired t-tests or one way
analysis of variance (ANOVA) depending on the conditions with which the data
were collected. A p-value of <0.05 (*) was considered significant, p-value <0.01
(**) considered highly significant and p-value <0.001 (***) extremely significant,

p-value >0.05 (NS) considered non-significant.
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3.1 Introduction

PDEs have been shown to integrate into signalosomes containing cardiac
excitation-contraction coupling proteins in cardiac myocytes. This allows fine
tuning of B-adrenergic induced PKA phosphorylation of these proteins. Although
the components of many of these complexes have been determined, until
recently, there was no evidence for the interaction of a PDE isoform with Tnl at
the myofilament for the regulation cAMP dynamics and PKA phosphorylation
(Edwards 2012). This signalling paradigm is likely to be functionally relevant
considering the functional effects of PKA phosphorylation and the disease
relevance of this modification. Under conditions of B-adrenergic stimulation,
phosphorylation of Ser23/24 of Tnl changes the functional properties of the
protein such that the myofilament’s sensitivity for Caz+ is reduced. This has been
shown to contribute to the positive lusitropic response observed under these
conditions (Zhang, Zhao et al. 1995, Layland, Solaro et al. 2005). Furthermore,
numerous studies have reported that the phosphorylation levels of Tnl is reduced
in chronic heart disease, likely contributing to impaired relaxation of the cardiac
muscle (Wolff, Buck et al. 1996, McConnell, Moravec et al. 1998, Zakhary,
Moravec et al. 1999, Mahajan and Jarolim 2011, Shah, Ferry et al. 2017).

3.1.1 Evidence for Tnl-PDE4D9 Interaction

Previous studies from the Baillie lab at the University of Glasgow found evidence
that Tnl interacts with PDE4D9, a cAMP hydrolysing member of the PDE4 family
(Edwards 2012). First, pharmacological studies employed the use of family-
specific inhibitors of PDEs in combination with targeted FRET sensors to study
the cAMP dynamics at the myofilament, in the direct vicinity of Tnl. Following
submaximal B-adrenergic stimulation, the effects of PDE4 inhibition with
rolipram and PDE3 inhibition with cilostamide on cAMP dynamics in the cytosol
and myofilament were compared in NRVM. Treatment of cells with rolipram
caused a significantly larger increase in FRET ratio as measured by Tnl-tethered
sensors compared to cytosolic sensors (Figure 3.1). This indicates that PDE4 has
a dominant effect in the regulation of CAMP levels around Tnl at the
myofilament. The opposite was observed when cells were treated with
cilostamide, suggesting that PDE3 has a more dominant effect in the cytosol
(Edwards 2012).
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Figure 3.1: Change in FRET ratio at the myofilament and in the cytosol in response to PDE4
or PDE3 inhibition. NRVM were treated sequentially with isoproterenol (1 nM), rolipram (10 uM) or
cilostamide (10 uM), and a saturating dose of IBMX (100 uM). Changes in FRET ratio were
measured and compared between a cyctosolic Epacl-camps sensor and a Tnl-tethered Tnl-
Epacl-camps sensor, which would measure cAMP dynamics at the myofilament. The cAMP
response at Tnl following rolipram treatment was significantly larger than the response to
cilostamide. There were no significant differences between the change in FRET ratios of the
different probes in response to isoproterenol or IBMX in these experiments (Edwards 2012).

This observation was consistent with increased levels of phosphorylated Tnl in
response to treatment with rolipram with and without B-adrenergic stimulation.
These findings led to the hypothesis that a PDE4 isoform interacted with Tnl and
that inhibition of this PDE with rolipram led to increased cAMP at the
myofilament, allowing increased activation of PKA and increased

phosphorylation of Tnl.

The next step was to identify the specific isoform of PDE4 which was involved in
this paradigm. Numerous co-immunoprecipitation studies were performed using
NRVM cell lysates (Edwards 2012). Tnl immunoprecipitates were probed for PDE4
subfamilies, and it was found that PDE4D co-immunoprecipitated with Tnl.
Similar immunoprecipitations were then probed using isoform specific antibodies.
It was shown that PDE4D9 co-immunoprecipitated with Tnl (Figure 3.2A). It is
important to note that in these studies, the immunoprecipitation of Tnl was not
confirmed as its molecular weight was too similar to the light chain of IgG and
could not be visualised on the western blots. Consistent with this evidence,
confocal microscopy showed that there was significant colocalisation between
Tnl and PDE4D9 (Figure 3.2B) (Edwards 2012).
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Figure 3.2: PDE4D9 interacts with Tnlin ARVM. A. Immunoblotting Tnl immunoprecipitations
with a PDE4D9 specific antibody revealed that PDE4D9 immunoprecipitated with Tnl. The
specificity of the antibody was confirmed by the inclusion of a PDE4D9 standard protein sample.
Other PDE4D isoforms did not immunoprecipitate with Tnl (data not shown). B. PDE4D9 and Tnl
were shown to colocalise in confocal images with a clear striated pattern, consistent that the
proteins are in close enough proximity for a direct interaction to be plausible (Edwards 2012).

Finally, peptide array technology was used to identify the binding site on Tnl to
which PDE4D9 interacts (Edwards 2012). GST-tagged PDE4D9 protein was
overlaid onto a full length Tnl peptide array, and positive spots indicated binding
of PDE4D9 to the flexible C-terminal region of Tnl. Alanine scans were used to
determine which amino acids in this region were necessary for binding, and it
was determined that the dual lysine residues (KK177-8) in the C-terminal region
of the protein were necessary for binding (Edwards 2012). When these amino
acids were mutated to alanine, binding of GST-PDE4D9 to the peptide array was
reduced. Other spots with different, sequential alanine mutations did not affect
the binding. Based on this evidence, a short disruptor peptide including this
binding sequence was developed. The theory behind the use of the disruptor

peptide was that it would bind PDE4D9 in cells, thereby competing with Tnl for
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this interaction. This would ‘unhinge’ the PDE from the myofilament, thereby

removing the local regulation of cCAMP dynamics.

3.1.2 Advances in FRET sensor technology

FRET is a live cell imaging technique allowing the measurement of changes in
CAMP concentrations in real time. This technique employs the use of FRET
sensors which are comprised of a cyclic nucleotide binding domain (CNBD), and
donor and acceptor fluorophores, often cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP) respectively. During imaging, the donor
fluorophore is excited at a specific wavelength and emits fluorescence at
another specific wavelength, which can be detected. However, if the donor and
acceptor fluorophores are in close proximity and the emission spectrum of the
donor overlaps with the excitation spectrum of the acceptor, this will result in
the transfer of energy from the donor to acceptor fluorophore, or FRET, and the
acceptor’s emission can be detected. If the fluorophores are not in close
proximity, however, FRET cannot occur and only the donor’s emission is

detected (Nikolaev, Bunemann et al. 2004).

Until recently, the most commonly used cAMP FRET probes (Epac1-camps) were
based on the structure of EPAC (Nikolaev, Bunemann et al. 2004). Binding of
CAMP to the CNBD results in a conformational change which increases the
distance between the donor and acceptor fluorophores, reducing FRET; this is
known as a ‘loss of FRET’ sensor. To measure the cAMP dynamics in specific
cellular microdomains, Epac1-camps was tethered to various cellular proteins,
for example Tnl, causing them to target to specific intracellular locations
(Gesellchen, Stangherlin et al. 2011). Although these sensors have been used in
numerous studies, there were several important limitations. Importantly,
targeted Epac1-camp sensors have been shown to have variable maximal FRET
changes, making comparisons between targeted and cytosolic sensors technically

challenging (Surdo, Berrera et al. 2017).

To overcome this limitation, the cAMP Universal Tag for imaging experiments
(CUTie) sensor was developed (Figure 3.3) (Surdo, Berrera et al. 2017). Unlike
the Epac1-camps sensors, in which YFP is fused N-terminally to the targeting

domains, it was determined that fusion of YFP within the CNBD reduced the
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interference of the targeting domain with the FRET molecule. CUTie sensors
have a CNBD based on the structure of the regulatory subunit type 118 of PKA
(PKA-RIIB). YFP is fused within the CNBD, meaning that the N-terminal targeting
domain does not interfere with the conformation of the fluorophores. CFP was
fused then C-terminally. CUTie probes were developed which targeted to a
number of proteins, including Tnl, HSP20, AKAP79, AKAP18d and PDE4A1. It was
shown that saturating these sensors by activation of AC with forskolin and global
inhibition of PDEs with IBMX led to consistent maximal responses for each

differentially targeted sensor (Surdo, Berrera et al. 2017).
CNBD
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Figure 3.3: Schematic representation of CUTie FRET probes. In conditions of low [cAMP], the
conformation of CUTie is such that the donor fluorophore, CFP, and the acceptor fluorophore, YFP,
are far enough apart that FRET does not occur. When excited at a specific wavelength, only the
donor’s emission wavelength can be detected. When [cAMP] increases, the conformation of the
CUTie molecule changes, bringing CFP and YFP into close proximity. Now, when the donor is
excited at a specific wavelength, the transfer of energy, or FRET occurs, and the acceptor
fluorophore’s emission is detected. (CFP, cyan fluorescent protein; CNBD, cyclic nucleotide binding
domain; YFP, yellow fluorescent protein). (Adapted from (Surdo, Berrera et al. 2017)).

NH,

FRET has been used previously to study cAMP signalling in specific subcellular
locations, but now this can be done with unprecedented accuracy due to the

improvements in targeted sensors.
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3.2 Hypothesis and Aims

Although preliminary evidence has shown that PDE4D9 interacts with Tnl to
regulate cAMP dynamics at the myofilament and PKA phosphorylation of Tnl, the
verification of this interaction and the establishment of a functional role for the
complex have not yet been determined. It was hypothesised that PDE4D9
directly interacts with Tnl at the myofilament thereby regulating the cAMP
dynamics in this cellular microdomain. Additionally, it was hypothesised that the
disruption of this interaction would cause increased PKA phosphorylation of Ser
23/24 of Tnl, which would improve cardiac function in the failing heart. The

aims of the experimental work detailed in this chapter are as follows:

e To determine whether cAMP dynamics at the myofilament are
significantly affected by PDE4D9 as measured by Tnl-CUTie FRET sensors;
this was studied under several conditions, including overexpression of
dominant-negative, catalytically inactive PDE4D9 and pretreatment with

peptides to disrupt the proposed interaction

e To determine whether the levels of phosphorylated Tnl are significantly
altered by unhinging the proposed interaction with disruptor peptide

treatment

e To confirm the existence of the proposed interaction by
immunoprecipitation, in combination with western blotting, proteomic

analysis and PDE activity assays

e To confirm that phospho-Ser23/24 levels were altered between healthy

and diseased myocardium in human cardiac samples



87

3.3 Methods

3.3.1 Localisation and Functionality of CUTie Probes in NRVM

Throughout the results displayed in this chapter, FRET imaging was used to
observe the cAMP dynamics and how they changed as a result of pharmacological
manipulation. As previously discussed, FRET probes can be tethered to various
proteins to allow subcellular targeting of the probes to discrete locations or
microdomains. To obtain measurements of CAMP dynamics at the myofilament,
CUTie probes, described previously, which were tethered to Tnl (CUTie Tnl)
were used. These were compared to untethered CUTie probes, which would
uniformly distribute throughout the cell, allowing measurement of changes in
bulk cytosolic cAMP concentration. While CUTie probes were observed to
distribute uniformly, CUTie Tnl transfected cells displayed a clear striated
pattern, confirming the localisation of these probes to the myofilament (Figure
3.4).

CUTie CUTie TNI

Figure 3.4: Localisation of FRET probes in NRVM. Representative microscopic images of
NRVM transfected with CUTie or CUTie-Tnl probes showed that the CUTie probe was uniformly
distributed within the cytosol, while CUTie-Tnl displayed a clear striated pattern, indicating
localisation at the myofilament.

Throughout this chapter, FRET experiments using CUTie and CUTie-Tnl were
performed using a standard protocol with varied treatment or transfection
conditions. After initial image acquisition, cells were allowed to reach a stable

base line, with minimal detectable change in FRET ratio. A submaximal dose of
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B-adrenergic agonist, isoproterenol (5 nM), was then added to the cells, leading
to a small increase in FRET. After this treatment, the FRET ratio was allowed to
stabilise before the next stimulation. At this point, PDE family specific inhibitors
were added. In most experiments, PDE4 inhibitor, rolipram (10 uM) was used,
but in some, PDE3 was inhibited with cilostamide (10 pM). This led to a further
increase in FRET. Finally, after a new stable baseline was reached, a saturating
dose of AC activator (forskolin, 25 pM) and non-specific PDE inhibitor (IBMX, 100
HMM) was added to establish the maximum response of the sensors. A
representative example of a trace recorded from a single cell is shown in Figure
3.5.
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Figure 3.5: Changes in FRET recorded from a single cell. Increases in FRET represent
increases in the cAMP concentration. When the cell was treated with various stimuli (indicated by
the arrows), the FRET change, and therefore, the cAMP concentration in the vicinity of the probe
increased. This trace is a representative example of all of the experiments described in this chapter.
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3.4 Results

3.4.1 B-adrenergic stimulation and PDE inhibition cause greater
FRET changes at the myofilament

Results from single cell traces were combined and compared to determine
differences between the effects of pharmacological stimulations in different
cellular microdomains. The FRET change resulting from submaximal B-adrenergic
stimulation was significantly greater in the vicinity of Tnl than in the cytosol
(Figure 3.6A) (1.8+£0.2% vs. 2.9+1.5%, p=0.0395, unpaired t-test). This is
consistent with the concept of compartmentalised cAMP signalling in NRVM such
that cAMP increases in specific microdomains associated with PKA substrates

following B-adrenergic signalling.

The effects of PDE3 and PDE4 inhibition were also compared in both cellular
compartments. Interestingly, PDE4 inhibition with rolipram resulted in a
significantly larger FRET change compared to PDE3 inhibition with cilostamide as
measured by both CUTie-Tnl and CUTie, suggesting a more dominant role of
PDE4 in the regulation of cCAMP dynamics in both of these subcellular locations
(Figure 3.6B). Furthermore, both PDE inhibitors had greater effects in the
vicinity of Tnl. Together, these results suggest that PDE4 has dominant activity,
and PDE3 and PDE4 have greater regulatory roles at the myofilament than in the
cytosol. These data are consistent with the previous data which employed the
use of PDE activity assays to show that PDE4 inhibition with rolipram resulted in
a dramatically greater reduction in PDE activity in NRVM lysates than the specific
inhibition of any other PDE family (Edwards 2012).
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Figure 3.6: Comparison of the effects of various stimulations on cytosolic and myofilament
cAMP dynamics. A. Average % FRET change of the cytosolic CUTie probe and the myofilament
CUTie-cTnl probe. Submaximal treatment of NRVM with 0.5 nM isoproterenol resulted in a
significantly larger FRET change as detected by CUTie-cTnl compared to CUTie. Results
represented as mean + SEM, n=32-38 cells, *=p<0.05, student’s t-test. B. Inhibition of PDE4 (10
UM rolipram) caused a larger response detected by both probes compared to inhibition of PDE3
(10 uM cilostamide). Results represented as mean + SEM, n=23-26 cells rolipram, n=9-12 cells
cilostamide. *=p<0.05, student’s t-test.

3.4.2 Overexpression of dominant-negative PDE isoforms

Pharmacological agents which globally inhibit PDE families are limited by their
lack of specificity to interrogate the activity of PDE subfamilies or isoforms. One
approach to achieve isoform-level specificity is through the overexpression of
dominant-negative (D/N), catalytically inactive PDE isoforms in NRVM. In theory,
the overexpressed, inactive protein would displace the endogenous, functional
isoform, attenuating its endogenous function in the cell (McCahill, McSorley et al.
2005). FRET changes were recorded in single NRVMs with the protocol displayed
in Figure 3.5, in the presence of PDE4D9 D/N-RFP or PDE4D5 D/N-RFP;
transfection was confirmed by visualising RFP emission microscopically (Figure
3.7).
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Figure 3.7: Confirmation of transfection of PDE4D5 D/N-RFP and PDE4D9 D/N-RFP. The
successful transient transfection of PDE4D5 D/N-RFP and PDE4D9 D/N-RFP was confirmed in
each cell for which a FRET change was recorded.

Interestingly, in the cytosol, overexpression of PDE4D9 D/N attenuated the FRET
response to PDE4 inhibition with rolipram as well as saturating treatment with
forskolin and IBMX, while overexpression of PDE4D5 D/N had no significant
effects. Although unexpected, this suggests that PDE4D9 has a more dominant
role than PDE4D5 in the cytosol of NRVM. Contrary to the hypothesis,
overexpression of either PDE4D9 D/N or PDE4D5 D/N did not have any significant
effects on the FRET change in response to B-adrenergic stimulation or PDE4
inhibition at the myofilament; similarly to the cytosolic effects, the
overexpression of the inactive form of PDE4D9 attenuated the saturated FRET
response (Figure 3.8). Considering the previously published evidence for a direct
interaction between PDE4D9 and Tnl, these data did not support the hypothesis

that this interaction exists in NRVM.
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Figure 3.8: The effect of overexpression of dominant negative PDEs on FRET. A. FRET
experiments were repeated as shown in Figure 3.5 in NRVM overexpressing dominant negative
PDE4D9 or PDE4DS5 as a control. A. FRET change measured by the cytosolic probe was
significantly affected by the overexpression of PDE4D9 D/N but not PDE4D5 D/N. The FRET
change in response to PDE4 inhibition and saturating concentrations of IBMX and forskolin were
significantly dampened by the presence of PDE4D9 D/N. B. When measured with CUTie-cTnl,
FRET change in response to isoproterenol and rolipram was unchanged, but the overexpression of
PDEA4D9 D/N significantly reduced the response to saturating doses of IBMX and forskolin. Results
represented as mean + SEM, n=9-23. *=p<0.05, PDE4D9 D/N vs PDE4D5 D/N, student’s t-test.

3.4.3 Effect of disrupting PDE4D9/Tnl interaction on FRET change

As previously described, peptide array technology allowed the 25-mer site of Tnl
to which PDE4D9 binds to be determined. This allowed the development of a
disruptor peptide, which, in theory, would disrupt the interaction, thereby
unhinging the Tnl microdomain from the PDE’s regulation. The use of a peptide
disruptor adds a layer of specificity beyond the use of dominant negative isoform
overexpression. The same PDE isoform may have multiple roles at different
microdomains within the same cell. Therefore, the use of a peptide disruptor
would only affect the specific pool of that isoform in the relevant part of the
cell. The cell permeable disruptor peptide was based on the 25-mer sequence of
Tnl and had the sequence: St-GTRAKESLDLRAHLKQVKKEDIEKE. A scrambled
peptide containing the same amino acids in a random order was included as a
control; this had the sequence: St-KTELKAERGIKSDVAKERELHDLGK. To determine
the effects of the disruptor peptide on cAMP dynamics, FRET experiments were
performed as previously described on NRVM which had been incubated for 2
hours with 10 uM disruptor peptide or scrambled control. Neither the disruptor
peptide nor the scrambled control had any significant effects on the cAMP

dynamics in the cytosol (Figure 3.9A). This was consistent with the hypothesis as
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the disruptor peptide would specifically displace the PDE bound to Tnl. At the
myofilament, treatment with disruptor peptide but not scrambled control
resulted in a small but significant increase in the FRET change in response to
submaximal B-adrenergic stimulation (Figure 3.9B) (4.6+0.58% vs. 2.9+0.4%;
paired t-test; p=0.0451). This was also consistent with the hypothesis such that
the disruption of the PDE from Tnl’s cellular microdomain would allow cAMP to
increase to a greater level, resulting in a larger FRET change detected by CUTie-

Tnl.
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Figure 3.9: The effect of disruptor peptide treatment on FRET change in the cytosol and the
myofilament. NRVM were pretreated for two hours with 10 pM disruptor peptide or scrambled
control before live-cell FRET imaging as shown in Figure 3.5. A. Disruptor peptide treatment had
no significant effects on FRET change in response to pharmacological stimulation in the cytosol. B.
On the other hand, disruptor peptide treatment enhanced the FRET change in response to
submaximal stimulation with isoproterenol in the vicinity of Tnl. The FRET change in response to
PDE4 inhibition with rolipram and saturation were not affected. Results represented as mean +
SEM, n=16-21. *=p<0.05, student’s t-test.

3.4.4 Confirmation of B-adrenergic stimulation-induced increase
in phosphorylation

It is well established that B-adrenergic stimulation of NRVM results in the
phosphorylation of a number of cardiac excitation-contraction proteins,
including Tnl. The first step in the biochemical analysis of the proposed
interaction was to confirm that increased phospho-Tnl levels could be detected
following stimulation with various concentrations and times of isoproterenol
treatment. NRVM were stimulated with 1 nM-10 pM (10 fold incremental
increases) for 10 minutes. These experiments were only carried out twice due to

the limited resource of primary cells isolated from animals. It was determined
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that a 1 pM dose would be taken forward for time course evaluation (Figure
3.10). Additionally, similar experiments which had been completed using NRVM
previously in the lab had used 1 pM treatments successfully (Edwards 2012).
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Figure 3.10: The effect of increasing doses of isoproterenol on phospho-Tnl levels. NRVM
were treated with 1 nM-10 uM isoproterenol for 10 minutes prior to production of cell lysates.
Phospho-Tnl and Tnl signals were detected via immunoblotting and normalised to GAPDH before
a ratio of phosphorylated:total Tnl was determined. Results represented as mean + SEM, n=2.

Having determined that a dose of 1 yM would be used in subsequent experiments,
a time course was then carried out to confirm that optimal effects could be seen
at 10 minutes after treatment; these were the conditions used in previous
studies (Edwards 2012).

By 5 minutes, phospho-Tnl appeared to reach maximal levels, which were
sustained until the 20 minute time point (Figure 3.11). The levels of phospho-Tnl
displayed a trend toward decreasing by 60 minutes. It is important to note that
these data are described as trends due to the fact that high variability between
quantitation of replicates led to an absence of statistically significant
differences between treatments. Nonetheless, visual observation of western blot
images probed for phospho-Tnl revealed consistent increases in band intensity
following B-adrenergic stimulation. These observations, coupled with previous
lab protocols, resulted in the use of 1 pM 10 minute isoproterenol treatments in

subsequent experiments.
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Figure 3.11: The effect of isoproterenol time course on phospho-Tnl levels. NRVM were
treated with 1 uM isoproterenol for 1-60 minutes prior to production of cell lysates. Phospho-Tnl
and Tnl signals were detected via immunoblotting and normalised to GAPDH before a ratio of
phosphorylated:total Tnl was determined. Results represented as mean + SEM, n=3.

3.4.5 Effects of disruptor peptide treatment on phospho-Tnl levels

As previously described, FRET experiments showed that treatment with disruptor
peptide, but not scrambled control, resulted in a small but significant increase
in the FRET change associated with B-adrenergic stimulation at the myofilament
(Figure 3.9). The next step was to determine whether this small enhancement in
signalling resulted in increased phospho-Tnl levels. It was hypothesised that
treatment of NRVM with disruptor peptide but not scrambled control would
increase phospho-Tnl levels. However, contrary to this hypothesis, there were no
significant increases in phosphorylation with disruptor peptide or scrambled
control treatment (Figure 3.12). The lack of significance was likely due to high
variability between the five experimental replicates. Although there were no
significant differences, there was a trend towards increased phospho-Tnl
following treatment with 10 uM disruptor peptide, although the scrambled
control yielded an increase of similar amplitude. Interestingly, this trend did not
appear to increase with increased dose of disruptor peptide, as a ten-fold

increase in dose led to a reduced phospho-Tnl level compared to the lower dose.
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Figure 3.12: The effect disruptor peptide treatment on phosphorylation of Tnl. NRVM were
treated with 10 or 100 uM disruptor peptide (DP) or scrambled control (SC) for two hours prior to
production of cell lysates. Phospho-Tnl and Tnl signals were detected via immunoblotting and
normalised to GAPDH before a ratio of phosphorylated:total Tnl was determined. Results
represented as mean + SEM, n=4-7.

As no significant effects of disruptor peptide treatment alone were observed, it
was determined that the effects of disruptor peptide treatment would be
studied in combination with B-adrenergic stimulation. In these experiments,
NRVM were pre-treated with disruptor peptide or scrambled control (10 pM, 2
hours) or PDE4 inhibitor, rolipram (10 pM, 10 min) prior to stimulation with B-
adrenergic agonist, isoproterenol (1 yM, 10 min). Similarly to other biochemical
experiments reported in the present work, high variability between replicates
meant that no significant differences in phosphorylation levels were observed
(Figure 3.13). Additionally, there were no convincing trends that disruptor
peptide treatment enhanced the B-adrenergic induced increase in phospho-Tnl.
In this experiment, it is important to note that PDE4 inhibition did not
significantly enhance the B-adrenergic induced increase in phospho-Tnl. This was

contrary to both the hypothesis and previously reported data (Edwards 2012).
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Figure 3.13: The effect disruptor peptide treatment on B-adrenergic induced
phosphorylation of Tnl. NRVM were pre-treated with disruptor peptide or scrambled control (10
UM, 2 hours) or PDE4 inhibitor, rolipram (10 yM, 10 min) prior to stimulation with 3-adrenergic
agonist, isoproterenol (1 uM, 10 min). Resulting cell lysates were immunoblotted for phospho-Tnl
and total Tnl, which were normalised to GAPDH before a ratio of phosphorylated:total Tnl was
determined. Results represented as mean + SEM, n=3.

3.4.6 PDE4D9 does not co-immunoprecipitate with Tnl

Following these data that did not support the hypotheses, it was determined
that the proposed interaction should be confirmed. The first step in this
confirmation was to probe Tnl immunoprecipitates for PDE4D9. The PDE4D9-
specific antibody was developed in house. Although the majority of PDE4
sequences are conserved between isoforms, each isoform has a specific N-
terminal region important for targeting to intracellular locations. These isoform-
specific regions were utilised for the production of isoform-specific antibodies.
Due to the availability of large quantities of cells for lysate production, HEK239
cells overexpressing Tnl-Flag were used for the first immunoprecipitation
experiments. These immunoprecipitations were performed in two ways: first, by
immunoprecipitating Tnl using an antibody and G-sepharose beads (Figure 1.14A)
and second, by immunoprecipitating flag using anti-flag agarose beads (Figure
1.14B). Both protocols led to successful immunoprecipitation of Tnl-Flag as
shown by immunoblotting for Tnl. However, when immunoprecipitates were
immunoblotted using a PDE4D9 specific antibody, there was no band at the

relevant weight (-94 kDa) despite clear bands in the input lysate (Figure 3.14).
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Therefore, it was concluded that PDE4D9 did not co-immunoprecipitate with Tnl
in HEK239 cells.
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Figure 3.14: Endogenous PDE4D9 does not co-immunoprecipitate with overexpressed Tnl-
Flag in HEK-293 cells. HEK239 cells transiently transfected to overexpress Tnl-Flag were used for
immunoprecipitations. A. Tnl was immunoprecipitated using G-sepharose beads and Tnl specific
antibody. Immunoprecipitates were probed for PDE4D9. Although Tnl was clearly detected in
immunoprecipitations, PDE4D9 did not co-immunoprecipitate. Representative of n=3 experiments.
B. HEK-293 lysates were also subjected to immunoprecipitation with flag beads, using un-
transfected lysate as a control. Again, although Tnl-Flag was clearly pulled down by flag beads,
PDE4D9 was not present in the immunoprecipitates. Representative of n=3 experiments.

Due to the fact that HEK239 cells are not representative of the complexity of
ventricular myocytes, co-immunoprecipitation experiments were repeated using
lysate from NRVM. In this case, TrueBlot® beads were used to ensure that
successful immunoprecipitation of Tnl could be visualised via immunoblotting.
These beads were used combination with TrueBlot® mononclonal secondary
antibodies for detection, which have the unique ability to recognise only native,
non-reduced forms of 1gG. Therefore, there is less interference of the heavy (55
kDa) and light (25 kDa) band on immunoblots. This was relevant for these
experiments as Tnl is often disguised by heavy staining of 1gG light chains. The
use of this technique allowed clear immunoprecipitation of Tnl to be visualised.

Despite clear success of Tnl immunoprecipitation, there was no evidence of
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PDE4D9 in immunoprecipitates (Figure 3.15). It is important to note that the
PDE4D9 band at ~95 kDa was very faint and difficult to detect even in the lysate
sample. This made it difficult to draw conclusions from the NRVM
immunoprecipitations alone. Taken together with the immunoprecipitations
performed using HEK-293 lysate overexpressing Tnl-Flag, it was clear that

PDE4D9 does not co-immunoprecipitate with Tnl.
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Figure 3.15: Endogenous PDE4D9 does not co-immunoprecipitate with endogenous Tnlin
NRVM. TrueBlot® beads were used to immunoprecipitate Tnl from NRVM lysate. The
immunoprecipitates were immunoblotted for PDE4D9. Despite clear immunoprecipitation of Tnl,
there was no evidence of PDE4D9 in immunoprecipitates. Representative of n=3 experiments.

3.4.7 Widening the search: Testing for interactions with other
PDE isoforms

The data showing that PDE4D9 did not co-immunoprecipitate with Tnl was in
direct contrast to the original data set, which was what prompted initiation of
the current research project. Therefore, it was determined that the next step
would be to re-evaluate the proposed interaction and test for interactions with
other PDE isoforms. As PDE3 and PDE4 are the most widely expressed cAMP-

hydrolysing PDE isoforms in the heart, and other cardiac excitation-contraction
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coupling proteins have been shown to interact with PDE3 or PDE4 isoforms, these

PDE families were prioritised (Maurice, Ke et al. 2014).

First, Tnl was immunoprecipitated from NRVM lysates. Immunoprecipitates were
immunoblotted using PDE4 subfamily specific antibodies. Despite clear
immunoprecipitation of Tnl, neither PDE4A, 4B nor 4D family members co-

immunoprecipitated (Figure 3.16).
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Figure 3.16: PDE4 subfamilies do not co-immunoprecipitate with Tnl. G-sepharose beads
were used to immunoprecipitate Tnl from NRVM lysate. The immunoprecipitates were
immunoblotted for the indicated PDE. Despite clear immunoprecipitation of Tnl, there was no
evidence of PDE4D9 in immunoprecipitates. Representative of n=3 experiments.

The next step was to widen the search to PDE families. NRVM were treated with
PDE3 or PDE4 family-specific inhibitors, cilostamide and rolipram respectively,
prior to challenge with B-adrenergic stimulation (Figure 3.17). Similarly to
previous analyses of phospho-Tnl levels in NRVM, there was significant variation
between experimental replicates, leading to a lack of specific differences
between conditions. Therefore, minimal conclusions could be drawn based on
the data compiled. There were trends in the data showing increased
phosphorylation of Tnl following PDE4 inhibition, which was enhanced when used
in combination with B-adrenergic stimulation. However, the inhibition of PDE3

and PDE4 together appeared to have an additive effect at baseline, but not in
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conditions of B-adrenergic stimulation. Again, these are reported as trends in

the data only, as no significant differences were measured.
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Figure 3.17: The effect PDE family-specific inhibitors on B-adrenergic induced
phosphorylation of Tnl. NRVM were pre-treated with PDE3 or PDE4 inhibitor, rolipram (10 uM,
10 min) prior to stimulation with B-adrenergic agonist, isoproterenol (1 uM, 10 min). Resulting cell
lysates were immunoblotted for phospho-Tnl and total Tnl, which were normalised to GAPDH
before a ratio of phosphorylated:total Tnl was determined. Results represented as mean + SEM,
n=4.

Finally, Tnl immunoprecipitations were subjected to analysis via PDE assay and
by mass spectroscopy. PDE assays would determine whether any cAMP-
hydrolysing PDE activity was associated with Tnl, while mass spectrometry would
determine whether any PDE isoforms could be detected in Tnl

immunoprecipitates regardless of PDE activity.

Immunoprecipitations were performed as previously described, pulling down
endogenous Tnl from NRVM lysates. IgG immunoprecipitations were included as a
control. Immunoprecipitates were subjected to analysis by PDE assay as
described in Section 2.13.1. The level of PDE activity detected in Tnl
immunoprecipitates was negligible (Figure 3.18). Although this was contrary to
the hypothesis that a PDE interacts directly with Tnl, it was consistent with data
from immunoblots, showing that PDE4 isoforms could not be detected in Tnl

immunoprecipitates.
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Figure 3.18: Radiolabelled PDE assay to determine PDE activity associated with Tnl. The
activity of PDEs in Tnl immunoprecipitates was analysed by hydrolysis of an 8-[Hz]-labelled cAMP
substrate as described in Section 1.13.1. Although PDE activity in pmol cAMP/min can be
determined using this assay, raw CPMA counts are displayed here as they were determined to be
the best representation of the data. The PDE activity in Tnl immunoprecipitates is no different than
mock immunoprecipitates or a blank sample control. Only one experimental replicate was carried
out.

In preparation for proteomic analysis, immunopreciptates were run on gels,
which were coomassie stained to visualise protein. By approximating protein
weights according to the molecular weight markers, gel slices from ~50-150 kDa
were excised and sent for analysis by Glasgow Polyomics. Most PDE isoforms lie
within this size range. No PDE isoforms were detected by mass spectrometry in
Tnl immunoprecipitates. Unfortunately, because only gel slices encompassing
specific weights were supplied for analysis, it was not possible to determine
whether Tnl was effectively immunoprecipitated in the samples sent for
proteomic analysis. Inclusion of lower molecular weight gel slices to validate Tnl
immunoprecipitation was not deemed necessary due to consistent
immunoprecipitation in experiments analysed via immunoblotting. However,
unsuccessful immunoprecipitation of Tnl or unsuccessful pulling down of

interacting proteins cannot be ruled out in this experiment.

It is important to note that PDE assay and proteomic analysis of Tnl
immunoprecipitates were only carried out with one experimental replicate for

each experiment. This was due to both the cost of carrying out the protocols and
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the consistency with previous results showing a lack of PDE isoforms co-
immunoprecipitating with Tnl. It was at this point in the data collection that it
was determined to take another direction and investigate other aspects of Tnl

post-translational modifications which will be described in the next two chapters.

3.4.8 Phospho-Tnl was reduced in human diseased myocardium

To confirm that phospho-Ser 23/24 levels were altered in human disease, human
samples from healthy and diseased patients were immunoblotted for phospho-
Tnl and total Tnl. Confirmation of reduced phospho-Tnl in disease would show
consistency with published data showing this trend (Bodor, Oakeley et al. 1997).
The human heart tissue samples were kindly gifted from Professor Kenneth
Campbell (University of Kentucky Biobank, USA). Samples were taken from
healthy hearts from organ donors or diseased hearts at the time of transplant
(Blair, Haynes et al. 2016). Diseased hearts were from patients diagnosed with
ischaemic heart failure, although the primary diagnosis was somewhat variable
between ischaemic cardiomyopathy, ishchaemic heart failure and chronic
systolic heart failure. The diseased group was considered together for
comparisons. Tissue lysates were immunoblotted for phospho-Tnl, Tnl and
GAPDH. This study was blinded until quantitative analysis was completed.
Relevant characteristics of each sample are shown in Table 3.1. Consistent with
the previous studies, there was a significantly reduced level of phospho-
Ser23/24 Tnl in diseased myocardium while the total levels of Tnl were

consistent between healthy and diseased samples (Figure 3.19).
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Table 3.1 Characteristics of human heart samples.

Sample No.  Case Type Heart Failure  Primary Diagnosis

1 Organ donor

2 Organ donor

3 Organ donor

4 Organ donor

5 Organ donor

6 Organ donor

7 Organ donor

8 Heart transplant Ischaemic Ischaemic cardiomyopathy

9 Heart transplant Ischaemic Ischaemic cardiomyopathy

10 Organ donor

11 Heart transplant Ischaemic Ischaemic cardiomyopathy

12 Heart transplant Ischaemic Ischaemic cardiomyopathy

13 Organ donor

14 Heart transplant Ischaemic Ischaemic cardiomyopathy

15 Heart transplant Ischaemic Chronic systolic heart failure

16 Heart transplant Ischaemic Ischaemic cardiomyopathy

17 Organ donor

18 Organ donor

19 Heart transplant Ischaemic Ischaemic cardiomyopathy

20 Heart transplant Ischaemic Ischaemic cardiomyopathy

21 Organ donor

22 Organ donor

23 Heart transplant Ischaemic Ischaemic cardiomyopathy

24 Heart transplant Ischaemic Ischaemic heart failure and
post-MI pericarditis

25 Heart transplant Ischaemic Ischaemic heart failure

26 Organ donor

27 Heart transplant Ischaemic Ischaemic cardiomyopathy

28 Heart transplant Ischaemic Ischaemic cardiomyopathy

29 Organ donor

30 Heart transplant Ischaemic Ischaemic cardiomyopathy

31 Heart transplant Ischaemic Ischaemic cardiomyopathy

32 Heart transplant Ischaemic Ischaemic cardiomyopathy

33 Organ donor

34 Heart transplant Ischaemic Chronic systolic heart failure

35 Organ donor

36 Heart transplant Ischaemic Ischaemic cardiomyopathy

37 Organ donor

38 Heart transplant Ischaemic Ischaemic heart failure

39 Organ donor

40 Heart transplant Ischaemic Ischaemic heart failure

41 Organ donor
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Figure 3.19: Phospho-Tnl was reduced in human diseased myocardium. Human heart tissue
samples were immunoblotted for phospho-Ser23/24 Tnl, total Tnl and GAPDH as a loading control.
The blots for samples 1-14, samples 15-28 and samples 29-41 are shown in A, B and C
respectively. Quantitative analysis revealed that phospho-Tnl (as a ratio of total Tnl) was
significantly reduced in diseased myocardium while total Tnl was unchanged. Data are displayed
as mean + SEM, n=20 healthy and n=21 diseased. **=p<0.01, student’s t-test.
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3.5 Discussion

3.5.1 PDE4D9 may not directly interact with Tnl

The vast majority of proteins in cells exist within interactions with other
proteins. The identification of a protein’s ‘interactome’ can provide information
necessary to determine the functional role of the protein within the cell. PDEs
have been shown to interact with a number of cardiac excitation-contraction
coupling proteins, regulating their PKA phosphorylation. Based on these findings,
it is likely that a PDE interacts with Tnl complex at the myofilament, thereby
regulating the PKA-mediated phosphorylation of Ser23/24. This was the basis for
the project undertaken by previous lab members, which identified PDE4D9 as a
direct interactor of Tnl (Edwards 2012).

Interestingly, the data displayed in the present work are not consistent with
these previous findings. In fact, taken together, the data from the present work
suggest that it is likely that PDE4D9 does not have a functional role in the
regulation of CAMP dynamics at the myofilament or the phosphorylation state of
Tnl. Additionally, it does not support the hypothesis that there is a direct

interaction between PDE4D9 and Tnl.

Firstly, FRET microscopy was used to measure cAMP dynamics in the cytosol and
at the myofilament under various conditions. In NRVM overexpressing dominant-
negative, catalytically inactive PDE4D9, there was no change in cAMP dynamics
at the myofilament. This was contrary to the hypothesis; if PDE4D9 were active
in this compartment, the mutant PDE would displace the endogenous, functional
enzyme, causing enhanced signalling in response to agents which raise CAMP in
these cells (in this case, B-adrenergic agonist, isoproterenol) (McCahill, McSorley
et al. 2005). It was also hypothesised that the overexpression of this protein
would reduce the effect of PDE4 inhibitors at the myofilament, but the response
to PDE4 inhibition with rolipram was unchanged by the PDE4D9-D/N
overexpression at that location. On the other hand, pre-treatment of NRVM with
disruptor peptides, which was hypothesised to unhinge the interaction between
PDE4D9 and Tnl, caused a small but significant increase in the FRET response to
isoproterenol, which was consistent with the hypothesis and previous findings.

The pre-treatment had no significant effect on cytosolic cAMP dynamics,
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suggesting that the disruptor peptide acted specifically at the myofilament. This
data, standing alone, suggests that the interaction between PDE4D9 may exist
and that the disruptor peptide unhinged PDE4D9 from the myofilament, thereby
enhancing the cAMP response. This claim, however, is refuted by all other
experimental data shown here. A closer look at the design of the disruptor
peptide may explain this discrepancy. The disruptor peptide was designed based
on data from peptide array alanine scan experiments which identified the amino
acids of Tnl essential for the binding of PDE4D9. These identified the dual lysine
residues at positions 177 and 178 of Tnl as being necessary for the interaction to
occur. The disruptor peptide was then produced as the 25 amino acid sequence
surrounding this proposed binding region. Therefore, it is possible that the
disruptor peptide did in fact cause an enhancement of signalling by
competitively interacting with a PDE isoform, thereby reducing its influence at
the myofilament. Considering the other data displayed in this chapter, it seems
likely that this effect was not specific to PDE4D9. However, this does provide
some evidence that this site may still be relevant for the binding of a different

PDE isoform.

The use of disruptor peptides to displace PDEs has been validated in numerous
studies. The ubiquitous nature of the cAMP signalling pathway and the role of
PDEs make it difficult to target whole protein families, due to the global effects
of these drugs and the resulting “off-target” effects they cause. Therefore, the
targeting of specific protein-protein interactions using disruptor peptides within
the signalling paradigm results in more specific events related to protein
targeting (Lee, Maurice et al. 2013). Generally speaking, if a PDE’s interaction
with a PKA substrate protein is disrupted, the phosphorylation of the substrate
protein is upregulated. For example, the peptide disruption of the HSP20-PDE4
complex was shown to increase phosphorylation of S16; thereby, the
cardioprotective effects mediated by the phosphorylated form of HSP20 were
unlocked (Sin, Edwards et al. 2011, Edwards, Scott et al. 2012). Similarly, the
interaction between B-arrestin and PDE4D5 has been disrupted using a peptide
designed based on peptide array identification of the binding site (Smith, Baillie
et al. 2007). Upon Bz-adrenergic receptor activation, B-arrestin-PDE4D5 is
recruited to the receptor, initiating a dual desensitisation event whereby B-

arrestin inhibits the receptors interaction with the G-protein and PDE4D5
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hydrolyses the cAMP produced as a result of activation (Perry, Baillie et al. 2002,
Lynch, Baillie et al. 2007). PDE4D5 also functions to inhibit the PKA
phosphorylation of the Bz-adrenoceptor, adding another layer to the complicated
desensitisation paradigm. Disruption of the B-arrestin-PDE4D5 complex resulted
in the hyper-phosphorylation of the B2-adrenoceptor (Smith, Baillie et al. 2007).
Moving away from the cardiac signalling, this approach has also been used in the
vascular endothelium. Here, cell-permeable peptides were used to disrupt the
PDE4-EPAC interaction, resulting in increased EPAC activation, ultimately
reducing permeability of the cells (Rampersad, Ovens et al. 2010). The use of
disruptor peptides to unhinge PDEs from interacting proteins has also been used
out with the cardiovascular disease area. For example, the disruption of the C-
Raf-PDE8A complex in increases the phosphorylation of C-Raf, causing an
inhibition of damaging phospho-ERK signalling in melanoma (Blair, Walsh et al.
2019).

Despite the enhancement of cAMP signalling at the myofilament, disruptor
peptide treatment did not result in any significant enhancements in the
phosphorylation of Ser23/24 of Tnl. It is possible that the difference between
disruptor peptide and scrambled control observed in FRET experiments was too
small to be biologically significant despite its statistical significance. Otherwise,
it is difficult to understand how an enhancement of cAMP dynamics in the
vicinity of Tnl would not translate to increased PKA phosphorylation.
Investigating PKA phosphorylation of Ser23/24 in isolation is perhaps not
representative of the biological situation, as both PKC and PKG have also been
shown to phosphorylate Tnl at this site (Noland, Raynor et al. 1989, Layland,
Solaro et al. 2005). PKC in cardiac myocytes can be activated by a number of
agonists including angiotensin I, endothelin-1 and phenylephrine, an a-
angiotensin receptor agonist. Interestingly, PKC activation has been shown to
have a number of opposing effects in cardiac myocytes due to a number of
substrate proteins depending on the study conditions (Pi, Sreekumar et al. 1997,
Takeishi, Chu et al. 1998, Montgomery, Wolska et al. 2002, Pi, Zhang et al. 2003,
Westfall and Borton 2003). Even on Tnl itself, PKC can phosphorylate three sites,
Ser23/24, Ser 43/45 and Thr144, which all have different effects on myofilament
dynamics (Layland, Solaro et al. 2005). PKC phosphorylation of Ser23/24 results

in similar effects to PKA phosphorylation of the same site, such as reduced
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myofilament Caz+ sensitivity. However, phosphorylation of Ser43/45 has been
shown to have opposing effects (Burkart, Sumandea et al. 2003). To complicate
the understanding of functional effects of Tnl phosphorylation, PKG can also
phosphorylate Tnl at Ser23/24, resulting in the same functional effects as other
enzymatic phosphorylations at this site. PKG phosphorylation occurs 100x more
slowly than PKA phosphorylation, but it is likely still physiologically relevant due
to the tethering to PKC to the Tn complex by interacting with TnT (Blumenthal,
Stull et al. 1978, Yuasa, Michibata et al. 1999). Therefore, as Ser23/24
phosphorylation is not solely modulated by PKA phosphorylation, it is possible
that alternative signalling paradigms through other enzymes may have affected

phosphorylation levels in the present study.

These observations cast doubt on the proposed PDE4D9/Tnl interaction, and it
was determined that the interaction should be directly interrogated using
immunoprecipitations. In contrast to data from previous studies, using a variety
of protocols and reagents, no PDE4D9, nor any members of the PDE4A, 4B or 4D
families were present in Tnl immunoprecipitates, despite clear enrichment for
Tnl in samples. Taking a further step away from specificity, NRVM were treated
with PDE4 or PDE3 inhibitors before B-adrenergic stimulation, and still, the roles
of these enzymes in the regulation of phosphorylation levels of Tnl were unclear.
Finally, immunoprecipitations were subjected to analysis by mass spectrometry
and PDE activity assays, and still there was no evidence for PDE isoforms in
immunoprecipitates. In previous studies investigating the effects of family
specific inhibition of PDEs on excitation-contraction coupling, it was shown that
PDE2 and PDE3 inhibition enhanced cardiac contractility parameters under basal
conditions, but that PDE4 inhibition was more effective under submaximal B-
adrenergic stimulation (Mika, Bobin et al. 2013). PDE4 inhibition had no effect
on contractility parameters under basal conditions. Furthermore, PDE2 and PDE3
inhibition but not PDE4 caused small increases in Tnl phosphorylation under
basal conditions. Interestingly, the dual inhibition of these PDE families together
caused additive effects on cardiac contractility dynamics, with the most potent
effects caused by dual inhibition of PDE3 and PDE4. These studies were limited
by the use of rat cardiac myocytes, and the paradigm of synergistic PDE3 and
PDE4 activity was then investigated in a porcine model (Mika, Bobin et al. 2019).

In humans and large mammals, PDE3 has been shown to be dominant, while PDE4
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is thought to have a larger role in rodents (Osadchii 2007, Richter, Xie et al.
2011). In adult myocytes isolated from pigs, both PDE3 and PDE4 were shown to
have similar effects on cAMP and contractile dynamics under basal conditions,
but dual inhibition enhanced these effects, suggesting synergistic activity (Mika,
Bobin et al. 2019). Under conditions of B-adrenergic stimulation, both PDE3 and
PDE4 inhibition enhanced cAMP dynamics and contractility. Unlike in rodents, in
large mammals, both PDE3 and PDE4 activity is functionally relevant both at
basal conditions and under B-adrenergic stimulation (Mika, Bobin et al. 2019).
This evidence may help explain the difficulty in identifying a specific PDE
isoform which regulates Tnl phosphorylation. If multiple PDE families have been
shown to regulate phosphorylation under different biological conditions, it is
possible that a number of PDE isoforms are tethered to the myofilament,

regulating CAMP dynamics at this cellular compartment at different times.

It is also possible that the signalosome containing Tnl and a PDE isoform is more
complex than a single direct interaction between these two proteins.
Signalosomes containing PDEs in cardiac myocytes often contain PKA and its
substrate protein. The particulate PKA which is integrated into these complexes
is often bound to specialised scaffold proteins called AKAPs (Kapiloff and
Chandrasekhar 2011). In the case of some cardiac signalosomes, the specific
AKAP isoform tethering PKA to its substrate has been determined. For example,
the ryanodine receptor (RyR) sighalosome has been shown to contain the muscle-
specific AKAP (mAKAP), which allows the direct tethering of PKA to its substrate
for a fine-tuned cAMP/PKA signalling response to stimuli (Ruehr, Russell et al.
2003). As previously described, PDE4D3 is another component of this signalosome.
It has been shown that PDE4D3 directly associates with mAKAP, which adds
further fine-tuning of signalling to the RyR microdomain (Dodge,
Khouangsathiene et al. 2001). This creates a precedent in which AKAPs within
cardiac excitation-contraction coupling protein signalosomes allow the tethering
of not only PKA, but also PDEs to the relevant subcellular microdomain.
Therefore, it is possible that a PDE isoform is integrated into a signalosome with
Tnl, but that the PDE may be integrated via an interaction with an AKAP protein,
rather than a single, direct interaction with Tnl itself. This would help to equate
the very small effect in FRET experiments with the lack of effects on phospho-

Tnl levels. If a PDE were bound to the signalosome via multiple interactions with
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different proteins, disruption of one binding site with a disruptor peptide may
result in an observable effect as the PDE could remain bound via another
interaction with an AKAP or other protein. Interestingly, TnT has been shown to
act as a sarcomeric AKAP, anchoring PKA to the myofilament (Sumandea, Garcia-
Cazarin et al. 2011). In previous studies, PKG has also been shown to be tethered
to the myofilament by interacting with TnT (Yuasa, Michibata et al. 1999). Due
to the tight interactions and close proximities of the three subunits of the Tn
complex, it is conceivable that Tnl phosphorylation is modulated by kinases and
PDEs which are tethered to TnT acting as an AKAP rather than to Tnl itself.

Considering the lack of PDE4D9 in Tnl immunoprecipitates and the unclear
effects of PDE4 inhibition on phospho-Tnl levels, it is likely that PDE4D9 is not
the isoform which integrates into this signalosome. Given the physiological
importance of Tnl phosphorylation by PKA and the prevalence of PDE isoforms
which integrate into signalosomes with other PKA substrate proteins, it is likely
that a PDE isoform is present in this microdomain to regulate Ser23/24
phosphorylation. The data presented here does not allow the specific isoform to
be determined. For this reason, this investigation has not informed any specific
directions for therapeutic intervention in this signalling cascade. However, the
relevance of PKA phosphorylation of this site in human heart disease suggests
that further investigation of the role of PDEs in this paradigm should be pursued.
This pathophysiological relevance was confirmed in the present work, which
showed that there was a reduction in phosphorylation in diseased myocardium,
consistent with the majority of literature in the field (Bodor, Oakeley et al. 1997,
Zakhary, Moravec et al. 1999).

3.5.2 Methodological Considerations and Future Directions

With the benefit of hindsight, it is clear that a number of technical issues
limited the scope of conclusions from this project. Some of these technical
issues help explain the discrepancies between data from previous projects and

the present work.

In previous work, FRET was used to show that PDE4 has a predominant role in
the regulation of cAMP dynamics around Tnl (Edwards 2012). As previously

described, this work went on to identify PDE4D9 as the isoform at work. In this
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study, Epac1-camps FRET probes were employed. The tethered probe Epac1-
camps-Tnl was compared to a cytosolic untethered probe. The FRET ratios
following treatment were then compared and statistically evaluated. The
present work showed that both PDE3 and PDE4 had greater effects at the
myofilament compared to the cytosol, and PDE4 had greater effects in both
compartments, making it difficult to draw conclusions about the relative roles of
the PDE families. In the present work, a newer generation of FRET probes was
used. In 2017, Surdo and colleagues published evidence to show that utility of
Epac1-camps sensors are limited by the fact that the tethering of these probes
to proteins results in inconsistent maximal responses (Surdo, Berrera et al. 2017).
The tethering of the probes altered their conformation in such a way that
function was affected. Therefore, if the FRET changes recorded by tethered
probes were to be compared to results recorded from untethered probes, the
results must have been normalised to the saturated response. Interestingly, in
the previous FRET data, the saturating response to IBMX (100 pM) was not
different for the two sensors. Therefore, there was no normalisation of the FRET
changes in response to other treatments. Still, the altered FRET sensor
functionality due to the tethering of the probe could have been a confounding
factor within this data. The present work, however, overcame this specific
limitation by using CUTie FRET probes, which were tested extensively and shown
to have similar maximal responses despite tethering to a number of proteins for
intracellular targeting (Surdo, Berrera et al. 2017). Here, there was no need to
normalise FRET responses to the saturating response as the saturation response
was expected to be consistent regardless of the probe being used. The use of
different FRET probes could provide a technical explanation for the differences

between the FRET results from prior studies and the present work.

Experiments in which NRVM were treated with combinations of PDE inhibitors,
disruptor peptides and B-adrenergic agonist were also limited by a number of
technical considerations. Firstly, the dose of isoproterenol used to stimulate B-
adrenergic signalling may have saturated the PKA phosphorylation sites, masking
any effects of pre-treatment with disruptor peptides or PDE inhibitors. In future
experiments, varied doses of isoproterenol in combination with pre-treatments
should be compared. Despite trends in the data, no significant differences in the

level of phospho-Tnl were observed between different treatment groups. There
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are a number of technical limitations that could have contributed to the large
variability between experimental replicates. Unexpectedly, treatment with B-
adrenergic agonists caused a disappearance of the Tnl band upon visualisation of
immunoblots. This phenomenon, observed across all experiments in this study,
was highly confounding, as the antibody used was consistent with previous
projects in which the Tnl band was consistent despite similar stimulations. One
explanation for this was that the Tnl antibody was detecting only
unphosphorylated Tnl, but not the phosphorylated protein. To take this
explanation into consideration for the quantitative analysis of these results,
immunoblot data was re-analysed as phospho-Tnl/(phospho-Tnl+Tnl). The
reanalysis did not affect the trends nor the absence of significant differences
between treatments. It was determined that data would be displayed here with

the original analyses (pTnl/Tnl) to retain consistency with previous studies.

Another intrinsic reason for variability in all data shown here was the use of an
outbred rat stain (Sprague-Dawley rats) for the primary cell isolation of NRVMs;
previous studies, although in different fields, have reported differences between
strains and substrains of these rats (Langer, Brandt et al. 2011, Brandt,
Bankstahl et al. 2016). Although a single colony of eight female and two male
rats were bred to produce litters for the isolations, the genetic variation

intrinsic of outbred strains cannot be ignored.

The lack of PDE4 isoforms present in Tnl immunoprecipitates provided the final
evidence refuting the claims made from the previous study. In the previous study,
immunoprecipitates were probed only for the proposed PDE binding partners,
but the presence of Tnl itself in the samples was not confirmed due to the
similarity of its molecular weight with the IgG light chain (Edwards 2012). In the
present work, despite clear confirmation of Tnl immunoprecipitation, no PDE
was detected in the sample by immunoblotting, PDE assay or proteomic analysis.
Analysis by PDE assay and mass spectrometry were, of course, limited by the
fact that the experiments were not completed more than once. However, taken
together, the multiple analyses of immunoprecipitates provided convincing
evidence against the existence of the proposed interaction. To increase the
confidence in this finding, it would have been beneficial to test
immunoprecipitates for the presence of known Tnl binding partners, such as the

other members of the troponin complex, TnC and TnT. This could have been



114

done simply by immunoblotting for these proteins or by subjecting gel slices with
the relevant molecular weight areas included (TnC and TnT are 18 and 34 kDa
respectively) to mass spectroscopy. This would have allowed the purity of the
Tnl immunoprecipitates to be determined. It is possible that
immunoprecipitation resulted in purification of Tnl, its interactions with binding

partners having been denatured and washed away during the protocol.

3.5.3 Conclusion

In conclusion, the data displayed in this chapter suggest that PDE4D9 may not be
the appropriate PDE isoform to target to alter cAMP dynamics at the
myofilament or to affect PKA phosphorylation of Tnl. This was inconsistent with
the hypothesis, which was based on data showing that a direct interaction exists
between Tnl and PDE4D9 (Edwards 2012). Despite this evidence, the presence of
PDE isoforms in signalosomes containing other PKA targets suggest that Tnl’s
phosphorylation at Ser23/24 is also fine-tuned in this way. Future investigation
into the components of the Tnl sighalosome is worthwhile, especially considering
the disease relevance of this phosphorylation site. These studies should begin
with a wider approach, considering any cAMP-hydrolysing PDE isoforms expressed
in the relevant tissue for interaction. Synergistic effects between PDE families
should be taken into account, and it should not be assumed that one PDE isoform
is responsible for the regulation of this phosphorylation event under all
biological conditions. Finally, it should not be assumed that only PDEs which
interact directly with Tnl could regulate its phosphorylation. TnT’s role as a
sarcomeric AKAP should be taken into account, as any PDE interacting with the
Tn complex could regulate cAMP dynamics and phosphorylation events in this

cellular compartment.
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Chapter 4 SUMOylation of Troponin |
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4.1 Introduction

Numerous human proteins have been shown to be substrates of the post-
translational modification, SUMOylation. However, studies investigating
SUMOylation of cardiac specific proteins are almost entirely limited to the study
of the calcium handling protein, SERCA2a (Kho, Lee et al. 2011, Tilemann, Lee
et al. 2013, Kho, Lee et al. 2015, Lee, Oh et al. 2016). Identification of SERCA2a
as a target of SUMOylation shows, at the very least, that the necessary
components of the SUMOylation cascade are present in the cytosol of cardiac
myocytes. Therefore, the SUMOylation of other cardiac excitation-contraction
coupling proteins is a possibility. The existence of SERCA2a SUMOylation and its
role in maintaining protein stability also provides a precedent for the relevance
of cardiac protein SUMQOylation in cardiac pathophysiology (McMurray and Smith
2011). Upregulation of SUMOylation of SERCA2a following SUMO1 gene transfer
was found to be protective against pressure overload-induced heart failure in
both rodent and porcine models (Kho, Lee et al. 2011, Tilemann, Lee et al.
2013).

Post-translational modification of Tnl has been shown to be important in cardiac
physiology and pathophysiology. Most widely studied have been Tnl’s
phosphorylation sites. For example, phosphorylation by PKA at Ser23/24
contributes to the inotropic and lusitropic response to B-adrenergic stimulation.
This modification has been shown to be downregulated in conditions of chronic
heart disease, which may contribute to myofilament dysfunction (Bodor, Oakeley
et al. 1997, Zakhary, Moravec et al. 1999, Layland, Solaro et al. 2005). Other
post-translational modifications of Tnl are not as well established as the
phosphorylation systems. For example, Tnl has been shown to be ubiquitinated
in murine cardiac tissues (Witt, Granzier et al. 2005). Ubiquitinated Tnl was
detected in cardiac tissues via immunoblotting, and the ubiquitination was
reduced in tissues from MURF-1 KO mice. MURF-1 is a RING finger protein which
has ubiquitin ligase activity. This study suggested that MURF-1 and MURF-2
redundantly ubiquitinate Tnl and other myofibrillar proteins but offered little
information on the functional relevance of the system (Witt, Granzier et al.
2005).
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4.1.1 UBC9 Fusion Directed SUMOylation

The identification of SUMOylation substrates is often hampered by the fact that
SUMOylation is a transient modification that often occurs at low levels in cells
(Jakobs, Koehnke et al. 2007). A significant advancement in the field was made
when UBC9 fusion-directed SUMOylation (UFDS) allowed SUMOylation to be
directed to a fused substrate protein. This method was first used to show the
SUMOylation of overexpressed p53 and STAT1in HEK-293 cells and has since been
used to identify a number of other SUMOylation targets (Jakobs, Himstedt et al.
2007, Jakobs, Koehnke et al. 2007). Prior to the use of this approach,
SUMOylated p53 and STAT1 were difficult to detect, but the introduction of the
UFDS approach allowed not only the detection of these modified proteins but
also the identification of the functional relevance of their SUMOylation. When
p53-UBC9 and STAT1-UBC9 fusion proteins were overexpressed alongside SUMO-
GFP, immunoblotting for UBC9 revealed two molecular weight bands, one at the
weight of the substrate-UBC9 fusion, and another, higher band which
represented the susbtrate-UBC9 fusion which had been SUMOylated via binding
of the overexpressed SUMO-GFP protein. The specificity of the UFDS approach
was confirmed using fusion proteins in which the proposed SUMOylation motif’s
essential lysine residues were mutated in a site-specific manner. Mutation of the
SUMOylation motif of either protein eliminated the detection of the higher
molecular weight band. Finally, fusion proteins containing a mutation in the
active site of UBC9, rendering the enzyme catalytically inactive, also eliminated
the detection of the higher molecular weight band. Taken together, the use of
these mutants confirmed that the higher molecular weight band represented
substrate protein which had been SUMOylated specifically at the proposed motif
by the fused UBC9, and not by endogenous UBC9. This powerful tool allows the
detection of SUMOylated substrate proteins indirectly when detection is
technically challenging. It is important to note that this system is not
representative of the biological environment, as SUMOylation is “forced” by the
UBC9 fusion. Therefore, the interpretation of data must be limited to the
identification of motifs that can be SUMOylated. UFDS cannot inform whether a
motif is SUMOylated in vivo. A schematic representation of how UFDS was used

in the present study is shown in Figure 4.1.
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Figure 4.1: Schematic representation of UFDS of Tnl. A. Co-transfection of Tnl-UBC9 and
SUMO-GFP into HEK-293 cells would theoretically allow the detection of SUMOylated Tnl-UBC9 at
the weight of the two fusion proteins added together. B. To confirm that the SUMOylation is specific
to the putative SUMOylation motif, a mutation ablating the SUMO accepting lysine was introduced.
In this case, the Tnl-UBC9 fusion would not be SUMOylated, and the higher molecular weight band
would not be detected in immunoblots. (Adapted from (Jakobs, Koehnke et al. 2007)).
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4.2 Hypothesis and Aims

It has never been established whether Tnl contains a SUMOylation motif to which
a SUMO protein can be covalently linked. It is hypothesised that Tnl can be
SUMOylated at the putative SUMOylation motif, 175-178VKKE. The main aim of
the experimental work in this chapter was to determine whether this motif in
the TNI sequence can be SUMOylated in vitro. More specifically, the aims were

as follows:

e To confirm that the proposed motif can be SUMOylated using peptide

array

e To determine whether endogenous Tnl in NRVM can be SUMOylated in

vitro by including cell lysates in an in vitro SUMOylation assay

e To determine whether SUMOylated Tnl can be detected by “forcing”
SUMOylation using Tnl-UBC9 fusion protein overexpression in HEK-293 cells

e To test a custom-made SUMO-Tnl antibody’s ability to selectively detect

SUMOylated Tnl in a variety of experimental protocols

e To establish whether the level of SUMOylated Tnl is altered in cardiac

disease using porcine Ml samples and human heart failure samples
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4.3 Results

4.3.1 Prediction of post-translational modification sites

SUMOylation of target proteins occurs via the conjugation of a SUMO protein to a
lysine of a substrate within the consensus motif, wyKxD/E, where y is a large
hydrophobic residue, K is a lysine, x is any amino acid and D/E is aspartic

acid/glutamic acid (Hannoun, Greenhough et al. 2010).

To determine whether Tnl contained any SUMOylation consensus motifs, the
amino acid sequence of the protein was analysed for potential SUMOylation sites
using SUMOplottm software (Abgent). SUMOplottm identifies possible SUMOQylation
sites and determines the probability that lysine residue within these sites might
be SUMOylated based on the similarity to the classical consensus motif, WKxE.
The software allows prediction based on the identification of direct SUMO
consensus motifs within the amino acid sequence as well as indirect
identification of close consensus motif matches in cases where residues exhibit

similar hydrophobicity patterns (Abgent, 2019).

Eight putative SUMOylation sites within the primary structure of Tnl were
identified by the software (Figure 4.2). One site in particular, K177, was
determined to be the most likely site of SUMOylation due to the consistency of

the surrounding amino acids (VKKE176-9) with the consensus motif.

1 MADGSSDAAR EPRPAPAPTR RRSSNYRAYA TEPHAKKKSK TsasrkLQLx [l Motifs with high probability
51 TLLLQIAXQE LEREAEERRG EKGRALSTRC QPLELAGLGF AELQDLCROL |l Motifs with low probability
191 HARVDKVDEE RYDIEAKWTK MITEIADLTQ KIFDLRGKFK RPTLRRVRIS
151 ADAMMQALLG ARAKESLDLR AHLKQVKKED TEKEMREVGD WRKNIDALSG
281 MEGRKIKFES

[ Owverlapping Motifs

No. Pos. Group Score  MNo. Pos. Group Score
1 K177 AHLKQ VKKE DTEKE 0.93 5 K207 MEGRK KKFE S 0.48
2 K53 LLLQI AKQE LEREA 074 5 K178  HLKQW KKED TEKEN 0.48
3 K140 DLRGK FKRP TLRRY 0.74 T K131 IADLT QKIF DLRGK 0.15
4 K106 LHARY DKVD EERYD 0.5 8 K205 GMEGR KKKF E3 0.13

Figure 4.2: Prediction of Tnl SUMOylation sites. Human Tnl primary structure (accession
number P19429) was analysed using SUMOplottm software (Abgent) to identify SUMOylation
motifs. Lysine residues (K) with higher probability scores are more likely to be SUMOylated due to
their location within a classical SUMOylation motif.



121

4.3.2 SUMO Consensus Motif required for Tnl SUMOylation

The SUMOylation consensus motif with the highest probability determined by
prediction software was then analysed for its ability to be SUMOylated in vitro.
Peptide array technology in conjunction with in vitro SUMOylation assays (Enzo)
was used to show that Tnl’s consensus motif (VKKE176-9) could be SUMOylated.
Peptide arrays based around the 25-mer section of Tnl’s primary structure which
included the SUMO motif were constructed. This 25-mer was progressively C-
terminally truncated, N-terminally truncated, truncated from both ends and
shifted by 5 amino acids. Finally, each amino acid in the SUMO motif was
sequentially mutated to alanine. All of the truncations, shifts and mutated spots
were subjected to in vitro SUMOylation using a SUMOylation Kit (Enzo). Briefly,
this assay involves the incubation of a substrate protein (in this case, on a
peptide array) with all of the components of the SUMQOylation cascade, including
E1 and E2 ligase, SUMO orthologues and Mg-ATP. An antibody only control was

also performed to account for non-specific antibody binding.

Following SUMOylation of the array, positive spots detected using a primary
antibody for SUMO1 were present in sequences containing the SUMO motif but
were absent in any spots which did not contain the complete four amino acid
SUMO motif (Figure 4.3). Such data indicates that this TNI site can be
SUMOylated and that SUMOylation is specific to these amino acids. Interestingly,
SUMOylation of this motif seems to depend on several of the surrounding amino
acids N-terminally and C-terminally to the consensus motif. Some spots on the
peptide array, which contains the SUMO consensus motif fail to be SUMOylated

due to the truncation of the 25-mer close to this site.
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Figure 4.3: cTNI can be SUMOylated at 175-178VKKE. The 25-mer peptide sequence from
which this peptide array was designed was based on the sequence of Tnl containing the SUMO
consensus motif. The 25-mer was sequentially N- and C-terminally truncated and shifted by 5
amino acids. The arrays were then subjected to incubation with either PBS alone (Mock) or in vitro
SUMOylation (IVS). SUMOylation was then detected using SUMOL primary antibody. Positive
spots indicating that SUMOylation had occurred were only present for 25-mers which contained the
complete 4 amino acid SUMO motif (175-8VKKE) (shown in red).

Next, an alanine scan was performed. In this peptide array experiment, each of
the four amino acids in the SUMO motif was sequentially mutated to an alanine,
which would allow the identification of residues essential for SUMO conjugation.
The substitution of an alanine for any of the four amino acids in the motif
resulted in the clear elimination of positive spots, indicating that all four amino
acids were necessary for this post-translational modification to occur (Figure
4.4).
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Figure 4.4: Alanine substitution of SUMO site residues eliminates SUMOylation. Peptide
arrays were designed using a 25-mer sequence of Tnl which included the SUMO site. Each of the
four amino acids which make up the SUMO site was sequentially substituted with alanine. The
arrays were subjected to in vitro SUMOylation (IVS) or PBS alone (Mock) and SUMOylation was
detected by immunoblotting with a SUMO1 primary antibody. When the amino acids which
comprise the SUMO site of Tnl are serially mutated to alanine the positive spot as detected in the
wild-type 25-mer is eliminated. This demonstrates that each of the amino acids in the SUMO
consensus motif is necessary for SUMOylation to occur. SUMOylation site is displayed in red.

Taken together, the results from SUMOylated peptide array experiments
highlight the specificity of the modification to proposed motif at 176-9VKKE.
Each amino acid of the consensus motif as well as some surrounding residues

must be present for the modification of the substrate protein.

4.3.3 In vitro SUMOylation of endogenous NRVM Tnl

Although it was informative that SUMOylation could occur at the proposed motif
on peptide arrays, this format is not always representative of the protein within
cells because the synthetic 25-mer peptides do not have the same
characteristics or secondary structure as cellular proteins. Therefore, NRVM
lysates were subjected to in vitro SUMOylation assay (Enzo) according to
manufacturer’s instructions. The resulting assays were then immunoblotted for
the target protein and bandshifts indicated positive results showing that the
target protein had been SUMOylated. Negative control assays were also
performed which excluded Mg-ATP from the reaction. Mg-ATP is essential for
SUMOylation as it is a necessary cofactor for SUMO E1 ligase activity. A Rangap1
fragment (positive control) was also subjected to in vitro SUMOylation with and
without Mg-ATP to ensure that all assay components were functional. When
NRVM lysate was subjected to in vitro SUMOylation and immunoblotted for Tnl,
there was a clear bandshift, indicating SUMOylation of Tnl (Figure 4.5). This
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band was significantly stronger than the equivalent areas of the immunoblot
image for the sample in which Mg-ATP was omitted from the reaction (p=0.0088;
two sample t-test). To add confidence to this observation, the Rangap1 positive
control assays indicated that the SUMOylation assay was working perfectly as
almost all of Rangap1 existed in the modified form. Therefore, endogenous Tnl

from NRVM was successfully SUMOylated in vitro.
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Figure 4.5: In vitro SUMOylation assay using NRVM lysates. A. NRVM lysate was subjected to
in vitro SUMOylation (IVS), resulting in a clear bandshift of ~18 kDa in the sample containing all
assay components, including MgATP, a cofactor of the SUMO E2 ligase which is necessary for
SUMOylation to occur. When compared to the intensity of total Tnl, it was determined that ~10% of
total Tnl was SUMOylated by this assay. This was significantly increased compared to the sample
in which MgATP was omitted, although the bandshift was still visible, suggesting some basal
SUMOyaltion or some residual MgATP within the sample due to the use of cell lysate instead of
purified protein as per the manufacturer’s instructions. B. Positive control SUMOylation assay
showing SUMOylated RagGAP1, indicating that all assay components were active and functional.
C. Quantitative analysis of Tnl SUMOylation. Results represented as mean + SEM, n=3. **=p<0.01,
paired t-test.
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4.3.4 UBC9 directly interacts with Tnl

For a target protein to be SUMOylated, it must directly interact with UBC9, the
only known SUMO E2 ligase. Therefore, peptide arrays were performed to
confirm that Tnl interacts with UBC9. Peptide arrays containing full length Tnl
were produced in which each spot represented a 25-mer segment sequentially
shifted by 5 amino acid residues. These arrays were then overlaid with purified
UBC9-GST or GST only as a control. The arrays were then immunoblotted for
UBCO. Positive spots were detected only on arrays which were overlaid with
UBC9-GST (Figure 4.6). The results from this experiment made it difficult to
narrow down a specific binding site as a large portion of Tnl’s primary structure
was observed to bind to UBC9. In fact, binding was detected on spots
corresponding to residues 1-80, 125-160 and 185-210. Even though it was not
possible to identify a cogent binding site using this approach, it was clear that
UBC9 directly interacts with Tnl, adding evidence to support the hypothesis that
Tnl is a SUMOylation substrate. As UBC9 binding typically occurs directly
upstream or downstream of the acceptor lysine, so this data suggests that
additional SUMOylation motifs, such as those identified by prediction software
(Figure 4.2), may also be SUMOylated and should be investigated in future

studies.

151 158163 188 210
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Figure 4.6: UBC9 directly interacts with Tnl. Purified UBC9-GST was overlaid onto a full length
Tnl peptide array in which each spot contained a 25-mer peptide which was sequentially shifted by
5 amino acid residues. Positive spots were detected by immunoblotting for UBC9 on arrays
incubated with UBC9-GST but not GST alone (0.2 yM), confirming a direct interaction between the
two proteins. The areas of Tnl in which UBC9 was shown to interact are displayed schematically
here. Positive signal was detected on spots corresponding to residues 1-80, 125-160 and 185-210.

4.3.5 Co-transfection of Tnl-UBC9 fusion with SUMO-GFP allows
detection of SUMOylation

As previously described, the use of UBC9 fusion proteins has been used to direct

SUMOylation to specific target proteins. The co-transfection of a Tnl-UBC9 fusion
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with SUMO-GFP in HEK-293 cells allowed the detection of a band at
approximately 70 kDa (Figure 4.7). This was proposed to be a band comprised of
the Tnl-UBC9 fusion (predicted molecular weight: 48 kDa) and SUMO-GFP
(predicted molecular weight: 36 kDa). The significantly increased presence of
this band in lysates co-transfected with Tnl-UBC9 and SUMO-GFP but not in
lysates transfected with Tnl-UBC9 or SUMO-GFP alone suggests that this band
represents SUMOylated Tnl (band intensity in co-transfection vs. Tnl-UBC9 single

transfection p=0.01; two sample t-test).
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Figure 4.7: HEK-293 co-transfection with Tnl-UBC9 and SUMO-GFP allows the detection of
Tnl SUMOylation. Single transfections and co-transfections of Tnl-UBC9 and SUMO-GFP were
performed in triplicate with three separate plasmid DNA preparations of Tnl-UBC9. The presence
of a ~70 kDa band in the co-transfection, which is absent in lysates that had been transfected with
Tnl-UBC9 or SUMO-GFP alone is presumed to be due to the SUMOylation of the Tnl SUMO site.
A quantitative comparison of the SUMOylated Tnl band intensity of single transfections vs. co-
transfections reveals that there is a significantly significant increase in the intensity of the band of
interest in the co-transfected samples. Results represented as mean + SEM, n=6. **=p<0.01, One-
ANOVA with post hoc analysis: Tukey’s multiple comparison test.
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4.3.6 Mutation of the SUMOylation site eliminates detection of
SUMOylation

In Figure 4.7, the band which was identified as the Tnl-UBC9 fusion which had
been SUMOylated by SUMO-GFP appeared at approximately 70 kDa. This was
lighter than the predicted molecular weight (added together, Tnl-UBC9 and
SUMO-GFP should run at approximately 84 kDa). Therefore, it was necessary to
include additional control experiments to ensure that this band was being
identified correctly. As a negative control, a mutant Tnl-UBC9 construct was

produced which lacked the proposed SUMOylation site.

Using site directed mutagenesis, the SUMOylation site on Tnl of the Tnl-UBC9
fusion was mutated to VRRE176-9 (compared to the wildtype construct which
had a sequence of VKKE176-9). It was decided that the dual lysine site would be
modified to arginines to remove the potential of SUMOylation while preserving
the basic charge characteristic of the amino acids. The site directed mutagenesis
introduced a novel Fspl restriction endonuclease site, which allowed screening
of potential mutant construct containing bacterial colonies. Prediction of
restriction fragments which would result from Fspl digestion indicated that
wildtype DNA would be broken into two fragments of 2.36 and 4.19 Kb while the
mutant would results in three fragments of weights 2.02, 2.17 and 2.36. Figure
4.8 shows the presence of the expected fragments as bands on an agarose gel,
showing that the site-directed mutagenesis had been successful. The successful
introduction of the SUMO site mutation was confirmed by commercial sequence
analysis by GATC Biotech.
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Figure 4.8: Screening of Tnl-UBC9 KK176-7RR mutants using Fspl restriction digest
identified colony containing correct mutant. Following a restriction digest of purified plasmid
DNA from bacterial colonies, uncut DNA and restricted DNA (cut) were run on a 1% agarose gel
containing SYBR safe (1:10,000) for UV visualisation. The restricted sample in lane 3 resulted in
the expected bands, indicating the presence of an extra Fspl site which had been introduced by the
mutation.

Co-transfection experiments in HEK-293 cells were then repeated using the Tnl-
UBC9 KK176-7RR construct. When the construct lacking the SUMOylation site was
transfected with SUMO-GFP, there was a significant reduction in the intensity of
this band as shown in Figure 4.9 (band intensity in WT co-transfection vs. KK176-
7RR co-transfection p=0.009; two sample t-test). The elimination of the band of
interest confirmed that the ~70 kDa band was specific to SUMOylated Tnl and
that the presence of the SUMOylation motif in Tnl was necessary for the

SUMOylation to occur.
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Figure 4.9: HEK-293 co-transfection with Tnl-UBC9 KK176-7RR and SUMO-GFP eliminated
SUMOylated Tnl band. HEK-293 cells were co transfected with either Tnl-UBC9 KK176-7RR
(MUT) or Tnl-UBC9 WT and SUMO-GFP. Mutation of the SUMOylation site resulted in the
elimination of the ~70 kDa band in the co-transfected samples, which was present in the WT co-
transfection via immunoblotting for GFP or UBC9. Results represented as mean + SEM, n=4.
**=p<0.01 vs. Tnl-UBC9 Mut + SUMO-GFP, $$$=p<0.001 vs. Mock, One-ANOVA with post hoc
analysis: Tukey’s multiple comparison test.

Furthermore, as shown in Figure 4.9, the band representing SUMOylated Tnl was
detected by immunoblotting for both GFP and UBC9, which provided evidence
that components of each of the fusion constructs were present in this band. Tnl
primary antibodies were also used for immunoblotting, but detection was
unsuccessful. It is important to note that detection of the Tnl-UBC9 construct in
single transfected lysates produced only a very faint band at the expected

weight, especially when compared to the very bright band detected in lysates
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overexpressing Tnl-Myc-DDK or simply in untransfected NRVM lysates (showing

endogenous Tnl). Therefore, it was determined that the inability to detect the
70 kDa band with Tnl primary antibodies was probably due to the UBC9 fusion

hindering the antibody binding to its antigen.

The clear detection of the Tnl-UBC9/SUMO-GFP band by immunoblotting for both
GFP and UBC9 and the elimination of the band when the SUMO site was mutated
were compelling evidence to show that a viable SUMOylation consensus motif
exists on TNI and that it can be SUMOylated in cells. This was highly consistent
with peptide array data (Figure 4.3 and Figure 4.4), which identified the
SUMOylation site and showed that all four amino acid residues are necessary for
SUMOylation to occur.
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4.3.7 SUMOylation of Tnl is not cAMP-dependent

In an effort to determine whether the SUMOylation of Tnl and the
phosphorylation of Tnl were related in any way, HEK-293 cells which were co-
transfected with Tnl-UBC9 and SUMO-GFP were treated with high doses of Fsk
and IBMX (25 pM and 100 pM, respectively) to cause a large increase in CAMP in
the cells. The level of SUMOylated Tnl in these cells was unchanged by the
treatment (Figure 4.10) (two sample t-test, p=0.79). The levels of
phosphorylated Tnl were unable to be determined in these samples due to
technical difficulties in the detection of the Tnl-UBC9 fusion using phospho-
Ser23/24 Tnl specific antibodies.
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Figure 4.10: Increasing the concentration of cCAMP in co-transfected cells did not affect
SUMOylation of Tnl. HEK-293 cells which were co-transfected with Tnl-UBC9 and SUMO-GFP
were treated with 25 uM Fsk and 100 uM IBMX to increase intracellular cAMP for 10 minutes prior
to preparation of cell lysates. Increasing cCAMP did not alter the levels of SUMOylated Tnl as
detected by immunoblotting for GFP. Results represented as mean + SEM, n=4. NS=p>0.05,
paired t-test.
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4.3.8 SUMO-Tnl Custom detects SUMOylated Tnl

Previously in our lab, an antibody was designed to recognise an epitope
representing SUMOylated Tnl (Figure 4.11). This custom antibody was produced

in rabbits by a commercial collaborator, Badrilla.

SUMO

168D RAHLKQVKKEDTEKENREV188

Figure 4.11: Schematic representation of SUMO-Tnl antibody and its specificity. Custom
SUMO-TnI antibodies were raised against the 12 amino acid segment of Tnl highlighted in red
combined with SUMOL. This design led to specific detection of SUMOylated Tnl but not unmodified
Tnl or other SUMOylated targets.

Peptide arrays were used to determine whether the antibody was able to
recognise the SUMOylated epitope without recognising the unSUMOylated
epitope. Therefore, a peptide array was designed to include the antibody’s
epitope. The array was then subjected to in vitro SUMOylation and
immunoblotted with the custom SUMO-Tnl antibody. Prior to immunoblotting,
SUMO-Tnl antibody was incubated with a blocking peptide, which had the same
sequence as the unSUMOylated epitope to reduce non-specific binding. Figure
4.12 shows that the antibody was successful in the detection of the SUMOylated
epitope without recognising the SUMOylation motif on the unSUMOylated control
peptide array. It is necessary to note that the sequences surrounding the
epitopes are random amino acid sequences, due to the incorrect spotting of this
array because of software issues. Nonetheless, when the epitope was present in
spots which had been subjected to in vitro SUMOylation, there was successful
detection by the SUMO-Tnl antibody.
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Figure 4.12: SUMO-Tnl custom antibody recognises SUMOylated Tnl but not un-SUMOylated
epitope. 25-mer peptides containing the SUMO-Tnl antibody epitope were spotted onto glass
slides, subjected to in vitro SUMOylation (IVS) or PBS alone (Mock) and immunoblotted for SUMO-
Tnl. Dark spots, which are present only on the SUMOylated array, indicate antibody binding.
Positive spots appear only when the epitope is present and the slide has been subjected to in vitro
SUMOylation. The epitope recognised by the SUMO-Tnl antibody is highlighted in red.
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Although incorrect spotting of the previous peptide array led to limitations in
the way the data could be interpreted, the results were consistent with previous
experiments from former members of the lab. When an appropriately spotted
peptide array with the same sequence pattern as the peptide array in Figure 4.3
was subjected to in vitro SUMOylation and immunoblotted for SUMO-Tnl with the
custom antibody, positive spots were present only when the epitope was present
(Figure 4.13). Furthermore, there was no evidence of non-specific binding to the
un-SUMOylated array (Mock), confirming that the epitope alone, without the
attached SUMO protein, was not sufficient for antibody binding.
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Figure 4.13: SUMO-Tnl custom antibody recognises SUMOylated epitope within Tnl
sequence. Peptides containing the SUMO-Tnl antibody epitope were spotted onto membranes,
subjected to in vitro SUMOylation (IVS) or PBS alone (Mock) and immunoblotted for SUMO-Tnl.
Dark spots, which are present only on the SUMOylated array, indicate antibody binding. Positive
spots appear only when the epitope is present and the slide has been SUMOylated. The epitope
recognised by the SUMO-Tnl antibody is highlighted in red. This work was performed by Dr.
Kirsten Munro, University of Glasgow, UK.

Although peptide arrays confirmed that the SUMOylated epitope was specifically
identified by the custom SUMO-TNI antibody, it was necessary to test the SUMO-
Tnl antibody in other applications. Peptide array experiments are limited by the
fact that immobilised peptides do not replicate the biological secondary or
tertiary structures of the protein. Therefore, the next step was to test the
SUMO-Tnl antibody’s ability to detect SUMOylated Tnl using another technique,

western blotting.
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To test the functional effect of Tnl SUMOylation, an adenovirus for the
overexpression of a Tnl-HA mutant without the SUMO consensus motif (KK177-
8RR) was produced. An un-mutated virus, Tnl-HA WT, was used as a control.
Functional utilising viral overexpression of mutant Tnl is displayed in Chapter 5.
However, the viruses were also used to validate then specificity of the SUMO-Tnl
antibody. Lysates from HEK-293 cells overexpressing Tnl-HA MUT and Tnl-HA WT
were immunoblotted using the antibody, which had been pre-incubated with
blocking peptide (1 yM). The resulting image revealed a band at ~75 kDa which
was specific to the Tnl-HA WT sample, suggesting that this band was
representative of SUMOylated Tnl (Figure 4.14). The larger shift from the
unmodified weight of Tnl (26 kDa) was likely due to poly-SUMOylation. Each
SUMO2 and SUMO3 paralogue contains a SUMOylation motif, allowing
polySUMOylation to occur (Kroetz 2005, Ulrich 2009). It is important to note that
there were a number of nonspecific bands detected by the antibody.
UnSUMOylated Tnl-HA was still detected (~30 kDa) despite incubation with
blocking peptide.
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Figure 4.14: SUMO-Tnl antiody detects SUMOylated Tnl in cell lysate. HEK-293 lysates
overexpressing viral Tnl-HA MUT or WT were immunoblotted with SUMO-Tnl. A band at ~75 kDa
(indicated by the arrow) was present in only the Tnl-HA WT lane but not in mock or MUT samples.

Taken together, these data show that the custom SUMO-Tnl antibody could
successfully detected SUMOylated Tnl.
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4.3.9 SUMOylated Tnl is increased in porcine and human heart
disease

Following the successful testing of the custom SUMO-Tnl primary antibody and
the identification of the correct band of interest, the antibody was used to

measure levels of modified Tnl in biologically relevant samples.

Firstly, levels of SUMOylated Tnl were measured in porcine cardiac tissue
samples which were kindly gifted from Dr. Roger Hajjar (New York, USA).
Porcine hearts are often used as a model to study heart disease due to their
anatomical similarities to human hearts, making them a better model in many
ways than rodents (Lelovas, Kostomitsopoulos et al. 2014). Pigs were subjected
to left anterior descending (LAD) artery balloon occlusion, which is an
established model of MI. Briefly, this involves the insertion of a balloon into the
LAD cardiac artery, stemming the flow of blood to a large portion of the left
ventricle, resulting in a large infarction (Koudstaal, Jansen of Lorkeers et al.
2014). MI animals showed a trend towards increased SUMOylation compared to
sham operated controls, although this difference only had borderline
significance (p=0.0671; unpaired t-test). This trend was revealed with only n=3
animals per experimental group; with increased numbers, it is likely that a

significant difference would be revealed.
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Figure 4.15: LAD artery balloon occlusion increased SUMOylated Tnl. Pigs were subjected to
LAD balloon artery occlusion to induce MI. Compared to sham operated controls, there was a trend
towards increased SUMOylation of Tnl in Ml animals. Results represented as mean + SEM, n=3.
NS=p=0.0671, unpaired t-test.

Healthy and diseased human heart samples (Table 3.1) were immunoblotted for
SUMO-Tnl and the band at ~75 kDa was compared between groups. Interestingly,
the ratio of SUMOylated Tnl compared to total Tnl was significantly increased in
diseased myocardium (Figure 4.16), while the expression of SUMO E2 ligase,
UBC9, and SUMO1 expression remained constant (Figure 4.17). The upregulation
of SUMOylated Tnl in disease was therefore, unlikely to be due to a global
increase in SUMOylation within the cardiac muscle cells, but rather specifically
enhanced by modified targeting of the SUMOylation cascade. This observation
showed that SUMOylation of Tnl is likely to be relevant to the pathophysiological

function and remodelling of the myocardium.
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Figure 4.16: SUMO-Tnl was increased in human diseased myocardium. Human heart tissue
samples were immunoblotted for SUMO-Tnl, total Tnl and GAPDH as a loading control. The blots
for samples 1-14, samples 15-28 and samples 29-41 are shown in A, B and C respectively.
Quantitative analysis revealed that SUMO-Tnl (as a ratio of total Tnl) was significantly increased in
diseased myocardium while total Tnl was unchanged. Data are displayed as mean + SEM, n=20
healthy and n=21 diseased. ***=p<0.001, student’s t-test.
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Figure 4.17: Expression of SUMO1 and UBC9 was not affected by human heart disease.
Human heart tissue samples were immunoblotted for SUMO1, UBC9 and GAPDH as a loading
control. The blots for samples 1-14, samples 15-28 and samples 29-41 are shown in A, B and C
respectively. Quantitative analysis revealed that the expression of these proteins was not affected
by the pathophysiological state of the myocardium. Data are displayed as mean = SEM, n=20
healthy and n=21 diseased.
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4.4 Discussion

4.4.1 Tnl can be SUMOylated at K177

This study presents the first evidence that Tnl can be SUMOylated at K177 within
the consensus motif VKKE176-9. Initially, detection required SUMOylation to be
‘forced’ using an in vitro SUMOylation assay. This approach allowed the putative
site to be identified using peptide arrays. Furthermore, it was clear from this
data that all four amino acids within the SUMO consensus motif were necessary
for the conjugation of SUMO to TNI. The assay was also used to force the
SUMOylation of endogenous Tnl in NRVM lysates, which was successfully detected.
Although in vitro SUMOylation showed that Tnl could be SUMOylated, the
environment in which the reaction was taking place was not representative of
the biological environment. In the assay, all enzymatic components as well as
SUMO proteins were added in unrealistically high concentrations, to allow target
protein SUMOylation to reach a detectable level. Therefore, it was necessary to
determine whether Tnl could be SUMOylated in cells. To this end, Tnl-UBC9 and
SUMO-GFP fusion proteins were co-transfected into HEK-293 cells, and the
detection of a band shift at the weight of the proteins added together in the co-
transfected samples, but not in single transfected samples, signified successful
SUMOylated Tnl. Direct interaction of UBC9 with the target protein is a key step
in the SUMOylation cascade (Jakobs, Himstedt et al. 2007). By fusing UBC9 to Tnl,
the SUMOylation was greatly upregulated. Additionally, the labelling of SUMO
with GFP allowed for straightforward detection of the SUMOylated protein
compound. Therefore, it was concluded that Tnl could be SUMOylated in cells.
This data did not rule out the possibility that Tnl was being SUMOylated at a
different site; in fact, online SUMOylation motif prediction revealed the
possibility of multiple SUMOylation sites within Tnl’s primary structure. Co-
transfection of a mutant Tnl-UBC9 (KK177-8RR) with SUMO-GFP eliminated the
band shift present in the samples expressing WT Tnl-UBC9, confirming that the
SUMOylation was specific to K177. This was consistent with prediction software,
which identified K177 as the highest probability residue, and in vitro
SUMOylation assay peptide array experiments. Interestingly, K177 was also
identified as a putative acceptor for ubiquitination using in silico prediction

software (Appendix: Figure 7.2). The relationship between ubiquitination and
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SUMOylation of this site and the effect of SUMOylation on protein stability is

further investigated in Chapter 5.

Although K177 fits within the classical SUMOylation motif, there are additional
elements to the motif that must be considered. In addition to the canonical
WKxD/E, several additional, longer sequences have been identified for certain
SUMO substrates. The presence of additional motif elements can provide more
information about the functional effects or the conditions in which SUMQOylation
occurs. Additional elements include the phosphorylation-dependent SUMOylation
motif (PDSM), negatively charged amino-acid dependent SUMOylation motif
(NDSM) and hydrophobic cluster-dependent SUMOylation motifs (HCSM). The
PDSM was first identified in heat shock factors; in this motif, an adjacent
phosphorylation site resulted in an increase in SUMOylation of the heat shock
factor, but phosphorylation of adjacent sites can also negatively regulate
SUMOylation as in ELK1 (Hietakangas, Ahlskog et al. 2003, Yang, Jaffray et al.
2003). In this case, Tnl’s SUMOylation motif does not fit into the PDSM motif, as
Tnl’s phosphorylation sites are not adjacent to K177. Investigating the
SUMOylation of ELK1 also identified another extended SUMOylation motif, NDSM,
in which the third to sixth residues immediately downstream of the consensus
motif are enriched for negatively charged amino acids, thereby upregulating
SUMOylation (Yang, Galanis et al. 2006). Interestingly, Tnl’s SUMOylation site
conforms to this extended motif: Tnl contains negatively charged glutamic acid,
E, residues at positions 182 and 184, which are 4 and 6 amino acids downstream
from the consensus motif. Future investigation should determine the result of
mutation of these residues on Tnl SUMOylation. Finally, in a HCSM, at least three
hydrophobic residues are positioned directly N-terminal to the SUMO-accepting
lysine (Matic, Schimmel et al. 2010). Tnl’s SUMOylation motif does not conform
to HCSM as the two residues (174-5KQ) directly N-terminal to the motif are not
hydrophobic. All three of these extended motifs are thought to act through
increasing interactions with UBC9, thereby upregulation SUMOylation by
increasing enzymatic activity at the substrate (Hietakangas, Ahlskog et al. 2003,
Yang, Galanis et al. 2006, Matic, Schimmel et al. 2010). Unusually, UBC9 was not
shown to bind directly N-terminally or C-terminally to K177 of Tnl (Figure 4.6),
which contrasts to other substrate motifs which are within extended SUMO

motifs facilitating nearby UBC9 binding.
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Although it has been experimentally shown here that Tnl can be SUMOylated in
vitro it was yet to be determine whether, and to what extent, this modification
occurs in vivo. In fact, contrary to the data shown here, large scale compilations
of proteomics screens for SUMOylation targets have not identified Tnl (Hendriks
and Vertegaal 2016, Hendriks, Lyon et al. 2018). Interestingly, the Bz2-adrenergic
receptor is also absent from proteomic screening data, even though the receptor
has been extensively studied as a SUMOylation target (Wills 2017). Proteomics
screens, although informative, are predisposed to missing proteins which may be
modified at very low levels or only during certain physiological conditions (Angel,
Aryal et al. 2012). Therefore, the absence of Tnl from proteomics screens does
not disqualify it as a target of SUMOylation.

4.4.2 SUMO-Tnl antibody successfully detects SUMOylated Tnl

The present work provides one of the first examples of a primary antibody
specific to a SUMOylated target protein. The SUMO-Tnl custom antibody was
created by commercial collaborator Badrilla to detect a SUMOylated epitope of
Tnl, which was shown to be successful for use in both peptide arrays and

western blotting.

Previously, detection of SUMOylated substrate proteins relied upon searching for
(sometimes faint) bandshifts on western blots, as directed in the SUMOylation
assay protocol (Enzo) or for the UBC9 fusion-directed SUMOylation approach
(Jakobs, Himstedt et al. 2007). Otherwise, substrate protein immunoprecipitates
were immunoblotted for SUMO paralogues (Kho, Lee et al. 2015). None of these
approaches allowed direct detection of SUMOylated Tnl. Therefore, the
comparison of the proportion of SUMOylated protein within a biological sample
was technically challenging. The development of the SUMO-Tnl primary antibody
has allowed these challenges to be overcome, with direct detection allowing

comparison between clinical samples as shown in the present work.

Although SUMOylated Tnl was successfully detected, further optimisation of the
antibody is necessary. Prior to use for immunoblotting, the antibody was
incubated with 1 pM blocking peptide, which has the sequence of the un-
SUMOylated Tnl epitope. This, theoretically, should have blocked non-specific
binding to the unSUMOylated Tnl within the sample, making the antibody
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specific for the SUMOylated species. However, the antibody continued to detect
unSUMOylated Tnl at its expected weight of ~26 kDa. Other non-specific bands,
particularly at ~70 and ~100 kDa were also present, although further
investigation is required to determine the identity of the proteins being

detected at these weights.

Regardless of minor technical challenges, the successful identification of SUMO-
Tnl represents the first antibody to specifically recognise a SUMOylated
substrate protein. Although a number of phospho-substrate specific antibodies
are commercially available, production of antibodies against other post-
translationally modified proteins has long challenged the scientific community
for a number of reasons (Hattori and Koide 2018). Often post-translational
modifications involve the addition of a very small chemical moiety to the protein
substrate, which is difficult to detect. Additionally, for an antibody to
specifically recognise a specific modified substrate, the epitope must encompass
the modification and the surrounding area of the substrate protein beyond the
generalised modification motif. A number of commercially available antibodies
identify modified motifs for post-translational modification such as methylation
or acetylation. These antibodies, however, are unable to distinguish between
different substrates which have been modified in the same way. Recently, new
structural biology approaches have been identified to aid in the effective
generation of anti-post translational modification antibodies which allow for
increased antigen binding surfaces (Hattori and Koide 2018). However, these
recent advances focus mainly on phosphorylation, methylation and
GlcNAcylation (Calarese, Scanlan et al. 2003, Hattori, Lai et al. 2016, Malia,
Teplyakov et al. 2016). Post-translational modifications are integral to the
function of many proteins and are highly relevant in the pathophysiology of
disease; enhanced modes of detection using specific antibodies as shown in the
current work will allow more accurate and efficient study of these signalling

paradigms.

4.4.3 Tnl SUMOylation is altered in human and porcine cardiac
disease

Successful testing of the SUMO-Tnl antibody allowed the detection and

comparison of SUMOylated Tnl in samples from healthy and diseased porcine and
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human myocardium. It was found that SUMOylation of Tnl was significantly
upregulated in ischaemic heart failure, suggesting that the modification is
relevant in the pathophysiology of disease. Consistent with human data, there
was a trend towards increased SUMOylation in porcine MI. From this data, it was
not possible to speculate on the functional role of SUMOylation of Tnl in disease;
although, the functional role was investigated, resulting in data displayed in
Chapter 5 of the present work. Further suggesting a functional role of this
modification, mutations of K177 have been observed in patients with
hypertrophic cardiomyopathy (Ashrafian, Redwood et al. 2003, Willott, Gomes et
al. 2010, Sheng and Jin 2016). The ablation of SUMQylation at this site due to
the mutation may have resulted in functional changes that contributed to the
pathophysiology of disease. At present, there has been no further elucidation of
the functional role of the mutation of K177 and whether it contributes to
pathophysiology. Now that it is known that Tnl can be SUMOylated at this
specific lysine residue, the relative SUMOylation states of the protein should be
investigated. This is a perfect example of a study which would benefit greatly
from the use of the SUMO-Tnl antibody which has been tested here. Before the
development of this antibody, it would have been technically challenging to
determine the ratio of SUMOylated Tnl:total Tnl. Now, the SUMO-specific
antibody means that this measurement is no more challenging than the
measurement of phosphorylated protein, for which antibodies are readily
available. An investigation of the protein’s SUMO state, coupled with an
understanding of functional changes due to SUMQylation at this site, is required
to determine whether the Tnl SUMOylation was relevant in the case of K177

mutation in hypertrophic cardiomyopathy.

The precedent for a functional role of SUMOylation of cardiac excitation-
contraction coupling proteins exists in SERCA2a. In the case of SERCA2a, it was
shown that SUMOylation was protective in disease due to its stabilisation of the
protein’s expression and function, both of which are diminished in disease (Kho,
Lee et al. 2011). An investigation of the effect of Tnl SUMOylation on protein
stability and expression is shown in Chapter 5. The upregulation of SUMO1 by
gene therapy enhanced SERCA2a SUMOylation and improved cardiac function. In
the absence of SERCA2a, the beneficial effects of SUMO1 overexpression were

ablated (Lee, Oh et al. 2016). This observation suggests that the functional
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contribution of Tnl SUMOylation may not be significant in the physiological
improvements observed after SUMO1 overexpression. However, these studies
focussed on SERCA2a specifically and did not take any other targets into account
in the analyses, so it is difficult to rule out the functional effects of other
SUMOylation targets. The evidence for increased Tnl SUMOylation in disease
coupled with the beneficial role of SERCA2a SUMOylation suggests that Tnl
SUMOylation may be protective in heart failure. It is possible that the
upregulation of this modification at the myofilament is an adaptive, protective

mechanism.

Furthermore, as SUMOylation has been shown to be altered in disease, it is
important to look to the future and to determine whether the signalling
paradigm would be an appropriate therapeutic target. It has previously been
asserted that targeting specific SUMOylation substrates would be challenging
therapeutically, due to the ubiquitous nature of the SUMOylation pathway
(McMurray and Smith 2011, Wang 2011). Various proteomic screens identifying
SUMOylation targets have listed thousands of target proteins, although not all of
these have been confirmed or validated (Hendriks and Vertegaal 2016, Hendriks,
Lyon et al. 2018). Nonetheless, the ubiquitous nature of SUMOylation is
undeniable, and specificity of therapeutic intervention would be necessary for

the successful targeting of Tnl SUMOylation.

Beyond the targeting of Tnl SUMOylation therapeutically, it is possible that the
protein’s SUMOylation state could be used as a biomarker. Currently, blood Tn
levels are used as a biomarker for diagnostics, whereby elevated Tnl or TnT is
indicative of damaged myocardial tissue (Mahajan and Jarolim 2011). The
damaged tissue releases Tn into the blood, where it can be detected with high
sensitivity ((SIGN) 2016). It would be interesting to measure the SUMOylation
state of Tnl in the blood. If Tnl SUMOylation were detected at a lower rate in
blood Tnl compared to Tnl in the myocardium, this would indicate that
SUMOylation has a role in the stabilisation of the protein, similar to its role in
SERCA2a SUMOylation (Kho, Lee et al. 2011). Furthermore, if higher throughput
studies confirmed the consistent upregulation of SUMO-Tnl in heart failure or
other cardiac diseases, and an efficient detection method were established,
measurement of SUMO-Tnl has potential to become a disease biomarker in its

own right.
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4.4.4 Methodological Considerations

UBC9 fusion-directed SUMOylation was used here to upregulate the SUMOylation
of Tnl in HEK-293 cells. Although this system allows the detection of
SUMOylation, there were several complications in the detection of the
SUMOylated band that limited these experiments. Although several antibodies
against Tnl were used in an attempt to detect the transfection of Tnl-UBC9,
none were able to detect the protein despite clear expression as detected by
UBC9. Therefore, the SUMOylated Tnl band (~75 kDa) was not detected by
immunoblotting for Tnl, but instead, by immunoblotting for UBC9 and GFP.
Therefore, a member of each fusion protein was confirmed to be present in the
band of interest, confirming the band’s identity as SUMO-GFP+Tnl-UBC9 as
hypothesised. This was consistent with published data using this approach in
which SUMOylated substrate bands were primarily detected using antibodies
against UBC9 (Jakobs, Himstedt et al. 2007, Jakobs, Koehnke et al. 2007). The
detection issue caused more of a problem when these samples were probed for
phospho-Tnl. Co-transfected samples were treated with forskolin and IBMX to
raise intracellular cAMP and activate PKA phosphorylation of Ser23/24. These
samples were then probed for GFP to determine whether phosphorylation
affected SUMOylation; phosphorylation did not have an effect on the level of
SUMOylated Tnl detected. The counterpart to this observation was to determine
whether SUMOylation affected the level of phosphorylation. This was not
determined in the present work as the phospho-Ser23/24 antibody did not allow
the detection of the Tnl-UBC9 fusion protein. It is possible that the UBC9 fusion
changed the conformation of Tnl such that the antibody epitope was no longer
available for binding. Initially, it was hypothesised that the SUMOylation at K177
could have interfered with antibody binding, but this was determined to be
unlikely as the antibody which was used primarily to detect Tnl in other
experiments was raised against a synthetic peptide derived from residues 1-100

of human Tnl.

Finally, an additional control could have been used in experiments in which Tnl-
UBC9 and SUMO-GFP were co-transfected. In these experiments, a ~70 kDa was
detected, indicating the combination of the two constructs covalently linked by
the addition of SUMO to the identified motif of Tnl (Figure 4.7). This band was

eliminated when Tnl’s SUMO site was ablated using site directed mutagenesis,
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confirming the specificity of SUMQOylation to this site (Figure 4.9). These
experiments would have benefitted from the inclusion of an additional control in
which Tnl was fused to catalytically inactive UBC9. This would have provided
additional confirmation of that the detection of the ~70 kDa band was specific to
SUMOylation of Tnl.

4.4.5 Conclusions

The data presented here shows, for the first time, that Tnl can be SUMOylated
at K177 and that this modification is upregulated in human cardiac disease.
Research involving protein SUMOylation has long been hampered by difficulties
in detecting SUMOylated proteins, with previous studies only detecting
SUMOylated protein using proteomic approaches or enrichment via
immunoprecipitation. Now, with the successful testing of a SUMO-substrate
specific antibody, the detection of SUMOylated samples directly in tissue
samples has been made possible. This provides an important precedent for the
possibility of developing specific antibodies against proteins modified by post-
translational modifications, and will greatly enhance future investigation of this
signalling paradigm. Taken together, these findings suggest that it is critical to
elucidate the functional role of SUMOylated Tnl.
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Chapter 5 Functional effects of Troponin |
SUMOylation
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5.1 Introduction

Having shown that K177 on Tnl can be SUMOylated in cells, the next step was to
determine the functional relevance of this modification. Investigation of the
functional roles of SUMO modification for any target protein is complicated by
the fact that SUMOylation can have a wide range of functional effects, from
changes in target protein interactions with other proteins, to alterations in

protein stability, to regulation of transcriptional activity (Ulrich 2009).

Knockout and overexpression studies in rodents have highlighted the functional
importance of SUMOylation in the heart (Da Silva-Ferrada, Ribeiro-Rodrigues et
al. 2016). SUMO1-KO resulted in congenital heart disease while SUMO2-KO and
UBC9-KO were embryonic lethal (Nacerddine, Lehembre et al. 2005, Wang, Chen
et al. 2011, Wang, Wansleeben et al. 2014). Various SENP-KO animals displayed
embryonic lethality or congenital heart defects (Gu, Fan et al. 2014). Taken
together, it is clear that this system has important developmental and functional
effects in the heart. Despite clear functional roles for the SUMOylation system
globally within the heart, it is difficult to determine the role of SUMOylation of
specific substrate proteins. However, the role of SERCA2a SUMOylation has been
characterised, whereby SUMQOylation has been shown to maintain the function
and stability of SERCA2a, making the modification protective in heart failure
(Kho, Lee et al. 2011, Tilemann, Lee et al. 2013).

5.1.1 Tnl degradation and proteolysis

A number of studies have documented the cleavage of the C-terminal region of
Tnl (192-210) following various cardiac pathophysiological states (Sheng and Jin
2016). First observed in rats following I/R injury, truncated Tnl was also
observed in humans following myocardial stunning in coronary bypass grafting
(McDonough, Arrell et al. 1999, McDonough, Labugger et al. 2001). Studies in
which full length Tnl was replaced with C-terminally truncated Tnl showed that
this proteolytic cleavage was likely to affect contractile dynamics, particularly
diastolic function (Murphy, Kogler et al. 2000, Narolska, Piroddi et al. 2006). The
C-terminal truncation of Tnl is catalysed by proteases called calpains, with m-
calpain and p-calpain both acting on the protein (Di Lisa, De Tullio et al. 1995).

Calpains are cysteine proteases which have calcium-dependent activity; two
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calpain isoforms are expressed in muscle, m-calpain and p-calpain, which are
activated by high (uM) Caz+ concentration and low (mM) Caz+ concentrations
respectively (Cong, Goll et al. 1989, Portbury, Willis et al. 2011). Interestingly,
Tnl cleavage by p-calpain has been shown to be regulated by phosphorylation at
$199 whereby increased PKC phosphorylation increased susceptibility to
proteolysis (Wijnker, Li et al. 2015).

Tnl has also been shown to be modified by ubiquitination in murine cardiac
tissues. The ubiquitinated form of Tnl was reduced in MURF-1 KO mice, which

led to the conclusion that MURF-1 and MURF-2 redundantly ubiquitinate Tnl (Witt,
Granzier et al. 2005). The study offered little information on the functional
relevance of this modification, but the classical role of ubiquitination is the
directing of the substrate to the proteasome for degradation, suggesting that Tnl
might be degraded in this way (Hershko, Heller et al. 1983).

There is evidence to show that both ubiquitin and calpain mediated proteolysis
can be modulated by SUMQOylation, although the relationships are not well
understood (Rodriguez, Li et al. 2016). Increasing the expression of UBC9 has
been shown to decrease protein aggregation and maintain normal proteasome
function (Gupta, McLendon et al. 2016). Furthermore, several other factors
suggest extensive crosstalk between ubiquitination and SUMOylation. For
example, SUMO or ubiquitin sometimes modify the same lysine residues on
target proteins and hybrid chains made of both ubiquitin and SUMO proteins have
been observed (Ulrich 2005, Liebelt and Vertegaal 2016). In fact, several
proteins have been identified in which SUMOylation stabilises the protein via
inhibition of ubiquitination at the same lysine. These proteins include MDM2, a
ubiquitin E3 ligase (Meek and Knippschild 2003); NEMO, inhibitor of nuclear
factor kappa B (Huang, Wuerzberger-Davis et al. 2003); axin (a component of the
Wnt pathway) (Kim, Chia et al. 2008); and RNA helicases p68 and p72 (Mooney,
Grande et al. 2010). Interactions between SUMOylation and the calpain system,
on the other hand, involve the identification of calpains as SUMOylation targets
as well as the identification of SUMO E3 ligase, PIAS3 as a calpain substrate
(Kramerova, Kudryashova et al. 2005, Wang, Huang et al. 2009, Da Silva-Ferrada,
Ribeiro-Rodrigues et al. 2016). It is conceivable that SUMOylation of target
proteins in the heart could affect their proteolytic degradation by the calpain

system; although direct evidence of this has not yet been found.
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5.1.2 Evaluating Tnl function

SUMOylation of Tnl may also affect its function as the inhibitory subunit of the
Tn complex of the myofilament. Previous studies which have investigated the
role of phosphorylation at specific phospho-sites have employed the use
phospho-mimic or phospho-null mutants to replace endogenous Tnl before
functional analysis (Kentish, McCloskey et al. 2001, Pi, Kemnitz et al. 2002, Pi,
Zhang et al. 2003). Myofilament properties, such as Caz+ sensitivity, rate of Caz-
dissociation, cross-bridge cycling rate and unloaded shortening velocity, could
then be measured using skinned muscle fibres from cardiac myocytes. There are
several things to note when using data generated from skinned muscle fibres.
When using skinned muscle fibres to analyse myofilament dynamics, the
myofilaments are observed in isolation, without the interference of Caz+
handling processes in intact cells. Although this allows more specific
myofilament-related parameters to be observed, it is necessary to note that its
biological relevance is limited due to the absence of Caz+ handling proteins. For
this reason, two techniques were used in the present work to evaluate the
function of Tnl SUMOylation. Firstly, monolayers of NRVM overexpressing SUMO-
null mutant Tnl were paced and contractility was analysed. Second, ARVM
overexpressing SUMO-null mutant Tnl were skinned and myofilament dynamics

were analysed.

5.1.3 Upregulation of SUMOylation with N106

It has previously been shown that upregulation of SERCA2a SUMOylation is
protective in heart failure (Kho, Lee et al. 2011, Tilemann, Lee et al. 2013).
Therefore, a small molecule activator of SUMOylation, N106 (N-(4-
methoxybenzo[d[thiazol-2yl0-5-94-methoxyphenyl0-1,3,4-oxadiazol-2-amine)
(Tocris Bioscience), was developed to enhance the modification (Kho, Lee et al.
2015).
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Figure 5.1: Chemical structure of N106, a small molecule activator of SUMO-activating
enzyme, E1 ligase. Adapted from (Kho, Lee et al. 2015).

N106 directly activates SUMO-activating enzyme, E1, which thereby enhances
the activation of the rest of the SUMOylation cascade, causing upregulation of
SERCA2a SUMOylation. Treatment with N106 caused increased contractility in
isolated adult rat cardiac myocytes as well as the improvement of ventricular
function in surgically induced heart failure in mice (Kho, Lee et al. 2015).
Although the functional effects have been ascribed to an increase in the
SUMOylation of SERCA2a specifically, the activation of the SUMO E1 ligase

increased global SUMOylation of multiple - if not all - cellular targets.
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5.2 Hypothesis and Aims

The functional effects of Tnl SUMOylation have not yet been determined.
Adenoviral overexpression of mutant Tnl protein lacking the SUMOylation site
(Tnl-HA MUT) or wildtype Tnl (Tnl-HA WT) was used to determine whether the
ablation of SUMOylation resulted in any physiological effects. It was
hypothesised that SUMOylated forms of Tnl would function differently within the
myofilament of cardiac myocytes when compared with unSUMOylated Tnl. The

aims of the experimental work in this chapter were as follows:

e To confirm the expression of viral proteins in NRVM and ARVM using

western blotting and immunofluorescence

e To determine whether ablation of Tnl’s SUMO site resulted in any
functional effects on NRVM and ARVM contractility using live cell

contractility imaging

e To determine whether ablation of Tnl’s SUMO site and/or upregulation of
SUMOylation with N106 resulted in any functional effects in isolated

skinned muscle fibres
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5.3 Methods

The methods described in this section were used to collect the data displayed
within this chapter. Experiments were also completed using cell culture and

biochemical methods which were described in Chapter 2 of this thesis.

5.3.1 Contractility Imaging with CellOPTIQ®
5.3.1.1 NRVM Preparation for CellOPTIQ®

For adequate contractile activity, NRVM were seeded in monolayers for the
recording of contraction videos. Following isolation, cells were counted and
seeded in 2 well culture-inserts (Ibidi®) on glass bottom 35 mm dishes (MatTek®)
at a density of 5x104 cells per well in a final volume of 100 pl of medium. One
day after seeding, NRVM were virally transfected to overexpress Tnl-HA proteins
(WT and SUMO site mutant). Following a 24 hour incubation with virus, and
directly prior to the acquisition of videos, the medium was aspirated and the
culture-inserts were carefully removed. The 35 mm dishes were then filled with

2 mls of M199 for imaging, which took place at room temperature.

5.3.1.2 Contractility measurements

CellOPTIQ® (Clyde Biosciences Ltd; Glasgow, UK) was used for the collection of
high speed images of contracting cell monolayers. This in vitro system allows
simultaneous measurement of contractility, voltage and calcium in live cells, but
for the purposes of the present project, only contractility was analysed. Cells
were paced using electrodes at 40V with 20 ms duration at a frequency of 1.2 Hz.
For each field, an eight second recording at 100 frames per second was acquired
using a 60x objective lens and Contractility Tool software. Between six and ten
fields of each monolayer were recorded over five experimental days using five

separate NRVM isolations.

5.3.1.3 Analysis

Contractility recordings were analysed using an ImageJ Macro called
MUSCLEMOTION (Sala, van Meer et al. 2018). Briefly, this software converts
changes in pixel intensity between image frames to a measure of movement

during contraction and relaxation. Representative examples of a raw acquired
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image and an analysed image displaying moving pixels are shown in Figure 5.2.
The measure of movement was displayed as a trace of contraction (a.u.) over
time. For each contraction, a variety of parameters could be determined and

compared between conditions (Figure 5.3).

A

Baseline-corrected signal (08-04-2019 10:11:12)

Contraction

Figure 5.2: Representative example of images acquired by CellOPTIQ® and contraction
traces produced from one image stack. A. Single image taken of a NRVM monolayer in
brightfield at 60x magnification. B. As the monolayer contracts, the moving pixels were converted to
white on a black background. C. The amount of white pixels was then converted into a contraction
trace from which measurements could be taken.
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Figure 5.3: Schematic representation of contraction and relaxation parameters. Contraction
traces generated by MUSCLEMOTION software can be used to measure numerous parameters.
Several of these, used in the present work, are explained here. Interval, or the time between
contractions, was used to monitor how well NRVM monolayers were adhering to pacing. UP90, a
measure of the time to contract, was calculated as the time from baseline to 90% of the peak.
Similarly, DOWNO9O0 is a measure of the time to relax, and was calculated as the time from 90%
peak to baseline. Finally, contraction duration at 50% was measured as the time between 50% of
the upstroke to 50% of the downstroke.

5.3.2 Skinned fibre experiments
5.3.2.1 Preparation of skinned ARVM

All steps were performed on ice using pre-chilled buffers. Medium was removed
from cultured ARVM. An appropriate volume of relaxing buffer (5.95 mM Naz2ATP,
6.04 mM MgClz, 2.0 mM EGTA, 139.6 mM KCl, 10 mM imidazole, pH 7.0) with 0.5%
triton was added. Cells were incubated for 5 minutes with gentle agitation on an
orbital shaker. Cell samples were scraped and collected in 1.5 ml Eppendorf
tubes. Samples were centrifuged at 1200 rpm to pellet and supernatant was
removed. Cell pellets were washed at least three times with relaxing buffer to
remove residual triton. After the final wash, cells were resuspended in 50%

glycerol in relaxing solution for storage at -20°C.
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5.3.2.2 Force measurements

Force measurements were recorded in collaboration with Professor Jolanda van
der Velden at VU Medical Centre Department of Physiology in Amsterdam,
Netherlands as previously described (van der Velden, Klein et al. 1998). Cell
suspensions were diluted in relaxing solution and added to a glass slide which
was placed on a temperature-controlled stage for visualisation on a Zeiss
Axiovert S100 microscope. Images were recorded using a Balser scA640 camera
and Image Grabber software (VUmc). The temperature of the stage was
maintained by the flow of cold water from a 4°C water bath (Julabo F10)
through the metal stage using a pump (Julabo C). Single cells were selected on
the basis of size (100-150 pm length by 15-30 pm width) and clear visibility of
sarcomere striations. Once a single cell had been selected, two small stainless
steel needles with 10 um diameters were dipped into shellac adhesive (Sigma,
dissolved in 70% EtOH 0.12 g/ml) to cover the needle tips and then directed to
the left and right edges of the cell using joystick-controlled micromanipulators.
The left needle was attached to a force transducer and the right needle was
attached to a piezoelectric motor. Carefully, the needles were lowered and
attached to the left and right edges of the cell and left to cure for 60 seconds.
The attached cell was then raised from the surface of the glass slide, suspending
the cell in relaxing solution. The suspended cell was then stretched to a
sarcomere length of 2.2 ym by adjusting the position of the needles in small
increments. The sarcomere length was measured in real time by Image Grabber
software which employed a spatial Fourier Transform algorithm (van der Velden,
Klein et al. 1999). The width and length (distance between the needle edges) of
the cell were measured and recorded. The cell was then transferred from the
mounting area to fresh relaxing solution contained within a small glass bottomed
well (volume 80 pl). A schematic view of the experimental setup is shown in

Figure 5.4.
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Figure 5.4: Schematic representation of the experimental setup for the measurement of
force produced by single skinned cardiac myocytes. Two small needles were attached to the
left and right edges of a single cell. The left needle was attached to a force transducer while the
right was attached to a piezoelectric motor. The cell was then moved by adjusting the stage
position, into the left hand droplet, which contained relaxing solution. For each activation/relaxation
cycle, the cell was moved between the left hand relaxing solution droplet to a right hand droplet
containing activating solution with pCa2+ranging from 5.0-6.8. The solutions in each droplet were
temperature controlled by the flow of cold water through the metal stage. (Adapted from (van der
Velden, Klein et al. 1998).

Figure 5.5: Representative example of a single ARVM before (A) and after (B) gluing. In both
images, sarcomeres are clearly visible in a striated pattern. After gluing to needles, cells were
stretched to sarcomere length 2.2 pm as shown by increased distance between sarcomeres in (B).
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At this point in the protocol, the activation/relaxation cycles were commenced.
Force was monitored and recorded in real time using Chart software (VUmc).
Cells were exposed to seven activating solutions which had pCaz+ ranging from
5.0-6.8 so that dose-response curves could be generated. A representative
example of a trace from one activation/relaxation cycle is shown in Figure 5.6.
For each activation cycle, activating solutions were first added to an adjacent
glass bottomed well. By adjusting the position of the stage, the cell was moved
into the activating solution quickly to minimise exposure to air. In response to
the increased pCaz-, the force increased. When the force reached a plateau, the
cell was slacked by 30% of its length. To slack the cell, the piezoelectric motor
was controlled by a function generator, which moved the right needle closer to
the left needle by a distance determined by the cell length, thereby eliminating
tension generated by the sarcomere. Following this initial, short slack, the
needle was returned to its original position, causing the force to increase. This
time, when a plateau was reached, the cell was returned to the relaxing solution.
Again, under the control of the function generator, the cell was slacked for 10
seconds to determine the passive force of the sarcomere at the stretched length
of 2.2 uym. This completed one activation cycle and the next could be

commenced immediately.
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Force (a.u.)
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Figure 5.6: Representative example trace from a single activation/relaxation cycle. Each
activation/relaxation cycle began with the movement of the cell into activating solution. Due to the
increase in pCaz+, the force increased (A). When a plateau was reached (B), the cell was slacked
to 30% of the original length, which reduced the force momentarily (C). The amplitude between B
and C was used to calculate Frota. When the cell was restored to a sarcomere length of 2.2 ym, the
force increased again (D). This time, when a plateau was reached, the cell was moved back into
relaxing solution, and the force decreased (E). Finally, the cell was slacked for 15 seconds, causing
the force to decrease (F). The amplitude between E and F was used to calculate Fpassive.

Upon completion of the activation/relaxation protocol, cell width was measured
using a small mirror to visualise the z axis of the cell. Therefore, the force could

be normalised to the volume of the cell for calculation of accurate ECso values.

5.3.2.3 Calcium sensitivity analysis

Activation/relaxation traces were analysed using Myo software (VUmc). Analyses
of force-Caz+ relationships were performed as previously described (Sequeira,
Wijnker et al. 2013). First, Fmax was calculated by subtracting Fpassive from Ftotal
(Figure 5.6). This value was then used to calculate the maximal tension (kN/mz)
by normalising Fmax to the cross-sectional area of the cardiac myocyte. This
analysis was then performed for each activation/relaxation cycle for a single cell.
The force-Caz- relationships were then fit to a modified Hill equation using
GraphPad Prism®, which was used to determine myofilament Caz+ sensitivity,

which was denoted as ECso, or the [Caz+] at which half of Fmax was produced. A
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representative example of a force-Caz- relationship for a single cell is shown in
Figure 5.7.
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Figure 5.7: Representative force-Caz+ curve for a single cardiac myocyte. The Frota values for

each pCaz+ solution were compiled into force-Caz+ curves, which could then be used to determine
the ECso.
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5.4 Results

5.4.1 Confirmation of viral overexpression of Tnl-HA proteins

Adenoviruses containing Tnl-HA WT and Tnl-HA SUMO site mutant (KK177-8RR)
for mammalian overexpression were obtained commercially from Welgen, Inc.
Before any functional experiments could proceed, it was necessary to confirm
that the viruses produced successful overexpression of the Tnl-HA proteins in
relevant cells. Tnl-HA proteins were successfully detected with robust expression
levels in HEK-293 cells following incubation with 103-104 MOI of virus for 24 hours
(Figure 5.8). Importantly, there was no significant difference between the
expression of Tnl-HA between the MUT and WT proteins at the same dose,
suggesting that cells treated with the same doses of the two viruses would be

comparable.
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Figure 5.8: Confirmation of viral overexpression of Tnl-HA in HEK-293. HEK-293 cells were
infected with viruses increasing from 101-104 MOI for 24 hours prior to harvesting of cell lysates
and analysis via immunoblotting. A. Representative example. B. Results represented as mean +
SEM, n=4. **=p<0.001 vs. Mock, One-way-ANOVA with post hoc analysis: Tukey’s multiple
comparison test.

Similarly, robust viral overexpression of Tnl-HA MUT and WT was detected in
NRVM following 24 hour incubation of 104 MOI (Figure 5.9). The appropriate

targeting of Tnl-HA was shown using immunocytochemistry (Figure 5.10). The
striated pattern of HA staining confirms targeting of the viral proteins to the

myofilament.
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Figure 5.9: Confirmation of viral overexpression of Tnl-HA in NRVM. NRVM were infected with
viruses in doses increasing from 102-104 MOI for 24 hours prior to harvesting of cell lysates and
analysis via immunoblotting. A. Representative example. B. Results represented as mean + SEM,

n=4. **=p<0.001 vs. Mock, One-way-ANOVA with post hoc analysis: Tukey’s multiple comparison
test.
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Figure 5.10: Immunocytochemical analysis of Tnl-HA protein localisation. NRVM were
infected with Tnl-HA MUT or Tnl-HA WT viruses for 24 hours at MOI 102. The cells were then fixed,
permeabilised and labelled with antibodies against Tnl and HA, which were then fluorescently
labelled with goat anti-rabbit AlexaFluor® 633 and goat anti-mouse AlexaFluor® 488 respectively.
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Finally, viral overexpression of Tnl-HA proteins was confirmed in ARVM via
immunoblotting (Figure 5.11). Adequate expression in ARVM required 10-fold
higher doses of virus than HEK-293 cells or NRVM, with detection by
immunoblotting for HA present at doses of 104-105 MOI for 24 hours.
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Figure 5.11: Confirmation of viral overexpression of Tnl-HA in ARVM. ARVM were infected
with viruses in doses increasing from 104-10s MOI for 24 hours prior to harvesting of cell lysates
and analysis via immunoblotting. A. Representative example. B. Results represented as mean +

SEM, n=4. **=p<0.001, ***=p<0.001 vs. Mock, One-way-ANOVA with post hoc analysis: Tukey’s
multiple comparison test.

5.4.2 Analysis of half-life of Tnl-HA proteins

To determine whether the ablation of Tnl’s SUMOylation motif resulted in
changes in protein turnover, Tnl-HA proteins were virally overexpressed in HEK-

293 cells which were then treated with the protein synthesis inhibitor,
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cyclohexamide (CHX) over an eight-hour time course. Cells were then harvested,
and the level of Tnl-HA protein expression was analysed by immunoblotting.
Both Tnl-HA MUT and Tnl-HA WT had relatively short half-lives in HEK-293 cells;
expression declined to ~40% of baseline expression following two hours of
incubation with CHX. However, there were no significant differences between
the turnover of Tnl-HA MUT and Tnl-HA WT (Figure 5.12). The levels of both
proteins declined at comparable rates over the course of the eight-hour time

course treatments.
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Figure 5.12: Tnl-HA half-life is not affected by SUMOylation in HEK-293. HEK-293 cells
overexpressing Tnl-HA MUT or WT were treated with 50 pg/ml CHX to inhibit protein synthesis.
Expression levels following treatments were determined by immunoblotting lysates for Tnl and HA.
A. Representative example. B. Results represented as mean + SEM, n=4. **=p<0.001 vs. Mutant
0 and ***=p<0.001 vs. WT 0, One-ANOVA with post hoc analysis: Tukey’s multiple comparison test.



168

Although ablation of the SUMO motif did not affect protein turnover, HEK-293
cells overexpressing Tnl-HA proteins were also treated with proteasome inhibitor,
MG-132, to determine whether SUMOylation affects proteasomal degradation.
Inhibition of the proteasome did not significantly affect the expression of Tnl-HA
proteins in HEK-293 cells (Figure 5.13). However, the inhibition did result in
trend towards the accumulation of these proteins, suggesting that they had been
spared from degradation. There were neither significant differences nor trends

in the level of expression between Tnl-HA MUT and Tnl-HA WT following
treatment, suggesting that SUMOylation at K177 does not interact functionally

with the directing of Tnl for proteasomal degradation.
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Figure 5.13: Tnl-HA proteasomal degradation is not affected by SUMOQylation in HEK-293.
HEK-293 cells overexpressing Tnl-HA MUT or WT were treated with 20 yM MG-132 to inhibit the
proteasome. Expression levels following treatments were determined by immunoblotting lysates for
Tnl and HA. A. Representative example. B. Results represented as mean = SEM, n=4. One-way-
ANOVA with post hoc analysis: Tukey’s multiple comparison test.

CHX and MG-132 time course treatment experiments were then repeated using
NRVM overexpressing Tnl-HA proteins as it was a much more representative
biological system than the relatively simple environment of the HEK-293 cell.
Inhibition of protein synthesis with CHX over an eight-hour time course did not
result in a significant reduction of Tnl expression compared to non-treated
control samples (Figure 5.14). However, there was a trend towards decreased
expression over the course of the treatments. This data suggests that the half-

life of Tnl-HA proteins in NRVM was longer than in HEK-293 cells. Perhaps the
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localisation of the Tnl-HA proteins to the myofilament resulted in increased
stability. This observation highlighted the importance of using biologically

relevant cells.
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Figure 5.14: Tnl half-life was not affected by SUMOylation in NRVM. NRVM overexpressing
Tnl-HA MUT or WT were treated with 50 pg/ml CHX to inhibit protein synthesis. Expression levels
following treatments were determined by immunoblotting lysates for Tnl and HA. A. Results
represented as mean £ SEM, n=4. One-way-ANOVA with post hoc analysis: Tukey’s multiple
comparison test.

Inhibition of the proteasome using MG-132 did not cause any significant increases
in Tnl-HA expression in NRVM (Figure 5.15). However, there was trend towards

increasing expression with increased time of MG-132 treatment for both Tnl-HA
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MUT and Tnl-HA WT. The trend was for increased expression was similar
between experimental groups, suggesting that SUMOylation state did not have

any effect on proteasomal degradation.
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Figure 5.15: Tnl-HA proteasomal degradation is not affected by SUMOylation in NRVM.
NRVM overexpressing Tnl-HA MUT or WT were treated with 20 yM MG-132 to inhibit the
proteasome. Expression levels following treatments were determined by immunoblotting lysates for
Tnl and HA. A. Representative example. B. Results represented as mean = SEM, n=4. One-way-
ANOVA with post hoc analysis: Tukey’s multiple comparison test.

5.4.3 SUMOylation of Tnl does not affect cardiac myocyte
contractility

To determine whether SUMOylation of Tnl affected the contraction dynamics of

cardiac myocytes, NRVM monolayers were infected with adenoviruses to
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overexpress Tnl-HA MUT and Tnl-HA WT. Replacement of endogenous Tnl with
Tnl-HA MUT, with the SUMOylation site ablated, and subsequent evaluation of
contractile parameters would allow the functional effects of SUMOylation to be
evaluated. Furthermore, these experiments were undertaken in cells which were
paced at 1.2 Hz at baseline conditions as well as under conditions of B-
adrenergic stimulation with 100 puM isoproterenol. As described in Section 5.3.1,
image stacks of contracting NRVM monolayers were converted into contraction
traces using MUSCLEMOTION software (Sala, van Meer et al. 2018). These traces
were used to obtain measurements of several time-dependent contractile
parameters which were used for comparisons, including interval, UP90, DOWN90
and CD50 (Figure 5.3).

Firstly, the interval, or the time between contractions, provides information on
the rate of contraction. Of course, in these experiments, the monolayers were
paced at 1.2 Hz, which resulted in consistent intervals between the different
conditions. Nonetheless, it was important to include this measurement because
NRVM monolayers were observed to have endogenous contractile activity.
Therefore, it was necessary to ensure that the cells were conforming to the
exogenous pacing so that meaningful comparisons could be made. The data
revealed that the cells were paced successfully, with the intervals remaining

highly consistent between groups (Figure 5.16A).

The second parameter that was analysed was UP90, which is the time from
baseline to 90% of the peak contraction. This is often used as a measure of the
time to contract. Interestingly, overexpression of Tnl-HA, regardless of MUT or
WT, caused a significant reduction in the time taken to reach 90% contraction
(Figure 5.16B). This difference was only significantly different from mock for
MUT MOI 103 and WT MOI 104; however, the trend towards a reduction in UP90
was present in all untreated, virally infected experimental groups. This was
contrary to the hypothesis that Tnl-HA overexpression would not have any
effects on contraction, but rather on relaxation parameters. Isoproterenol
treatment also caused a significant reduction in the UP90 in mock infected cells,
which was consistent with the hypothesis that B-adrenergic stimulation would
increase the speed of contraction. Again, there was a trend towards reduced

UP90 in all experimental groups which were treated with isoproterenol.
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Contrary to the hypothesis that Tnl SUMOylation would result in lusitropic effects,
there were no significant differences in the parameter measuring the time for
relaxation (DOWN90) when cells were overexpressing Tnl-HA proteins (Figure
5.16C). NRVM monolayers overexpressing Tnl-HA MUT or WT took the same time
to relax as mock samples, suggesting that SUMOylation at this site did not have
any effect on relaxation at baseline or under conditions of B-adrenergic
stimulation. On the other hand, when cells were treated with isoproterenol,
there was a trend towards a positive lusitropic effect in all experimental groups,
which was consistent with the hypothesis that B-adrenergic stimulation would

enhance the speed of relaxation of the cells.

The final parameter, contraction duration 50 (CD50) measured the time from 50%
upstroke to 50% downstroke, taking both contraction and relaxation into account.
Viral overexpression of Tnl-HA proteins did not significantly affect the CD50,
despite a trend towards a reduced duration (Figure 5.16D). This most likely
reflected the increased speed of contraction as displayed by UP90 data. Finally,
consistent with data from other parameters, B-adrenergic stimulation with
isoproterenol caused a decrease in the contraction duration in mock cells.
Increased speed of both contraction and relaxation likely contributed to this

observation.
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Figure 5.16: Ablation of Tnl SUMOQOylation does not affect NRVM contractility. Using
CellOPTIQ®, NRVM monolayers were subjected to pacing at 1.2 Hz and images were captured at
a rate of 100 frames per second for eight seconds. The image stacks were analysed using the
ImageJ plug-in, MUSCLEMOTION, to create contractility traces. Traces were then analysed for
several time-dependent contractility parameters. Each sample was measured at baseline and
following 10 minutes of 100 nM isoproterenol stimulation. A. Interval, or the time between
contractions, confirms that the NRVM monolayers conformed to exogenous pacing. B. UP90, the
time from baseline to 90% of peak upstroke, is a measure of the time to contract. C. DOWN90, the
time from 90% contraction after the peak back down to baseline, is a measure of the time to relax.
D. CD50, the time from 50% upstroke to 50% downstroke, takes both contraction and relaxation
into account. Each data point is representative of the mean value from one experimental day, n=5
experimental days. Each mean value was calculated from 6-10 recordings of 8-10 contractions per
condition. *=p<0.05 vs. Mock and **=p<0.01 vs. Mock, One-way-ANOVA with post hoc analysis:
Tukey’s multiple comparison test.

5.4.4 SUMOylation of Tnl affects myofilament calcium sensitivity

Although contractility analysis did not show any significant differences
associated with SUMOylation, it was necessary to pursue other functional studies
due to technical limitations associated with the analysis of contractile dynamics
of intact NRVM. Analysis of the calcium sensitivity and force of contraction of

skinned muscle fibres would eliminate the confounding variables of Caz+
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signalling in intact myocytes which could have masked differences caused by
changes in myofilament properties. In many studies investigating the role of Tnl
phosphorylation, skinned muscle fibres have been analysed in this way (van der
Velden, Boontje et al. 2002, van der Velden, Merkus et al. 2004).

Contrary to the hypothesis, there were no significant differences between the
Caz+ sensitivity of the myofilament in ARVM virally overexpressing Tnl-HA MUT
(Figure 5.17). This data suggested that at baseline, SUMOylation had no effect
on Caz-+ sensitivity of the myofilament. These experiments were also completed
in samples which had been incubated with N106 (10 um; 24 hours) to globally
upregulate SUMOylation. It was hypothesised that the upregulation of
SUMOylation would affect the Caz+ sensitivity of the myofilament in cells
containing Tnl-HA WT, but not cells overexpressing Tnl-HA MUT. Paradoxically,
Caz- sensitivity was significantly increased in ARVM expressing mutant
unSUMOylatable Tnl in which SUMOylation had been upregulated.
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Figure 5.17: Caz+ sensitivity of myofilaments affected by expression of mutant Tnl and
upregulation of SUMOylation with N106. ARVM virally overexpressing Tnl-HA WT or MUT were
incubated with N106 for 24 hours and skinned. Single cell force measurements were taken and
analysed to determine Caz+ sensitivity, expressed as ECso, or the [Caz+] resulting in half maximal
force. Overexpression of mutant or wildtype Tnl did not affect Caz+ sensitivity in skinned ARVM.
N106 treatment significantly decreased the EC50 in cells overexpressing mutant unSUMOylatable
Tnl. Results represented as mean + SEM, n=12 cells from 3 isolations for untreated samples; n=8
cells from 2 isolations for N106 treated samples. *=p<0.05 vs. Mock + N106 and **=p<0.01 vs. WT
+ N106, One-way-ANOVA with post hoc analysis: Tukey’s multiple comparison test.

When the maximum force (Fmax) was compared between conditions, no

significant differences were observed, suggesting that SUMOylation did not
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affect the development of force in response to Caz+ in the skinned cells (Figure
5.18A). The passive force (Frassive) Of the cells was also measured at a sarcomere
length of 2.2 ym. When cells were stretched, they exerted tension against the
force transducer. Therefore, a comparison of the tension at the stretched
sarcomere length of 2.2 ym to the tension when the myocyte had been slacked
allowed a measurement of Frassive. There were no significant differences in Fpassive
due to expression of Tnl-HA proteins or upregulation of SUMOylation (Figure
5.18B).
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Figure 5.18: SUMOylation does not alter passive or maximum force in skinned ARVM.
Neither overexpression of Tnl-HA proteins nor upregulation of SUMQylation with N106 altered the
maximum or passive force. Results represented as mean + SEM, n=12 cells from 3 isolations for
untreated samples; n=8 cells from 2 isolations for N106 treated samples. One-way-ANOVA with
post hoc analysis: Tukey’s multiple comparison test.
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The final parameter collected from skinned ARVM experiments was the Hill Slope
(Figure 5.19). The hill slope is a measure of the steepness of the dose response
curve for Caz+ and force. Biologically, this translates to a measure of the
cooperativity of binding. In the context of Tnl, a reduced hill slope is indicative
of reduced cooperativity of interacting Tnl units and the recruitment of the next
cross-bridging activity of the myofilament. Interestingly, upregulation of
SUMOylation with N106 caused a significant reduction in the hill slope in mock,
endogenously expressing cells and in cells overexpressing Tnl-HA MUT. In these
groups, there would be reduced cooperativity of crossbridging. This was contrary
to the hypothesis that upregulation of SUMOylation would significantly alter the
functional dynamics of myofilaments containing endogenously expressed Tnl and
Tnl-HA WT, but not of myofilaments expressing Tnl-HA MUT.
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Figure 5.19: Upregulation of SUMOylation with N106 reduces the cooperativity of Caz+
binding in mock cells and cells overexpressing Tnl-HA MUT. Results represented as mean +
SEM, n=12 cells from 3 isolations for untreated samples; n=8 cells from 2 isolations for N106
treated samples. *=p<0.05 vs. Mock and $=p<0.05 vs. MUT, One-way-ANOVA with post hoc
analysis: Tukey’s multiple comparison test.
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5.5 Discussion

5.5.1 Ablation of Tnl SUMOylation site does not affect Tnl stability
or myocyte contraction

Mutation of the SUMOylation site of Tnl did not have any significant effects on
the stability of Tnl-HA proteins in HEK-293 cells or NRVM. In both cell types, Tnl-
HA expression decreased at similar rates following inhibition of protein synthesis
with CHX regardless of the presence of the SUMO site mutation. Interestingly,
Tnl-HA was much more stable in NRVM than in HEK-293 cells. HEK-293 cells lack

a myofilament, meaning that overexpressed Tnl-HA proteins were likely cytosolic.
In NRVM, however, Tnl-HA localised to the myofilament (Figure 5.10). It is
possible that the localisation within the myofilament and the interactions with

other parts of the Tn complex and the rest of the thin filament stabilised Tnl-HA.

Similarly, the mutation caused no difference in the effect of proteasome
inhibition with MG-132. In fact, there were no significant effects of MG-132
treatment on Tnl-HA expression. These findings suggested that Tnl is not
degraded by the proteasome. Although it has been observed that Tnl can be
ubiquitinated, which usually targets a protein for proteasomal degradation, it
has not yet been shown that Tnl is degraded through the ubiquitin proteasome
system (Witt, Granzier et al. 2005). This biological explanation for the lack of
MG-132 activity on Tnl expression is consistent with the observed activity of
calpains in the proteolytic cleavage and degradation of Tnl (Di Lisa, De Tullio et
al. 1995, Wijnker, Li et al. 2015). It would be interesting to determine the
effects of calpain inhibition on the expression of Tnl-HA proteins which cannot
be SUMOylated. Additionally, treatments with cyclohexamide, MG-132 and
calpain inhibitors should be done in combination with N106 to globally
upregulate SUMOylation in cells expressing Tnl-HA proteins. It is possible that Tnl
can be SUMOylated, but that the cellular conditions for this modification to
occur are not being replicated experimentally. For example, SUMOylation of the
B-adrenergic receptor occurs in response to stimulation with the agonist,
isoproterenol (Wills 2017). The cellular conditions in which Tnl SUMOylation is
upregulated is not yet established; therefore, global upregulation of the
SUMOylation cascade with N106 would allow any differences in protein stability

to be determined.
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As little is currently known about the ways in which Tnl is degraded, it would be
useful to determine the routes by which degradation occurs. This study suggests
that ubiquitin proteasomes may not have a role, but did not determine whether
lysosomal degradation is relevant for Tnl. Treatment with lysosome inhibitor,

chloroquine, and subsequent analysis of protein expression would show whether

Tnl is degraded in this way.

The ablation of SUMOylation also did not have an effect on the contraction of
NRVM monolayers. Interestingly, overexpression of Tnl-HA, regardless of the
mutation, significantly decreased the time for contraction (UP90). This was
contrary to the hypothesis that overexpression of Tnl would exert an inhibitory
effect on contraction due to its function as the inhibitory subunit of the Tn
complex. It is possible that the fusion of the HA tag onto the C-terminal end of
Tnl impaired its function, leading to an enhanced speed of contraction by the
removal of an inhibitory influence. However, the lack of effect of Tnl
overexpression on relaxation suggests that the overexpressed protein functioned
as normal within the cell monolayers. B-adrenergic stimulation caused a trend
for quicker contraction and relaxation, suggesting a positive inotropic and
lusitropic effect of the treatment. This was consistent with the established
effects of B-adrenergic stimulation in the literature and the known physiological

effects of increased sympathetic stimulation of the heart (Bers 2002).

The observed trends in response to isoproterenol added a layer of confidence to
the ability of the imaging and analysis protocols to detect differences in the
contractility parameters included here; however, the lack of significant effects
suggest that the experimental numbers could have been increased to enhance
detection of significant differences between groups. Only limited experimental
conditions were included in the present work. Cells were analysed either at
baseline or after B-adrenergic stimulation. SUMOylation has been known to occur
at very low levels in cells (Jakobs, Koehnke et al. 2007), and certain stimulations,
conditions or cellular stresses may be necessary to cause levels of SUMQylation
sufficient for functional effects to be observed. Similarly to protein expression
experiments, it would be useful to repeat these experiments in the presence of
N106 in case experimental conditions are not optimally replicating the in vivo

situation in which SUMOylation occurs.
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It is also a possibility that the SUMOylation of Tnl functions separately from
myofilament function. A study in drosophila has shown that Tnl has an important
function in non-muscle cells, as a regulator of chromosomal stability and cell
polarity in the context of early embryogenesis (Sahota, Grau et al. 2009). Tnl
was identified in the nucleus of S2 cells (drosophila embryonic stable cell line)
and the mechanism of nuclear transport was investigated. It was determined
that K262 was SUMOylated due to the presence of SUMO in Tnl
immunoprecipitates. Mutation of the putative SUMOylation site eliminated Tnl
translocation to the nucleus, confirming the role of SUMOylation in this process.
The scope of this study to explain the role of Tnl SUMOylation in mammals is
limited by the low sequence similarities between drosophila and human Tnl. In
fact, drosophila have only one Tnl isoform from a single gene while mammals
express three isoforms from three separate genes (TNNI1 or slow skeletal, TNNI2
or fast skeletal and TNNI3 or cardiac). Comparison between mammalian cardiac
Tnl and drosophila Tnl using UniProt’s Alignment tool revealed only a 22%
sequence identity. For full alignment results see the appendix of this thesis
(Appendix 7.1). Furthermore, the putative mammalian Tnl SUMO site identified
in the present work (K177) is conserved within a similar motif in drosophila, but
this was not the site that was functionally relevant in the drosophila study.
Experiments investigating the role of Tnl SUMOylation in mammalian
embryogenesis and chromosomal stability were beyond the scope of the current
project, which focussed entirely on the myofilament function of Tnl and

employed the use of mammalian cells and tissues.

5.5.2 Upregulation of SUMOylation affects myofilament function

The force development in response to Caz+ was measured in skinned ARVM to
observe myofilament function in the absence of Caz+ signalling. The results from
these experiments were not consistent with the hypotheses and therefore, it

was difficult to explain some of the trends in the data. Myofilament force was
not affected by Tnl-HA overexpression or upregulation of SUMOylation with N106.
Paradoxically, the calcium sensitivity of the myofilaments overexpressing
unSUMOylatable Tnl was increased when SUMOylation was upregulated. Assuming
that this was not an experimental artefact, this data suggests that upregulation
of SUMOylation was having a functional effect that did not involve SUMOylation

of K177 of Tnl. Somewhat consistent with this data, the cooperativity of Tnl’s
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activity was decreased in response to N106 in cells with endogenous Tnl and
unSUMOylatable Tnl (Figure 5.19).

It is important to note that across all groups, the skinned myocytes were
unusually sensitive to Caz+. In fact, the range of pCaz+ used for measurements
was slightly altered to include activating solutions with lower [Caz+] than is
typically used this protocol. In the experiments performed for the present work,
activating solutions with pCaz- values between 5.0 and 6.8 were used to produce
complete dose-response curves. These had a lower range of Caz+ concentrations
compared to a range of 4.5 to 6.4 in normal experimental protocols used mainly
to analyse skinned myofilaments derived from human cardiac samples (van der
Velden, Klein et al. 1998, van der Velden, Boontje et al. 2002). Furthermore,
the mean ECso values measured for all experimental groups were substantially
lower than the established value of approximately 1 uM Caz+ (pCaz+ 6) (Chung,
Biesiadecki et al. 2016). It is likely the unusually high Caz+ sensitivity was due to
low baseline phosphorylation of Tnl; Tnl phosphorylation at Ser22/23 causes
reduced Caz+ sensitivity (Zhang, Zhao et al. 1995). The depletion of baseline
phosphorylation could have been caused by extended period of time (48 hrs) in
culture following isolation, which would have made these cells unrepresentative

of the biological situation.

It is possible that SUMOylation of Tnl at K177 sequesters SUMO away from other
sites which may be more functionally relevant at the myofilament. If K177 of Tnl
had a large propensity for SUMO conjugation, but not a significant functional
effect on its own, it could sequester SUMO proteins away from other functionally
relevant SUMO targets of the myofilament. Therefore, when Tnl’s SUMO site was
ablated by overexpression of Tnl-HA MUT, this sequestering effect was removed,
increasing SUMOylation of other unknown myofilament targets and affecting
functional dynamics. In the case of the Hill Slope data, overexpression of Tnl-HA
WT eliminated the functional effect of N106 treatment. This could be explained
by increased sequestering of SUMO due to more K177 sites, thereby reducing the
functional effect caused by the SUMOylation of other myofilament targets. Of
course, further experiments would be necessary to understand the mechanism
underlying these observations; if experimentally confirmed, this would be the

first indication of a sequestering action of a SUMOylation target.
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5.5.3 Methodological considerations

There are several methodological considerations which limit the conclusions

which can be made from the presently described data.

Firstly, Tnl-HA proteins appear to have different half-lives if analysed in HEK-293
cells compared to NRVM. It is possible that the localisation of Tnl to the
myofilament stabilised Tnl; in HEK-293 cells, with no myofilament, Tnl was
cytosolic and perhaps more readily available for degradation. Particularly in
experiments using NRVM, the treatment times may have been too short to elicit
significant results of the treatments. The data were contrary to the hypothesis
that inhibition of protein synthesis would have no significant effects on Tnl-HA
expression, and this could be explained by a limited efficacy of the drug in NRVM
and/or a necessity for longer incubation times to reveal reduced expression

levels.

CellOPTIQ® is a powerful tool for the analysis of contraction dynamics in live
cells. Combined with the analysis program, MUSCLEMOTION, the high-speed
image stacks acquired using the CellOPTIQ® systems could be analysed into
contractility traces from which a number of parameters were analysed. This
analysis method has been used previously for a wide range of contracting
biological samples, from isolated single adult cardiac myocytes, to monolayers of
human pluripotent stem cell-derived cardiac myocytes (hPSC-CMs), to three-
dimensional contractile tissues such as engineered heart tissues, or cardiac
“organoids” (Sala, van Meer et al. 2018). The systems had never before been
used for monolayers of NRVM as in the present study. There were several
potential issues which were expected before undertaking this part of the project.
Firstly, unlike isolated adult ventricular myocytes, NRVM, especially when
arranged in monolayers, have intrinsic contractile activity. This was expected to
interfere with the pacing of the monolayers. However, when the intervals
between contractions were measured and analysed, it was determined that the
pacing was highly successful and consistent between experimental conditions
and different experimental days. The exogenous electrical pacing was able to
overcome the intrinsic contractile activity of the NRVM monolayers. Secondly,
the sarcomeres of NRVM are much less organised than the sarcomeres of isolated

adult cardiac myocytes, which are arranged along a single axis. However, the
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analysis software’s optimisation for contraction of hPSC-CM monolayers probably
aided its ability to analyse the contraction of NRVM monolayers. Despite initial
concerns about compatibility, there were no issues encountered with the
analysis of contractility traces. Furthermore, the significant effects of B-
adrenergic stimulation on the speed of contraction and relaxation and the
reduction of contraction duration were consistent with the hypothesis. This
added confidence to the use of this technique to detect differences in

contractile dynamics in NRVM monolayers.

To investigate the properties of the myofilament alone, without the confounding
effects of Caz-+ signalling, skinned ARVM were analysed in collaboration with the
van der Velden Lab at VUmc Amsterdam. The force developed in response to
exposure to various Caz+ concentrations was measured and analysed to
determine Caz- sensitivity of the myofilament. There were several limitations
associated with the use of this approach that must be taken into account when
interpreting the resulting data. Firstly, this approach involved the analysis of
single cells, which were selected for analysis on the basis of size and clear
visualisation of striations. There was no way to confirm that the chosen cell had
taken up the adenovirus and was adequately overexpressing the Tnl-HA protein.
Although western blot analysis revealed that the virally expressed proteins were
present in the cell samples as a whole, this could not be confirmed at the single
cell level. Therefore, if viral infection rate was not 100%, there is a chance that
some cells analysed in Tnl-HA overexpressing groups may not have overexpressed
the viral proteins. Secondly, due to time constraints, the N106 treated groups
contain only eight cells from two isolations. For an adequately powered study, it
would be necessary to cells from at least three separate isolations. With
increased numbers, each cell could be considered as a separate data point, or
alternatively, single data points could be produced by calculating the mean of
all cells from a single isolation. Finally, it is possible that the functional effects
observed could have been due to overexpression of Tnl-HA regardless of the
mutation or due to an interference of the HA tag with Tnl’s normal function. In
some of the data, for example the trends in Frassive data (Figure 5.18) suggested
that Tnl overexpression itself results in functional changes in the passive force,
rather than the introduction of the mutated SUMOylation site. However, this

claim was not supported by statistical significance. Similarly, these observed
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trends could be explained by the addition of the HA tag to the protein. The
possibility that a tag would alter the protein’s functional properties was reduced
by the use of the HA-tag, which is only 4.3 kDa, compared to a larger tag, such
as GFP, which is 26.9 kDa. However, this had some implications for the design of
the study, as GFP tagging would have allowed the confirmation of overexpressed

proteins in individual cells.

5.5.4 Conclusions

In conclusion, Tnl SUMOylation at K177 was not determined to have consistent
functional effects at the myofilament or on Tnl stability. However, it may have a
sequestering effect, out-competing SUMOylation of other myofilament targets.
Additional work is required to characterise the molecular routes which underpin

the physiology to explain these findings.
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Chapter 6 Discussion
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6.1 Background

Tnl is the inhibitory subunit of the troponin complex of the myofilament (Bers
2002). The study of post-translational modifications of Tnl has been ongoing for
several decades, but has focussed mainly on the protein’s various
phosphorylation sites (Layland, Solaro et al. 2005). Specifically, phosphorylation
of the dual serine site Ser23/24 has been shown to contribute to the B-
adrenergic stimulation induced positive lusitropy and inotropy, enhancing
cardiac contractility (Zhang, Zhao et al. 1995, Fentzke, Buck et al. 1999, Pi,
Kemnitz et al. 2002, Pi, Zhang et al. 2003). Phosphorylation of this site has been
shown to be reduced in chronic heart disease, prompting investigation of the
functional role of this modification (Bodor, Oakeley et al. 1997, Zakhary,
Moravec et al. 1999). Many PKA mediated phosphorylation events of cardiac
excitation-contraction coupling proteins have been shown to be regulated by
PDE isoforms which are tethered to specific signalosomes (Maurice, Ke et al.
2014). Previous work identified PDE4D9 as a regulator of Ser23/24

phosphorylation via direct interaction with Tnl (Edwards 2012).

Very little is known about other post-translational modifications of Tnl. In the
available literature, there are some indications that Tnl can be ubiquitinated
(Witt, Granzier et al. 2005, Sahota, Grau et al. 2009). It has not been
established whether mammalian Tnl can be SUMOylated, and whether this has
any functionally relevant effects in cardiac myocytes. Previously, it has been
shown that drosophila Tnl can be SUMOylated, but low sequence conservation
limits the translatability of this research to mammals (Sahota, Grau et al. 2009).
SUMOylation has been shown to induce a variety of functional effects depending
on the target protein, including changes in protein stability or cellular location

and modulation of other post-translational modifications (Ulrich 2009).

6.2 PDEs and the myofilament

The first aims of the present work involved investigation of the proposed Tnl-
PDE4D9 interaction and its disruption using a custom-designed cell permeable

peptide.
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Interestingly, the data directly contradict previous evidence that PDE4D9
interacts with Tnl thereby regulating PKA phosphorylation of Ser23/24. In fact,
none of the data supported the hypothesis that PDE4 regulates this
phosphorylation event despite convincing evidence in previously published work
(Edwards 2012). The reason for the discrepancies between previously published
data and the data displayed here is unknown. It is possible that technical
challenges prevented previous findings from being replicated. Numerous
sighalosomes containing cardiac excitation-contraction coupling proteins, which
can be phosphorylated by PKA have been shown to contain specific PDE isoforms
(Maurice, Ke et al. 2014). In these signalosomes, PDE isoforms regulate the
phosphorylation of the targets in a specific, non-redundant manner. For example,
PDE4D3 has been shown to be present within the RyR signalosome, regulating its
phosphorylation and activity (Lehnart, Wehrens et al. 2005). PDE4D deficient
mice had marked signalling and pathophysiological changes despite normal
global cAMP signalling; this highlights the essential, non-compensated role of
PDE4D at this cellular compartment. Similarly, in the LTCC signalosome, both
PDE4B and PDE4D were detected, but only PDE4B was shown to functionally
regulate Caz+ current and channel activity (Leroy, Richter et al. 2011).

It is possible that this paradigm of specific isoform regulation via integration into
a signalosome is not relevant in the context of Tnl. Insight into PDE family roles
at the myofilament may be gained from studies employing the use of family-
specific inhibitors. Under basal conditions, PDE2 and PDE3 appear to be the
functionally relevant isoforms governing Caz+, contractility and Tnl
phosphorylation in adult rat ventricular cardiac myocytes (Mika, Bobin et al.
2013). However, under submaximal B-adrenergic stimulation, PDE4 had dominant
functional effects on global excitation-contraction coupling. These observations
suggest that different PDEs may have differential effects on signalling and even
on the regulation of specific phosphorylation events depending on the
physiological environment of the cell. If multiple, different PDE families or
isoforms were involved in the regulation of Tnl phosphorylation, this would help

explain this work’s inability to pinpoint a specific isoform.

Species differences in PDE isoform activity and expression levels are an
important factor. In most of the published studies identifying PDE isoforms

within cardiac signalosomes, rodent cells and tissues were used (Bolger, McCahill
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et al. 2003, Lehnart, Wehrens et al. 2005, Terrenoire, Houslay et al. 2009, Beca,
Helli et al. 2011, Leroy, Richter et al. 2011, Sin, Edwards et al. 2011). However,
PDE family activity and expression is different in rodents than in large mammals
and humans (Osadchii 2007, Richter, Xie et al. 2011). Although PDE4 expression
is similar between humans and rodents, PDE4 affects global cAMP signalling only
in rodents (Richter, Xie et al. 2011). Human PDE4 comprises a much smaller
portion of the total cardiac PDE activity than it does in rodents. Taken together,
this suggests that while PDE4 expression remains the same between species, its
activity is reduced, representing a smaller proportion of total PDE activity in
these cells. Clinical trial data supports the notion that PDE4 activity is less
functionally relevant in the human heart. Treatment of psoriatic arthritis with
non-specific PDE4 inhibitor, apremilast, caused no cardiac-specific off-target
effects, despite global PDE4 inhibition (Perez-Aso, Montesinos et al. 2015,
Schafer, Chen et al. 2015, Baillie, Tejeda et al. 2019). The presence of specific
PDE4 isoforms in cardiac signalosomes has been shown predominantly using
rodent models (Lehnart, Wehrens et al. 2005, Beca, Helli et al. 2011, Leroy,
Richter et al. 2011, Sin, Edwards et al. 2011). For the most part, these
interactions have not been confirmed using human cells or tissues due to tissue
availability and technical challenges. One of the purposes of identifying PDE
isoforms in signalosomes is to inform development of more specific therapeutic
interventions in comparison to the readily available family-specific PDE
inhibitors which can result in off-target effects. However, the species
differences in PDE4 activity limit the translational and therapeutic potential of
these studies. A recently published study using cardiac myocytes isolated from
pigs represents a new direction in PDE research, whereby the model used is
likely more representative of human cardiac physiology and protein biochemistry
(Mika, Bobin et al. 2019).

6.3 Is SUMOylation of Tnl protective?

The next set of aims were to characterise the SUMOylation of Tnl. More
specifically, thee aims were to determine whether Tnl could be SUMOylated,
whether this could be detected using a custom-designed SUMO-Tnl antibody and

whether the SUMOylation of Tnl has a functional role at the myofilament.
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The data displayed here is highly novel as it represents the first evidence that
mammalian Tnl can be SUMOylated. Although it is informative to determine
whether a target protein can be SUMOylated using different biochemical
methods to “force” the SUMOylation, it is then necessary to determine whether
the target actually is SUMOylated in vivo. It is at this point that studies involving
SUMOylation become technically challenging, as the modification often occurs in
very small amounts, making it difficult to compare levels of SUMOylated and
unSUMOylated proteins in different biological samples or under different
biological conditions (Jakobs, Koehnke et al. 2007). The successful development
and testing of a SUMO-Tnl antibody recorded here is also highly novel as it
represents the first antibody to detect a SUMOylated target protein at a specific
and well-defined site. The development of this antibody represents a solution to
a key technical challenge in the detection and measurement of SUMOylated
substrate proteins. This approach could transform SUMOylation research in the
same way that phospho-antibodies transformed for kinase research (Czernik,
Girault et al. 1991). The SUMO-site antibody for TNI facilitated the measurement
of SUMOylation in healthy and diseased human samples, showing the significant

upregulation of modified Tnl in chronic cardiac disease.

The functional relevance of Tnl SUMOylation was then investigated using viral
overexpression of Tnl-HA proteins, which were mutated to eliminate the
SUMOylated lysine (K177). These studies suggested that SUMOylation of Tnl had
limited effects on the myofilament, perhaps exerting a sequestering effect, out-
competing other myofilament SUMOylation targets. Data collected from intact
cells suggested that ablation of Tnl SUMOylation did not have any effect on
contractility of the cells. It is important to note that these studies were
undertaken using NRVM, which do not have the same physiological or
morphological characteristics as adult cardiac myocytes. Therefore, it is possible
that changes in contractility were not observed due to the immature phenotype.
The lack of functional effect of Tnl SUMOylation in intact cells was consistent
with conclusions drawn in previous studies highlighting the functional
importance of SERCA2a SUMOylation. In small and large animal models of heart
failure, the upregulation of SUMOylation using SUMO1 gene transfer or small
molecule (N106) resulted in improved contractile function and attenuation of

pathophysiological remodelling of the left ventricle (Tilemann, Lee et al. 2013,
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Kho, Lee et al. 2015). However, these beneficial effects were eliminated in the
absence of SERCA2a protein, suggesting that these effects were mediated largely
through the SUMOylation of SERCA2a (Lee, Oh et al. 2016). Therefore, the data
from the present work supports the dominant role of SERCA2a SUMOylation in
the mechanism underlying the therapeutic effects of upregulation of
SUMOylation. Although functional effects at the myofilament were observed
when they were analysed in isolation, it is likely that these effects would not be
problematic for the therapeutic strategy of upregulation of SUMOylation of
SERCA2a.

In contrast to intact cell contractility data, experiments analysing myofilament
dynamics in isolation showed that Tnl SUMOylation had an effect on myofilament
function and its response to Caz+. The observations from this study led to the
hypothesis that Tnl SUMOylation at K177 had a scavenging effect, whereby SUMO
proteins were sequestered at this site. Therefore, when the SUMOylation site
was ablated, alternative SUMOylation targets of the myofilament would be
SUMOylated, resulting in the observed functional changes in Caz+ sensitivity or

cooperativity.

Little is known about other SUMOylation targets at the myofilament. Systematic
review of proteomics screens which identified SUMOylation target proteins and
target lysine residues compiled 3,617 proteins at 7,327 sites (Hendriks and
Vertegaal 2016, Hendriks, Lyon et al. 2018). The vast majority of the proteins
identified were nuclear, and therefore, had functions involving mRNA and DNA
processing and replication (Hendriks and Vertegaal 2016). The database
compiled within this study was then compared to a comprehensive list of cardiac
myofilament protein isoforms identified using mass spectrometry (Kooij,
Venkatraman et al. 2014). Surprisingly, the only myofilament protein identified
as a SUMOylation target in the systematic review of proteomics studies was titin
(Hendriks and Vertegaal 2016). Titin is a giant protein which connects the Z line
to the M line of the sarcomere, providing elasticity and passive force to the
myofilament. It was a rather confounding observation that Tnl did not appear in
the database of SUMOylation targets discovered by other researchers. However,
this does not necessarily undermine the data displayed here, as another known
SUMOylation target, Bz2-adrenergic receptor, was also not present in the

proteomics screens, despite extensive evidence of its SUMOylation (Wills 2017).
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Current evidence from ongoing investigations has also identified MyBP-C as a
SUMOylation target (Main & Baillie, unpublished). It is conceivable that other
myofilament proteins also could be SUMOylated, just in low levels that were not
detected in proteomics studies. Furthermore, it is possible that SUMOylation of
certain targets only occurs under specific physiological conditions (for example,
B2-adrenergic receptors have been shown to be SUMOylated following receptor
stimulation with isoproterenol (Wills 2017)) which were not met in the samples

screened for proteomics.

6.4 Interplay between PDE interaction and SUMOylation

The disruptor peptide which was hypothesised to ‘unhinge’ the interaction
between Tnl and PDE4D9 was designed based on the region of Tnl to which the
PDE was shown to bind in peptide array (Edwards 2012). The previous study
identified a single amino acid of Tnl, K177, as being essential for PDE binding. Of
course, K177 is also the acceptor lysine for SUMOylation. Although the present
work did not confirm that K177 is, in fact, necessary for PDE binding, some of
the data in the present work indicated that the disruptor peptide effectively
altered the cAMP dynamics at the myofilament. This suggested that the 25-
amino acid segment of Tnl surrounding K177, if not K177 itself, was functionally
important for PDE binding. Therefore, it is possible that SUMOylation regulates
the binding of PDEs to Tnl. There is abundant precedent for SUMOylation to
functionally affect a substrate protein by regulating its interactions with other
proteins. Interestingly, SUMOylation has been shown to both positively and
negatively modulate protein-protein interactions, by providing additional binding
sites for the recruitment of the interactor or by blocking interaction sites
respectively (Ulrich 2009). Recruitment of interacting proteins to a SUMOylated
protein typically occurs via a SIM, which interacts non-covalently with the
protein, tethering it to the substrate (Hannich, Lewis et al. 2005). For example,
SIMs have been identified on some of the E3 ligases of the SUMOylation cascade;
in fact, the presence of these motifs at the C-terminal end of the PIAS family
proteins is necessary for their role in the SUMOylation cascade (Song, Durrin et
al. 2004, Rytinki, Kaikkonen et al. 2009, Kaur, Park et al. 2017). In contrast,
SUMOylation has been shown to inhibit substrate protein interactions. For
example, SUMOylation of human thymine-DNA glycosylase (TDG) results in its

dissociation from DNA by inducing a conformational change in the enzyme
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(Steinacher and Schar 2005). Although this is an example of a protein-DNA
interaction, it illustrates the mechanism by which SUMOylation affects the
conformational change of a protein, thereby altering its interaction with other
molecules. Further investigation is necessary to determine whether SUMOylation
and PDE binding functionally interact due to the hypothesised sharing of a
binding site. The present work did not confirm that PDE binding occurs at this
site, but the possibility of the interaction should be considered in future study of

the functional role of Tnl SUMOylation.

6.5 Final Conclusions

Post-translational modifications of key cardiac signalling proteins are essential to
their functional responses to cellular stimuli. Although the PKA phosphorylation
of numerous cardiac signalling proteins have been shown to be regulated by
localised PDE isoforms, the mechanism by which Tnl’s phosphorylation is
regulated has not been established by this study. The data presented here
suggest that the situation at the myofilament may be more complex than for
other cardiac proteins. This has led to the development of a number of further
hypotheses that should be tested in future studies, including they hypothesis
that PDE regulation of Tnl phosphorylation may involve different PDE families
depending on cellular conditions. Furthermore, if technically feasible, studies
involving PDEs would ideally take place using cells and tissues from large animal

models, such as pigs, which have PDE activity profiles more similar to humans.

The work presented represents a major contribution of the field as it is the first
to show that Tnl can be modified by SUMOylation at K177. SUMOylated Tnl was
specifically detected using a custom antibody, which is one of the first to detect
a SUMOylated substrate. The SUMO-specific antibody represents a major advance
in the field, which has previously been marked by difficulties in detection of
proteins which are SUMOylated in low levels. Interestingly, the SUMOylation of
Tnl did not have any functional effects on protein turnover nor on myofilament
dynamics. Significant changes in Tnl SUMOylation were also observed in diseased
human samples. Although explanations have been provided for the pattern of
effects observed, further investigation is required to determine the molecular

mechanisms underlying these physiological observations.
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Chapter 7 Appendix

7.1 Sequence alignment of human cardiac Tnl and
drosophila Tnl

o=

Figure 7.1: Alignment of human cardiac Tnl and drosophila Tnl using UniProt Align Tool.
Alignment revealed 22% sequence identity between the two proteins. * denotes a fully conserved
amino acid; : denotes a different amino acid with strongly conserved properties; . denotes a
different amino acid with weakly conserved properties.
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7.2 In silico prediction of ubiquitination of Tnl

MADGSSDAAREPRPAPAPIRRRSSNYRAYATE PHAFASSI SASRELOLFTLLLOI AFQELEREAEERRGEJJGRALSTRC
QPLELAGLGFAELQDLCROLEARVDEVDEERYDIEARVTENITEIADLT ORI FDLRGRFFRPTLRRVRI SADAMMOALLG
ARAQESLDLRAHLFOVI§E DTEFENREVGDWRENI DALSGMEGRIFIRFE S

Output:

Residue Score Ubiquitinated

36 0.13 No

37 0.13 No

38 0.13 No

40 0.11 No

46 0.15 No

50 0.21 No

58 0.72 Medium confidence
72 0.73 Medium confidence
106 0.53 No

117 0.42 No

120 0.35 No

131 0.28 No

138 0.05 No

140 0.03 No

164 0.61 No

174 0.56 No

177 0.63 |RE Low confidence
178 0.76 KB Medium confidence
183 0.58 [vo

193 0.68 IEZ Low confidence
205 0.54 No

206 0.52 No

207 0.08 No

Legend:

Label Score range Sensitivity |Specificity
Low confidence 0.62 =5 < 0.69)|0.464 0.903
Medium confidence|0.69 < s = 0.84|0.346 0.950

High confidence 0.84 <5 = 1.00|0.197 0.989

Figure 7.2: Prediction of ubiquitination sites of Tnl. Putative ubiquitination sites on Tnl were
predicted in silico using UbPred® as described in ((Radivojac, Vacic et al. 2010)
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