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Abstract 

Cardiac myosin binding protein-C (cMyBP-C) is a 12-domain sarcomeric accessory 

protein that transiently interact with actin, tropomyosin and myosin and regulates 

the activity of the myofilament to maintain systolic and diastolic function. cMyBP-

C is influenced by an increasing list of post-translational modifications (PTMs), 

including phosphorylation, which occurs predominantly in the N-terminal regions 

and regulates myofilament force and calcium sensitivity. Whilst the central 

domains have remained lesser studied, evidence suggests they are may promote 

different conformations of cMyBP-C, influence myosin binding and are a hot-spot 

for PTMs. This includes the cysteine modification S-glutathionylation, an increase 

of which impairs cMyBP-C phosphorylation and increases myofilament calcium 

sensitivity. In this study, the cysteine modification palmitoylation was 

investigated, which has not been widely reported for myofilament proteins. Acyl 

resin assisted capture (Acyl-RAC) was used to purify palmitoylated proteins from 

cardiac tissue and revealed that actin, myosin and cMyBP-C undergo 

palmitoylation. Upon investigation of different anatomical regions, cMyBP-C 

palmitoylation may be highest in the left ventricle and appears reduced when 

these primary cardiomyocytes are cultured. Furthermore, the palmitoylated form 

of cMyBP-C may be more resistant to salt extraction from the myofilament lattice. 

In cardiac pathologies, palmitoylation was reduced in the left ventricle of a rabbit 

model of heart failure (HF) but increased in ischaemic human HF samples. Site 

directed mutagenesis revealed C623 and C651, in the C4 and C5 domains 

respectively, to be candidate palmitoylation sites, which have previously been 

identified to be modified by S-glutathionylation. Isolated myofilaments treated 

with palmitoyl CoA, which spontaneously attaches to palmitoylated cysteines, 

showed significantly increased levels of cMyBP-C palmitoylation and reduced 

calcium sensitivity of force. Whether this is attributed solely to cMyBP-C 

palmitoylation remains to be determined, nevertheless this study provides novel 

evidence that palmitoylation is an important regulatory modification for 

myofilament function. 

Aside from palmitoylation, preliminary data suggests cMyBP-C also undergoes 

SUMOylation. This was investigated using a cMyBP-C-UBC9 fusion construct (WT) 

co-expressed with eGFP-SUMO1, which shows a SUMOylated band shift, and a 

catalytically inactive mutant (C93A) which cannot be SUMOylated. Purification of 
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the SUMOylated cMyBP-C-UBC9 fusion for mass spectrometry and in silico analysis 

identified several candidate SUMOylation sites, however individual mutation did 

not result in the loss of the SUMOylated band. Reduced phosphorylation of 

SUMOylated form of cMyBP-C-UBC9 was observed in HEK293 cells and in virally 

infected neonatal ventricular cardiomyocytes treated with isoprenaline, which 

also show a blunted lusitropic response to isoprenaline. This may indicate that 

SUMOylation of cMyBP-C can regulate cardiac contractility, however experimental 

limitations, including lack of in-situ evidence that cMyBP-C is SUMOylated, limit 

the conclusions that can be drawn from this study. 

Given the evidence presented here that cMyBP-C palmitoylation is altered in HF, 

the palmitoylation of other key cardiac substrates was investigated and were 

found to be altered in animal models and human HF patients in a similar manner. 

Animal models of cardiac hypertrophy and HF were generally associated with a 

loss of palmitoylation, whilst human HF showed increased palmitoylation of 

substrates including NCX1 and Na+/K+ ATPase. As NCX1 is a reported substrate, 

expression and palmitoylation of DHHC5 was evaluated in these samples. Cardiac 

hypertrophy was associated with an increase in DHHC5 expression as early as 3-

days post injury, however HF development was associated with unchanged or 

reduced levels of DHHC5. Previous work suggests DHHC5 overexpression may not 

directly impact protein palmitoylation or cardiomyocyte function, therefore 

DHHC5 palmitoylation was evaluated to investigate whether its activity may be 

changed. Interestingly, DHHC5 palmitoylation followed a similar pattern in disease 

to NCX1. This may indicate that there are upstream factors such as fatty acid 

availability that influence the palmitoylation of all substrates together. This study 

provides an insight into changes of palmitoylation in cardiac disease, although 

given that changes in singly palmitoylated proteins are more easily detected by 

Acyl-RAC, further characterisation using additional methods is required.  
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1.1 The cardiac contractile cycle 

The cardiac cycle involves the rhythmic action of diastole (heart relaxation and 

filling of ventricles with oxygenated blood) and systole (heart contractility and 

ejection of blood into systemic and pulmonary circulatory systems). This 

facilitates the flow of blood around the body, therefore supplying the organs with 

oxygen and essential nutrients whilst collecting waste products and carbon dioxide 

to be expelled through the lungs. This process is tightly regulated, lasting less 

than 1 second at rest, to allow the heart to consistently meet the body’s demands 

throughout a lifetime, encompassing over 2.5 billion beats (Pollock & Makaryus, 

2019).  

1.1.1 Excitation-contraction coupling 

Although the heart is comprised of several cell types, the mechanical pumping is 

driven by specialised muscle cells called cardiomyocytes, which comprise 70-80% 

of the mass of the heart. These cells are influenced by the cycling of calcium 

(Ca2+) in a mechanism known as excitation-contraction coupling (ECC; Zhou and 

Pu, 2016). Atrial and ventricular cardiomyocytes have a resting membrane 

potential of ~-90mV during diastole, predominantly determined by the 

electrochemical gradient involving the intracellular and extracellular 

concentration of potassium (K+) ions. Excitation is initiated by electrical signals 

from the sinoatrial (SA) node, known as the pacemaker, located in the right atrium 

(Park & Fishman, 2017). The SA node contains specialised pacemaker cells which 

have an unstable resting membrane potential due to the presence of 

hyperpolarising activated cyclic nucleotide gated (HCN) channels. These generate 

the “funny” current (If), allowing slow influx of sodium (Na+) ions into the cell. 

Once the membrane potential of these cells reaches -40mV, voltage activated T-

type Ca2+ channels are opened allowing Ca2+ to enter the cell and facilitating rapid 

depolarisation to +10mV in the upstroke of the action potential. The action 

potential is propagated through the cardiac conduction system to co-ordinate 

atrial systole followed by ventricular systole (Figure 1.1; Wei, Yohannan and 

Richards, 2021) 
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Figure 1.1. The cardiac conduction system. 
Action potentials are generated in the sinoatrial node pacemaker cells in the right atrium (RA) of the 
heart. These cells have unstable membrane potential, with hyperpolarisation activated cyclic 
nucleotide gated (HCN) channels generating the “funny” current (If), leading to slow influx of Na+ ions 
and raising the membrane potential from -60mV to -40mV. At -40mV T-type voltage gated calcium 
channels are activated which triggers the action potential upstroke. The action potential is 
propagated throughout the heart via bundles of fibres, including purkinje fibres, to the atrioventricular 
node, left atrium (LA), left ventricle (LV) and right ventricle (RV).  

In individual cardiomyocytes, contraction is coupled to excitation by the arrival of 

the action potential at the sarcolemma leading to the activation of voltage-gated 

sodium channels (VGSCs) located there. These channels drive an influx of Na+ 

which results in the depolarisation of the cardiomyocyte membrane from -90mV 

to +40mV, and in doing so leads to activation of voltage gated L-type Ca2+ channels 

(LTCC, Ca(v)1.2), which are permeable to Ca2+ and allow a small influx of Ca2+. In 

ventricular cardiomyocytes, LTCCs are localised in specialised membrane 

invaginations known as transverse-tubules (T-tubules), which propagate signals 

from action potentials into cardiomyocytes and allow close coupling (~15nm apart) 

of the LTCCs with cardiac ryanodine receptors (RYR) found on the cardiomyocyte 

internal Ca2+ store, the sarcoplasmic reticulum (SR; Eisner et al., 2017). The Ca2+ 
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influx via LTCCs activates the RYRs leading to a much larger efflux of Ca2+ from 

the SR, up to an intracellular Ca2+ ([Ca]i) level of 10 µM from ~100 nM, in a process 

known as Ca2+-induced Ca2+ release. This period is prolonged compared to the 

initial upstroke of the action potential, as during this plateau Ca2+ stimulates the 

cardiomyocyte contractile machinery which shortens the cell (described in 1.1.2). 

Cardiomyocytes are electrically linked via gap junctions, and mechanically linked 

via intercalated discs, allowing ECC to occur simultaneously throughout the tissue, 

leading to co-ordinated atrial or ventricular systole (Bers, 2002a). Depletion of 

the SR triggers closure of RYRs and removal of Ca2+ to end the contraction and 

return the cardiomyocyte to a resting state for the cycle to repeat. This occurs 

predominantly through re-uptake to the SR through the sarcoplasmic reticulum 

Ca2+-ATPase (SERCA, ~70% of uptake) and removal from the cell in exchange for 

sodium by the Na+/Ca2+ exchanger 1 (NCX1, ~28% of uptake), closely coupled with 

the activity of the Na+/K+ ATPase. Ca2+ removal also occurs through the plasma 

membrane Ca2+ ATPase (PMCA) and the mitochondrial Ca2+ uniporter (MCU), to a 

lesser extent (Figure 1.2; Bers, 2002b; Fearnley, Llewelyn Roderick and Bootman, 

2011; Eisner et al., 2017).  
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Figure 1.2. Cardiac excitation contraction coupling.  
Arrival of an action potential (AP) at the sarcolemma of a cardiomyocyte results in activation of 
voltage gated sodium channels (Na(v)1.5) located there, allowing sodium (Na+) to enter the cell, 
further depolarising the membrane. This depolarisation activates L-type voltage gated calcium 
channels (LTCC) located in the cardiomyocyte T-tubules, specialised invaginations that allow 
propagation of signal throughout the cell. LTCCs are permeable to calcium ions (Ca2+) which flow 
into the cell and bind to closely located ryanodine receptors (RYR) on the sarcoplasmic reticulum 
(SR), the internal calcium store of the cell. This activation induces a large release of calcium into the 
cell in the process known as calcium induced calcium release. Calcium then binds to the contractile 
machinery of the cell and triggers the sequence of events that will result in shortening of the cell and 
systole. At the end contraction, calcium is removed from the cytoplasm to return it to its resting state, 
mainly through the sarcoplasmic reticulum Ca2+ATPase, controlled by accessory protein 
phospholamban (PLB) back into the SR for the next cycle. Calcium is also expelled from the cell via 
the Na+/Ca2+ exchanger (NCX1) in exchange for sodium (Na+), the activity of which is closely coupled 
to the Na+,K+ ATPase which maintains the sodium gradient by exchanging it for potassium (K+), 
regulated by its accessory protein phospholemman (PLM). Calcium is also removed from the cell by 
the plasma membrane Ca2+ ATPase (PMCA) and the mitochondrial Ca2+ uniporter (MCU), to a lesser 
extent. The inset diagram shows the relationship between AP, intracellular calcium [Ca]i and 
contraction in a ventricular cardiomyocyte. Adapted from Bers, 2002 and taken from Main and Fuller, 
2021. 

1.1.2 The cardiac myofilament 

During systole, the rise in intracellular Ca2+ activates the cardiomyocyte 

contractile machinery within specialised features of the striated muscle known as 

sarcomeres. Sarcomeres are repeating units, ~1.7µm to ~2.3µm in diameter 

(systolic and diastolic lengths in humans), composed of myosin-containing thick 

filaments, actin-containing thin filaments and a host of accessory proteins that 

co-ordinate their interaction (collectively known as myofilaments). The sarcomere 
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is arranged in a lattice structure with overlapping thick and thin filaments in the 

central A-band, whilst the I-bands contain thin filaments attached to Z-discs to 

allow the sarcomeres to be linked together. The M-band is the thick filament 

exclusive region where thick filament tails are wound together to create this 

region which regulates lattice tension (Agarkova et al., 2003). Accessory proteins 

include myosin binding protein-C (MyBP-C, discussed in detail in 1.2) located in 

the C-zone, and the giant protein Titin, which transverses every half sarcomere 

along the thick filament linking Z-disc and M-band proteins (Figure 1.3; de Tombe 

and ter Keurs, 2016). 

 

Figure 1.3. The anatomy of a sarcomere. 
The sarcomere is primarily composed of myosin thick filaments (purple) and actin thin filaments 
(blue). The overlapping of actin and myosin in the A-band gives rise to the striated pattern of the 
skeletal and cardiac tissue where sarcomeres are found. I-bands which contain actin thin filaments 
are attached to Z-discs which link sarcomeres together. The central M-band of the sarcomere 
contains thick filaments which provide lattice tension. The C-zone contains the sarcomeric accessory 
protein myosin binding protein-C (MyBP-C) and the giant sarcomeric protein titin traverses the half 
sarcomere along the thick filament.  

Aside from containing predominantly monomeric actin, which polymerises to form 

a double stranded helix known as F-actin, thin filaments contain the regulatory 

troponin-complex on every seventh monomer of actin and the coiled-coil protein 

tropomyosin (Tm), formed of two polypeptide chains in a super helical strand 

which runs parallel into the grooves of the actin helix (Figure 1.4; Kobayashi, Jin 

and de Tombe, 2008). After release from the SR, calcium’s interaction with the 

hetero-dimer troponin complex initiates the contractile process. Troponin-C (TnC) 

is the Ca2+ sensing element of the complex with three Ca2+ binding sites. Two of 
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these are always occupied, and binding of Ca2+ to the third, lower affinity site 

during systole induces the switch peptide of Troponin-I (TnI), the inhibitory 

component of the complex, to increase its binding to TnC. This interaction 

produces a conformational change that reduces the interaction between TnI and 

Troponin-T (TnT), which directly binds to Tm located along the actin thin 

filament, blocking the binding of myosin to actin. The Ca2+-induced weakening of 

the troponin complex leads to a conformational shift in Tm’s position causing it 

to move deeper into the actin groove and increases the available binding sites on 

actin for myosin to attach (de Tombe, 2003). 

Structurally, cardiac myosin is composed of two heavy chains (MHC) which can be 

further divided into “head” (heavy meromyosin, HMM) and “tail” (light 

meromyosin, LMM) regions, with several LMMs linking together to form the thick 

filament backbone. The HMM region can be further divided into adenosine 

triphosphate (ATP)-dependent motor subfragment-1 (S1) region, which contains a 

nucleotide binding pocket as well as the actin binding interface, and the 

subfragment2 (S2) neck region. The S2 is thought to play important roles in 

regulating myosin velocity by imposing a drag on the filaments, and in myosin 

auto-inhibition and formation of the super-relaxed (SRX) state of myosin 

(discussed in more detail elsewhere; Barrick et al., 2021). Each chain also has 

regulatory (RLC) and essential (ELC) light chain unit associated with it, with 

phosphorylation of the former enhancing contractile function and the latter 

providing further fine tuning of the motor domain in an isoform dependent manner 

(Figure 1.4; Hernandez et al., 2007; Toepfer et al., 2013).  
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Figure 1.4. Inside the cardiac myofilament. 
Cardiac myofilaments are composed of thin filaments, with two strands of woven actin molecules 
and accessory proteins tropomyosin and the troponin complex (comprising troponin-I (TnI), troponin-
T (TnT) and troponin-C (TnC), and myosin thick filaments, including thick filament accessory proteins 
cardiac myosin binding protein-C (cMyBP-C) and titin. Cardiac myosin has been further structurally 
defined into the light meromyosin tail, which forms the thick filament backbone, and the heavy 
meromyosin head unit containing the myosin subfragment2 (S2) neck and the myosin subfragment 
1 (S1) motor domain and actin binding sites. There are also essential light chain (ELC) and regulatory 
light chain (RLC) units in this region of the protein. Taken from Main, Fuller, et al., 2020.   

After myosin has bound the newly available sites on actin, the hydrolysis of ATP 

in the S1 domain leads to the “power stroke”, sliding actin along the myosin 

filaments, shortening the I-bands of the sarcomere and bringing the Z-lines closer 

together. At the end of contraction, subsequent removal by the processes 

mentioned induces the release of Ca2+ from TnC and results in myosin detachment 

and relaxation during diastole. This process is known as cross-bridge cycling and 

when coordinated throughout the cell and tissue, results in contraction of the 

heart (Bers, 2002a; de Tombe, 2003; Eisner et al., 2017). Overall, myofilaments 

are essential to cardiac function and as such are involved in both the intrinsic and 

extrinsic mechanisms that regulate myocardial contractility. 

1.1.3 Intrinsic regulation of contractility 

Cardiac output, defined as the amount of blood pumped by the heart through the 

circulatory system per minute, can be adapted by changing heart rate (HR, the 

number of beats per minute) or stroke volume (SV, amount of blood pumped into 

the circulatory system, calculated by end-diastolic volume (EDV) minus end-

systolic volume (ESV)). Modulating either stroke volume, e.g., through length-

dependent activation mechanisms, or heart rate, as observed in the force-
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frequency relationship, allows the heart to intrinsically adapt to maintain or alter 

cardiac output to meet the demands of the body (King & Lowery, 2021). 

 

1.1.3.1 Length dependent activation 

A unique feature of cardiac muscle is its ability to adapt its stroke volume to 

maintain cardiac output if there are changes in EDV (the volume of blood returning 

to the heart) and therefore the end-diastolic pressure (pre-load), otherwise known 

as the Frank-Starling Law of the Heart. This is an important regulatory mechanism 

as increased venous return, and therefore pre-load in the ventricle, can be caused 

by a number of factors, including changes in inspiration, the cardiac suction effect 

or the effect of the skeletal muscle pump. As such, the heart must often adapt its 

usual stroke volume and end-diastolic pressure (EDP) to expel extra blood. 

Additionally, any increase in after-load (i.e. the systemic vascular resistance the 

heart must work against) will have the same effect on increasing pre-load, 

requiring the stroke volume to be increased to overcome the additional resistance 

(Tansey et al., 2019).  

The fundamental basis of the mechanism is that the stretching of the 

cardiomyocytes during increased pre-load leads to a phenomenon known as 

length-dependent activation (LDA) within the stretched sarcomeres, resulting in 

increased force generation a few milliseconds after stretch (Mateja & de Tombe, 

2012). Although a logical explanation would be that increasing sarcomere length 

increases the extent of overlapping thin and thick filaments and therefore the 

number of actin-myosin cross-bridges, the length-force relationship is steep and 

un-uniform and so is likely a more complex phenomenon. It is now understood that 

the increasing sarcomere length-to-force relationship is governed by changes in 

thick filament structure, resulting in higher active force, whilst increasing 

sarcomere length also increases the Ca2+ sensitivity of the thin filament, 

generating more myocardial force at a given Ca2+ concentration compared to 

shorter sarcomere length (Figure 1.5; Claflin, Morgan and Julian, 1998; de Tombe 

et al., 2010; Zhang et al., 2017).  

Cardiac output (CO) = Heart rate (HR) x stroke volume (SV) 
             (Beats per minute)   (EDV-ESV) 

 



Chapter 1: Introduction  10 
 

 

Figure 1.5. Sarcomere length and the Frank-Starling pressure volume system of the heart. 
The pressure-volume loop of the ventricle demonstrates the Frank-Starling Law of the heart whereby 
increasing end-diastolic volume and pre-load leads to an adaptation of the ventricle to increase 
contractility and end-systolic pressure. The underlying mechanisms involves lengthening of cardiac 
sarcomeres in a mechanism known as length dependent activation, where at a longer sarcomere 
length, myofilaments are more sensitive to calcium (curve shifts to the left) and can produce a greater 
force (curve shifts upwards). Adapted from de Tombe et al., 2010. 

The exact molecular mechanisms underlying LDA are still being elucidated. At 

longer sarcomere lengths, the interfilament spacing between the thick and thin 

filaments is reduced which was hypothesised to drive the increase in myofilament 

Ca2+ sensitivity (Irving et al., 2000). However, when this spacing is replicated using 

osmotic compression, the same level of sensitivity gained by increasing sarcomere 

length is not observed, suggesting other mechanisms are involved in LDA (Konhilas 

et al., 2002). Some more recent work has defined the changing conformation and 

activity of the troponin complex during LDA. Using X-ray diffraction and 

fluorescence resonance energy transfer (FRET) based measurements, it has been 

observed that the TnI/TnC binding relationship, which governs thin filament 

activation, is altered at increasing sarcomere length in a way that is independent 

from its change during Ca2+ activation or thick filament activity (Zhang et al., 

2017).  

Whilst increasing thin filament Ca2+ sensitivity shifts the force curve to the left at 

longer sarcomere lengths, the increase in maximum force at a given Ca2+ 

concentration has been shown to involve the thick filament. A change in the 
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number of force-generating myosin heads or the orientation of these heads before 

the sarcomere length increases is essential to development of LDA (Caremani et 

al., 2016; Farman et al., 2011). This involves the ratio of myosin heads in the 

super relaxed state (SRX, orientated toward the backbone away from actin and 

hydrolysing ATP at a slow rate) versus the disordered relaxed state (DRX, 

orientated toward actin but not directly bound, hydrolysing ATP at a fast rate), 

with stretch of sarcomeres shown to increase the number of myosin heads from 

the SRX to the DRX state (Kampourakis et al., 2016).  

Importantly, the thin and thick filament associated LDA changes have been linked 

to the giant myofilament accessory protein Titin, which is the main contributor of 

passive force, defined as the force generated from structural elements of the 

muscle (Herzog, 2018). Passive force increases at longer sarcomere lengths and 

removal of titin or altering of its spring elements reduces passive tension, alters 

inter-filament spacing and reduces Ca2+ sensitivity (Ait-Mou et al., 2016). The 

conformational changes observed in the troponin complex mediating the increase 

in Ca2+ sensitivity have been related to titin, as loss of titin driven passive tension 

in a transgenic mouse (RBM20) expressing a more compliant form of titin was 

accompanied by reduction in the sarcomere-length dependent conformational 

change in TnC, reducing Ca2+ sensitivity (Li et al., 2019). X-ray diffraction revealed 

that in a RBM20 mutation rat model, myosin heads are found closer to the myosin 

backbone, however the contribution of titin to the SRX:DRX ratio still remains to 

be investigated (Ait-Mou et al., 2016). Interestingly, MyBP-C has also been 

implicated in LDA through thick and thin filament regulatory mechanisms, 

including affecting myofilament Ca2+ sensitivity and the SRX:DRX ratio of myosin, 

which will be discussed in detail in 1.2. Altogether, LDA underlying the Frank-

Starling mechanism is largely governed by myofilament protein function, and as 

such anything that changes myofilament protein behaviour has the potential to 

alter the fundamental properties of the heart. This is one of the reasons why 

myofilament proteins are the subject of intense research in cardiac disease, as 

will be discussed.  

1.1.3.2 The force-frequency relationship  

As well as through changes in LDA, myocardial force is intrinsically linked to heart 

rate through the force-frequency relationship (FFR). Bowditch (1871) first made 
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the observations in an isolated frog heart that rate and rhythm were proportional 

to contractile force. This is largely because increased heart rate reduces 

ventricular filling time and EDV, requiring a higher systolic force and velocity in 

order to maintain cardiac output (Endoh, 2004). Analogous to LDA, Ca2+ plays a 

central role in the FFR as early studies showed that increasing beating frequencies 

caused an increase in the Ca2+ transient amplitude and SR load (Allen & Blinks, 

1978; Pieske et al., 1999). The increased intracellular Ca2+ is likely due to more 

Ca2+ influx through the LTCC. This, coupled with the fact that increasing frequency 

increases intracellular Na+ levels, leads to a consistently greater intracellular Ca2+ 

concentration during each transient through reduced export by NCX1 and 

increased uptake by SERCA into the SR (Endoh, 2004; Janssen and Periasamy, 

2007). The FFR is species dependent, as whilst most mammalian species including 

humans, rabbits and pigs, show a positive FFR (increased frequency generates 

increased force) at frequency rates of 0.5-1Hz, some species, including rats and 

mice, show a negative FFR. This is likely to do with the physiological HR, as mouse 

and rat FFR becomes positive at higher frequencies closer to physiological HR. 

Differences in Ca2+ are thought to contribute, as rat and mice cardiomyocytes have 

a higher SR Ca2+ content due to increased activity of SERCA and less extrusion of 

Ca2+ by NCX1 (Bers, 2001; Endoh, 2004).  

There has been limited study in myofilament function in FFR compared to the LDA. 

However, there is increasing interest in studying its role as although human 

ventricular myocardium has a positive FFR, human heart failure (HF) is associated 

with a negative or neutral FFR, in a way different to the physiological negative 

FFR observed in some species, with corresponding blunting in Ca2+ transients 

(Figure 1.6; Endoh, 2004; Lamberts, van der Velden and Stienen, 2008).  



Chapter 1: Introduction  13 
 

 

Figure 1.6. The force frequency relationship and myofilament calcium sensitivity in the 
healthy and failing myocardium. 
In the healthy heart, the force frequency relationship (FFR) generates increased force upon 
increasing frequency (positive FFR), however in the failing heart, increased frequency reduces the 
force developed (negative FFR). In the healthy myocardium, increasing frequency does not cause a 
change in Ca2+ sensitivity, whilst in the failing heart an increase in frequency is accompanied by a 
decrease in Ca2+ sensitivity (rightward shift of Ca2+-force curve). Adapted from Lamberts, van der 
Velden and Stienen, 2008. 

A study by Lamberts et al. showed that whilst increasing frequency generated 

increased force and Ca2+ transients in healthy rat trabeculae, failing hearts 

showed a decline in force without a change in Ca2+ transient amplitude. Similarly, 

isolated cells from healthy heart had no change in the force-Ca2+
 relationship curve 

at increasing frequency, whilst failing heart cells saw a rightward shift. Overall, 

this indicated that Ca2+ sensitivity of the myofilaments does not influence healthy 

FFR, instead it is the increase in Ca2+ transient amplitude which plays a role, whilst 

in a failing heart, myofilament desensitisation to Ca2+ is involved (Lamberts et al., 

2008). Interestingly, the exact mechanisms underlying the myofilament role in FFR 

may involve phosphorylation of myofilament proteins including TnI, with more 

recent work suggesting that myofilament Ca2+ sensitivity may play a role in the 
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healthy FFR response as well (Ramirez-Correa et al., 2010). Indeed, 

phosphorylation is without a doubt one of the key extrinsic modulators of cardiac 

contractility as a whole.  

1.1.4 Extrinsic regulation of contractility 

Stroke volume, heart rate and subsequently cardiac output can be modulated 

extrinsically by various neurotransmitter and hormonal pathways. This includes 

the autonomic nervous system comprising two opposing arms, the sympathetic 

nervous system (SNS) and the parasympathetic nervous system (PNS). Both are 

comprised of G-protein coupled receptors (GPCRs) which either activate, i.e. 

adrenergic GPCRs in the SNS, or inhibit, i.e. cholinergic GPCRs in the PNS, adenylyl 

cyclase activity and therefore downstream signalling pathways involving cyclic-

adenosine monophosphate (cAMP) and activity of protein kinase A (PKA). Whilst 

anatomically the PNS can innervate all the chambers of the heart, it 

predominantly regulates contractility via the cardiac conduction system (Ulphani 

et al., 2010). On the other hand, SNS stimulation has wide ranging affects across 

the entire heart, generally leading to positive chronotropy, positive inotropy 

(increased force of contraction) and positive lusitropy (increased rate of 

relaxation) through activity of noradrenaline on adrenergic receptors 

(adrenoceptors).  

1.1.4.1 The adrenergic system and phosphorylation 

Adrenoceptors can be subdivided into α- and β-, receptors, and whilst α1-

adrenoceptors are found in the heart, β-adrenoceptors are the predominant form 

(90% of total adrenoceptors, O’Connell et al., 2014). Within the β-adrenoceptor 

class there are three isoforms known as β1, β2 and β3, with existence of a fourth 

isoform β4 in the cardiac tissue hypothesised but still unconfirmed (Galitzky et 

al., 1997; Strosberg et al., 1998). The β1-adrenoceptor constitutes 80% of the β-

adrenoceptor population in cardiac tissue, being present in all cardiomyocytes, 

whilst the majority of cells lack β2- and β3-adrenoceptors, and as such the β1-

adrenoceptor has been the most well characterised in its role in contractile 

function (de Lucia et al., 2018; Myagmar et al., 2017). As GPCRs, β1-

adrenoceptors are coupled to stimulatory Gαs G-proteins and upon agonist 

binding, these G-proteins activate adenylyl cyclase which catalyses the conversion 



Chapter 1: Introduction  15 
 

of ATP to cAMP. Unlike a whole cell rise in Ca2+ during a contractile transient, 

activity of cAMP is localised to specific areas to direct its activity, likely driven 

through compartmentalization of phosphodiesterases (PDEs), which break down 

cAMP, and anchoring of adenylyl cyclase to distinct membrane regions (Zaccolo, 

2009). The main effector of cAMP activity is the enzyme PKA, which contains two 

regulatory subunits and two catalytic subunits. The binding of cAMP to the 

regulatory subunits releases the catalytic subunits and allows them to 

phosphorylate downstream cardiac substrates (Figure 1.7). 
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Figure 1.7. β1-adrenoceptor cascade and phosphorylation of downstream substrates. 
Noradrenaline release from sympathetic nerve fibres acts on β1-adrenoceptors which are coupled to 
a G-protein. Activation of the receptor causes the Gαs subunit to dissociate from the β and γ subunits 
and activate adenylyl cyclase. Adenylyl cyclase converts ATP to cAMP which acts upon the enzyme 
protein kinase A (PKA) and activates it by binding to its regulatory subunits, allowing the catalytic 
subunits to phosphorylate downstream substrates. Phosphorylation can be limited by the 
degradation of cAMP by phosphodiesterases. Figure created with components from Baillie, Tejeda 
and Kelly, 2019. 

Phosphorylation, the addition of a phosphate group to an amino acid side chain of 

a serine, threonine or tyrosine residue, is a post-translational modification that 

leads to small structural changes within the protein which then induce changes in 

its biochemical properties. This leads to a wide range of effects including altering 

ion channel conductance, association of proteins with their binding partners, 

transcription/translation processes and metabolic function. Phosphorylation is 

estimated to target at least 30% of the proteome, with more recent mass 

spectrometry-based analysis suggesting this could be more than 75% (Cohen, 2002; 
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Sharma et al., 2014). Although PKA mediates the majority of β1-adrenoceptor 

driven affects, phosphorylation can occur via other protein kinases including 

protein kinase C (PKC), protein kinase D (PKD), Ca2+/calmodulin-dependent kinase 

II (CAMKII) and extracellularly regulated kinases (ERKs; Rapundalo, 1998). 

Additionally, as phosphorylation has such prominent effects on protein function, 

it is kept in balance by dephosphorylation driven by protein phosphatases (PP), 

with PP1, PP2A and PP2B (calcineurin) accounting for 90% of dephosphorylation of 

cardiac substrates (Weber et al., 2015). 

Although an estimation of the percentage of the cardiac proteome that undergoes 

phosphorylation has not been published, study of individual proteins demonstrates 

the importance of phosphorylation in mediating SNS driven effects (Lundby et al., 

2013). Phosphorylation and dephosphorylation of cardiac myofilament proteins, in 

particular regulatory proteins associated with actin and myosin, plays a significant 

role in myofilament Ca2+ sensitivity, force generation and relaxation. At the thin 

filament level, phosphorylation of TnI by PKA at S23/24 (in a cardiac isoform 

specific region) has been the most well documented, and whilst levels are high in 

healthy individuals, they are reduced in failing human hearts (Messer et al., 2007). 

Functionally, phosphorylation of these sites leads to a decrease in myofilament 

Ca2+ sensitivity and increased dissociation of Ca2+ causing predominantly lusitropic 

effects (Zhang, Zhao, & Potter, 1995). This is in part driven by a weakening TnI’s 

binding to TnC in the Ca2+ binding site, where it promotes optimal positioning of 

TnC to bind Ca2+, to an adjacent site (Kachooei et al., 2021). Initially investigation 

of the role of p-TnI in relaxation provided some conflicting results, with some 

groups observing this positive lusitropic effect and others observing no effect of 

increasing PKA on myofilament function (Johns et al., 1997). It is now understood 

through production of phosphomimetic mutants (serine replaced with aspartic 

acid) that phosphorylation at both sites, occurring sequentially at S24 followed by 

slower phosphorylation at S23, is required for these effects (Wijnker et al., 2013). 

This phenomenon of co-operative phosphorylation of multiple sites is not 

uncommon, and occurs in MyBP-C, as will be discussed.  

Phosphorylation of TnT and TnC is less well characterised, and there is currently 

no evidence that either is a substrate of PKA. Phosphorylation of Tm at S283 has 

recently been characterised in vivo, where phosphomimetic substitution (S283D) 
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impaired diastolic function and decreased lusitropy, without affecting Ca2+ 

sensitivity, which contradicted previous in vitro work but was supported by ex 

vivo studies (Rajan et al., 2019). Interestingly, unlike TnI phosphorylation, the 

level of Tm phosphorylation in the mouse heart is high during development but 

low in the adult (~30%) and levels are increased in cardiomyopathies (Heeley et 

al., 1982; Schulz et al., 2013). Although the phosphorylating enzyme(s) of Tm have 

not yet been characterised, it is not surprising then that increasing 

phosphorylation as a therapeutic strategy has been difficult as it may have 

contrasting effects on myofilament function depending on the target. 

In terms of the thick filament, phosphorylation of the myosin RLC has been well 

characterised, with early studies showing a positive correlation between 

phosphorylation and isometric force in skeletal muscle, with similar results then 

obtained in cardiac tissue (Toepfer et al., 2013). RLC has not been identified as a 

substrate of PKA and instead is phosphorylated by myosin light chain kinase (MLCK) 

where the negative charge brought by the phosphate addition repels the myosin 

heads from RLC toward the thin filament and alters interfilament spacing and 

therefore promotes cross-bridge activity (Colson et al., 2010). The giant 

sarcomeric protein Titin is thought to have the most potential phosphorylation 

sites of the cardiac proteins, but so far few have been characterised. PKA 

phosphorylation of titin occurs in an area unique to the cardiac isoform and 

decreases passive tension of cardiomyocytes, with phosphorylation levels reduced 

in human HF (Krüger & Linke, 2006; Krysiak et al., 2018). One protein for which 

phosphorylation plays an essential regulatory role, loss of which is implicated in 

cardiovascular disease, is the sarcomeric accessory protein MyBP-C. 

1.2 Cardiac myosin binding protein-C 

In 1971, Starr and Offer identified several protein contaminants in a skeletal 

myosin preparation. These were analysed via gel electrophoresis and annotated 

in relation to the size of myosin heavy chain (~200kDa, band A) from B to J (Starr 

& Offer, 1971). Soon after, evidence emerged that the ~140kDa protein found at 

band C, therefore named “C-protein”, was a new skeletal myofibril protein and 

follow up electron microscopy revealed its localisation as 7 transverse stripes in 

each half of the A-band of the sarcomere, in an area known as the C-zone. To date 

this is one of the best visualisations of the protein in the sarcomere (Craig & Offer, 
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1976; Offer et al., 1973). C-protein molecules, now more commonly known as 

myosin binding protein-C (MyBP-C) are spaced precisely 43nm apart in clusters of 

2-4 molecules and this localisation in each C-zone is what gives MyBP-C its 

characteristic “doublet” appearance in immunofluorescence (Figure 1.8; Luther 

et al., 2011).  

 

Figure 1.8. Electron and confocal microscopy of MyBP-C.  
Early work by Craig and Offer used glycerated rabbit skeletal muscle and an antibody against myosin 
binding protein-C (MyBP-C) to show its arrangement in the sarcomere with electron microscopy. 
MyBP-C localised to the A band of the sarcomere and appears in the skeletal muscle as 7 transverse 
stripes covering what is now known as the C-zone. This localisation means that when visualised with 
confocal microscopy, MyBP-C (in this example, cardiac MyBP-C stained in adult rabbit 
cardiomyocytes) shows a distinct “doublet” appearance with each green stripe representing one 
MyBP-C covered C-zone. Adapted from Craig & Offer, 1976; Winegrad, 1999. 

1.2.1 Molecular characterisation 

Although much of the early work was conducted in skeletal tissue, MyBP-C was 

later identified in the myocardium (Yamamoto & Moos, 1983). Following the 

advances in biochemical sequencing, it was revealed that MyBP-C exists as three 

paralogues on three different genes; two are found predominantly in the skeletal 

muscle, known as slow skeletal MyBP-C (ssMyBP-C), encoded by the MYBPC1 gene, 

and fast skeletal MyBP-C (fsMyBP-C), encoded by the MYBPC2 gene. The third 

isoform, cardiac MyBP-C (cMyBP-C) is encoded by the MYBPC3 gene and is 

exclusively expressed in the cardiac tissue during human development 

(Fougerousse et al., 1998; Weber et al., 1993). The three main isoforms share a 

similar sequence homology and overall modular structure, with all being 

comprised of three fibronectin type-III like domains and seven immunoglobulin-

like C2-type domains, overall classifying it as a member of the immunoglobulin 

superfamily of proteins. Additionally, there is a proline/alanine rich linker found 
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N-terminal to the C1 domain and an “M” domain known as the MyBP-C Motif 

between C1 and C2. A small homolog, MyBP-H, has also been identified in both 

skeletal and cardiac tissue, and shares a similar C-terminal domain structure to 

the other isoforms (Mouton et al., 2015). The cardiac isoform has several unique 

features including an entire N-terminal immunoglobulin domain, C0, a LAGGGRRIS 

motif in the M-domain and an additional 28 amino acid loop in the central C5 

domain (Gautel et al., 1995; Figure 1.9).  

 

Figure 1.9. Isoforms of MyBP-C.  
Myosin binding protein-C (MyBP-C) exists as three paralogues expressed by three different genes. 
Two are found predominantly in skeletal muscle, slow and fast MyBP-C, and have a similar sequence 
homology, although there are up to 14 variants of the slow skeletal. Each isoform has seven 
immunoglobulin-like C2 type domains (green), three fibronectin type-III domains (blue), a 
proline/alanine rich linker (red) N-terminal from the C1 domain and a MyBP-C Motif domain named 
the M-domain (grey). cMyBP-C shares a 50-55% homology with the skeletal isoform but has cardiac 
specific modifications including an entire immunoglobulin domain at the N-terminus (C0, yellow) and 
cardiac specific sequence insertions in the M domain and the central C5 domains (human sequence). 
A smaller homolog, MyBP-H, has been identified which shares sequence structure with the C-
terminal domains of the MyBP-C isoforms (Main, Fuller, et al., 2020). 

As a highly modular protein, there are currently no high-resolution structures of 

full length cMyBP-C available, which is a major weakness for the field. However, 

several studies have utilised techniques such as atomic force microscopy, nuclear 

magnetic resonance and crystallography to elucidate the structure and function 

of the different domains of cMyBP-C (Finley & Cuperman, 2014). To date, the 

central domains (C4-C6) remain relatively understudied, but as will be discussed 

in Chapter 3, may provide an important area of the protein to regulate its stability, 

PTMs and interactions with myofilament binding partners. By far the most well 

characterised domains are at the N-terminal (C0-C3) and C-terminal (C7-C10) 

regions due to their interactions with the thick and thin filaments where cMyBP-C 
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is an important structural component but most evidently, a regulator of 

contractility. 

1.2.2 cMyBP-C as a structural component of the sarcomere 

When it was first discovered, due to its abundance and its precise arrangement in 

the sarcomere, representing 2% of myofilament mass, MyBP-C was initially thought 

to play a purely structural role, and several sarcomeric binding partners have been 

identified. As the name suggests, the first of these was the LMM component of the 

myosin backbone which is required for its localisation in the sarcomere (Moos et 

al., 1975; Okagaki et al., 1993; Freiburg and Gautel, 1996; Gilbert et al., 1996). 

Studies of the binding affinity suggest that whilst there is one predominant myosin 

binding site in the C10 domain, the final four domains (C7-C10) are required for 

maximum binding affinity (Flashman et al., 2007). cMyBP-C also interacts with the 

giant sarcomeric protein Titin, which traverses the sarcomere in super-repeats of 

IgG and Fn-like domains, 11 of which are found in the C-zone. Transgenic mice 

lacking two of these repeats show a loss of cMyBP-C localisation to the C-zone and 

again implicate the C10 domain in binding (Tonino et al., 2019; Zoghbi et al., 

2008). Skeletal MyBP-C binds to and is required for FHL1 (four and a half lim 

protein 1) incorporation into the thick filament, although the relationship in 

cardiac tissue has not been reported (McGrath et al., 2006). Most recently a strong 

binding relationship has been reported between cMyBP-C and Fhod3. This protein 

contributes to actin polymerisation and sarcomere assembly and in the absence 

of cMyBP-C is mislocalised and dysfunctional (Matsuyama et al., 2018; Taniguchi 

et al., 2009).  

These studies indicate that cMyBP-C plays an essential role in the sarcomere as an 

anchor for other proteins, particularly with regard to the thick filament. However, 

in the 1990s two mutations were identified in the MYBPC3 gene which resulted in 

familial hypertrophic cardiomyopathy (HCM), a heritable genetic condition which 

results in hypercontractility and is the leading cause of sudden death in young 

adults (discussed in detail in 1.2.5.1; Baron et al., 2020). Interestingly, the two 

mutations identified were in the region reported to be involved in LMM binding 

(Bonne et al., 1995; Watkins et al., 1995). Whilst the loss of cMyBP-C-LMM binding 

may account for the sarcomere disarray associated with HCM, emerging studies at 

the time showed that extraction of the skeletal form of MyBP-C leads to increased 
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force and velocity, and extraction of the cardiac form altered Ca2+ sensitivity 

analogous to what is observed in HCM (Hofmann, Criss Hartzell, et al., 1991; 

Hofmann, Greaser, et al., 1991). Importantly, this was observed without changes 

to sarcomere ultrastructure and began to develop the idea that MyBP-C may play 

an important functional role in the myofilament. The most compelling evidence 

in this regard came from the first cMyBP-C knock-out (KO) mouse. These mice 

were viable but developed a HCM phenotype at 3 months of age, including cardiac 

hypercontractility with accelerated crossbridge formation and depressed systolic 

and diastolic function. Observation of the ultrastructure of the sarcomere showed 

only subtle alterations to thick filament size and definition of M-lines, suggesting 

that cMyBP-C is modestly important for the development of the sarcomere but not 

essential for its stability (Harris et al., 2002; Monteiro da Rocha et al., 2016). As 

such the interest in cMyBP-C as a regulator of cardiac contractility rather than a 

structural sarcomere component gained traction.  

1.2.3 cMyBP-C – a binding partner of myosin and actin 

Although still currently debated, the most widely accepted model of cMyBP-C-

myosin binding is the trimetric collar model. This depicts the C-terminal domains 

bound to the backbone of myosin, with potential interaction with other 

neighbouring cMyBP-C molecules, and the N-terminal domains extended outward 

(Figure 1.10; Flashman et al., 2008; Moolman-Smook et al., 2002).  
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Figure 1.10. Trimetric collar model of cMyBP-C in the myofilament. 
The most widely accepted model of cMyBP-C localisation in the myofilament is the trimetric collar 
model whereby cMyBP-C C-terminal domains (C8-C10) are bound to the myosin backbone and the 
N-terminal domains C0-C7 are free to extent into the interfilament space. The positioning means 
cMyBP-C molecules may also interact with each other. Adapted from Oakley et al., 2004. 

This model suggests the N-terminal domains are free to interact with proteins in 

the interfilament space and as such binding of these domains to both myosin and 

actin has since been described. The first evidence of cMyBP-C binding to myosin 

in a region outside the LMM came from the observations that HCM-causing 

mutations in the myosin S2 reduced binding between the S2 and the M-domain of 

cMyBP-C (Gruen & Gautel, 1999). Whilst the M-domain is particularly important 

due to the phosphorylation that occurs there (discussed in more detail in 1.2.4.2), 

the C1 and C2 domains are also required for the interaction, with the C2 containing 

a HCM-causing mutation (Glu301) and a disulphide bridge between C436 and C443 

(human sequence) that may facilitate its binding (Ababou, Gautel and Pfuhl, 

2007). Similarly the C1 domain binds to myosin in a region between the S1 and S2, 

where the RLC and ELC are located (Ababou et al., 2008). Interestingly, the 

cardiac specific C0 domain has also been implicated in RLC binding, again with 

evidence that it is disrupted in HCM (Ratti et al., 2011). Most recently, cMyBP-C 

has been found to interact directly with the force generating myosin heads (S1), 

potentially via transient binding with myosin arginines. As will be discussed, this 
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may have important implications for how cMyBP-C regulates myosin in the SRX and 

DRX states (Nag et al., 2017; Touma et al., 2022). 

Whilst the ability of the cMyBP-C N-terminal domains to bind actin was initially 

seen as controversial, there is a wealth of research available today that supports 

the interaction. cMyBP-C-actin binding has been observed in intact muscle using 

electron and super resolution microscopy and many in vitro and in vivo studies 

implicate the C0-C2 domains specifically in the interaction (Kensler et al., 2011; 

Luther et al., 2011; Mun et al., 2011; Rahmanseresht et al., 2021). Although actin 

binding was first observed in skeletal muscle, interestingly the cardiac specific C0 

domain was the first actin binding site to be identified in cMyBP-C (Kulikovskaya 

et al., 2003; Moos et al., 1978). Since then, more detailed studies have suggested 

the C1 domain contains the predominant actin binding site, however the C0 

domain is required to stabilise this interaction and that this binding occurs 

sequentially, with C0 binding followed by C1 (Lu et al., 2011). Interestingly, the 

C1 domain binds in a region closely localised to the low Ca2+ binding site of Tm 

and cMyBP-C has now been shown to directly bind Tm via a positively charged 

loop, with important consequences for thin filament activation (discussed in 

1.2.4.3; Harris et al., 2016; Risi et al., 2018). Additionally, the M-domain has not 

only been observed to bind myosin, but also actin in a distinct binding site, loss of 

which prevents proper cMyBP-C localisation (Bhuiyan et al., 2012; Shaffer et al., 

2009). Most recently the C2 domain has been shown to bind actin, but does not 

activate the thin filament in comparison to the C0/C1 and M domain interactions, 

and therefore its role is currently unknown (Risi et al., 2021). Binding also 

reportedly exists between the C-terminal domains and actin, however this has not 

been confirmed by any additional studies and is only considered to occur when 

cMyBP-C C-terminal domains are not bound to LMM (Rybakova et al., 2011).  

The question then arises as to what it is about these binding interactions that 

allows cMyBP-C to regulate thick and thin filament activity. The fundamental 

message is that cMyBP-C influences cardiac contractility through altering thin 

filament activity and Ca2+ sensitivity by binding actin/Tm, and alters force 

generation and rate of force development through interactions with myosin. In 

general, cMyBP-C is viewed as a negative regulator of contractility, hence why its 

extraction, loss in KO models and loss in HCM are associated with accelerated 
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contractility (Harris et al., 2002; Korte et al., 2003). Additionally, this negative 

regulation facilitates appropriate diastole, so loss is also associated with increased 

Ca2+ sensitivity and impaired relaxation (Pohlmann et al., 2007).  However, to 

complicate matters, these roles are significantly influenced by the PTM state of 

cMyBP-C, of which several have been identified (discussed in Chapter 3), none 

more so than phosphorylation, and an understanding of how cMyBP-C functions 

cannot be gained without considering it.  

1.2.4 cMyBP-C phosphorylation 

1.2.4.1 cMyBP-C phosphorylation sites and kinases 

The first evidence of cMyBP-C phosphorylation came in 1982 when Hartzell and 

Titus studied the effects of sympathetic and parasympathetic agonists in frog 

myocardium. Upon identifying a cardiac specific, ~165kDa protein which 

incorporated radiolabelled phosphorus (32P) upon isoprenaline treatment, they 

concluded that the C-protein identified 10 years prior undergoes phosphorylation 

(Hartzell & Titus, 1982).  The first phosphorylation site identified was the serine 

found in the cardiac-specific LAGGGRRIS motif of the M-domain (S282 in rodents, 

S284 in humans) with two other M-domain serines (S273 and S302, mouse 

sequence) later identified. Each of these sites is modified by PKA and are highly 

conserved across species (Gautel et al., 1995; Mohamed et al., 1998).  

A breakthrough in our understanding of the importance of these sites came from 

a series of transgenic mice, where those that were phospho-null for the three M-

domain sites (serine (S) to alanine (A)) displaying depressed cardiac function and 

altered sarcomere structure. Additionally, expression of this form of cMyBP-C 

could not rescue the HCM phenotype of the cMyBP-C KO mouse, whilst wildtype 

(WT) and phospho-mimetic (serine (S) to aspartic acid (D)) versions could 

(Sadayappan et al., 2005). Importantly, phospho-mimetic mice showed enhanced 

recovery from I/R injury, providing the first indication that phosphorylation was 

cardioprotective (discussed in 1.2.5.2; Decker et al., 2005; Sadayappan et al., 

2006; El-Armouche et al., 2007). However, the M-domain phosphorylation sites 

are not all equal, with S282 phosphorylation being required for subsequent 

phosphorylation of the other sites in vitro and in vivo (Copeland et al., 2010; 

Sadayappan et al., 2011). Additionally, a series of transgenic animal expressing a 
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combination of phospho-null, phospho-mimetic and WT versions of the residues 

revealed that a phospho-mimetic S282D promotes cardioprotection (no 

development of hypertrophic phenotype) regardless of the presence of the other 

two sites (Figure 1.11; Gupta et al., 2013).  

 

Figure 1.11. The importance of S282 in cMyBP-C phosphorylation mediated 
cardioprotection. 
Three PKA phosphorylated serines were identified in the M-domain of cMyBP-C. A series of 
transgenic models expressing WT (serine, S), phospho-null (alanine, A) and phospho-mimetic 
(aspartic acid, D) demonstrated the importance of the sites. Loss of S282 in particular was always 
associated with cardiac pathophysiology (increased fibrosis, hypertrophy and reduced function and 
survival) whilst maintaining phosphorylation at this site, either through WT or phospho-mimetic 
replacement, lead to improved contractile parameters. Figure taken from Main, Fuller, et al., 2020 
with information from Gupta and Robbins, 2014. 

However, it is worth noting that the phospho-mimetic mutants have been reported 

to not fully recapitulate the in vivo phosphorylation by PKA that occurs at this 

site, and a transgenic of ASA was not reported in the study for comparison with 

ADA (Gupta et al., 2013; Kampourakis et al., 2018). Additionally, in vivo, whilst 

both S282 (WT) and D282 (phospho-mimetic) rescue a HCM phenotype, S282 was 

more effective in restoring the force-Ca2+ relationship (Dutsch et al., 2019). 

However, the importance of S282 as a phosphorylation site is strengthened by the 

observation that whilst total cMyBP-C phosphorylation is generally reduced in HF, 

this site is the most impacted (discussed in 1.2.5.2; Copeland et al., 2010). 

The non-equivalency of phosphorylation sites may be because of the vast array of 

kinases involved, identification of which has also uncovered additional 

phosphorylation sites in the N-terminus, including up to 17 sites in vivo (Kooij et 
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al., 2013). Although it has yet to be as well characterised, analysis of cMyBP-C 

phosphorylation in cardiac tissue from animals and humans indicates there must 

be one other predominant site aside from the S273, S282 and S302 sites, which 

could be a S311 site identified in humans (Jia et al., 2010; Copeland et al., 2010). 

Aside from PKA, PKC can also phosphorylate S273 and S302, PKD can phosphorylate 

S302 and CAMKII can phosphorylate all four M-domain sites in the mouse (Bardswell 

et al., 2010, 2012; Dirkx et al., 2012; Lu et al., 2012). More novel kinases have 

been identified including ribosomal S6 kinase (RSK), which can phosphorylate 

S282, and glycogen synthase kinase 3β (GSK3β), which can phosphorylate 302 and 

potentially a novel phosphorylation site (S133) in the P/A linker (Figure 1.12; 

Cuello et al., 2011; Kuster et al., 2013).  
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Figure 1.12. Kinases reported to target the cMyBP-C N-terminal domains. 
The four predominant phosphorylation sites of the cMyBP-C M-domain (mouse sequence), and a 
novel reported site in the P/A linker between C0 and C1 can be targeted by a host of different kinases. 
PKA, the main effector of the β-adrenergic signalling pathway, targets S273, S282 and S302 whilst 
PKC targets S273 and S302 and PKD targets only S302. Additional kinases have been reported 
including RSK, which phosphorylates S282 and GSK3β which phosphorylates S302 and S133 in the 
P/A linker. Adapted from Main, Fuller and Baillie, 2020. 

A major weakness in the field is that most of the kinase studies are carried out in 

vitro, so whether these kinases are responsible for in vivo phosphorylation remains 

largely unknown. Nevertheless, the focus in phosphorylation has largely been on 

PKA-mediated effects and clearly demonstrates, in vitro and in vivo, that 

phosphorylation significantly influences cMyBP-C’s regulation of both the thick and 

thin filament and overall myocardial contractility.  
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1.2.4.2 cMyBP-C phosphorylation and control of contractile function 

The cMyBP-C phospho-null mice demonstrate that phosphorylation is fundamental 

for cardiac physiology. A closer study of the myofilaments mechanics reveals 

phospho-null mice have reduced cross-bridge formation, and whilst PKA treatment 

accelerates cross-bridge formation, it is ineffective when cMyBP-C is absent or 

phospho-ablated (Colson et al., 2010; Tong et al., 2008). Similarly in vivo, cMyBP-

C KO mice do not respond to β-adrenergic stimulation and show systolic and 

diastolic dysfunction (Brickson et al., 2007).  

cMyBP-C phosphorylation is fundamental in appropriate LDA as part of the Frank 

Starling mechanism (discussed in 1.1.3.1). In skinned ventricular myocardium, 

both cMyBP-C KO and PKA-treated WT myocardium show an accelerated rate of 

force development and enhanced the LDA. Importantly, PKA had no effect on 

stretch activation or force development in cMyBP-C KO myofilaments even though 

TnI was still phosphorylated, and a later study estimated that cMyBP-C 

phosphorylation contributed ~67% to LDA compared to ~33% from TnI 

phosphorylation (Kumar et al., 2015; Stelzer et al., 2006). This was supported by 

a study that utilised the phospho-null (3SA) and phospho-mimetic (3SD) mice and 

showed that whilst physiological LDA relies on increasing sarcomere length 

sensitizing the myofilament to Ca2+, this is blunted in phospho-null mice. 

Additionally, magnitude and rate of force development in response to stretch is 

also reduced in phospho-null animals (Mamidi et al., 2016). Translation of these 

observations to whole hearts demonstrated the Frank-Starling relationship of 

ventricular function was steepest in phospho-mimetic mice, consistent with the 

myofilament observations (Hanft et al., 2021). It is now understood that cMyBP-

C’s influence on maximum force and force development is largely through its 

regulation of the thick filament.  

1.2.4.3 cMyBP-C phosphorylation and control of myosin activity 

Myosin heads are arranged in axial repeats of 3 heads every 43nm (Craig & Offer, 

1976). Given the precise localisation of cMyBP-C in the C-zone, MyBP-C may only 

influence every third myosin head and as such, only a small number of cross-

bridges. Despite this, cMyBP-C appears to have profound effects on myofilament 

contractility through regulation of the thick filament, mediated by 
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phosphorylation of its extensible N-terminal domains. Soon after cMyBP-C was 

identified as a binding partner of the myosin S2, the same group showed that this 

interaction was abolished upon MyBP-C M-domain phosphorylation (Gruen et al., 

1999). Several studies have observed that this phosphorylation-induced loss of 

cMyBP-C-myosin interaction is associated with increased force production, rate of 

force development and dissociation of MgADP from myosin facilitating relaxation 

(Coulton & Stelzer, 2012; Previs et al., 2012; Tanner et al., 2021). This indicates 

that cMyBP-C is a negative regulator of myosin activity until phosphorylation 

abolishes it. This is supported by X-ray diffraction studies showing phosphorylation 

of cMyBP-C shifts myosin heads toward the thin filament (Colson et al., 2012).  

For a long time, the negative regulatory effect of cMyBP-C on myosin was thought 

to involve cMyBP-C acting as a drag or a tether, preventing binding of the myosin 

heads to actin. However, several studies had observed the phosphorylation-

mediated effects on the thick filament in the absence of tethering (Harris et al., 

2004; Kunst et al., 2000). Today, the current understanding is that cMyBP-C 

regulates the number of force generating heads available (i.e. the SRX:DRX ratio, 

discussed in 1.1.3.1). cMyBP-C KO mice and samples from HCM patients with 

MYBPC3 mutations have a reduction in the proportion of myosin heads in the SRX 

state, and an increase in ATP turnover, suggesting more active myosin heads which 

is likely contributing to the hypercontractile phenotype (McNamara et al., 2016, 

2017). Indeed, the most recent work by McNamara et al. utilising the phospho-

null (S3A) mice demonstrated they had an increased stabilisation of the SRX, and 

this was correlated with a reduction in myofilament force production. In contrast, 

phospho-mimetic (S3D) mice had a destabilised SRX and a corresponding increase 

in the rate of tension redevelopment and force, with a reduction in the binding of 

cMyBP-C to myosin. PKA treatment reduced the number of myosin heads in the 

SRX, but only in myofilaments where cMyBP-C could be phosphorylated, again 

implicating S282 in particular as the critical phosphorylation site in this interaction 

(McNamara et al., 2019). This work is supported by evidence that cMyBP-C binds 

directly to the S1 of myosin, and phosphorylation reduces this binding resulting in 

a decrease in the SRX state (Sarkar et al., 2020; Spudich, 2015).  

Structural studies utilising atomic force spectroscopy and motility assays revealed 

that the C0-C3 domains of cMyBP-C are freely extensible and phosphorylation of 
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the M-domain reduces the length of the C0-C3 fragment, allowing it to adopt a 

more stable structure (Michalek et al., 2013). Whilst this may contribute to its 

loss of binding to myosin, interestingly a follow up study revealed this adaptation 

of the stable state is abolished by increasing Ca2+, restoring the cMyBP-C inhibitory 

effect even in the presence of phosphorylation (Previs et al., 2016). The 

relationship between cMyBP-C, phosphorylation and Ca2+ has come to light in 

particular through studies of its regulation of the thin filament.  

1.2.4.4 cMyBP-C phosphorylation and control of thin filament activity 

Initial investigations into phosphorylation-mediated effects on the thick filament 

attributed the Ca2+ sensitivity changes to this interaction. However, today the 

current understanding is that cMyBP-C’s N-terminal domains interact with actin, 

reducing its rotational flexibility and sliding speed, in part through acting as a 

drag on actin (Walcott et al., 2015). Phosphorylation of the M-domain regulates 

this interaction, compacting the terminals and reducing binding of the N-terminal 

domains to actin, accelerating sliding (Previs et al., 2016). Additionally, 

phosphorylated cMyBP-C is bound to Tm, maintaining its position in the open/high 

Ca2+ state, reducing its interaction with actin, and therefore increasing 

myofilament Ca2+ sensitivity and prolonging relaxation (Bunch et al., 2019; Mun et 

al., 2014; C. Risi et al., 2018).  

However, phosphorylated cMyBP-C’s regulation of the thin filament is highly 

dependent on cytosolic Ca2+ levels, with the phosphorylation mediated effects 

abolished at the peak of the Ca2+ transient. This allows cMyBP-C to perform both 

inhibitory and activating roles during the Ca2+ transient to facilitate appropriate 

systole and diastole (Previs et al., 2016). For example, the C1 interaction with Tm 

only occurs at low Ca2+ levels at the beginning of contraction, where cMyBP-C shifts 

it from its blocked state toward its open/high Ca2+ state, promoting increased 

myofilament Ca2+ sensitivity and enhanced systole. However, at high Ca2+, cMyBP-

C binding to Tm is reduced, increasing its block on actin and reducing Ca2+ 

sensitivity, promoting appropriate relaxation (Harris et al., 2016). In terms of 

actin, at low Ca2+, cMyBP-C-actin binding is reduced, facilitating faster thin 

filament sliding, whilst at high Ca2+ cMyBP-C slows the sliding of actin to aid 

relaxation (Figure 1.13; Mun et al., 2014).  
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Figure 1.13. The effect of phosphorylation, calcium and knock-out of cMyBP-C on 
myofilament function. 
When Ca2+ levels are low at the beginning of contraction, phosphorylated cMyBP-C promotes systolic 
function by reducing its binding of actin, facilitating thin filament sliding. Additionally, it increases its 
binding to tropomyosin, moving it into the open/high Ca2+ state and reducing its blocking of the 
myosin binding sites. This allows myosin to bind actin at lower Ca2+ therefore enhancing myofilament 
Ca2+ sensitivity and increasing the number of cross-bridges. This is enhanced by a reduction in the 
binding of cMyBP-C to the S1/S2 of myosin and a reduction in the SRX:DRX ratio, promoting 
increased force production and rate of force development. However, during high Ca2+ at the peak of 
contraction, Ca2+ is antagonistic to these effects to promote diastolic function. This is the same effect 
as an unphosphorylated cMyBP-C in its inhibitory form. When cMyBP-C is absent, such as in the 
first cMyBP-C KO mouse, hypercontractility occurs due to loss of myosin and actin binding, resulting 
in reduced SRX state of myosin, increased actin-myosin binding and increased actin sliding. 
Additionally, since cMyBP-C binding tropomyosin is lost, tropomyosin may bind actin more, resulting 
in myofilaments with reduced Ca2+ sensitivity, however this element is still unclear as many studies 
show increased Ca2+ sensitivity upon cMyBP-C knock-out. Red spots = Ca2+. 

Other studies have shared similar observations, adding that ablation of 

phosphorylation returns the inhibitory function of cMyBP-C but only at low Ca2+ 

levels (Previs et al., 2016; Tanner et al., 2021). Fluorescent dynamic imaging 

shows the C0-C3 domains diffuse along the thin filament with weak binding 

capacity, potentially as a mechanism for sensing its activation state. However, at 

higher Ca2+, this diffusion is reduced and C0-C3 binds in clusters, preventing 

myosin binding (Inchingolo et al., 2019; Ponnam & Kampourakis, 2022). The most 

recent super resolution imaging of cMyBP-C in intact muscle suggests the N-

terminal domains are biased toward the thin filament in both relaxed and active 

muscle. This may indicate that the thin filament interactions may be the 

predominant mechanism by which cMyBP-C regulates contractility (Rahmanseresht 

et al., 2021). 
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However, whilst loss of cMyBP-C inhibitory effect on myosin and actin would 

explain the hypercontractility phenotype observed in HCM, loss of cMyBP-C and 

therefore Tm regulation should result in reduced myofilament Ca2+ sensitivity. 

Although this was observed to a modest extent in the first cMyBP-C KO mouse, 

several groups have since reported increased Ca2+ sensitivity in KO samples 

(Cazorla et al., 2006; Harris et al., 2002; Hofmann, Criss Hartzell, et al., 1991; 

Pohlmann et al., 2007). Indeed, the majority of HCM studies report increased 

myofilament Ca2+ sensitivity (Jacques et al., 2008; van Dijk et al., 2009). This may 

be dependent on the type of MYBPC3 mutation and whether cMyBP-C is truncated, 

as investigation of point mutation (L348P) demonstrated increased Ca2+ sensitivity 

through enhanced cMyBP-C-Tm binding (Mun et al., 2016). Additionally, TnI 

phosphorylation is reduced in many MYBPC3 HCM samples that may contribute to 

the increased Ca2+ sensitivity, with PKA treatment demonstrated to alleviate the 

Ca2+ sensitivity changes in these samples (van Dijk et al., 2009).  

Additionally, it is important to note that isolated myofilaments from KO animals 

that show increased Ca2+ sensitivity paradoxically display accelerated relaxation, 

despite intact cells and in vivo results demonstrating slow relaxation (Harris et 

al., 2002; Pohlmann et al., 2007). The most recent evidence utilising the phospho-

null transgenic mice (3SA) suggests this is due to changes in upstream Ca2+ kinetics 

leading to prolonged Ca2+ transients, mediated through reduced function and 

extrusion of Ca2+ by NCX1 and reduction in the phosphorylation of Ca2+ cycling 

proteins (Kumar et al., 2020). As such, there are confounding changes in cMyBP-C 

KO studies that make understanding its role difficult, whilst studies in skinned 

myofilaments lack the contribution of excess Ca2+ that is causing the impaired 

relaxation in intact cells and in vivo. This is a particularly important consideration 

when evaluating myofilament targeting treatments for cardiovascular diseases. 

1.2.5 cMyBP-C and cardiac disease 

1.2.5.1 Hypertrophic cardiomyopathy 

HCM is heritable, genetic condition that affects 1:500 people worldwide and is a 

leading cause of sudden death in young adults (Baron et al., 2020; Maron et al., 

1995). The disease is characterised by cardiac hypertrophy and associated LV 

systolic and diastolic dysfunction, resulting in exercise intolerance, angina and 
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dyspnoea. HCM is a complex disease that currently lacks any effective treatments 

to correct the cardiac dysfunction (Suay-Corredera et al., 2022). MYBPC3 was the 

fourth gene identified to contribute to the disease, following myosin heavy chain 

(MYH7), TnT (TNNT2) and Tm (TPM1). However, MYBPC3 is now the most 

commonly mutated of the at least 10 genes involved, with over 350 individual 

mutations representing ~40-50% of cases (Carrier et al., 2015). Of these, 70-90% 

are predicted to produce a truncated form of cMyBP-C with a loss of C-terminal 

domains, although it has been difficult to detect and characterise these forms of 

the protein from patient samples (Glazier et al., 2019; Rottbauer et al., 1997). 

However, MYBPC3 HCM patients in general, regardless of missense or truncating 

mutations, show an overall loss of total cMyBP-C which suggests haploinsufficiency 

is the cause of the observed phenotype (Marston et al., 2009; van Dijk et al., 

2009). This may be due to rapid degradation of the mutant form of the protein, 

such as that observed through the ubiquitin-proteasome system (UPS), nonsense 

mediated decay of the mutant mRNA, or loss due to the inability of the mutant 

form to incorporate fully into the sarcomere (Yang et al., 1999; Sarikas et al., 

2005; Vignier et al., 2009). 

As such, gene therapy is actively being investigated as a therapeutic strategy for 

HCM (Carrier, 2021). Transfer of the MYBPC3 gene into newborn KO mouse rescued 

the HCM phenotype and improved cardiac function, although the therapeutic 

effect was lost after 2 months suggesting optimisations are required (Gedicke-

Hornung et al., 2013). Nevertheless, the relevance of the approach was clearly 

demonstrated in a transgenic mouse with a tetracycline-inducible cMyBP-C KO, 

which has normal cardiac function until the cMyBP-C KO is induced, with the 

reversal of the dysfunction observed when the inducible KO is removed again 

(Giles et al., 2019). The importance of the N-terminal domains was further 

highlighted by a study showing replacing the C0-C2 domains was effective in 

rescuing the HCM phenotype (Li et al., 2020). A previous study supports this 

finding, however found returning the N-domains only corrected maximal active 

force, whilst increased Ca2+ sensitivity at low Ca2+ was still observed compared to 

WT (Witt et al., 2001). This may explain why MYBPC3 truncating mutations that 

lack the LMM-binding C-terminal domains result in HCM, and therefore the 

therapeutic relevance of just returning the N-terminal domains is questionable. 

Nevertheless, returning full length cMyBP-C in animal models has proven 
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efficacious, and gene replacement was also demonstrated in induced pluripotent 

stem cell derived cardiomyocytes (iPSC-CMs) produced from a HCM patient. This 

may provide a valuable tool for personalised medicine and validating whether this 

approach is suitable for all HCM MYBPC3 mutation types, considering the 

heterogeneity that exists in the disease (Gedicke-Hornung et al., 2013).  

A recent breakthrough was made in the approval of the myosin inhibitor 

mavacamten for the treatment of symptomatic obstructive HCM (Olivotto et al., 

2020). As HCM is associated with hypercontractility and hypertrophy, reducing the 

activity of myosin alleviates this. Mavacamten was shown to slow the release of 

ADP from the S1 and is likely mediating an increase in the number of myosin heads 

in the SRX state (Green et al., 2016; Kawas et al., 2017). As cMyBP-C plays such a 

crucial regulatory role in myosin activity, including in regulating the SRX and DRX 

states, it is hoped small molecules targeting this interaction will provide 

therapeutic benefit in HCM in the next few years. In contrast, ischaemic HF is 

associated with loss of contractility, with myosin activators actively been 

considered here, as well as approaches that would enhance the positive regulatory 

role of cMyBP-C phosphorylation. 

1.2.5.2 Ischaemic heart failure 

Ischaemic heart disease (IHD), also known as coronary artery disease (CAD), is 

characterised by the development of atherosclerotic plaques in the coronary 

vasculature, preventing appropriate blood flow and nutrient delivery to cardiac 

tissue (Bhandari et al., 2021). As a result, the tissue becomes ischaemic and can 

develop clinically to ischaemic cardiomyopathy (ICM), defined by the presence of 

left ventricular (LV) systolic dysfunction (Briceno et al., 2016). In general, CAD is 

initially stable as revascularisation occurs to maintain appropriate oxygen and 

nutrient delivery. However, prolonged ischaemia, or an acute ischaemic event 

such as a myocardial infarction (MI), leads to irreversible cardiac damage and 

pathophysiological remodelling. Importantly, IHD and associated ICM are the 

leading cause of mortality and morbidity in the industrialised world, with the 

latest epidemiological research estimating there are 126 million people suffering 

from IHD, with 9 million deaths globally as a result, and the prevalence is 

estimated to rise to over 140 million by 2030 (Khan et al., 2020; Virani et al., 

2020). Aside from the impact of mortality, there are significant socioeconomic 
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pressure that accompanies an aging population living with IHD, with data from the 

World Heart Federation estimating a global spend of $863 billion in 2010, due to 

rise to over $1 trillion in 2030 (Khan et al., 2020). This increasing prevalence is in 

part due to greater survival following acute ischaemic events such as an MI, where 

thrombolytic and coronary intervention have been advanced and refined in recent 

years (Briceno et al., 2016). However, as a result of the damage, the majority of 

IHD and ICM cases involve progression to HF, which itself has a global burden of 

26 million with 3.6 million patients diagnosed every year, and is the ultimate cause 

of the mortality (Ambrosy et al., 2014; Simmonds et al., 2020).  

Although HF can be broadly classified as the inability of the heart to meet the 

systemic demand of the body, via systolic or diastolic left ventricular (LV) 

dysfunction, it is widely recognised as a complex clinical syndrome with a 

spectrum of clinical presentations. The current classification strategy is based on 

symptoms and measured LV ejection fraction (LVEF), with an LVEF of >50% 

classified as HF with preserved ejection fraction (HFpEF), LVEF of <40% classified 

as HF with reduced ejection fraction (HFrEF), and LVEF of ~40-50% classified as 

HF with mid-range LVEF (HFmrEF; Bozkurt et al., 2021). All clinical therapies 

currently aim to reduce myocardial demand by either reducing peripheral 

resistance and pre-load (e.g. through angiotensin-converting enzyme inhibitors 

(ACEi)) or ventricular after-load and remodelling (e.g. through β-blockers; Shah 

et al., 2017). This largely helps to compensate for a reduction in ejection fraction 

and systolic dysfunction and therefore has been effective in HFrEF rather than 

HFpEF, which currently lacks any selective therapies (Bozkurt et al., 2021). Even 

though improved therapeutic recommendations for HFrEF significantly reduce 

morbidity and mortality rates in clinical trials, prognosis is still poor in this group 

with a trial of 40,000 hospitalised HF patients demonstrating a 5-year mortality 

rate of 75%, independent of LVEF (McMurray et al., 2014; Shah et al., 2017). As 

such, there remains a largely unmet clinical need for therapies in all HF 

categories.  

In the early stages of HF, neurohormonal remodelling occurs in response to an 

increased after-load, cardiac injury or mutation of key cardiac proteins which 

drives cardiac hypertrophy, as observed in HCM. This is initially compensatory as 

it allows the heart to maintain systolic force by increasing the left ventricular 
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thickness. However, it is accompanied by a series of deleterious molecular and 

biochemical changes that develop over time to cause cardiomyocyte apoptosis, LV 

dilatation and cardiac dysfunction (Figure 1.14; Tham et al., 2015). 

 

Figure 1.14. Ventricular wall thickness during hypertrophic and dilated heart disease. 
An increase in left ventricular wall thickness is associated with cardiac hypertrophy, as seen in 
hypertrophic cardiomyopathy (HCM) in order to compensate for an increase in after-load to maintain 
systolic force. In decompensated ischaemic heart failure, loss of cardiomyocyte size and number 
results in a reduced LV wall thickness and dilated cardiomyopathy. 

It is unsurprising therefore, that all the mechanisms mentioned so far, including 

LDA, FFR and regulation of cardiac proteins via phosphorylation are pathologically 

altered in chronic HF (Tham et al., 2015). There are an array of mechanisms that 

contribute to this, including altered metabolism, fibrosis, inflammation, oxidative 

stress and changes in the expression and modification of Ca2+ handling proteins 

(discussed in more detail in Chapter 5; Konstam et al., 2011). However, given its 

important regulatory role in myofilament function, loss of cMyBP-C 

phosphorylation has been frequently observed in cardiac disease states, including 

HF, post-cardiac stunning, in aortic stenosis and atrial fibrillation (Anand et al., 

2018; El-Armouche et al., 2006, 2007; Jacques et al., 2008; Yuan et al., 2006). 

Preservation of phosphorylation is cardioprotective in animal models subjected to 

I/R injury and has even been shown to mitigate age-related cardiac dysfunction 

(Rosas et al., 2019; Sadayappan et al., 2006) Interestingly, S282 shows 

significantly reduced phosphorylation compared to the other M-domain sites in 

ischaemic HF, further supporting its role as the key cMyBP-C phosphorylation site 

(Copeland et al., 2010; Kooij et al., 2013).  

Whilst myosin activators may prove effective in ischaemic HF to increase 

contractile performance without increased oxygen demands, there are also 

alterations to Ca2+ cycling that may not be modified by this approach (Kumar et 
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al., 2020; Malik et al., 2011). As such, improving cMyBP-C phosphorylation or 

intervening in its interaction with the thick and thin filament may provide a 

valuable way to modulate cardiac output in HF, targeting both force and Ca2+ 

sensitivity issues. As a proof of concept, peptides designed against the M-domain, 

thought to disrupt the interaction between cMyBP-C and myosin, improve 

contractility in disease models, however are limited by poor permeability and the 

effect on Ca2+ sensitivity has not been measured (Hou et al., 2022).  Interestingly, 

cMyBP-C contains a site for calpain-mediated cleavage within the M-domain, and 

this has been observed very soon after cardiac injury, producing a fragment (C0-

C1f) which is actively been investigated as a suitable biomarker for MI diagnosis 

(Govindan, McElligott, et al., 2012; Kaier et al., 2017). The cleaved product 

causes its own pathological effects and has been associated with HF progression, 

likely in part through inducing an inflammatory response, and ablation of the 

cleavage sites is cardioprotective (Barefield et al., 2019; Razzaque et al., 2013; 

Yogeswaran et al., 2021). Structural studies also suggest phosphorylation causes 

compactness of the M-domain which may reduce access to the cleavage site 

(Colson et al., 2016). Indeed, in the ischaemic heart post-MI, cMyBP-C 

dephosphorylation was correlated with increased cleavage and release of the 

fragment (Govindan, McElligott, et al., 2012; Govindan, Sarkey, et al., 2012).  

Taken together, preservation of cMyBP-C phosphorylation may protect against 

cardiac dysfunction and improve contractile performance, benefitting patients 

with HF. Paradoxically, the inhibition of PKA has been investigated for HF therapy, 

showing promise in reduced infarct size and improving inotropy and lusitropy. 

However, in contrast, PKA activation has shown benefit particularly in the setting 

of I/R injury (Fontes-Sousa et al., 2009; Kwak et al., 2008; Makaula et al., 2005; 

Sichelschmidt et al., 2003). This is likely due to the wide range of substrates 

targeted by each kinase, leading to both positive and negative effects on cardiac 

physiology and therefore limiting the therapeutic use of inhibitors or activators. 

For cMyBP-C, this may be confounded due to the non-equivalency of the sites and 

the range of kinases involved in its phosphorylation, many of which have not been 

characterised in vivo. As such, there has been a concerted effort over the last 

decade to identify novel PTMs of cMyBP-C and determine whether they influence 

function or phosphorylation in a way that can be therapeutically modulated 

(discussed in detail in Chapter 3). One such modification that influences several 
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cardiac substrates with a relevance to HF is the cysteine modification of 

palmitoylation. 

1.3 Palmitoylation 

Lipid modifications, in particular the addition of fatty acids as a PTM, are one of 

the most common types of PTM with an estimated 25-40% of proteins modified by 

lipids in some way (Levental, Grzybek, et al., 2010). Although first noted in the 

brain in the 1950s, the incorporation of lipids into proteins was not thought to play 

any important functional role until a seminal study 40 years later showed lipid 

incorporation influenced protein trafficking through the secretory pathway 

(Bankaitis et al., 1990; Folch & Lees, 1951). Although the lipids involved can 

include cholesterol, phospholipids and isoprenoids, in mammalian cells, addition 

of fatty acids to proteins in a process known as acylation has shown important 

clinical relevance in a number of disease areas. These modifications have been 

named and classified by the reactive group being modified (i.e. S- for the thiol of 

a cysteine, N- for the amide group of a lysine, glycine or a protein N-terminal) and 

the hydrocarbon (C) length of the fatty acid (i.e. myristoyl (C14:0), farnesyl 

(C15:3), palmitoyl (C16:0), geranylgeranyl (C20:4); Figure 1.15).  
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Figure 1.15. Fatty acylation. 
Fatty acylation involves the addition of a fatty acid (usually eight to twenty carbons in length) to an 
amino acid residue or the N/C-terminal groups of a protein. These include S-palmitoylation (C16:0), 
S-farnesylation (C15:3) and S-geranylgeranylation (C20:4) which all attach to the thiol of a cysteine 
residue, with the first being reversible and the latter two irreversible. Other irreversible additions 
include those targeting amide groups of a lysine, glycine or protein N-terminal including N-
palmitoylation (C16:0) and N-myristylation (C14:0). The 0 in this scenario denotes that the 
hydrocarbon does not have any double bonds. Taken from Main and Fuller, 2021. 

One of the most well characterised types of acylation is the reversible cysteine 

modification of palmitoylation, as the 16C palmitate (also known as 

palmitoyl/palmitic acid, most commonly derived from palmitoyl-Coenzyme A 

(CoA)) is the most common fatty acid attached to proteins and is estimated to 

target 10% of the proteome (Blanc et al., 2015; Chamberlain and Shipston, 2015). 

Although first reported in 1980, study of palmitoylation was initially hampered for 

several years due to a lack of safe and effective tools to study it (discussed in 

more detail in 1.3.3; Schlesinger, Magee and Schmidt, 1980). Nevertheless, as the 

list of substrates regulated by palmitoylation continues to grow, including several 

crucial cardiac substrates, it is clear it is an essential regulatory modification 

warranting of investigation. 
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1.3.1 Palmitoylation enzymology 

1.3.1.1 DHHC-palmitoyl acyltransferases 

Aside from a lack of available tools, interest in palmitoylation was also slow as 

one of the first investigated proteins, the G-protein Giα1, was shown to be auto-

palmitoylated, a phenomenon involving direct interaction of a protein with 

palmitoyl-CoA. Although this observation occurred at non-physiological 

concentrations of palmitoyl-CoA (>100 µM relative to 1-10 µM in in the cell), this 

study introduced the idea that palmitoylation may be controlled by local fatty 

acid concentration and therefore modulation would be challenging (Chan et al., 

2016; Duncan & Gilman, 1996). This idea was cemented by the fact that attempts 

to identify palmitoylating enzymes had been so far unsuccessful with more 

proteins identified as being auto-palmitoylated in the meantime (Dietrich & 

Ungermann, 2004). However, in 2002 a seminal study in Saccharomyces cerevisiae 

(yeast) used genetic screening to identify a zinc (Zn2+)-finger containing enzyme 

capable of palmitoylating Ras2, already named ERF2 (effector of Ras function) as 

it had previously been shown to influence Ras2 subcellular localisation (Lobo et 

al., 2002). This enzyme, along with several others identified in yeast soon after, 

is a multidomain membrane spanning protein with a conserved ~55 amino acid 

region containing an aspartate-histidine-histidine-cysteine (DHHC) motif in the 

enzyme active site. Mutagenic studies revealed this motif was crucial to enzymatic 

function, initially becoming autopalmitoylated on the cysteine before transferring 

the palmitoyl to a substrate (Rana, Lee, et al., 2018). As such these enzymes have 

now been reclassified as DHHC-palmitoyl acyltransferases (DHHC-PATs or zDHHC-

PATs for Zn2+ binding), with 23 isoforms now identified in humans. A study in 

HEK293 cells expressing GFP-tagged versions of each enzyme demonstrated that 

they are located throughout the secretory pathway in the Golgi apparatus, 

endoplasmic reticulum (ER) and plasma membrane, with some present in more 

than one compartment (Figure 1.16; Ohno et al., 2006; Aicart-Ramos, Valero and 

Rodriguez-Crespo, 2011). 
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Figure 1.16. Subcellular localisation of DHHC-PATs. 
Palmitoylation is the addition of a palmitoyl (C16:0) derived from palmitoyl coenzyme A (CoA) to the 
sulfhydryl group of a cysteine. The enzymes that catalyse palmitoylation, zinc finger containing 
DHHC-palmitoyl acyltransferases (zDHHC-PATs), are located throughout the secretory pathway in 
the Golgi apparatus, endoplasmic reticulum (ER) and cell membrane. Some are exclusively localised 
in one region i.e. DHHC5 at the cell membrane, or in more than one region i.e. DHHC2 in the Golgi 
apparatus and the ER. Taken from Main and Fuller, 2021. 
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1.3.1.2 Acylthioesterases 

Palmitoylation is the only reversible form of acylation, and this can occur through 

slow hydrolysis of the thioester that connects the palmitoyl to the cysteine 

residue, or through enzyme driven mechanisms involving soluble acyl 

thioesterases. The first of these enzymes identified are the lysosomal palmitoyl-

protein thioesterases (PPTs), with PPT1 first observed as mediating H-Ras 

depalmitoylation in brain homogenates. Although two isoforms have been 

discovered, PPT1 is the only one that hydrolyses cysteine thioesters and as such is 

the most well characterised, particularly in neuronal function where loss of 

function is associated with a neurological disorder characterised by toxic 

accumulation of lipidated proteins (Koster & Yoshii, 2019; Soyombo & Hofmann, 

1997). However, although initially identified in cytosolic fractions, further study 

has shown PPTs operate in an acidic environment inside the lysosome to remove 

fatty acids from proteins prior to their breakdown (Lin & Conibear, 2015). As such 

they are not thought to be part of the regulation of proteins by palmitoylation as 

a dynamic PTM and have therefore remained largely unstudied. 

The second class, Acyl protein thioesterases (APTs), are the most well 

characterised thioesterases, with the first (APT1) initially identified through its 

ability to mediate Gαs depalmitoylation (Duncan & Gilman, 1998). Located 

predominantly in the cytosol in both yeast and mammalian cells, this soluble 

protein is a member of the α/β serine hydrolase family and a catalytic triad in its 

active site is essential for its enzymatic activity (Davda & Martin, 2014). Soon after 

its discovery, bioinformatic analysis revealed a homolog sharing 68% sequence 

similarity, APT2, and both enzymes have since been shown to mediate 

depalmitoylation by shuttling from the Golgi apparatus to the cytosol to exert 

their effects, mediated by their own palmitoylation (Vartak et al., 2014). Unlike 

DHHCs, substrate recruitment and selectivity by APTs has been lesser studied and 

together they appear to depalmitoylate a wide variety of substrates whilst 

showing some substrate selectivity (Tian et al., 2012; Tomatis et al., 2010). 

Additionally, there are some proteins not depalmitoylated by either of them, 

developing the idea that more thioesterases might exist. Indeed, the neuronal 

synaptic protein PSD-95 and N-Ras are two proteins not regulated by APTs, and a 

study of their depalmitoylation identified the most recently classified 

thioesterases, a family of α/β hydrolase domain (ABHD) containing enzymes. 
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These enzymes have long been noted for their role in lipid metabolism, and 

similarly to APTs contain an α/β hydrolase fold with a nucleophilic residue 

mediating their depalmitoylase activity (Lord et al., 2013). In this study, three 

cytosolic localised ABHD17 enzymes (A, B and C, ~70% sequence homology) were 

identified as controlling N-Ras depalmitoylation and localisation (David Tse Shen 

Lin and Conibear, 2015). Additionally, this class may not just operate in the 

cytosol, as discovery of ABHD10 showed depalmitoylase activity in the 

mitochondria, particularly regulating the activity of the antioxidant protein 

peroxiredoxin-5, which may implicate palmitoylation as an important regulator of 

redox homeostasis (Cao et al., 2019; Martin et al., 2012). Aside from 

depalmitoylase activity, ABHD proteins also possess an acyltransferase consensus 

motif, with one study showing ABHD5-mediated transfer of long-chain acyl-CoA 

derivatives including palmitoyl-CoA to an acceptor lipid, although whether this 

occurs on protein substrates remains to be determined (Montero-Moran et al., 

2010). Nevertheless, with at least 19 proteins in the ABHD superfamily, this is an 

emerging area of research that will aid in our understanding of how palmitoylation 

is regulated (Lord et al., 2013). Research into palmitoylating and depalmitoylating 

enzymes in cardiac tissue has been hampered by lack of experimental tools and 

attempts to purify them (discussed in 1.3.3). Despite this, palmitoylation is 

emerging as a central regulatory modification for several important cardiac 

substrates. 

1.3.2 Cellular effects of palmitoylation 

1.3.2.1 Palmitoylation regulating protein-membrane localisation  

The fundamental consequence of protein palmitoylation is a change in 

hydrophobicity due to the addition of the fatty acid. Whilst there is a growing 

appreciation for its role in regulating protein activity, protein-protein interactions 

and interplay with other PTMs, this has traditionally been viewed as a mechanism 

of protein localisation and trafficking via directing of the fatty acid and attached 

substrate to hydrophobic membrane compartments (Blaskovic et al., 2013). Due 

to the distinct localisation of the DHHC-PATs throughout the secretory pathway, 

this can include the Golgi, ER and plasma membrane, with signalling molecules 

including G-proteins and GTPases dynamically palmitoylated, allowing them to 

quickly cycle between the compartments (Goodwin et al., 2005; Henis et al., 
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2009; Rocks et al., 2005). Whilst this can occur in any area of the membrane, 

studies suggest the majority of palmitoylated proteins reside in cholesterol and 

sphingolipid-enriched microdomains known as lipid rafts. Although their existence 

was controversial for a long time due to lack of effective tools to study them, 

recent advances in microscopy and modelling techniques have provided strong 

evidence for their presence in the plasma membrane (Levental, Grzybek, et al., 

2010). These domains are important physiologically for signal transduction, as 

they selectively recruit receptors, scaffolding molecules and signalling proteins, 

and the loss of lipid rafts is associated with aberrant signalling from these proteins 

(George & Wu, 2012).   

Although studies in living cells have been limited, lipid rafts have been reported 

in cardiomyocytes, with a particular focus on a subtype known as caveolae 

(Norman et al., 2018). Whilst many proteins including transmembrane channels 

were thought not to incorporate due to the tight lipid packing of the raft, 

increasing evidence suggests palmitoylation plays a role in regulating their 

dynamic caveolae and lipid raft affinity (Levental, Lingwood, et al., 2010; Lorent 

et al., 2017). This includes GPCR localisation, with α1 and β2 adrenoceptors 

exclusively found in caveolae and many G-proteins enriched there, and ion 

channels, including the Na+/K+ ATPase which has two caveolin binding sites and is 

found in caveolae in cardiomyocytes which is important for its stabilisation (Fuller 

et al., 2013). Additionally, caveolae are associated with scaffolding proteins such 

as caveolin-3, which is highly expressed and palmitoylated in cardiomyocytes and 

KO is associated with cardiac hypertrophy, reduced contractility and loss of 

caveolae (Woodman et al., 2002). Whilst proteomics suggests palmitoylated 

proteins are predominantly localised in caveolae, not all palmitoylated proteins 

associate with lipid rafts, including those trafficked to the ER which is low in 

cholesterol and therefore not likely to form lipid rafts (Blaskovic et al., 2013; 

Gould et al., 2015). However, the majority of studies do not make the distinction 

between specific raft localisation, making estimation of the number of proteins 

for which palmitoylation regulates raft affinity challenging.  

Nevertheless, in cardiac tissue palmitoylation regulates the membrane 

localisation of several important channels and structural proteins. Of note, 

palmitoylation of the voltage sensing α-subunit of the voltage and Ca2+ activated 
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potassium (BK) channel controls its cell surface localisation, but only when its 

accessory β1-subunit is present. When both are present, palmitoylation regulates 

the coupling between the subunits, disruption of which increases the voltage 

required to activate the channel (Duncan et al., 2019). Similarly, whilst the 

palmitoylation status of the potassium channel Kv4.3 remains to be uncovered, 

palmitoylation of its accessory protein KChIP2 has been reported. Palmitoylation 

regulates its membrane localisation in cardiac myocytes, potentially through co-

localisation with DHHC5 of which KChIP2 is a substrate, with loss of palmitoylation 

associated with early cardiac injury (discussed in Chapter 5; Murthy et al., 2019). 

The scaffolding proteins Junctophilins act as tethers between the SR and plasma 

membrane, helping to form the cardiac dyad in ventricular cardiomyocytes. 

Palmitoylation of junctophillin-2 occurs at multiple cysteines and either allows 

targeting to the plasma membrane or to the SR, depending on the proximity of 

the cysteine to those compartments (Jiang et al., 2019). In terms of vascular 

function, whilst this remains a relatively underdeveloped field, palmitoylation of 

endothelial nitric oxide synthase (eNOS) leads to localisation to caveolae in 

smooth muscle cells and is required for maintenance of vascular function 

(Fernández-Hernando et al., 2006; Liu et al., 1996; Wei et al., 2011). Altogether, 

palmitoylation is essential for appropriate targeting of cardiac substrates to 

membrane compartments, however there are several membrane spanning 

channels for which palmitoylation is not reported to regulate their localisation, 

but instead has direct effects on their function, activity and protein-protein 

interactions. 

1.3.2.2 Palmitoylation regulating protein activity and protein-protein 
interactions 

Almost all of proteins involved in ventricular cardiomyocyte Ca2+ cycling (Figure 

1.2) reportedly undergo palmitoylation, with a wide range of effects on substrate 

function. The process of ECC is initiated by the activation of the VGSC Nav1.5, the 

palmitoylation of which prolongs the action potential duration by influencing 

channel availability and inactivation. This occurs through palmitoylation on at 

least 4 cysteines in the II-III linker, but mutation of a single site (C981) alters 

channel function in a similar manner to loss of all four, suggesting a non-

equivalency between palmitoylation sites (Pei et al., 2016). Interestingly, this site 

is mutated in an inherited form of arrythmia, implicating palmitoylation in the 
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pathogenesis of this process. This is supported by the observation that 

cardiomyocytes treated with palmitic acid show an increase in early after 

depolarisations (Kapplinger et al., 2009; Pei et al., 2016). Similar results were 

observed for the Nav1.6 channel located in the brain, with an additional 

palmitoylation site unique to this isoform identified that alters channel amplitude, 

again supporting the idea that palmitoylation on different cysteines has diverse 

functions (Pan et al., 2020).  

Nav1.5 activation triggers an influx of Ca2+ via the cardiac LTCC, which contains 

the pore forming α1c subunit and an accessory β2a subunit. The β2a is required 

to target the α1c to the membrane and promotes channel activation by reducing 

voltage dependent inactivation (Buraei & Yang, 2010). Palmitoylation of the β2a 

subunit has been reported, however loss of palmitoylation did not alter membrane 

localisation or its ability to bind or direct the α1c to the membrane, but instead 

were associated with a reduction in current carried by each functional channel 

(Chien et al., 1996). Our recent work indicates the α1c subunit is also 

palmitoylated, loss of which was associated with reduced Ca2+ transient 

amplitudes in iPSC-CMs (Kuo, et al. In revision). Next in the signalling cascade, 

whilst palmitoylation of the cardiac RYR2 has not been reported, study of the 

skeletal isoform RYR1 revealed loss of palmitoylation suppresses channel activity. 

This study identified up to 18 palmitoylated cysteines, many of which were 

clustered in an important functional region of the protein, 12 of which are 

conserved in the cardiac isoform (Chaube et al., 2014). However, this 

characterisation was achieved using hydroxylamine, which would depalmitoylate 

several substrates, and promiscuous inhibitor of DHHC-PATs 2-Bromopalmitate (2-

BP) which, as will be discussed, has several off-target effects making its use 

unsuitable overall, therefore RYR palmitoylation requires further 

characterisation.  

Whilst palmitoylation is important for the activity of the channels involved in the 

production of the Ca2+ transient during ECC, it also regulates proteins involved in 

maintaining the ionic gradient. Whilst the vast majority of Na+/K+ ATPase are 

found in caveolae, relatively little has been reported about the role of 

palmitoylation. Palmitoylation of the isoform expressed in the brain was reported 

in 1987, and more recent proteomic evidence suggests all subunits are 
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palmitoylated (Howie et al., 2018; Schmidt & Catterall, 1987). More is known 

about the palmitoylation of Na+/K+ ATPase accessory protein PLM (FXYD1 in 

uncardiac tissue), which modulates Na+/K+ ATPase localisation by promoting the 

interaction of the channel with caveolins, and inhibits pump activity, mediated by 

its own palmitoylation (Howie et al., 2013; Wypijewski et al., 2015). PLM 

palmitoylation occurs at two sites located near the transmembrane spanning 

region, however is most often singly palmitoylated in cardiac tissue at C40, with 

loss of palmitoylation enhancing PLM turnover (Tulloch et al., 2011). Interestingly, 

whilst the ability of DHHC5 to palmitoylate the Na+/K+ ATPase remains unknown, 

localisation of the Na+/K+ ATPase to caveolae is required for its direct interaction 

with DHHC5, which in turn palmitoylates PLM allowing it to exert its inhibitory 

effect on the pump (Howie et al., 2014; Plain et al., 2020).  

Regulation of the Na+/K+ ATPase and PLM by palmitoylation undoubtedly has 

knock-on effects for the closely linked NCX1, the palmitoylation of which at a 

single cysteine (C739) has been extensively studied in recent years. Whilst NCX1 

palmitoylation occurs in the Golgi, it does not mediate its cell surface localisation 

but instead regulates its inactivation (Fuller et al., 2016; Reilly et al., 2015). The 

inactivation process involves the hydrolysis of phospholipid PIP2, releasing the 

inhibitory XIP peptide which binds to the NCX1 regulatory loop (Plain et al., 2017). 

When palmitoylation is lost, XIP binding and therefore inactivation is impaired, 

likely leading to prolonged Ca2+ transients and levels of intracellular Ca2+, although 

this is yet to be demonstrated (Reilly et al., 2015). It will be interesting to 

determine whether NCX1 palmitoylation is changed at different points in the 

transient as part of a regulatory mechanisms, similar to Ca2+ regulation of cMyBP-

C phosphorylation (Previs et al., 2016). Palmitoylation is also thought to promote 

NCX1 dimerization and XIP engagement, again highlighting its importance in 

regulating protein-protein interactions (Gök et al., 2020).       

Perhaps the best example of the diverse nature of palmitoylation as a PTM is its 

control of the β2-adrenoceptor, where it regulates membrane localisation, 

protein-protein binding, and interplay with other PTMs in cardiac tissue. Agonist-

induced β2-adrenoceptor desensitisation is an important mechanism to prevent 

aberrant phosphorylation and activation, however palmitoylation at C341 within 

the cytoplasmic C-terminal tail is required to prevent uncontrolled receptor loss 



Chapter 1: Introduction  49 
 

and stabilises the receptor at the membrane (Loisel et al., 1996; Moffett et al., 

1993). This influence on desensitization may also be mediated by palmitoylation-

dependent association of β-arrestin-2 with the channel. This study also 

demonstrated that palmitoylation is required for the receptor to couple with the 

Gs protein and activate adenylyl cyclase. Additionally, loss of palmitoylation was 

associated with reduced binding to PDE4 which regulates the local cAMP gradient 

around the receptor, increasing PKA mediated phosphorylation and cardiomyocyte 

contraction rate as a consequence (Liu et al., 2012). In fact, palmitoylation and 

phosphorylation of the receptor are closely coupled, as agonist stimulation 

increases palmitoylation and most recently, a novel palmitoylation site (C265) has 

been described which relies on the phosphorylation of the nearby S262 in order to 

become palmitoylated (Adachi et al., 2016; Loisel et al., 1999). 

1.3.2.3 Palmitoylation regulating post-translational modifications 

Aside from the dynamic control of the β2-adrenoceptor, one of the first studies 

that reignited interest in palmitoylation was the observation that Gαs 

palmitoylation could be modulated by isoprenaline stimulation which was later 

shown to redistribute them from the plasma membrane to internal compartments 

(Martin & Lambert, 2016; Wedegaertner & Bourne, 1994). As such, the relationship 

between phosphorylation and palmitoylation has been slowly uncovered over the 

last few years. Most recently, β-adrenergic stimulation was shown to mediate 

DHHC5 dependent palmitoylation, and therefore signalling, of Gα proteins in 

cardiomyocytes (Chen et al., 2020). This study also identified that the DHHC5 C-

terminal tail can be palmitoylated in response to adrenergic stimulation, which as 

will be discussed in Chapter 5, has important functional consequences for the 

enzyme’s activity. Post-translational crosstalk plays an important role in 

palmitoylation regulation of BK channels. Palmitoylation at the N-terminus 

regulates membrane localisation, whereas palmitoylation at the C-terminus 

regulates the interaction of the channel with PKA and PKC (Shipston, 2014). Loss 

of palmitoylation by pharmacological or site directed mutagenesis allows PKC to 

phosphorylate and inhibit channel activity (Zhou et al., 2012). Similarly, whilst 

palmitoylation allows PLM to inhibit the Na+/K+ ATPase this is enhanced by PLM 

phosphorylation, which paradoxically works to inhibit pump activity (Tulloch et 

al., 2011). Palmitoylation has also been observed in the accessory protein of 

SERCA, phospholamban (PLB), loss of which results in reduced interaction with 
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PKA and hypo-phosphorylation and therefore reduced inactive pentamer 

formation and increased inhibition of SERCA (Zhou et al., 2015). Overall, it is clear 

there is an important relationship between palmitoylation and phosphorylation. 

Given the dysregulation of phosphorylation in diseases such as HF, palmitoylation 

may be important in controlling the sensitivity of proteins to phospho-regulation. 

In cardiac tissue, the relationship between palmitoylation and phosphorylation has 

been most well characterised, however studies in other systems suggest 

palmitoylation may influence other PTMs including ubiquitylation, redox 

modifications and other lipid modifications. Ubiquitylation involves the addition 

of small ubiquitin proteins to the lysine residues of substrates which targets them 

for degradation by the UPS. Proteins that are deficient in palmitoylation undergo 

increased ubiquitinylation both in vitro and in vivo and the two modifications are 

generally reported as antagonistic (Valdez-Taubas & Pelham, 2005; Yount et al., 

2012). Whilst palmitoylation appears to regulate the turnover of PLM, whether 

this is mediated by ubiquitylation is unknown. As will be discussed in more detail 

in Chapter 3, there are several examples of palmitoylation and redox 

modifications occurring in concert or antagonistically altering protein function. S-

glutathionylation often occurs on the same cysteines that are palmitoylated but 

confers an overall negative charge resulting in functionally different effects 

(Burgoyne et al., 2012; Howie, Swarbrick, et al., 2013). Similarly, NO donors 

mediating S-nitrosylation reduce and displace palmitate from several scaffolding 

and signalling molecules. This includes synaptic protein PSD-95, where S-

nitrosylation and reduced palmitoylation was associated with reduced clustering 

and formation of synapses (Ho et al., 2011; Salaun et al., 2010). Palmitoylation is 

often observed with other lipid modifications such as farnesylation, where 

palmitoylation of a farnesylated Ras increases its membrane affinity over 100 

times (Ahearn et al., 2012). Similarly, myristoylation or prenylation are thought 

to occur on proteins to allow weak membrane attachment and localisation to 

DHHC-PATs which can then palmitoylate and increase membrane affinity (Guan & 

Fierke, 2011).  
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1.3.3 Tools to study palmitoylation 

1.3.3.1 Detection methods 

Given the reversible, dynamic, enzymatic regulation of palmitoylation, there is 

great interest in developing tools to study and target palmitoylation to regulate 

the mechanisms discussed above. However, developments in the field have been 

hampered for many years due to a lack of safe and effective tools to study it. 

Initially radioactive assays were the gold standard measure, involving incubation 

of live cells with mCurie amounts of radioactive-palmitate ([3H]-palmitate) 

followed by electrophoresis and exposure of dried gels to X-ray films for several 

weeks (Schlesinger et al., 1980). Although fundamental in early palmitoylation 

discoveries, including the depalmitoylation of H-Ras and introducing the first 

“pulse-chase” method of measuring protein palmitoylation dynamically, this 

labour-intensive method has fallen out of use (Baker et al., 2003). There is also 

potential for the 3H-palmitate to form oxyester linkages with serine/threonine 

residues as well as cysteines (Pedone et al., 2009).  

Affinity purification of palmitoylated proteins is a more widely adopted technique, 

the two most common being the acyl-biotin exchange (ABE) and the acyl-resin 

assisted capture (Acyl-RAC). Both approaches can be used in any cells or tissue of 

interest and involve initial alkylation or methylation of free cysteines under 

denaturing conditions. This is followed by specific cleavage of the thioester bond 

between the palmitate and palmitoylated cysteine, most commonly with neutral 

hydroxylamine, with a negative control of sodium chloride often included. The 

newly freed, previously palmitoylated cysteine(s) can then be affinity purified 

using a biotin-streptavidin pulldown method for ABE, or thiopropyl sepharose 

beads for Acyl-RAC, followed by analysis for protein(s) of interest using 

electrophoresis (Figure 1.17; Drisdel & Green, 2004; Forrester et al., 2011). 



Chapter 1: Introduction  52 
 

 

Figure 1.17. Modern methods of detecting protein palmitoylation. 
In a move away from radioactive methods, protein palmitoylation is more commonly studied using 
affinity purification techniques or click chemistry. Acyl-biotin exchange (ABE) involves the initial 
alkylation of free cysteines with N-ethylmaleimide (NEM) followed by cleavage of the thioester bond 
between palmitate and cysteine using hydroxylamine (HA). The freed cysteine can then be affinity 
purified by reacting first with HPDP-biotin and then pulled down using streptavidin beads. Acyl-resin 
assisted capture follows a similar method, with initial methylation using methanethiosulfonate 
(MMTS) followed by HA cleavage and capture using thiopropyl-sepharose beads. The output of ABE 
and Acyl-RAC is most commonly determined by gel electrophoresis for a protein of interest, however 
can be followed by mass spectrometry analysis of the whole sample. Click chemistry involves 
incubation of cells with an azide-containing fatty acid molecule (most commonly 17-ODYA for 
palmitoylation), with incorporation into palmitoylated proteins relying on the enzymatic machinery of 
the cell. The attachment can then be detected by “clicking” in a Cu(i)-catalysed [3+2] Huisgen 
cycloaddition reaction to an alkyne-containing fluorescent detection system (most commonly Biotin 
or a fluorophore). Again, the output can then be measured by electrophoresis, mass spectrometry or 
specific probes can be used and analysed via fluorescence microscopy. Taken from Main & Fuller, 
2021. 

As the final sample will have a pool of all the palmitoylated proteins in the 

cell/tissue of interest, usefully mass spectrometry can be utilised to survey the 

palmitoylome, which was demonstrated by the global profiling of palmitoylated 

proteins in yeast, neurons and more recently, cardiac tissue (Kang et al., 2008; 

Miles et al., 2021; Roth et al., 2006). However, using such a sensitive approach 

can often lead to false positives, with no indication given as to whether a 

meaningful fraction of the protein is modified. With affinity purification, 

comparison of the purified fraction to the initial starting material allows the 

percentage of the total protein that is modified by palmitoylation to be 

determined. This does however limit its usefulness in understanding 
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palmitoylation as a dynamic modification, as they can only provide a “snapshot” 

of stoichiometry at a given point. As palmitoylation regulates the function of many 

important cardiac substrates, it is not unreasonable to assume stoichiometry may 

vary on a beat-by-beat basis in vivo that cannot be observed via these techniques. 

Additionally, these techniques do not detect palmitoylation specifically, only the 

presence of a thioester on a cysteine, but as palmitate (C16:0) is the predominant 

fatty acid in the cell, the terms are often used interchangeably (Muszbek et al., 

1999).  

Click chemistry is another widely adopted method to measure palmitoylation, 

involving the incubation of cells with azido-containing fatty acids, with 17-

octadecyonic acid (17-ODYA) most used for palmitoylation (Martin & Cravatt, 

2009). This is followed by “clicking” to a suitable alkyne-containing detection 

system (biotin or a fluorophore) and analysis using electrophoresis, with newer 

adaptations allowing fluorescent microscopy observations (Figure 1.17; Gao & 

Hannoush, 2018; Kostiuk et al., 2008). This technique resulted in significant 

developments in the field, however there are several limitations including that in 

contrast to affinity purification electrophoresis, all palmitoylated proteins are 

fluorescently labelled and detected in one measurement via electrophoresis. As 

such, proteins with a low palmitoylation stoichiometry may require additional 

purification steps to be visible in comparison to highly palmitoylated proteins of 

similar molecular weights. Additionally, investigation of primary cells such as 

cardiomyocytes and plant cells by click chemistry have reportedly been limited 

due to lack of uptake and incorporation of the probes, which limits its applicability 

(reviewed in Main & Fuller, 2021). A great benefit is the ability to engineer probes 

to study any fatty acid length, however the consequences of the azido/alkyne 

linkage on fatty acid function and localisation and whether it represents 

physiological acylation remains to be determined, although fortunately many of 

these probes have been extensively characterised in this regard (Hannoush & Sun, 

2010). 

More recently, novel palmitoylated proteins are being identified through 

identifying interactions with DHHC-PATs. This includes utilising proximity-

biotinylation (BioID) which is increasingly being adopted in cardiovascular research 

and beyond, including two recent studies where DHHC-PAT interactors were 
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identified for the LTCC and SARS-CoV-2 proteins (Liu et al., 2020; Samavarchi-

Tehrani et al., 2020). This technique involves fusing the protein of interest with a 

biotin ligase (commonly birA, APEX or TurboID) that produces biotin free radicals 

(bio-adenylate), causing nearby proteins (<20nm) to become biotinylated which 

can be subsequently purified by streptavidin pulldown (Sears et al., 2019). This 

can also be achieved using the DHHC-PAT as the “bait”. A study of DHHC5 used 

this technique to identify regulatory pathways involving DHHC20 and an enzyme 

responsible for the PTM O-GlcNAcylation, both of which were later demonstrated 

to have knock-on effects for DHHC5 palmitoylation of PLM and control of Na+/K+ 

ATPase function (Plain et al., 2020). This study also utilised the technique of 

peptide array (discussed in more detail in 3.3.1.1) to identify the specific regions 

of DHHC5 involved in Na+/K+ ATPase binding and had previously been used more 

broadly to identify interacting partners from cardiac lysate where the Na+/K+ 

ATPase was initially identified (Howie et al., 2014; Plain et al., 2020). Similarly, 

novel interacting partners of the ankyrin-repeat domain of DHHC17 were 

identified using this method (Lemonidis et al., 2017).  

Both techniques have their limitations, including that BioID identified binding does 

not necessarily indicate an enzyme-substrate functional relationship, as 

demonstrated in the example of PSD-95 which, whilst showing close proximity to 

DHHC5, is only palmitoylated by DHHC2 at the synapse (Li et al., 2010; Noritake 

et al., 2009). Additionally, this technique most often requires overexpression of 

an exogenously labelled version of the protein in a non-physiological setting (Roux 

et al., 2018). For peptide array, the interaction is observed in a non-physiological 

environment which does not take into account the 3D structure of the proteins, 

or the protein-membrane interactions which would be particularly applicable to 

studying palmitoylation. Nevertheless, both provide a starting point which can 

then be validated further by the above-mentioned methods in a relevant cell or 

tissue. 

1.3.3.2 Pharmacological approaches 

Our understanding of the palmitoylating machinery is limited in that KO models of 

DHHC-PATs and acylthioesterases show functional redundancy. To elucidate their 

function, both selective and non-selective inhibitors of the enzymes are of interest 

for development as experimental tools. The development of specific DHHC-PAT 
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inhibitors has been particularly challenging due to difficulties in crystallisation 

and therefore a lack of high-resolution structures. By far the most well used 

inhibitor is 2-bromopalmitate (2-BP), which is known as a broad spectrum, 

irreversible DHHC-PAT inhibitor which inactivates the catalytic site via cysteine 

alkylation and nucleophilic displacement (Jennings et al., 2009). Identified over 

20 years ago, although 2-BP has aided in crystallizing the structure of DHHC20, 

which may yield crucial studies on how to develop selective inhibitors, it is highly 

promiscuous and an estimated ~99% of 2-BP’s targets are not DHHC-PATs, 

including acylthioesterases themselves (Davda et al., 2013; Pedro et al., 2013; 

Rana, Kumar, et al., 2018). This, coupled with the poor potency and toxicity due 

to its frequent use at concentrations above its IC50, makes its use in characterising 

palmitoylation largely unreliable (Jennings et al., 2009).  

With a lack of alternatives, 2-BP is understandably still widely used in the field. 

However, attempts have been made to develop more effective inhibitors including 

a new broad-spectrum DHHC inhibitor N-cyanomethyl-N-myracrylamine (CMA). 

This compound shares a similar inhibiting mechanism to 2-BP and was able to 

inhibit DHHC-PATs, including DHHC20, with limited toxicity and higher potency in 

comparison (IC50 of 1.35 µM vs 5.33 µM for 2-BP; Azizi et al., 2021; Lan et al., 

2021). The identification of novel inhibitors has been aided by developments in 

different screening methods, including a scaffold-ranking library which identified 

an inhibitor of DHHC9 which was later shown to reduce SARS-Cov2 infectivity, and 

a recent fluorescence resonance energy transfer (FRET) based high throughput 

system which identified two novel tetrazole containing compounds that inhibited 

several DHHC-PATs in HEK293 cells (Hamel et al., 2016; Ramadan et al., 2021; 

Salaun et al., 2022). Although these novel compounds do not specifically target 

individual enzymes, they warrant further development as experimental tools to 

characterise palmitoylation. Additionally, more potent, broad-spectrum inhibitors 

with less off-target effects may be useful in cancer therapy in particular, as the 

polypharmacy of currently used kinase inhibitors is a key factor in their efficacy 

(Ko & Dixon, 2018).  

The key to targeting individual DHHC-PATs may lie in disrupting enzyme-substrate 

interactions using small cell penetrating peptides. Although sharing a high level of 

homology, DHHC-PATs do vary structurally particularly in their disordered C-
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terminal regions which are thought to be important in substrate recruitment. This 

was recently achieved through targeting the interaction of DHHC5 with the Na+/K+ 

ATPase using a stearate-tagged peptide, which was shown to reduce DHHC5-

mediated palmitoylation of PLM and therefore increase pump activity, identifying 

a potential route by which palmitoylation could be targeted in HF therapy (Plain 

et al., 2020). Although these peptides have poor pharmacokinetic and 

pharmacodynamic properties, they provide a starting point through which small 

molecules may be designed. 

On the other hand, maintenance or increasing palmitoylation of certain 

substrates, particularly those seen as tumour suppressors, may be of interest 

therapeutically, and therefore inhibitors of depalmitoylation have also been 

developed. Most recently a novel approach utilising cell penetrating, amphiphilic 

compounds was employed which reduced H-Ras palmitoylation in vitro and in vivo. 

The amphiphilic mediated degradation (AMD) of palmitoylated substrates was 

effective in redirecting several mis-localised proteins found in a model of PPT1 

loss of function and toxic accumulation of fatty acid modified substrates, known 

as infantile neuronal ceroid lipofuscinosis (Rudd et al., 2018). However, whether 

the general use of this compound would target additional thioesters, including 

those involved in active site activity of enzymes such as GAPDH or other post-

translational modifications such as SUMOylation remains to be determined (Alberts 

et al., 2002; Main & Fuller, 2021). Overall, there are several novel 

pharmacological tools that may provide vital insight into substrate palmitoylation 

in the next few years and characterising their activity in a variety of cells and 

tissues will be of importance. Another important cardiac PTM for which 

advancements in tools to study it have developed in recent years is the regulatory 

modification of SUMOylation. 

1.4 SUMOylation 

SUMOylation is a PTM which shares many similarities to ubiquitination in that it 

involves the covalent attachment of a small protein to a lysine residue and has 

been shown to regulate substrate degradation, protein-protein interactions and 

activity. Although traditionally associated with nuclear proteins and transcription, 

evidence of SUMOylation as an important regulatory PTM of extra-nuclear 
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substrates, including cardiac ion channels and sarcomeric proteins, has emerged 

over recent years (Celen & Sahin, 2020). 

1.4.1 SUMOylation cascade 

SUMOylation involves the ATP-dependent conjugation of a small ubiquitin-like 

modifier (SUMO) protein onto a lysine residue, mediated by a series of catalytic 

steps as detailed in Figure 1.18. 

 

Figure 1.18. The SUMOylation cascade. 
In the process of substrate SUMOylation, the SUMO molecule is produced as a pro-peptide and is 
activated by cleavage of its C-terminal glycine-glycine (GG) motif by sentrin/SUMO specific 
proteases (SENPs), as this is the site that will eventually conjugate to the substrate lysine residue. 
The mature form of SUMO is then conjugated to a heterodimer of SUMO activating enzyme subunits 
1 and 2 (SAE1 and SAE2) via adenylation of the SUMO C-terminus allowing conjugation via a 
thioester bond to a cysteine in the dimer. This allows the transfer of the SUMO molecule to the 
catalytic cysteine of the conjugating enzyme UBC9, again via another thioester bond, which finally 
transfers the SUMO molecule to the lysine of a substrate via an isopeptide bond, aided by the fine-
tuning action of E3 SUMO ligases which provide a scaffold between the UBC9-SUMO complex and 
the substrate. The process can also be reversed by removal of the SUMO molecule by breaking the 
isopeptide bond, completed by many enzymes with isopeptidase activity including the SENPs. 
Adapted from Hendriks and Vertegaal, 2016. 

The first SUMO isoform, SUMO1, was identified in the 1990s where similar to 

ubiquitin it was found covalently conjugated to proteins in a variety of processes 



Chapter 1: Introduction  58 
 

including DNA recombination, cell death and protein targeting (Hay, 2005; Le et 

al., 2017). A few years later two other isoforms, SUMO2 and SUMO3, were 

identified in vertebrates which share a ~50% sequence identity to SUMO1, but a 

~95% homology to each other (three N-terminal residues difference), and as such 

are often referred to as SUMO2/3 (Kamitani et al., 1998). Whilst these isoforms 

exist in all tissues investigated to date, a fourth isoform, SUMO4, has been 

identified in kidney cells, with later evidence showing expression in the lymph 

node and spleen but not the heart (Le et al., 2017). Additionally, its functional 

role has not been determined and a unique C-terminal proline prevents the same 

maturation as SUMO1-3, so it has remained relatively unstudied (Owerbach et al., 

2005). Similarly, and most recently, a fifth isoform was identified, SUMO5, which 

shows a high sequence homology to SUMO1 but has a distinct tissue specific mRNA 

expression pattern, being highest in the testes and peripheral blood leukocytes 

with low or undetectable levels in the heart, although this has yet to be confirmed 

in terms of protein expression (Liang et al., 2016).  

Each SUMO isoform is ~12kDa in size and can attach as a single molecule per lysine, 

in the case of SUMO1, or in a poly-SUMOylated chain as observed through SUMO2/3 

addition (Tatham et al., 2001). The shift in molecular weight means SUMOylation 

can often be distinguished from the non-SUMOylated version via western blotting, 

however in the majority of cases, ~1% of the protein is SUMOylated at one time, 

making detection difficult especially for larger proteins (Geiss-Friedlander & 

Melchior, 2007). Around ~50% of substrates are SUMOylated at a consensus motif 

of Ψ-K-x-D/E where Ψ is a hydrophobic residue and X is any amino acid (Impens 

et al., 2014). SUMO can also interact non-covalently with hydrophobic regions on 

the protein known as SUMO interaction motifs (SIMs), and covalent SUMOylation 

to a lysine residue also encourages protein-protein interactions via these sites 

(Kerscher, 2007; Ullmann et al., 2012). Given the consensus sequences of the 

SUMO site and of SIMS, prediction software has been developed to aid in SUMO 

site identification (discussed in detail in Chapter 4).  

Although SUMOylation involves several enzymatic steps, conjugation can be 

directed by SUMO and the E2 conjugating enzyme ubiquitin carrier 9 (UBC9) 

overexpression alone, and therefore these components are the most well 

characterised elements of the cascade (Cartier et al., 2019). UBC9 binds SUMO by 
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a thioester bond on its active site cysteine (C93) before interacting with and 

conjugating SUMO to the substrate, with the aid of scaffolding E3 ligase proteins 

such as PIAS (Shetty et al., 2020). UBC9 shares a high sequence homology with 

other E2 enzymes involved in ubiquitination but is the only E2 enzyme involved in 

the regulation of SUMOylation (Bernier-Villamor et al., 2002). Interestingly, whilst 

expressed in high levels in the lung and spleen, only low levels of UBC9 are 

detected in the heart and skeletal muscle (Gołebiowski et al., 2003). Despite this, 

SUMOylation plays an essential role in regulating protein stability, protein-protein 

interactions and influencing other PTMs, particularly in cardiac tissue. 

1.4.2 Cellular effects of SUMOylation  

Whilst the majority of SUMOylated substrates are found in the nuclear 

compartment where it regulates DNA replication, transcription and cell cycle 

progression, there is increasing evidence of SUMOylated cardiac substrates outside 

the nucleus. Three main functions of SUMOylation are of interest when it comes 

to cardiac substrate regulation – 1) SUMOylation provides a method to recruit or 

block protein binding partners to SIMs and regulates protein-protein interactions, 

2) SUMOylation regulates substrate stability and activity including by competing 

for lysines with other PTMs such as ubiquitylation and acetylation, and 3) 

SUMOylation can induce structural changes in a protein that alters their function 

(Le et al., 2017). In this regard, in a similar manner to palmitoylation, SUMOylation 

affects cardiac substrates throughout the contractile cycle and therefore plays a 

crucial role in cardiac physiology and importantly, pathophysiology. 

1.4.2.1 SUMOylation in cardiac physiology 

In terms of cardiac channels and transporters, SUMOylation has been most well 

studied in the regulation of voltage gated potassium channels that control the 

ventricular re-polarisation phase of the action potential. Co-expression of SUMO1 

and SUMO2 with UBC9 decreased the activity of Kv11.1 (hERG1), which controls 

the Ikr current, leading to a reduction in current amplitude and an increase in 

inactivation time (Steffensen et al., 2018). Similarly, the KV7.1 (KCNQ1) channel, 

which controls the Iks current, is formed of four pore forming units, each with an 

identical SUMOylation site at K424, with each addition of SUMO2 shifting the half-

maximal activation voltage by +8mV in neonatal ventricular cardiomyocytes. 
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Interestingly, when accessory protein KCNE1 is lost, SUMOylation only occurs on 

two of the four sites, indicating that protein-protein interactions are important 

for maintenance of SUMOylation (Xiong et al., 2017). Whilst SUMOylation appears 

to generally limit the activity of potassium channels, it is proposed to activate 

sodium channels. Increased SUMOylation of Nav1.2 in the brain was associated 

with larger sodium currents and reduced inactivation, with similar observations 

made for Nav1.5 in the heart (Plant et al., 2016, 2020). With regards to Ca2+ 

regulation, aside from SERCA2a discussed in detail below, relatively little is known 

of the role of SUMOylation. Increased SUMOylation of NCX3 (the isoform found in 

the brain) in a region involved in transporter activity and stability is 

neuroprotective as part of ischaemic pre-conditioning in the brain (Cuomo et al., 

2016). Although this site is not conserved in the cardiac isoform (NCX1 Q590, 

Clustal Omega alignment), the study provides an important example for the role 

of SUMOylation in ischaemia, which has been uncovered in cardiac tissue over 

recent years. 

1.4.2.2 SUMOylation in cardiac pathophysiology 

The importance of SUMOylation in cardiac development is evident in that UBC9-

KO mice are embryonic lethal, and SUMO1 KO mice have cardiac defects and 

progress to sudden death (Nacerddine et al., 2005; Wang et al., 2011). 

Interestingly, SUMO2 KO mice have no overt cardiac dysfunction, indicating that 

SUMO1 may play a more important role in cardiac physiology. This is surprising as 

SUMO2 mRNA is the most abundant, representing ~80% compared to ~20% SUMO1 

expression (Wang, Wansleeben, et al., 2014). However, based on the current 

evidence, it appears SUMO2 modification is associated with cardiac dysfunction 

whilst SUMO1 is associated with cardioprotection. This has been displayed in 

studies of cardiac hypertrophy, where overexpression of SUMO2 resulted in 

cardiomyopathy leading to premature death, with expression level correlating 

with severity (Kim et al., 2015). In contrast, micro-RNA induced loss of SUMO1 was 

associated with the development of cardiac hypertrophy in the rat (Oh et al., 

2018). Recent work on the crosstalk between PARylation, the addition of an ADP-

ribose polymer to a substrate catalysed by PARP1, and SUMOylation revealed they 

can occur on the same lysine. Overexpression of PARP1 and increased PARylation 

of transcription factor C/EBPβ results in reduced SUMO1 conjugation which effects 

its stability, contributing to cardiac hypertrophy (Wang et al., 2022). However, 
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there are conflicting studies suggesting attenuation of cardiac hypertrophy can 

occur by indirectly inhibiting SUMO1 of certain substrates, including in diabetic 

cardiomyopathy where both SUMO1 and SUMO2/3 conjugation to transcription 

factor XBP1 were associated with cardiac defects (Pai et al., 2018; Wang et al., 

2021).  

Similarly, conflicting studies on the cardioprotective or detrimental role of 

SUMOylation has been demonstrated in studies of I/R injury and in HF. SUMO1 

expression is decreased in failing human hearts, whilst SUMO1 gene transfer 

improves cardiac function in a pig model of I/R injury (discussed in more detail in 

1.4.2.3; Kho et al., 2011; Tilemann et al., 2013). Additionally, MI and ischaemia 

are associated with a reduction in substrate acetylation and increased expression 

of histone deacetylases (HDACs) which results in increased reactive oxygen species 

(ROS) production and apoptosis in cardiomyocytes (Granger et al., 2008). 

SUMOylation of HDAC4 at a single lysine by SUMO1 increases ubiquitylation and 

subsequent degradation and attenuates these pathological effects (Du et al., 

2015; Tatham et al., 2001). This provides another example of the interplay 

between SUMOylation and other PTMs in the regulation of cardiac physiology. In 

further support of the positive effects of SUMOylation on cardiac function, 

increased expression of UBC9 has generally been found to be cardioprotective. 

Knock-down of UBC9 in cardiomyocytes was associated with protein aggregation 

and decreased proteasomal function, suggesting UBC9 mediated SUMOylation is 

crucial for protein quality control (Gupta et al., 2014). Follow up work from the 

group demonstrated that transgenic mice overexpressing UBC9 have enhanced 

SUMOylation and an upregulation of cardiac autophagy. When these mice are 

subjected to a cardiac proteotoxicity model, they show reduced protein 

aggregation, reduced hypertrophy and improved cardiac function (Gupta et al., 

2016).  

Similar to cardiac hypertrophy, SUMO2/3 has been associated with cardiac 

pathophysiology, with increased levels observed in human HF, and gain-of-

function SUMO2 transgenic mice showing increased apoptosis and cardiomyopathy 

development (Kim et al., 2015). However conversely, pharmacological 

intervention leading to the upregulation of SUMO2 has been associated with 

cardioprotection against I/R injury (Zhao et al., 2021). This is supported by 
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transgenic mice lacking DJ-1, a protein associated with cardioprotection, where 

reduced accumulation of SUMO2/3 conjugated proteins has been associated with 

mitochondrial dysfunction (Shimizu et al., 2016). This likely reflects the different 

roles SUMO2/3 conjugation plays in the developing heart compared to the adult 

heart. Additionally, the increase in conjugated SUMO2/3 substrates observed in 

HF may be occurring as part of a protective mechanism. Indeed, this is observed 

with SUMO1, where upregulation of SUMO1 targeted proteins is associated with 

the protective effect of moderate hypothermia prior to I/R conditioning (Chen et 

al., 2020). Similarly, SUMOylation of PPARγ protects against I/R injury mediated 

particularly by E3 ligase PIAS1, with a reduction in PIAS1 expression associated 

with apoptosis and inflammation (Xie et al., 2018). This is supported by work in 

the brain showing increased SUMOylation mediated by UBC9 overexpression is 

protective against ischaemic injury (Lee et al., 2011).  

Whilst the majority of the evidence points to SUMO1 being protective against 

hypertrophy and I/R injury, there is evidence to suggest increased SUMO1-

mediated SUMOylation is detrimental. Increased SUMOylation by SUMO1 of Nav1.5 

occurs during hypoxia and is associated with prolonged channel opening and 

decreased inactivation, contributing to pro-arrhythmic currents (Plant et al., 

2020). Additionally, pharmacological downregulation of SUMO1 expression has 

been demonstrated to reduce cardiac fibrosis post-MI (Qiu et al., 2018). However, 

there was no reperfusion element to these models, and studies in the heart have 

demonstrated initial changes in SUMO1 conjugation during ischaemia that are 

reversed upon reperfusion depending on the substrate involved, therefore 

whether inhibiting SUMO1 would be beneficial in a clinical setting is unknown 

(Hotz et al., 2020). As such, the decision as to whether SUMOylation is truly 

cardioprotective or detrimental is likely to be highly specific to the substrate, 

developmental stage and SUMO isoform involved, complicating the picture as to 

how to target SUMOylation for therapeutic benefit. The most well-developed 

example of this is the targeting of SERCA2a SUMOylation.  

1.4.2.3 Targeting SUMOylation: A case study on SERCA2a 

In 2011, a seminal paper was published in Nature investigating the role of 

SUMOylation in SERCA2a expression and function, both of which are lost in 

ischaemic HF. SUMOylation of SERCA2a by SUMO1 was detected at two highly 
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conserved lysines in the nucleotide binding domain, with loss of SUMOylation 

associated with reduced ATPase activity and reduced half-life, suggesting 

SUMOylation is indispensable for its activity and stability. Adenoviral gene transfer 

of SUMO1 increased overall SERCA2a expression levels and was associated with 

improved cardiac function in mice with cardiac dysfunction induced by pressure-

overload (Kho et al., 2011). The same results were later obtained in a pig model 

of I/R, arguably more clinically relevant (Tilemann et al., 2013). Additionally, 

SUMO1 transfer decreased the ubiquitinated form of SERCA2a at the same sites, 

again suggesting SUMO1 mediates its stabilising effects through competing with 

ubiquitylation (Kho et al., 2011). The group also further elucidated the fluctuating 

levels of SUMO1 expression during cardiac disease pathogenesis, showing an 

increase during hypertrophy which was reduced dramatically in the development 

of HF. Despite increased SUMO1 levels in hypertrophy, SUMO1 gene transfer prior 

to injury attenuated hypertrophy and development to HF, in particular reducing 

oxidative stress and its negative effects on SERCA2a activity (Lee et al., 2014).  

The work has been supported by others, including in an obese rat model which has 

impaired systolic and diastolic function, where reduced SERCA2a SUMOylation and 

UBC9 expression were observed, and study of Luetolin, a compound which 

improves contractility following I/R, was shown to enhance SERCA2a SUMOylation 

(Hu et al., 2017; Yao et al., 2015). The most recent work from the group shows 

SERCA2a SUMOylation can be modulated pharmacologically using N106, an 

activator of the E1 ligase which matures SUMO1 during the SUMOylation cascade, 

resulting in increased SR Ca2+ suggesting increased activity of SERCA2a (Kho et al., 

2015). Additionally, a microRNA (miR-149a) that targets SUMO1 has been 

identified, with an increase in its expression strongly correlated to decreased 

SUMO1 levels as HF progresses. Inhibition of the miR-146a increased SERCA2a 

SUMOylation and improved cardiac function (Oh et al., 2018). Given all three of 

these approaches (gene transfer, pharmacological and miRNA targeting) raise 

global SUMO1 levels and activity, it will be important to determine whether other 

cardiac substrates, including those in the myofilament (discussed in Chapter 4), 

undergo the same level of regulation when it comes to SUMOylation.    
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1.5 Hypothesis and aims 

Cardiac MyBP-C undergoes cysteine PTMs such as S-nitrosylation and S-

glutathionylation, and lysine modifications including acetylation and 

ubiquitinylation, indicating solvent exposed residues within its structure are 

available for modification. These PTMs have important functional and clinical 

relevance for HCM, IHD and HF, of which there is a significant unmet clinical need. 

In terms of HF, understanding how cMyBP-C is regulated by PTMs may identify 

novel therapeutic avenues to target its activity therapeutically. Preliminary 

evidence suggests that cMyBP-C undergoes two novel post-translational 

modifications, palmitoylation and SUMOylation, both of which are implicated in 

cardiac physiology and disease. I hypothesise that these modifications of cMyBP-C 

regulate its function in the myofilament and there regulate cardiac contractility. 

Dysregulation of these modifications may contribute to the pathogenesis of heart 

failure. The aims of this work are therefore to: 

• Investigate cellular control of palmitoylation and SUMOylation of cMyBP-C 

in cardiac tissue from animals and humans 

• Investigate the disease relevance of cMyBP-C palmitoylation in samples 

from animal models of HF and samples from patients with HCM or ischaemic 

HF 

• Identify experimental tools that can be used to study cMyBP-C 

palmitoylation and SUMOylation in vitro including purification assays, 

pharmacological inhibitors and over-expression systems including 

adenoviruses 

• Identify the amino acids sites responsible for cMyBP-C palmitoylation and 

SUMOylation and characterise the functional effect of their loss or gain on 

cMyBP-C function and cardiac contractility 
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2.1 General laboratory practice 

Equipment and reagents were of a high-quality grade and commercially available 

from rom Sigma-Aldrich (Dorset, UK), Thermo Fisher Scientific (Paisley, UK), 

Corning (Birmingham, UK) or Grant Instruments (Cambridgeshire, UK) unless 

otherwise stated. All glassware was cleaned with detergent and autoclaved before 

use and sterile, disposable or autoclaved plastic was used throughout 

experiments. Water used for experiments was either distilled (dH2O) or ultrapure. 

2.2 Cardiomyocyte isolation 

2.2.1 Ethical statement 

All experimental procedures utilising animals conformed with the United Kingdom 

Animal Procedures Act (1986); ARRIVE Guidelines (Kilkenny et al., 2010) and the 

Guide for the Care and Use of Laboratory Animals published by the United States 

National Institute of Health (NIH publication no.85-23, revised 2001) and were 

approved by the University of Glasgow’s Ethics Review Committee. Where 

required, all work was carried out at the University of Glasgow by a valid personal 

licence holder and under the authority of a project license granted by the home 

office. 



Chapter 2: Materials and Methods  67 

2.2.2 Adult rabbit ventricular cardiomyocytes 

2.2.2.1 Materials 

Table 2.1. Adult rabbit ventricular cardiomyocyte isolation and culture materials 

Isolation 

Solution A Krafte-Brühe Solution Modified Krebs-Henseleit Solution 

130 mM NaCl 
5 mM HEPES 
4.5 mM KCl 
0.4 mM NaH2PO4 

3.5 mM MgCl2.6H2O 
10 mM Glucose  
(pH to 7.25 with NaOH) 
 

70 mM KOH 
40 mM KCl 
50 mM L-Glutamic Acid 
20 mM Taurine 
20 mM KH2PO4 

3 mM MgCl2.6H2O 
10 mM HEPES 
0.5 mM EGTA 
(pH to 7.2 with KOH) 

120 mM NaCl 
20 mM HEPES 
5.4 mM KCl 
0.52 mM NaH2PO4 
3.5 mM MgCl2.6H2O 
20 mM Taurine 
10 mM Creatine 
11 mM Glucose 
(pH to 7.4 with NaOH) 

Culture 

Myocyte Culture Medium 

Gibco® Medium 199 (M-199) modified with Hank’s salts (1.8 mM calcium), L-glutamine, 25 mM 
HEPES and phenol red: 
+5 mM Taurine 
+2 mM Creatine 
+2 mM Carnitine 
+1% penicillin/streptomycin 

2.2.2.2 Isolation 

Isolation of adult rabbit cardiomyocytes was completed by Mrs Aileen Rankin and 

Mr Michael Dunne, University of Glasgow. New Zealand White male rabbits (12 

weeks old, ~3 kg) were euthanised with a terminal dose of sodium pentobarbital 

(100 mg/kg) with heparin (500 IU) via ear vein injection, following which the 

thoracic cavity was opened and the heart and aorta were removed and placed into 

ice-cold Solution A to arrest the heart and lower oxygen demand (Table 2.1). The 

heart was cannulated on a Langendorff system maintained at 37oC and 

retrogradely perfused via a peristaltic pump (20 ml/min) with Solution A to clear 

the coronary circulation of blood. The heart was then perfused by Solution A 

supplemented with ethylene glycol tetracetic acid (EGTA, 100 µM) to chelate 

calcium ions and prevent contraction. Finally, the heart was perfused with 

Solution A containing protease (0.1 mg/ml, protease type XIV, Sigma) and 

collagenase (0.6 ml/ml Type 1 collagenase, Worthington Chemical) enzymes for 

~15 minutes to dissolve the extracellular matrix of the tissue. The heart was 

removed from the system and cut into sections (left atria, right atria, right 

ventricle, left ventricle and septal regions) and each was finely dissected in 
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Krafte-Brühe solution (KB; Table 2.1). The mixture was then triturated before 

shaking for 10 minutes following which the solution was filtered into a falcon tube 

to remove undigested tissue. The remaining cell suspension was centrifuged 

manually for a minute before the pellet of cells were re-suspended in fresh KB. 

Following isolation, cells in the falcon tube were placed in a water bath at 37oC 

for 10 minutes to allow them to settle to the bottom of the tube following which 

the KB was removed and the cells were re-suspended in modified Krebs-Henseleit 

solution (Krebs) containing 100 µM of CaCl2 and left to settle for an additional 10 

minutes (Table 2.1). This process was then repeated using 200 µM, 500 µM, 1 mM 

and 1.8 mM concentrations of CaCl2 in a process known as “stepping up” whereby 

cells are slowly returned to physiological calcium. Following the addition of 1.8 

mM CaCl2 Krebs, cells were either cultured (detailed in 2.2.2.3) or pelleted, snap 

frozen and stored at -80oC for later use. Quality of cells was determined by 

observing a small volume under a phase contrast microscope and estimating 

roughly the number of rod-shaped healthy cells to round dead cells. Populations 

with >60% rods were used for experiments where possible. 

2.2.2.3 Culture  

Following addition of the 1.8 mM CaCl2 Krebs, the cells were allowed to settle for 

an additional 10 minutes before removal of Krebs and resuspension in an 

appropriate volume of myocyte culture medium (Table 2.1). Cells were plated 

into 12-well plates for expression analysis or 12-well plates with 16mm glass 

coverslips (Scientific Laboratory Supplies, No. 1.5) for immunofluorescence. All 

culture dishes were coated with mouse laminin in dH2O (15 µg/ml; Sigma-Aldrich, 

L2020) and incubated at 37oC for one hour before plating. Medium was replaced 4 

hours after initial plating to remove dead cells. 

2.2.2.4 Rabbit heart failure model 

Ventricular cardiomyocytes were also obtained from Male New Zealand White 

Rabbits (~3 kg, 20 weeks) that had undergone a myocardial infarction (MI) without 

reperfusion procedure (Kettlewell et al., 2013). Briefly, the left anterior 

descending coronary artery was ligated in anaesthetised animals at 12-weeks of 

age to induce an ischaemic area in the left ventricle, with the rabbit maintained 
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for an additional 8 weeks to allow a heart failure phenotype to develop. The left 

ventricular dysfunction/heart failure phenotype was confirmed by a reduction in 

left ventricular ejection fraction (LVEF) to >45%. Sham animals underwent the 

thoracotomy and maintenance without the coronary artery ligation and had a LVEF 

of ~60%. Isolation of cardiomyocytes was carried out as described in 2.2.2.2.  

2.2.3 Adult rat ventricular cardiomyocytes 

2.2.3.1 Wistar kyoto rats 

Adult rat cardiac tissue used in this study was from Wistar rats (male, ~250-300 g) 

and were either provided by Dr Krzysztof Wypijewski prepared at the University 

of Dundee or by Mrs Aileen Rankin and Mr Michael Dunne at the University of 

Glasgow. Briefly, hearts were retrogradely perfused on a Langendorff system and 

the tissue either snap frozen in liquid nitrogen and homogenised before use, or 

ventricular cardiomyocytes isolated in a similar manner to that described in 

2.2.2.2. Isolated ventricular cardiomyocytes were centrifuged (1500 RPM, 5 

minutes, 4oC), snap frozen and stored at -80oC until use. 

2.2.3.2 Type-2 diabetic rat model 

Cardiac tissue was supplied by Professor Lisa Heather (University of Oxford) from 

a model of type-2 diabetes, along with healthy controls. Briefly, male Wistar rats 

underwent three weeks of high-fat diet to induce insulin resistance along with an 

intraperitoneal injection streptozotocin (STZ), a pancreatic β-cell toxin, to impair 

β-cell function and insulin secretion, mimicking the phenotype of late-stage type-

2 diabetic humans. Additionally, the low dose of STZ used (<30 mg/kg) induces 

cardiac metabolic changes including reduced glucose metabolism and increased 

fatty acid metabolism (Mansor et al., 2013). Cardiac tissue was pulverised before 

use. 
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2.2.4 Neonatal rat ventricular cardiomyocytes 

2.2.4.1 Materials 

Table 2.2 Neonatal rat ventricular cardiomyocyte isolation and culture materials 

Isolation Culture 

10x ADS Solution Day One Medium (M1) Post-Day One Medium (M2) 

1.06 M NaCl 
200 mM HEPES 
8 mM NaH2PO4 
53 mM KCl 
4 mM MgSO4 
50 mM Glucose 
(pH to 7.4 with NaOH) 
(Stored 4oC) 

4:1 ratio of DMEM (high 
glucose, 25 mM HEPES) to M-
199 media: 
+ 10% horse serum 
+ 5% new-born calf serum 
+ 1% L-glutamine 
+ 1% penicillin/streptomycin 
(Used within one week) 

4:1 ratio of DMEM (high 
glucose, 25 mM HEPES) to M-
199 media: 
+ 5% horse serum 
+ 0.5% new-born calf serum 
+ 1% L-glutamine 
+ 1% penicillin/streptomycin 
(Used within one week) 

 

2.2.4.2 Isolation and culture 

Neonatal rat ventricular cardiomyocytes (NRVM) were isolated from Sprague-

Dawley rats between 1-4 days old. Rats were euthanised by an intraperitoneal 

injection of a lethal dose of Euthatal before confirmation of death was carried out 

by severing the femoral artery or cervical dislocation. The hearts were then 

removed from the thoracic cavity and placed into 1x ADS solution (from 10x ADS 

solution, Table 2.2) on ice. The atria were then removed along with any excess 

tissue or blood and at this point, the ventricular tissue was either snap frozen for 

whole tissue analysis or use to isolate ventricular cardiomyocytes. 

To isolate the cardiomyocytes, the ventricular tissue was dissected into 1mm3 

pieces before transfer to digestion buffer containing 1x ADS with collagenase 

(0.05%, w/v) and pancreatin (0.03%, w/v). The tissue was digested for 5 minutes 

to remove pericardial collagen (supernatant discarded) before a further 

incubation in digestion buffer for 20 minutes, following which the tissue was 

triturated and the supernatant added to a falcon tube containing newborn calf 

serum (NCS) to inactivate the digestion buffer. The supernatant was then 

centrifuged at 1250 RPM for 5 minutes to produce a pellet of cells which was re-

suspended in NCS and kept at 37oC until four further digestions of the remaining 

tissue were complete.  
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After the final digestion, all cells were combined in M1 media (Table 2.2) and 

plated onto a 10cm petri dish for 2 hours to allow fibroblasts and endothelial cells 

to adhere (pre-culture) before the remaining non-adhered cardiomyocytes were 

then collected and counted using a haemocytometer. For expression studies, 

cardiomyocytes were the plated onto bovine gelatin (1%, w/v) coated 6-well (1 

million cells per well) and 12-well plates (500,000 cells per well) which were 

incubated at 37oC for at least 1 hour before use. For contractility or confocal 

analysis, cells were plated onto coverslips or 35mmdishes with 14mm No 1.5 

coverslip (P35G-1.5-14-C; Mat-tek) containing with 2-well silicone inserts (Thistle 

Scientific, IB-80209-150) coated with mouse laminin in dH2O (15 µg/ml; Sigma-

Aldrich, L2020) and incubated at 37oC for at least 1 hour before use. Cells were 

kept in a humidified incubator (37oC, 5% CO2) and medium was changed to M2 

medium the next day and every 48 hours subsequently (Table 2.2). Cells were kept 

in culture for a maximum of 5 days. For adenoviral infection, NRVM were infected 

(described in 4.3.4.1) at least 2 hours after the first M2 medium change and 

maintained for 24 hours before use. 

2.2.5 Subcellular fractionation of rabbit and neonatal 

cardiomyocytes 

In order to more closely investigate the distribution of endogenous and exogenous 

proteins present in adult and neonatal cardiomyocytes, a subcellular fractionation 

protocol was used. Cells were harvested in F60 buffer (60 mM KCl, 30 mM 

Imidazole, 2 mM MgCl2•6H2O) with 1% Triton X-100 before an analytical sample 

was taken (unfractionated) and the remaining lysate centrifuged at 14,000 G for 

5 minutes at 4oC. This allows separation of the soluble components of the cell 

(supernatant) and the myofilaments (pellet). An additional step was taken to 

resolubilise the myofilament pellet with 500 mM NaCl which would separate 

myofilament proteins (NaCl supernatant) from insoluble cytoskeletal components 

(NaCl pellet; Figure 2.1; Kuster et al., 2015). 
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Figure 2.1. Subcellular fraction of rabbit ventricular cardiomyocytes. 
Cardiomyocytes were fractionated into myofilament (pellet) and non-filament (supernatant) fraction 
by extraction with 1% Triton X-100. The myofilament pellet was then solubilised in 500 mM NaCl to 
produce a supernatant of myofilament proteins, separated from insoluble cytoskeletal components. 
This method was adapted from (Kuster et al., 2015). 

2.3 Mammalian cell lines 

All cell culture experiments were performed in a Biological Safety Class II vertical 

laminar flow cabinet using sterile techniques. Cell culture materials were supplied 

by Gibco™ (ThermoFisher Scientific, Paisley, UK) unless otherwise stated. A phase 

contrast inverted microscope was used to examine cultures to confirm the absence 

of contamination and check the confluence. 

2.3.1 Cell line culture 

Human embryonic kidney (HEK) 293 cells were maintained between passages 5 

and 30 in T75 flasks in a humidified incubator (37oC, 5% CO2). Cells were passaged 

between 80-90% confluence to prevent contact inhibition by aspirating the media 

and washing with pre-warmed sterile phosphate buffered saline (PBS) before 

incubation for 2-3 minutes with 0.05% Trypsin-EDTA. The flasks were gently 

tapped to dislodge the cells and the trypsin was neutralised by addition of cell 

culture medium (Dulbecco’s Modified Eagle Medium (DMEM), 10% foetal bovine 

serum (FBS), 1% penicillin/streptomycin). The cells were then centrifuged for 3 

minutes at 1000 RPM following which the medium was aspirated and the pellet 

suspended in fresh cell culture medium to allow transfer of cells to new flasks or 

plates. After experimentation, plates were washed with PBS before appropriate 

lysis buffer for each experiment was added.  
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2.3.1.1 Transient transfection 

Cells were transiently transfected the day after plating using Lipofectamine 2000 

Reagent (Invitrogen, #10696153) according to manufacturer’s instructions. 

Briefly, for each well of a 12-well plate 3 µl of Lipofectamine 2000 Reagent was 

added to 125 µl of Opti-MEM whilst 1μg of plasmid DNA was added to a separate 

125 µl of Opti-MEM. These were incubated for 5 minutes before they were 

combined and incubated for a further 30 minutes. The transfection mixture was 

then added to the well in a dropwise manner and incubated for 24 hours. 

2.4 Polymerase chain reaction 

Polymerase chain reaction (PCR) is a technique which allows the amplification of 

double standard DNA (Wages, 2005). The process requires a master mix containing 

the template DNA to be replicated, along with free nucleotides, a heat-stable DNA 

polymerase and sequence specific forward and reverse primers. PCR involves three 

main stages of denaturation, to separate double stranded DNA, annealing, to 

anneal the forward and reverse primers to the single strands, and extension, 

whereby DNA polymerase adds the free nucleotides to make new strands (Figure 

2.2).  

 
Figure 2.2: An overview of the general principles of polymerase chain reaction (PCR). 
PCR involves the replication of double stranded DNA with the use of sequence specific forward and 
reverse primers, free nucleotides and a heat-stable DNA polymerase. The reaction is set up in thin-
walled PCR tubes and placed into a thermocycler. Firstly, double stranded template DNA is 
denatured at ~95o to separate the strands (1). The primers are allowed to bind the single strands in 
the annealing phase, the temperature of which depends on the melting temperature (Tm) of the 
designed primers, often between 55-70oC (2). Finally, the elongation phase takes place at the 
optimum temperature for the DNA polymerase (~72oC specific to the polymerase being used) to 
allow the polymerase to add new nucleotides to the 3’ end of the forward and reverse primers, using 
base-pair matching rules, and extend out the strand (3). The cycles are then repeated with the 
original and new strands and continues for 25-35 cycles to amplify the DNA (4). 
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2.4.1 Primer design 

The primers used in a PCR reaction can be designed to introduce specific 

additions, substitutions or deletions into a sequence whilst they replicate the DNA, 

and this was utilised throughout this study for the production of protein fusions 

and site directed mutants (Table 2.3 and Table 2.4). Several commercial PCR kits 

are available and were used throughout this study. All primers were prepared by 

Eurofins and resuspend in nuclease free water to a stock concentration of 100 µM. 
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Table 2.3 Mutagenesis primers for production of FLAG-cMyBP-C and alanine/cysteine point mutants 

Primers Sequences Ta (oC) Purpose PCR Kit 

FLAG addition to cMyBP-C 
F = 5’GATGATGATAAACCTGAGCCGGGGAAGAAG3’ 

R = 5’ATCTTTATAATCCATCCTGAGAGACGTCACAC3’ 
65 

Introduce a FLAG-tag to the N-terminal of cMyBP-C after 
initiator methionine 

Q5 

cMyBP-C C623A 
F = 5’CTTCGCCGCCAACCTGTCAGCCAAGCTCCAC3’ 

R = 5’AGGTTGGCGGCGAAGCCCTCGGGCAC3’ 
66.9 

Mutant of cysteine at position 623 to alanine in the human 
cMyBP-C sequence 

Infusion 

cMyBP-C C651A 
F = 5’CCTGGACGCCCCAGGCCGCATACCAGACACC3’ 

R = 5’CCTGGGGCGTCCAGGTGGATCTTGGGAGG3’ 
65.9 

Mutant of cysteine at position 651 to alanine in the human 
cMyBP-C sequence 

Infusion 

cMyBP-C A239C 
F = 5’CTATAGATGCGAGGTGTCCACCAAGGACA3’ 

ACCTCGCATCTATAGCTGCCGGTAAAGGCT3’ 
62.1 

Mutant of alanine at position 239 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A249C 
F = 5’GTTCGACTGCTCCAACTTCAACCTGACCG3’ 
R = 5’TTGGAGCAGTCGAACTTGTCCTTGGTGG3’ 

60.4 
Mutant of alanine at position 249 to cysteine in cysless version 

of human cMyBP-C sequence 
Infusion 

cMyBP-C A426C 
F = 5’TTCTCAGTGCTCCCTGGCCGACGACGCC3’ 

R = 5’AGGGAGCACTGAGAAATTGTCAGGGTCCGCTTG3’ 
67.7 

Mutant of alanine at position 426 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A436/443CC 
F = 5’TTGTTGGCGGAGAGAAGTGCTCCACCGAGCTGTTCGTG3’ 
R = 5’TCTCTCCGCCAACAACGCATTGATAAGCGGCGTCGTCG3’ 

62.7 
Mutant of alanines at position 436/443 to cysteines in cysless 

version of human cMyBP-C sequence 
Infusion 

cMyBP-C A475C 
F = 5’ATTCGAGTGCGAGGTGTCCGAAGAGGGCG3’ 
R = 5’ACCTCGCACTCGAATTCCACTCTCTGTCCG3’ 

63.6 
Mutant of alanine at position 475 to cysteine in cysless version 

of human cMyBP-C sequence 
Infusion 

cMyBP-C A528C 
F = 5’CGCCCTTTGCACATCTGGTGGACAGGCCC3’ 

R = 5’GATGTGCAAAGGGCGTAGTGGCCGGC3’ 
66.0 

Mutant of alanine at position 528 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A566C 
F = 5’GTTCAAATGCGAAGTGTCCGACGAGAATGTGC3’ 

R = 5’ACTTCGCATTTGAACACGGCCTGGTC3’ 
62.1 

Mutant of alanine at position 566 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A623C 
F = 5’CTTCGCCTGCAATCTGTCTGCCAAGCTGCAC3’ 

R = 5’AGATTGCAGGCGAAGCCCTCAGGCAC3’ 
64.8 

Mutant of alanine at position 623 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A651C 
F = 5’TCTGGATTGCCCTGGCAGAATCCCCGACA3’ 

R = 5’CCAGGGCAATCCAGATGGATCTTAGGAGGCTCT3’ 
64.1 

Mutant of alanine at position 651 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A719C 
F = 5’GCTGCTGTGCGAGACAGAGGGAAGAGTGCGC3’ 

R = 5’GTCTCGCACAGCAGCTTCTTGTCGAACACC3’ 
64.6 

Mutant of alanine at position 719 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A788C 
F = 5’AGATAGCTGCACCGTGCAGTGGGAACCA3’ 

R = 5’ACGGTGCAGCTATCTTCTCCCACGTTAGAGA3’ 
62.6 

Mutant of alanine at position 788 to cysteine in cysless version 
of human cMyBP-C sequence 

Infusion 

cMyBP-C A909/913CC 
F = 5’TTGCCCTGAGGGCTGCTCTGAGTGGGTTGCAGCAC3’ 

R = 5’CAGCCCTCAGGGCAATATTCCACGCTGTAGCCATCCAG3’ 
63.6 

Mutant of alanines at position 909/913 to cysteines in cysless 
version of human cMyBP-C sequence 

Infusion 

cMyBP-C A1124C 
F = 5’GACACACTGCGTGGTGCCAGAGCTGATCATC3’ 

R = 5’ACCACGCAGTGTGTCCGTCTGTAGTGTTCCAG3’ 
64.1 

Mutant of alanine at position 1124 to cysteine in cysless 
version of human cMyBP-C sequence 

Infusion 

cMyBP-C A1201/1202CC 
F = 5’TGCTGTGCTGCGCTGTCAGAGGCAGCCCC3’ 

R = 5’CAGCGCAGCACAGCATAGCGGTGTAGCCGG3’ 
65.4 

Mutant of alanines at position 1201/1202 to cysteines in 
cysless version of human cMyBP-C sequence 

Infusion 

cMyBP-C A1244C 
F = 5’AAAGCCCTGCCCTTTCGACGGCGGCATC3’ 

R = 5’AAAGGGCAGGGCTTTCTGATTTCCAGGGTC3’ 
63.7 

Mutant of alanine at position 1244 to cysteine in cysless 
version of human cMyBP-C sequence 

Infusion 

cMyBP-C A1253C 
F = 5’CTATGTGTGCAGAGCCACCAATCTGCAGGG3’ 

R = 5’GCTCTGCACACATAGATGCCGCCGTCG3’ 
64.1 

Mutant of alanine at position 1253 to cysteine in cysless 
version of human cMyBP-C sequence 

Infusion 

cMyBP-C A1264/66CC 
F = 5’TAGATGCGAATGCAGACTGGAAGTTCGGGTGCC3’ 
R = 5’CTGCATTCGCATCTAGCTTCGCCCTGCAGATTGG3’ 

65.6 
Mutant of alanines at position 1264/66 to cysteines in cysless 

version of human cMyBP-C sequence 
Infusion 

(F, forward primer; R, reverse primer; Ta, average melting temperature)  
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Table 2.4 Primers for production of FLAG-cMyBP-C-UBC9 fusion and lysine to arginine or cysteine to alanine point mutants  

Primers Sequences Ta (oC) Purpose PCR Kit 

FLAG-cMyBP-C-UBC9 
Fusion 

cMyBP-C F = 5’GATTATAAAGATGATGATGATAAAC3’ 

 cMyBP-C R = 5’CATCCTGAGAGACGTCACACCAG3’ 58.3 
To produce a fusion protein of FLAG-cMyBP-C and 
SUMO E2 ligase UBC9 to enhance SUMOylation 

Infusion 
UBC9 F = 5’ACGTCTCTCAGGATGTCGGGGATCGCCCTCAGC3’ 

UBC9 R = 5’ATCATCTTTATAATCTGAGGGCGCAAACTTCTTGGC3’ 
66.4 

UBC9 C93A 
F = 5’CACAGTGGCCCTGTCCATCCTGGAGGAAGACAAG3’ 

R = 5’GACAGGGCCACTGTGCCAGAAGGATACACG3’ 
64.8 

Mutant of cysteine 93 to alanine in UBC9 human 
sequence to produce catalytically inactive version 

Infusion 

cMyBP-C K89R 
F = 5’CAAGGTCCGTTTCGACCTCAAGGTCATAGAGGCA3’ 

R = 5’TCGAAACGGACCTTGGAGGAGCCAGC3’ 
63.8 

Mutant of lysine at position 89 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K93R 
F = 5’CGACCTCCGTGTCATAGAGGCAGAGAAGGCAGAGC3’ 

 R = 5’ATGACACGGAGGTCGAACTTGACCTTGGAGG3’ 
65.6 

Mutant of lysine at position 93 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K301R 
F = 5’GCTGAAACGTAGAGACAGTTTCCGGACCCC3’ 
R = 5’TCTCTACGTTTCAGCAGTGAGCTGAAGTCC3’ 

63.2 
Mutant of lysine at position 301 to arginine in the 

human cMyBP-C sequence 
Infusion 

cMyBP-C K312R 
F = 5’GGACTCGAGGCTGGAGGCACCAGCAGAGG3’ 

R = 5’TCCAGCCTCGAGTCCCTCGGGGTCCG3’ 
65.6 

Mutant of lysine at position 312 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K367/367RR 
F = 5’TTCAGCGCCGCCTGGAGCCGGCCTACCAG3’ 

R = 5’CCAGGCGGCGCTGAAAGGCTGTGCTCTTCTTC3’ 
63.0 

Mutant of lysines at position 367/368 to arginines in 
the human cMyBP-C sequence 

Infusion 

cMyBP-C K635R 
F = 5’GGAGGTCAGGATTGACTTCGTACCCAGGCAGG3’ 
R = 5’TCAATCCTGACCTCCATGAAGTGGAGCTTGG3’ 

64.8 
Mutant of lysine at position 635 to arginine in the 

human cMyBP-C sequence 
Infusion 

cMyBP-C K185R 
F = 5’CCTCCTGCGCCCGCCTGTGGTCAAGTGG3’ 
R = 5’GGCGGGCGCAGGAGGCTGGCGCCGGC3’ 

67.2 
Mutant of lysine at position 185 to arginine in the 

human cMyBP-C sequence 
Infusion 

cMyBP-C K398R 
F = 5’ATGGCTCCGCAATGGCCAGGAGATCCAGATGAG3’ 

R = 5’CCATTGCGGAGCCATTTGACCTCAGCGTC3’ 
63.8 

Mutant of lysine at position 398 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K450R 
F = 5’CTTTGTGCGCGAGCCCCCTGTGCTCATCAC3’ 
R = 5’GGCTCGCGCACAAAGAGCTCCGTGCTACAC3’ 

64.5 
Mutant of lysine at position 450 to arginine in the 

human cMyBP-C sequence 
Infusion 

cMyBP-C K488R 
F = 5’ATGGCTGCGCGACGGGGTGGAGCTGACC3’ 

R = 5’CCGTCGCGCAGCCATTTGACTTGCGCC3’ 
63.7 

Mutant of lysine at position 488 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K504R 
F = 5’GGTTCCGCCGCGACGGGCAGAGACACCACC3’ 

R = 5’CGTCGCGGCGGAACCGGTATTTGAAGGTCTCCTCC3’ 
64.8 

Mutant of lysine at position 504 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K542/543RR 
F = 5’AGGAACGCCGCCTGGAGGTGTACCAGAGCATCG3’ 

R = 5’CCAGGCGGCGTTCCTGCACAATGAGCTCAGC3’ 
63.9 

Mutant of lysines at position 542/543 to arginines in 
the human cMyBP-C sequence 

Infusion 

cMyBP-C K565R 
F = 5’GGTGTTCCGCTGTGAGGTCTCAGATGAGAATGTTC3’ 

R = 5’TCACAGCGGAACACCGCCTGGTCCTTTG3’ 
63.0 

Mutant of lysine at position 565 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K579R 
F = 5’GTGGCTGCGCAATGGGAAGGAGCTGGTGCC3’ 

R = 5’CCATTGCGCAGCCACACACCCCGAAC3’ 
64.2 

Mutant of lysine at position 579 to arginine in the 
human cMyBP-C sequence 

Infusion 

cMyBP-C K754R 
F = 5’CACAGTGCGCAACCCTGTGGGCGAGGACC3’ 
R = 5’GGGTTGCGCACTGTGACCGTGTAGACGCC3’ 

66.1 
Mutant of lysine at position 754 to arginine in the 

human cMyBP-C sequence 
Infusion 

cMyBP-C K1000R 
F = 5’CCAGGGCCGCCCCCGGCCTCAGGTGACC3’ 

R = 5’CGGGGGCGGCCCTGGAAAGGGATGAGAAGG3’ 
65.9 

Mutant of lysine at position 1000 to arginine in the 
human cMyBP-C sequence 

Infusion 

UBC9 K1216R 
F = 5’CTGGTTCCGCAATGGCCTGGACCTGGGAG3’ 

R = 5’CCATTGCGGAACCAGGAAATCTTGGGCTTGG3’ 
63.9 

Mutant of lysine at position 1216 to arginine in the 
combined human cMyBP-C-UBC9 sequence 

Infusion 

UBC9 K1351R 
F = 5’GCTTTTCCGCGATGATTATCCATCTTCGCCACC3’ 
R = 5’TCATCGCGGAAAAGCATCCGTAGTTTAAACAAG3’ 

60.3 
Mutant of lysine at position 1351 to arginine in the 

combined human cMyBP-C-UBC9 sequence 
Infusion 

(F, forward primer; R, reverse primer; Ta, average melting temperature) 
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2.4.2 Production of FLAG-cMyBP-C with Q5® Site-Directed 

Mutagenesis 

E-coli transformed with the plasmid backbone pCMV Sport6 vector backbone 

(Clone ID: IRATp970G11139D) containing Homo Sapiens cMyBP-C sequence were 

purchased from Source BioScience and plasmid DNA was prepared as described in 

Section 2.5. To identify transfected cMyBP-C over endogenous, a FLAG tag 

(DYKDDDDK) was added to the N-terminus using custom primers and Q5® Site-

Directed Mutagenesis Kit (New England BioLabs (NEB), UK) according to 

manufacturer’s instructions. Briefly, a mix of cMyBP-C plasmid DNA (25-100ng), 

forward and reverse primers (0.5 µM each) and Q5 Hot Start High-Fidelity Master 

Mix (containing dNTPs and DNA polymerase) were added to a Thermal Cycler on 

the following programme: 

STEP TEMPERATURE TIME 

Initial denaturation 98oC 30 seconds 

25 Cycles 

Denaturation 98oC 10 seconds 

Annealing 65oC 20 seconds 

Extension 72oC 4 minutes 

Final extension 72oC 2 minutes 

Hold 4oC ꝏ 

 

After the PCR reaction, the contents were incubated with KLD (kinase, ligase, 

DpnI) reaction mix at 37oC for 1 hour. This allows the ligation and re-circularisation 

of the DNA, whilst the DpnI restriction enzyme will recognise and cleave 

methylated DNA, so any DNA produced in bacteria (i.e. the parental plasmid) will 

be removed leaving the newly mutated plasmid DNA.  

2.4.3 Production of FLAG-cMyBP-C-UBC9 fusion and lysine, 
cysteine and alanine point mutants using In-fusion® HD 

In-Fusion® HD Cloning Kit (Takara Bio, EU) was used to produce the majority of 

the recombinant proteins throughout this project. This was due to its diversity 

allowing the production of protein truncations, individual site mutants and the 
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fusion of two proteins together and its high efficiency in completing these tasks 

compared to other PCR kits. Briefly, primers were designed using Takara’s In-

fusion primer design tool which incorporates overlapping ends to the primers to 

allow the plasmid to be re-linearized or two products to be fused together.  

(Figure 2.3). 

 
Figure 2.3. In-fusion PCR Cloning. 
In-fusion PCR cloning involves amplifying one or more fragments of DNA by standard PCR where 
the primers (orange and green arrows) used in the synthesis are designed with 15bp extensions 
complementary to either each end of the plasmid (for re-linearization of a single product) or 
completely to another product to allow the fusion of the two (as pictured). The fusion is then 
completed by re-ligation using the In-Fusion enzyme.  

To enhance the SUMOylation of cMyBP-C to allow improved detection, a construct 

expressing a fusion of FLAG-cMyBP-C with the E2 SUMO ligase UBC9 was produced. 

This has been shown to enhance the detection of the SUMOylated isoform of the 

protein of interest (Kim et al., 2009). The Infusion® HD reaction was carried out 

in two separate reactions whereby the UBC9 gene was amplified in one and pCMV 

Sport6 FLAG-cMyBP-C was amplified in the other. Combination of both PCR 

products with In-Fusion® HD Enzyme Premix then allowed the fusion of the two 

products into one linearized plasmid product. Similarly, in order to narrow down 

the region of cMyBP-C that is palmitoylated or SUMOylated, individual amino acids 

in pCMV6-FLAG-cMyBP-C or pCMV6-FLAG-cMyBP-C-UBC9 were mutated in a PCR 
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reaction before re-ligation. In all cases, the plasmid DNA was linearized using 

mutagenic forward and reverse primers and CloneAmp Hifi PCR Premix (containing 

dNTPs and DNA polymerase) and added to the Thermal Cycler on the following 

programme:  

STEP TEMPERATURE TIME 

35 Cycles 

Denaturation 98oC 10 seconds 

Annealing 65oC* 15 seconds 

Extension 72oC 
5 seconds per 
kb of plasmid 

Hold 4oC ꝏ 

*Temperature varies depending on the primers used (Table 2.3 and Table 2.4). 

The PCR reaction mix was then incubated with DpnI enzyme (37oC, >3 hours) to 

remove parental DNA following which a PCR Clean Up Kit (Monarch® PCR & DNA; 

NEB, UK) was used to remove excess buffer, enzymes and primers from the 

reaction mix. The purified, linearized PCR product was then re-circularised to 

produce a functional plasmid by incubation of 200-300 ng of PCR product with In-

Fusion® HD Enzyme Premix at 50oC for 15 minutes before being place on ice prior 

to transformation. 

2.5 Plasmid preparation 

All bacterial work was carried out under sterile conditions by keeping items 

proximal to a Bunsen flame where possible and sterilising all tips, stripettes and 

spreaders before use. Ampicillin (final concentration 100 µg/ml) and Kanamycin 

(final concentration 50 µg/ml) were thawed on ice and added when appropriate 

to Agar for plates and Luria-Bertani (LB) broth for the growing of bacterial 

cultures. Plates and cultures were stored at 4oC.  

2.5.1 Transformation of chemically competent cells 

DH5α (NEB), XL-10 gold (Agilent) or Stellar™ (Takara Bio) chemically competent 

cells (stored at -80oC) were thawed on ice before addition of plasmid DNA or PCR 

product post-DpnI treatment. The cells and DNA were gently mixed and incubated 

for 30 minutes on ice, gently agitating every few minutes. Heat shock to allow the 



Chapter 2: Materials and Methods  80 

competent cells to uptake the DNA was then carried out at 42oC for 30 seconds, 

before recovery on ice for 5 minutes. To the transformed cells, the appropriate 

volume of SOC medium (DH5α and Stellar™) or NZY+ broth (XL-10 gold) was added, 

and the cells incubated at 37oC with shaking at 200 RPM for 1 hour. After 

incubation, the transformed cells were spread onto Agar plates with appropriate 

antibiotics before incubation upside down at 37oC overnight. 

Successful transformation was determined by the presence of clear, individual 

colonies and a number of these were picked with sterile pipette tips and used to 

inoculate 3-5 mls of LB broth with appropriate antibiotic for 16-20 hours in a 

shaking incubator (180-200 RPM, 37oC). After inoculation, bacteria were either 

harvested for mini prep and/or transferred to a larger culture for midi/maxi prep. 

Glycerol stocks were produced from overnight cultured by mixing 1 ml of culture 

with 1 ml of 50% glycerol in sterile water and snap frozen for long term storage at 

-80oC. 

2.5.2 Preparation of plasmid DNA 

Preparation of plasmid DNA from individual colonies was completed using either 

QIAGEN® Plasmid Mini/Midi/Maxi Prep Kits (Qiagen, UK) or ZymoPURE 

Mini/Midi/Maxi Prep Kits (Zymo Research, UK) with the kit used dependent on the 

volume of culture grown or amount of plasmid DNA to be prepared. Briefly, the 

bacterial culture was pelleted in a high-speed centrifuge followed by lysis, 

neutralisation and precipitation with appropriate buffers. The lysate containing 

the plasmid DNA was then cleared by centrifugation or syringe filter and the 

supernatant collected and transferred to a resin that binds the plasmid DNA. The 

bound DNA was subsequently washed via centrifugation or vacuum manifold before 

it was eluted in Tris-EDTA buffer (TE; 10 mM Tris-Cl, 1 mM EDTA; pH 8.0). The 

concentration of DNA and the purity was determined by a NanoDrop 2000 

spectrophotometer (Denovix) whereby absorbance at 260nm determined the 

concentration in ng/µl and the A260/A280 ratio determined purity. Preparations 

were stored at -20oC.  
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2.5.3 Agarose gel electrophoresis 

In order to determine the success of mutagenesis, plasmids were run on an agarose 

gel which allows the separation of DNA products according to their size and 

compared to the parental plasmid from which they were made. Agarose gels (1%, 

w/v) was prepared in Tris-acetate-EDTA buffer (TAE, 40 mM Tris Base, 20 mM 

Acetic Acid, 1 mM EDTA in dH2O, pH 8.5) and boiled until the agarose had 

dissolved. SYBR Green I Nucleic Acid Gel Stain was added at a volume of 1 µl/ml 

to stain the double-stranded DNA for detection. After the gel had set, samples 

were added at a final concentration of 150-300 ng and gels were run at 100 V for 

1 hour before visualisation with a BioRad Imaging System and Quantity One 

software (BioRad, UK). Plasmids were sequenced using gene specific primers and 

Eurofins TubeSeq Service to confirm mutagenesis.  

2.6 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

2.6.1 Materials 

Table 2.5 Polyacrylamide gradient gel recipes   

Polyacrylamide Gradient Gels 

6% (light) fraction 20% (heavy) fraction Stacking gel 

0.4 M Tris-HCl (pH 8.8) 
0.1% SDS 
6% Acryl-bisacrylamide mix 
0.04% TEMED 
0.04% APS 

0.4 M Tris-HCl (pH 8.8) 
0.1% SDS 
20% Acryl-bisacrylamide mix 
0.04% TEMED 
0.04% APS 

0.125 M Tris-HCl (pH 6.8) 
0.1% SDS 
5% Acryl-bisacrylamide mix 
0.1% TEMED 
0.1% APS 

Table 2.6 SDS-PAGE reagents 

SDS-PAGE Reagents 

2X SDS-PAGE Loading Buffer 

100 mM Tris 
4% SDS 
20% glycerol 
0.02% bromophenol blue 
5% β-mercaptoethanol 

TBS-T PBS-T Running Buffer Transfer Buffer 

20 mM Tris 
150 mM NaCl 
0.1% Tween-20 
(pH to 7.5 with HCl) 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
1.8 mM KH2PO4 
0.1% Tween-20 
(pH 7.4) 

25 mM Tris 
192 mM Glycine 
0.1% SDS 

25 mM Tris 
192 mM Glycine 
0.01% SDS 
20% methanol 
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Table 2.7 Primary and secondary antibodies  

Antibody (Species) Dilution (Use) Supplier and Product Number 

Anti-cMyBP-C primary antibody (mouse) 

1:1000 – 1:2000 
(WB) 

1:200 (IF) 
1 µg (IP) 

Santa Cruz Biotechnology, sc-
137237 

Anti-cMyBP-C primary antibody (rabbit) 
1:1000 (WB) 

1:200 (IF) 
Invitrogen, 703574 

Anti-phospho-cMyBP-C [pSer282] primary 
antibody (rabbit) 

1:1000 (WB) 
Enzo Life Sciences, ALX-215-

057-R050 

Anti-FLAG® M2 primary antibody (mouse) 
1:2000 (WB) 

1:200 (IF) 
Sigma-Aldrich, G3165 

Anti-Flotillin-2 primary antibody (mouse) 1:2000 (WB) BD Biosciences, 610383 

Anti-Caveolin-3 primary antibody (mouse) 1:4000 (WB) BD Biosciences, 610420 

Anti-DHHC5 primary antibody (rabbit) 1:1000 (WB) Sigma, HPA014670 

Anti-GFP primary antibody (rabbit) 1:5000 (WB) Abcam, ab6556 

Anti-Na+/K+ ATPase primary antibody 
(mouse) 

1:200 (WB) 
Developmental Studies 
Hybridoma Bank, α6F 

Anti-FXYD1 (PLM) (rabbit) 1:2000 (WB) Abcam, ab76597 

Anti-Gαi primary antibody (rabbit) 1:1000 (WB) Pierce Antibodies 

Anti-NCX1 primary antibody (mouse) 1:1000 (WB) Swant, R3F1 

Anti-Cav1.2 (CACNA1C, LTCC) primary 
antibody (guinea pig) 

1:200 (WB) Alomone, AGP-001 

Anti-UBC9 primary antibody (rabbit) 1:1000 (WB) 
Cell Signalling Technology, 

D26F2 

Anti-HA tag primary antibody (rat) 1:1000 (WB) Roche, 11867423001 

Anti-myosin primary antibody (mouse) 1:200 (WB) 
Developmental Studies 
Hybridoma Bank, MF20 

Anti-actin primary antibody (rabbit) 1:200 (WB) 
Developmental Studies 
Hybridoma Bank, JLA20 

Anti-tropomyosin primary antibody 
(mouse) 

1:200 (WB) 
Developmental Studies 
Hybridoma Bank, CH1 

Anti-troponin-T (TNNT2, cardiac/slow) 
primary antibody (mouse) 

1:200 (WB) 
Developmental Studies 
Hybridoma Bank, CT3 

Anti-troponin-I primary antibody (cardiac) 
(mouse) 

1:200 (WB) 
Developmental Studies 
Hybridoma Bank, TI-1 

Slow skeletal-MyBP-C (MYBPC1) (rabbit) 1:1000 (WB) 
Caltag Medsystem (ProSci), 

PSI-6679 

Fast skeletal-MyBP-C (MYBPC2) (rabbit) 1:1000 (WB) 
Caltag Medsystem (ProSci), 

PSI-5651 

Anti-GAPDH primary antibody (mouse) 1:1000 (WB) Sigma, G8795 

Anti-SUMO1 primary antibody (rabbit) 
1:1000 (WB) 

1:200 (IF) 
Enzo Life Sciences, BML-

PW8330-0025 

Anti-rabbit HRP conjugated secondary 
antibody (goat) 

1:2000 - 1:5000 
(WB) 

Jackson ImmunoResearch, 111-
035-144 

Anti-mouse HRP conjugated secondary 
antibody (rabbit) 

1:2000 - 
1:10000 (WB) 

Jackson ImmunoResearch, 315-
035-003 

Anti-rat HRP conjugated secondary 
antibody (mouse) 

1:2000 (WB) 
Jackson ImmunoResearch, 212-

035-082 

Anti-guinea pig HRP conjugated 
secondary antibody (donkey) 

1:2000 (WB) 
Jackson ImmunoResearch, 706-

035-148 

Anti-mouse IgG H&L AlexaFluor® 488 
secondary antibody (goat) 

1:500 (IF) Abcam, ab150113 

Anti-rabbit IgG H&L AlexaFluor® 546 
secondary antibody (goat) 

1:500 (IF) Thermofisher, A-21085 

(IF, immunofluorescence; IP, immunoprecipitation; PA, peptide array; WB, western blot) 
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2.6.2 Bradford assay 

Total protein concentration from cell lysates was determined using a BioRad 

protein assay utilising a protein concentration dependent colour change for 

quantification (Bradford, 1976). A standard curve was produced from a known 

range of bovine serum albumin (BSA) samples to which Bradford Reagent (1:5 

dilution in dH2O; company product) was added. Cell lysates were then prepared 

in triplicate (1:50 dilution in dH2O) before addition of Bradford Reagent. 

Absorbance was measured at 585 nm using an Anthos 2010 plate reader and ADAP 

software, with unknown samples compared to the standard curve for estimation 

of protein concentration in ng/μl, which was then adjusted for dilution.  

2.6.3 Western immunoblotting 

Proteins within a sample were resolved using precast (NuPAGE™ 4-12% Bis-Tris 

Protein Gels) or prepared gradient gels, in which spacer plates (0.75 mm), short 

plates and a multicasting chamber (BioRad, UK) were used to prepare the resolving 

gel before the addition of a stacking gel and 15-well comb (solutions detailed in 

Table 2.5). SDS-PAGE allows separation of proteins by molecular weight and 

proteins are identified by their size when compared with a molecular weight 

marker containing proteins of known size (Dual Color Precision Plus, BioRad). Gels 

were immersed in running buffer (Table 2.6) and a voltage applied at 100 V until 

the sample had travelled through the stacking gel before running at up to 200 V 

through the resolving gel until the dye front had reached the bottom of the gel, 

or further to separate larger proteins only. Gels were then transferred to 

Immobilin® PVDF membranes (activated for two minutes in methanol) using a 

Trans-Blot® Semi-Dry Transfer Apparatus (20 V, 1.0 A, 30 minutes; BioRad, UK) 

and transfer buffer (Table 2.6). After transfer membranes were incubated in 5% 

milk in PBS-T or 5% milk in TBS-T for phospho-antibodies for 1 hour to block 

unspecific binding sites before incubating with desired primary antibody overnight 

at 4oC (Table 2.7). Membranes were washed three times for 15 minutes with PBS-

T or TBS-T before incubation with appropriate horseradish peroxidase (HRP)-

conjugated or fluorescent secondary antibody for 1 hour at room temperature 

(Table 2.7). Membranes were washed with PBS-T or TBS-T for 15 minutes 

(fluorescence) or 2-3 hours (HRP) before visualization.  
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2.6.4 Densitometry 

For detection of HRP-conjugated secondaries, membranes were incubated with an 

Immobilon® Western Chemiluminescent HRP Substrate and visualised with a 

BioRad Imaging System and Quantity One software (BioRad, UK). Quantification of 

bands was completed using Quantity One software whereby a box was drawn 

around each band and the background subtracted. Abundance of proteins of 

interest were normalised to total protein or loading controls where possible. 

2.7 In vitro palmitoylation 

2.7.1 Acyl-resin assisted capture (Acyl-RAC) 

The following method has been modified from a protocol from (Forrester et al., 

2011) which allows the capture of palmitoylated proteins within a sample. 

Cultured and pelleted cells or pulverised tissue were lysed using blocking buffer 

(Table 2.8) and lysates were incubated at 40oC shaking at 1000 RPM for 4 hours to 

allow the methyl methanethiosulfonate (MMTS) to methylate all free cysteines. 

Non-pulverised tissues were treated in the same way except were homogenised in 

the solution prior to incubation. Proteins were then precipitated using 3 volumes 

of 100% acetone at -20oC for 20 minutes and centrifuged at 10,000 G for 2 minutes, 

with the resulting pellet subsequently washed five times using 70% acetone to 

remove excess MMTS, before air-drying the resulting pellet to remove excess 

acetone. The pellets were then re-suspended in binding buffer (Table 2.8) for 1-2 

hours at 40oC with shaking at 1200 RPM. Following pellet redissolving, a portion of 

the sample was transferred to a separate labelled Eppendorf as a measure of total 

protein (unfractionated sample) and an equal volume of 2X SDS-PAGE loading 

buffer with 100 mM DTT was added. A volume of lysate 5 times that of the 

unfractionated was then incubated with 250 mM NH2OH (hydroxylamine, HA, pH 

7.5), to hydrolyse the thioester bonds between palmitate and palmitoylated 

cysteine, with the same concentration of sodium chloride (NaCl, pH 7.5) added in 

its place for negative control samples. The solution was the incubated with 

thiopropyl sepharose beads hydrated in binding buffer and rotated for 2.5 hours 

at room temperature to allow the available cysteines to bind to the beads. The 

samples were then centrifuged at 10,000 G for 3 minutes before the supernatant 

was aspirated and the beads were subsequently washed with five times binding 
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buffer, rotating and centrifuging with each wash. After the final wash an equal 

volume of 2X SDS-PAGE loading buffer with 100 mM DTT was added to the samples, 

following which the samples were heated to 60oC for 10 minutes to elute the 

captured proteins (Figure 2.4). For analysis, the band intensity in the 

palmitoylated fraction (hydroxylamine dependent, HA) is divided by the band 

intensity in the unfractionated (UF) starting material to give a ratio of 

palmitoylation relative to expression. As the palmitoylated fraction was 5 times 

enriched compared to the UF sample, this ratio can be divided by 5 and multiplied 

by 100 to give a percentage (%) palmitoylation of each substrate (Figure 2.4). 

Table 2.8 Acyl-resin assisted capture (Acyl-RAC) components. 

Acyl-RAC Components 

Acyl-RAC blocking buffer Acyl-RAC binding buffer 

100 mM HEPES 
1 mM EDTA 
2.5% SDS 
1% MMTS 

100 mM HEPES 
1 mM EDTA 
1% SDS 
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Figure 2.4. Schematic of acyl-resin assisted capture (Acyl-RAC). 
Free cysteines within a sample are firstly methylated with methyl methanethiosulfonate (MMTS), 
followed by incubation with NH2OH (hydroxylamine) to remove any acyl/palmitoyl groups from 
palmitoylation sites by hydrolysing the thioester bonds (NaCl can be used at this stage as a negative 
control). The free cysteine residues are then captured by thiopropyl sepharose beads. Elution of the 
protein attached to the beads and analysis using SDS-PAGE for protein of interest is then completed. 
For analysis, the band intensity in the palmitoylated fraction (hydroxylamine dependent, HA) is 
divided by the band intensity in the unfractionated (UF) starting material to give a ratio of 
palmitoylation relative to expression. As the palmitoylated fraction was 5 times enriched compared 
to the UF sample, this ratio can be divided by 5 and multiplied by 100 to give a percentage (%) 
palmitoylation of each substrate. Rxn = reaction. Adapted from Forrester et al., 2011 and Main and 
Fuller, 2021. 
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2.7.2 Acyl-RAC of human heart tissue 

Human heart tissue from organ donors and heart failure patients was kindly 

provided by Dr Niall MacQuaide, University of Strathclyde, collected from Kenneth 

Campbell, University of Kentucky, as previously described (Blair et al., 2016) with 

details displayed in Table 2.9. Briefly, portions of the left ventricular endocardium 

were homogenised in CHAPS buffer by Dr Gillian Borland and Miss Jiayue Ling and 

the soluble fraction aliquoted and stored at -80oC for later use. To identify the 

palmitoylation stoichiometry of several substrates from the samples, 2 mg of 

protein from each sample was used in an Acyl-RAC with a ratio of 1:2 sample to 

blocking buffer, with final concentration of 1% MMTS. The protocol was then 

carried out as described in 2.7.1. All samples were labelled with patient ID’s and 

were not unblinded until after densitometry analysis was completed. 

Table 2.9. Human organ donor and heart failure information. 
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2.8 Confocal microscopy 

For confocal microscopy, cell lines were plated onto poly-l-lysine (0.01% w/v in 

dH2O, Sigma-Aldrich) coated coverslips whilst cardiomyocytes were plated onto 

laminin (15 µg/ml) coated coverslips which had been preincubated at 37oC for 1 

hour before plating. Following experimentation, cells were washed with sterile 

PBS before fixation with 4% paraformaldehyde in PBS for 20 minutes at room 

temperature, followed by three PBS washes. Cells were then permeabilised in 0.1% 

Triton-X100 in PBS for 10 minutes at room temperature before three PBS washes 

and blocking using 1% bovine serum albumin (BSA), 10% horse serum in PBS for 1 

hour at room temperature. Coverslips were then incubated in primary antibody 

diluted in 0.1% BSA, 1% horse serum in PBS for 1 hour at room temperature before 

three PBS washes and incubation in appropriate fluorescent secondary antibody 

diluted in 0.1% BSA, 1% horse serum in PBS for an additional hour (Table 2.7). 

Coverslips were then mounted onto glass slides using Dako Mounting Medium 

(Agilent, S3023) or NucRed™ Live 647 ReadyProbes™ Reagent (Thermofisher, 

R37106) and left to dry overnight in the dark. The coverslips were then sealed 

using clear nail polish and images obtained using a Zeiss LSM Pascale Exciter laser 

scanning confocal microscope with a 63x/1.4 oil objective. Contrast was adjusted 

in images for visualisation purposes using ImageJ. 

2.9 Statistical analysis 

Statistical analysis was completed using GraphPad Prism (Version 7; California, 

USA) and was completed on groups with 3 biological replicates or more. Data is 

expressed as mean ± standard error or the mean (S.E.M). For comparisons in data 

sets with more than two groups, a one-way analysis of variance (ANOVA) with an 

appropriate post hoc test (Tukey (for all groups compared), Sidak (for select 

groups compared) or Dunnett’s (for all groups compared to one control)), with 

comparisons detailed in the figure legend. For comparisons of two groups, an 

unpaired student’s t-test was used, or in cases where the same samples were 

measured twice and compared, a paired t-test was used. All data was tested for 

significant outliers using a Grubb’s test. A probability value of p<0.05 was 

considered to be statistically significant.  
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3.1 Introduction 

3.1.1 Post-translational modifications of cMyBP-C 

Given the importance of cMyBP-C phosphorylation to overall cardiac contractility 

and its role in ischaemic HF, there has been a concerted effort over the last few 

decades to identify and characterise additional modifications of cMyBP-C (Figure 

3.1; reviewed in Main, Fuller and Baillie, 2020). 

 

Figure 3.1. An overview of the reported post-translational modifications of cMyBP-C. 
Cardiac myosin binding protein-C (cMyBP-C) is under the control of several different post-
translational modifications, including those more well characterised such as phosphorylation and S-
glutathionylation, and those lesser studied including S-nitrosylation, acetylation and citrullination. In 
all cases some putative modification sites have been identified although  most have not been 
confirmed in vivo. Taken from Main, Fuller and Baillie, 2020. 

3.1.1.1 Acetylation 

Acetylation, the addition of an acetyl group to a lysine residue, targets several 

cardiac substrates and is important in cardiac physiology and muscle contraction. 

Of note, an increase in deacetylation by histone deacetylases (HDAC) is associated 

with ischaemia/reperfusion (I/R) injury and HDAC inhibitors are beneficial in 
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protecting against I/R in pre-clinical models, with their clinical development 

currently in progress (Yang et al., 2020). A study aiming to identify sarcomeric 

acetylation enzymes demonstrated that increased acetylation was associated with 

enhanced myofilament Ca2+ sensitivity and contractility (Gupta et al., 2008). 

Acetylation of lysine residues in the myosin motor domain may be the main 

contributor, as an increase in myosin acetylation enhanced actin-myosin 

crossbridge formation (Samant et al., 2015). Interestingly, the enzymes 

responsible for myosin acetylation were found localised to the A-band of the 

sarcomere where cMyBP-C resides. It is perhaps unsurprising therefore that cMyBP-

C acetylation was identified soon after, both in vitro and in vivo, and the same 

acetylase that targets myosin was also found to target cMyBP-C (Ge et al., 2009; 

Govindan, Sarkey, et al., 2012). Interestingly, five of the putative cMyBP-C 

acetylation sites are located in the N-terminal domains and the cleaved cMyBP-C 

associated with MI and HF is heavily acetylated (Govindan, Sarkey, et al., 2012). 

However, despite these sites being in a region of the protein of great functional 

significance, further characterisation has yet to be completed.  

3.1.1.2 Citrullination 

Citrullination, the enzyme driven conversion of an arginine amino acid to 

citrulline, is a lesser studied PTM, however is generally associated with loss of 

protein structure and binding partner interactions (Fert-Bober & Sokolove, 2014). 

A recent study suggests myofilament proteins including actin, myosin and cMyBP-

C undergo citrullination, and that overall, this is associated with decreased 

myofilament Ca2+ sensitivity and cross-bridge cycling activity (Fert-Bober et al., 

2015). Despite this, cMyBP-C citrullination remains uncharacterised.   

3.1.1.3 Redox modifications 

Reactive oxygen species (ROS) are highly reactive signalling molecules produced 

primarily by NADPH-dependent oxidases and the mitochondria during aerobic 

metabolism. Although aberrant ROS production is associated with many diseases, 

including the development of cardiac hypertrophy, physiological ROS production 

is essential for normal cellular processes including the inflammatory response and 

the process of aging (Finkel, 2011). Similarly, the physiological production of 

reactive nitrogen species (RNS), including nitric oxide (NO), is a key mechanism in 
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the regulation of vascular tone as well as mediating some effects of the adrenergic 

system on cardiomyocyte function (Balligand et al., 1993; Loscalzo & Welch, 

1995). As reactive species can target many regulatory pathways, homeostasis is 

maintained through the production of antioxidant metabolites such as glutathione 

(GSH, or the oxidised form GSSG), the most abundant cysteine containing thiol in 

the cell, depletion of which is associated with exacerbation of ROS damage and 

disease (Aoyama and Nakaki, 2015). A key way in which ROS/RNS/GSH exert their 

effects is through driving reduction-oxidation (redox) post-translational 

modifications of substrates. This includes reversible cysteine modifications such 

as S-glutathionylation (-S-SG) and S-nitrosylation (-S-NO). Unlike phosphorylation, 

these modifications are usually driven by reactivity and availability of amino acid 

side chains, rather than through enzymatic pathways.  

S-nitrosylation has been well studied in the context of Ca2+ handling and I/R injury, 

whereby increased S-nitrosylation occurs during I/R to “condition” cardiac 

substrates, including RYR2 and SERCA2a, which results in a reduction in damage 

and enhanced functional recovery from injury (Hogg et al., 2007; Tong et al., 

2014). In terms of myofilament proteins, almost all have been identified to be S-

nitrosylated including Tm, of which S-nitrosylation was upregulated in HF, 

however functional studies are still lacking (Canton et al., 2011). Of note, myosin 

ATPase activity was inhibited by S-nitrosylation in skeletal muscle and follow up 

work in cardiomyocytes showed this again, but at a concentration of nitrothiols 

more associated with pathophysiology (i.e. in sepsis; Nogueira et al., 2009; 

Figueiredo-Freitas et al., 2015). Despite this, physiological concentrations of 

nitrothiols and increased S-nitrosylation of sarcomeric proteins was associated 

with decrease myofilament maximal force development and decreased Ca2+ 

sensitivity (Figueiredo-Freitas et al., 2015). This may indicate a protective 

mechanism whereby S-nitrosylation is used to protect against deleterious effects 

of Ca2+ overload, for example during I/R.  

S-nitrosylation of both cardiac and skeletal isoforms of cMyBP-C has been detected 

previously (Balon & Nadler, 1994; Sun et al., 2007). In one study, in vivo 

upregulation of S-nitrosothiols using lipopolysaccharide allowed the detection of 

several S-nitrosylated sarcomeric proteins, including one of cMyBP-C length 

(Figueiredo-Freitas et al., 2015). This was followed up by identification of S-

nitrosylated cMyBP-C peptides by mass spectrometry, detecting a cluster of 
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potential S-nitrosylation sites in the C-terminal domains, with further in vitro 

characterisation identifying cMyBP-C S-nitrosylation at C1260 (mouse sequence) 

specifically (Sun et al., 2007). Although the functional consequences of this 

modification have not been established, including if it occurs in normal physiology 

in vivo, the proposed sites lie in an area involved in LMM and titin binding, 

therefore further investigation is certainly warranted (Flashman et al., 2007; 

Rybakova et al., 2011; Tonino et al., 2019). However, while S-nitrosylation has 

been widely implicated as an important PTM, there is increasing evidence to 

suggest that this modification may be a transient state before disulphide bond 

formation. This could indicate that disulphide bond formation is the main 

contributor of the effects observed, and therefore conclusions drawn from S-

nitrosylation studies must be treated with caution going forward (Wolhuter et al., 

2018). 

Similar to S-nitrosylation, increased S-glutathionylation of cardiac substrates, 

including sarcomeric proteins, is associated with cardiac pathologies including I/R 

injury and MI, often correlating to loss of protein function (Avner et al., 2012; 

Eaton et al., 2002). With regards to myofilament proteins, actin, myosin, TnI and 

cMyBP-C are reported to be S-glutathionylated, however much of the work has 

pointed to cMyBP-C as the main target in the sarcomere (Cuello et al., 2018). 

cMyBP-C was one of 11 cardiac substrates identified in a proteomic screen of rat 

ventricular cardiomyocytes utilising a glutathione-linked biotin purification 

method (Brennan et al., 2006). Greater interest came when one study showed 

enhanced S-glutathionylation of cMyBP-C was present in a deoxycorticosterone 

acetate (DOCA)-salt rat model of hypertension (from ~5% to ~15% of total cMyBP-

C; Lovelock et al., 2012). This model is associated with cardiovascular remodelling 

and hypertrophy, analogous to what is seen in HF (Iyer et al., 2010). DOCA-salt 

rat cardiomyocytes had impaired diastolic function which was independent of 

changes in intracellular Ca2+, and isolated myofilament experiments showed they 

had increased Ca2+ sensitivity and maximal tension. Moreover, reversal of the 

oxidative stress in this model with the anti-ischaemic compound ranolazine was 

associated with improved contractility and diastolic function, although there was 

no significant reversal in cMyBP-C S-glutathionylation levels (Lovelock et al., 

2012). Nevertheless, a follow up study provided evidence that the NO generating 

co-factor tetrahydrobiopterin (BH4) provides its beneficial effects on reversing 
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diastolic dysfunction through preventing cMyBP-C S-glutathionylation (Jeong et 

al., 2013).    

Interestingly, cMyBP-C phosphorylation appeared unaltered by DOCA-salt 

induction or ranolazine treatment in the rat model but was significantly decreased 

at S282 in the DOCA-salt mouse myofilaments, with a further reduction observed 

following BH4 treatment, even though diastolic function was improved. This could 

indicate that any effect of cMyBP-C S-glutathionylation on diastolic function may 

be occurring independently of phosphoregulatory effects (Jeong et al., 2013; 

Lovelock et al., 2012). However, others have provided evidence that there is a 

connection between S-glutathionylation and phosphorylation, as an increase in 

cMyBP-C S-glutathionylation in dilated and ischaemic cardiomyopathy samples and 

explanted failing hearts was correlated with a reduction in PKA and PKC mediated 

phosphorylation (Budde et al., 2021; Stathopoulou et al., 2016). Additionally, 

increased S-glutathionylation blunted the phosphorylation of cMyBP-C in response 

to isoprenaline in rat ventricular cardiomyocytes, suggesting an interplay between 

them.  

In support of the phosphorylation-independent effects of S-glutathionylation, the 

glutathione mediated effects on myofilament cross-bridging cycling kinetics and 

passive force were only present in cMyBP-C WT and not knock-out myofilaments, 

although this doesn’t rule out that S-glutathionylation requires a phosphorylated 

form of cMyBP-C in order to exert its effects (Stathopoulou et al., 2016). This 

study also added more detail as to why S-glutathionylation of cMyBP-C may reduce 

myofilament cross-bridge cycling, as S-glutathionylation of recombinant C1-M-C2 

enhanced its associated with the myosin S2 (Stathopoulou et al., 2016). It will be 

important to determine whether this contributes to cMyBP-C’s role in the SRX 

state of myosin, especially as the DOCA-salt mouse model was associated with 

reduced myofibril ATPase activity, which was attenuated upon BH4 treatment and 

reduction in cMyBP-C S-glutathionylation (Jeong et al., 2013). Another area of 

interest may be the contribution of S-glutathionylation of cMyBP-C to LDA, as 

stretching is associated with increased oxidation, inhibition of which results in 

diastolic dysfunction in a mouse model (Scotcher et al., 2016). Indeed, the most 

recent work has shown the positive correlation between S-glutathionylated 

cMyBP-C and diastolic dysfunction in humans, mice and monkeys, providing 

evidence for its use as a biomarker in this regard (Zhou et al., 2022). 
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In terms of S-glutathionylation sites, initial investigation revealed 3 potential sites 

in the lesser studied C3, C4 and C5 domains of cMyBP-C (C475, C623 and C651, 

human sequence; Patel, Wilder and John Solaro, 2013). However, a later study 

identified a total of 15 S-glutathionylated cysteines in human heart samples, with 

only some of these associated with the increased S-glutathionylation observed in 

diseased samples (Stathopoulou et al., 2016). In vitro, using a recombinant form 

of the cMyBP-C N-terminal, C249 was found to be the predominant acceptor of S-

glutathionylation, although S-glutathionylation at C623 and C651 was associated 

with increased Ca2+ sensitivity and reduced rate of cross-bridge development 

(Patel et al., 2013; Stathopoulou et al., 2016). For both S-nitrosylation and S-

glutathionylation, a major disadvantage is the lack of evidence of cMyBP-C 

modification and function in-situ without using a pathological or pharmacological 

approach to increase the extent to which it is modified. One approach that has 

shown success in characterising cMyBP-C phosphorylation would be site directed 

mutagenesis of S-glutathionylation/S-nitrosylation cysteines, which could be 

achieved in vitro or in vivo. However, this method would be limiting as it would 

remove any other previously unreported cysteine modifications occurring at the 

same sites. With the estimation that there are over 400 types of PTMs, and 

cysteines are targeted by at least 10 of them, including palmitoylation, this is an 

important point to consider in any mutagenesis studies (Ramazi & Zahiri, 2021).  

3.1.2 Palmitoylation and fatty acid accumulation 

Aside from pharmacological compounds, the simplest approach to studying 

increased protein palmitoylation is supplementation with the fatty acid substrate, 

palmitate/palmitoyl-CoA. This enhances the palmitoylation of some proteins in 

cell culture, however the applicability of this approach in vivo has not been 

investigated (Gök et al., 2020; Pei et al., 2016). Nevertheless, this approach may 

have physiological relevance, as whilst fatty acids in the healthy heart are 

essential for ATP production, excess is associated with high fat diets, diabetes and 

insulin resistance (Burgoyne et al., 2012; Glatz et al., 2020).  Increased myocardial 

work leads to increased fatty acid uptake and increased surface expression of the 

fatty acid transporting glycoprotein CD36 (Luiken et al., 2003). CD36-null mice 

demonstrated that it accounts for ~70% of fatty acid uptake into cardiomyocytes 

and loss of CD36 is associated with protection against high fat diet induced cardiac 

dysfunction (Habets et al., 2007; Steinbusch et al., 2011; Sung et al., 2011). At a 
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cardiomyocyte level, treatment with high concentrations of palmitate results in 

increased surface expression of CD36, and this was coupled with a reduction in 

peak sarcomere shortening which could be attenuated by inhibiting CD36 (Angin 

et al., 2012).  

Whilst the mechanisms are still being elucidated, excess fatty acid uptake, 

including that promoted by CD36, may contribute to a shift in the myocardium 

from using glucose as energy to using fatty acids, resulting in insulin insensitivity 

and eventual contractile dysfunction (Glatz et al., 2020). However, despite 

numerous important cardiac substrates undergoing palmitoylation, the 

relationship between increased fatty acid uptake and palmitoylation remains 

relatively unknown. Nevertheless, studies in the brain and skeletal muscle 

indicate it may play an important role (Schianchi et al., 2020). Of note, a high fat 

diet led to increased fatty acid uptake and insulin resistance in the brain, including 

increased palmitoylation of the AMPA glutamate receptor with knock on effects 

on synaptic plasticity (Spinelli et al., 2017). In skeletal muscle, the protein kinase 

PKCε regulates TnI and MyBP-C phosphorylation, contributing to overall 

myofilament Ca2+ sensitivity (Kooij et al., 2010). Hyper-palmitoylation and 

overactivity of PKCε was observed in palmitate-loaded myotubes where it was 

found to downregulate genes involved in insulin sensitivity, although any 

contribution to myofilament function was not investigated (Dasgupta et al., 2011). 

Interestingly, CD36 itself is palmitoylated which induces its translocation to the 

cell surface, supporting the idea of a positive feedback loop that may be 

contributing to the disease phenotype, although this has been better studied in 

the context of non-alcoholic steatohepatitis (NASH; Zhao et al., 2018). Going 

forward, it will be important to determine whether increased fatty acid 

availability, and likely increased palmitoylation of cardiac substrates, is involved 

in the regulation of cardiac contractility. 
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3.2 Aims 

Cardiac MyBP-C is an essential regulator of myocardial contractility and is under 

the influence of an increasingly expanding profile of PTMs. Changes in cMyBP-C 

PTM status, particularly that of phosphorylation and the cysteine modification S-

glutathionylation, promotes functional changes in the setting of HF (Main et al., 

2020). Palmitoylation is another dynamic cysteine modification which can alter 

the function of key cardiac ion transporters, including NCX1 and the Na+/K+ 

ATPase, and soluble proteins including Ras and G-proteins (Main & Fuller, 2021). 

Traditionally associated with membrane trafficking and localisation, the presence 

or function of palmitoylation on myofilament proteins has not been investigated. 

Previously, Acyl-RAC was used to purify all palmitoylated proteins from rat 

ventricular tissue, followed by mass spectrometry analysis (Supplementary Table 

7.1). cMyBP-C was among the proteins identified as a novel cardiac palmitoylation 

substrate and follow up preliminary data demonstrated that it was palmitoylated 

in primary rabbit ventricular cardiomyocytes. The aim of this work is therefore to: 

• Characterise the palmitoylation stoichiometry of cMyBP-C in primary 

cardiac tissues and isolated cells from animal models, including those with 

disease phenotypes, using Acyl-RAC 

• Identify whether the palmitoylation cMyBP-C is altered in cardiac 

pathologies using samples from organ donors, HCM patients and ischaemic 

HF patients 

• Identify chemical tools that can influence cMyBP-C palmitoylation including 

novel palmitoylation inhibitors 

• Identify the palmitoylated cysteines in cMyBP-C using HEK293 cells and 

translate this finding to study the functional consequence of their 

palmitoylation on cMyBP-C function in cardiomyocytes  
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3.3 Methods 

3.3.1 Palmitoylation peptide array 

3.3.1.1 General principles and solid phase peptide synthesis 

The past 30 years has seen the development of the peptide array technique, which 

has been widely used as a high throughput method for identifying protein-protein 

interaction sequences, post-translational modification sites and for antibody 

validation (Frank, 2002). The technique involves the synthesis of a series of 

peptides, normally 10-25 amino acids in length, onto a cellulose membrane which 

can typically hold up to 1000 unique peptide sequences. The sequences are 

entirely under an experimenter’s control, and the process can be largely 

automated through array machines such as the Autospot Robot ASS 222 (Intavis, 

Germany) which was used in this case. The general principle involves the addition 

of an amino acid with an available carboxyl group to a cellulose membrane 

(Whatman 50 cellulose membrane, Sigma) and a coupling of the next amino acid 

in the sequence via its amino terminus. During the addition, the amino terminus 

of the next amino acid and the side changes of each amino acid are protected by 

an Fmoc (9-fluroenylmethyloxycarbonyl) group to prevent them from interacting 

spontaneously with the available carboxyl terminus until required. The amino 

terminus Fmoc is removed before each addition using piperidine in DMF 

(dimethylformamide) and the side chains are all de-protected in the final stage of 

the synthesis. Once synthesised, the membrane can be treated as a far-western 

involving overlaying a protein/chemical/antibody before using a suitable 

detection system to measure which sequences are involved in the interaction. 

Importantly, these sequences can be further narrowed down by creating shifted 

versions of a sequence (i.e. shifted by 5 amino acids at a time), sequentially 

truncating the peptide, or producing alanine substitutions of every amino acid to 

identify key residues involved in the interaction.  

3.3.1.2 Adaptation of peptide array for detection of palmitoylation sites 

A common modern method for detecting palmitoylation is the technique of click 

chemistry. As well as in living cells, this can also be utilised in cell-free systems 

using purified proteins. In this case, a novel method was developed combining the 

techniques of peptide array and click chemistry in an attempt to identify cMyBP-
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C palmitoylation sites. After their synthesis as described above, membranes were 

submerged briefly in 100% ethanol before washing with PBS-T for 10 minutes to 

remove excess chemicals. Membranes were then blocked in 5% BSA for 1 hour at 

room temperature before incubation for 1 hour at room temperature in reaction 

buffer (50 mM Tris pH8.0, 1% Triton X-100 in dH2O) containing 20 µM ODYA-CoA 

(9,12-octadecadiynoic acid; Sigma, O5636), a palmitoyl-CoA analogue which can 

spontaneously attach to available cysteine residues and contains an alkyne group. 

The hypothesis is that the ODYA-CoA will spontaneously react with cysteines that 

would be palmitoylated enzymatically, which has previously been shown for 

proteins, but has not been reported for peptides (Dietrich & Ungermann, 2004; 

Duncan & Gilman, 1998). The membranes were then washed 3 times for 10 minutes 

in reaction buffer before incubating for 1 hour at room temperature in click 

reaction mix (2 mM copper sulphate (CuSO4), 0.2 mM 

Tris(benzyltrizolylmethyl)amine (TBTA) in dH2O) containing 4 mM of an azide dye 

(either Cy5.5 azide (Click chemistry tools, 1059) or CW800 azide (LI-COR, 929-

60002)). The membrane was then washed 5 times for 10 minutes using reaction 

buffer before visualisation on a LI-COR (Figure 3.2).  
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Figure 3.2. Palmitoylation peptide array strategy. 
Peptides were designed and synthesised using a peptide array machine and prepared immobilised 
as spots on cellulose membrane, with multiple copies of the same peptide found per spot. 
Membranes were then incubated with 9,12-Octadecadiynoic acid (ODYA-CoA), a palmitoyl CoA 
analogue, which was hypothesised to conjugate to palmitoylatable cysteines within the array. The 
alkyne group of the ODYA-CoA can be “clicked” to the azide of the fluorescent Cy5.5 or CW800 
molecule which can be visualised using a LI-COR imaging system. 

3.3.2 Myofilament isolation and functional measurements in 
primary cardiomyocytes 

3.3.2.1 Myofilament isolation and treatment 

To determine the effect of pharmacologically palmitoylating myofilament 

proteins, myofilaments from adult rabbit cardiomyocytes were isolated and 

treated before analysis via Acyl-RAC or isometric force experiments. Whilst frozen 

cells could be used for biochemical measurements, for functional experiments 

fresh cells were used. In both cases cells were incubated with relaxing buffer 

(Na2ATP (5.9 mM), MgCl2 (6.04 mM), EGTA (2 mM), KCl (139.6 mM), Imidazole (10 

mM) in dH20, pH 7.4, pCa9.0) containing 0.5% triton and rotated at 4oC for 30 

minutes to permeabilise the membrane and reveal the myofilaments. 

Myofilaments were then centrifuged at 4oC at 1200 RPM for 5 minutes before the 

supernatant was removed and discarded. The resulting myofilament pellet was 

then washed in relaxing buffer three times with centrifugation to remove any 

residual triton. For treatment, myofilaments were resuspended in relaxing buffer 

containing palmitoyl alkyne-coenzyme A (palmitoyl-CoA; 20 µM; Cambridge 

Biosciences, CAY15968) and rotated at 4oC for a further 30 minutes before 

centrifugation. For isometric force experiments, myofilament pellets were 
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resuspended in a 50% glycerol solution in relaxing buffer and stored at -20 until 

use. 

3.3.2.2 Myofilament passive tension, active force and calcium sensitivity 
measurements 

Mechanical myofilament measurements were performed at Amsterdam University 

under the supervision of Professor Jolanda van der Velden using a muscle 

mechanics workstation as previously described (van der Velden et al., 1999). The 

system was maintained at 15oC using a water bath and myofilaments viewed using 

an inverted microscope and a 5X (0.12NA) or a 32X (0.4NA) objective. Skinned 

myofilaments (preparation described in 3.3.2.1) were placed in relaxing buffer on 

a glass coverslip and individual cells were selected based on size and uniformity 

of striations. Individual myofilaments were then attached to thin, stainless-steel 

needles with one attached to a piezoelectric motor (Physike Instrumente, 

Waldbrunn, Germany) and the other attached to a force transducer (SensoNor, 

Horten, Norway). Overall cell length, width and sarcomere length was determined 

by using a CCD video camera and a spatial Fourier transform algorithm. Passive 

tension of the myofilament (Fpassive) was determined by rapid shortening to 30% of 

the length of the cell at three different sarcomere lengths ranging from 2 µm to 

2.2 µm (±0.005 µm) which has been reported to encompass the working range of 

the heart (Figure 3.3).  The depth of the cell was estimated to be 80% of cell 

width. Active (Fact) and passive force of the myofilaments at a sarcomere length 

of 2.2 µM was determined in activating solution (pCa4.5, Fmax), followed by 

submaximal Ca2+ (pCa6.0) and then activating solution again. The run down 

between the first and second activating solutions could then be determined and 

those with large rundowns (>25%) indicating potential cell detachment/loss of 

sarcomere length were excluded from analysis.  
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Figure 3.3. An example myofilament mounted to a muscle mechanics set up. 
A single myofilament mounted between a force transducer needle (left) and a needle attached to an 
electric motor (right). The myofilament is then stretched to a desired sarcomere length (i.e. A = 2µm 
and B = 2.2µm). At the desired sarcomere length, the total length of the cell (needle to needle) can 
be determined, and the cell slackened by 30% of its length (as shown in C) to measure the passive 
tension. The cell can then be transferred between wells containing relaxing solutions and different 
concentrations of Ca2+ to measure active force (as shown in D). Images A-C were captured using a 
32X (0.4NA) objective and image D using a 5X (0.12NA) objective. 

3.3.3 Acyl-RAC of hypertrophic cardiomyopathy samples 

Human heart tissue from organ donors and hypertrophic cardiomyopathy samples 

were kindly provided by Professor Jolanda van der Velden, Amsterdam University, 

collected as previously described with details displayed in Table 3.1 (Schuldt et 

al., 2021). For Acyl-RAC, ~20 mg of ventricular tissue was homogenised to a fine 

powder in a mortar and pestle under liquid nitrogen before proceeding through 

the assay as described in 2.7.1.  
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Table 3.1. Human organ donor and hypertrophic cardiomyopathy information. 
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3.4 Results 

3.4.1 Palmitoylation of cMyBP-C in primary cardiomyocytes 

3.4.1.1 Palmitoylation of sarcomeric proteins in cardiac tissue from animal 
models 

Palmitoylation is important for regulating the localisation, function, and protein-

protein interactions of several cardiac substrates including ion channels and 

signalling molecules, however its relevance for myofilament proteins has not been 

widely reported. As such, acyl-resin assisted capture (Acyl-RAC) was used to purify 

palmitoylated proteins from ventricular cardiomyocytes isolated from adult 

rabbit, rat and mouse, whilst the same approach was used on homogenised 

ventricular tissue from neonatal rat hearts. Acyl-RAC revealed that ~10% of 

myosin, actin and cMyBP-C are all palmitoylated in these tissues, whilst no 

measurable palmitoylation was detected for Tm, TnT or TnI. As it is constitutively 

palmitoylated with a high stoichiometry, Caveolin-3 was included as an assay 

control (Howie et al., 2014; Figure 3.4 and Supplementary Figure 7.1).  
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Figure 3.4. Palmitoylation of myofilament proteins in the cardiac tissue of animal models.  
Acyl-resin assisted capture (Acyl-RAC) was used to purify palmitoylated proteins from rabbit 
ventricular cardiomyocytes (male, 12-week-old), rat ventricular cardiomyocytes (male, 12-week-old), 
neonatal rat ventricular tissue (male and female, 1-4 days old) and adult mouse ventricular tissue 
(male, 20 weeks old). Palmitoylation of myosin, cMyBP-C, actin, tropomyosin, troponin-T troponin-I 
and assay control Caveolin-3 was determined and palmitoylated fraction (HA, hydroxylamine 
dependent) normalised to total protein (UF, unfractionated) with percentage palmitoylation versions 
found in Supplementary Figure 7.1. Acyl-RAC revealed myosin, actin and cMyBP-C are 
palmitoylated in all animal model tissues. Data is mean ±S.E.M. 

3.4.1.2 TCEP and DTT pre-treatment in rabbit cardiomyocytes 

As MyBP-C’s critical control over myofilament function is fine-tuned by an 

increasingly developing list of PTMs, the rest of this chapter will focus on 

characterising the palmitoylation of cMyBP-C. A disadvantage of the Acyl-RAC 

technique is that the initial methylation of free cysteines may not be efficient for 

cysteines that are involved in other transient reactions that then become free to 

capture later in the process, providing false positives (Main & Fuller, 2021). 

Although the reaction is completed in a 2.5% SDS buffer to reduce this, cysteines 

436 and 443 of cMyBP-C reportedly form a disulphide bond which could evade 

initial methylation and disulfide change with the thiopropryl sepharose beads 
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(Sadayappan & de Tombe, 2012). As such, prior to Acyl-RAC, samples were treated 

with 10 mM Tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT) to ensure 

reduction of disulphide bonds. This pre-treatment did not result in a significant 

change in cMyBP-C palmitoylation, suggesting false positives due to disulphide 

bond formations are not contributing to cMyBP-C palmitoylation level and 

therefore Acyl-RAC is an appropriate method to study cMyBP-C palmitoylation 

(Figure 3.5). 

 

Figure 3.5. Palmitoylation of cMyBP-C in the presence of Tris(2-carboxyethyl)phosphine 
(TCEP) and Dithiothreitol (DTT).  
Prior to detection of palmitoylated cMyBP-C, rabbit ventricular cardiomyocyte lysates were treated 
for 10 minutes with 10 mM DTT or TCEP to reduce disulphides. Palmitoylation of cMyBP-C and 
assay control Caveolin-3 was then determined by Acyl-Resin Assisted Capture (Acyl-RAC) and 
palmitoylated fraction (HA, hydroxylamine dependent) normalised to total protein (UF, 
unfractionated). There was no significant difference in palmitoylation level with TCEP or DTT addition 
compared with no pre-treatment (control). N=4-8 per group. Data is mean ±S.E.M normalised to the 
experimental average and analysed via a one-way ANOVA with a Dunnett’s post hoc test. 

3.4.1.3 Palmitoylation of cMyBP-C in different anatomical regions 

The cardiac isoform of MyBP-C is expressed in the cardiac tissue exclusively, but 

is located in both ventricular, septal (region between left and right ventricles) 

and atrial tissue (Lin et al., 2013; Sadayappan & de Tombe, 2012). However, 

regional specific variations in cMyBP-C PTM modification has been unstudied or 

underreported thus far. Acyl-RAC was used to purify palmitoylated proteins from 

different anatomical regions of the rabbit heart to determine whether levels of 

cMyBP-C palmitoylation varied by region. In ventricular tissue, cMyBP-C was 

palmitoylated in the left, right and septal region, however there may be higher 

levels in the left ventricle compared to the right. cMyBP-C was also palmitoylated 

in the left atrium, although to a lesser extent, with no palmitoylation detected in 

the right atrium (Figure 3.6). As such, ventricular cardiomyocytes were deemed a 

more suitable system to characterise cMyBP-C palmitoylation further.  
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Figure 3.6. Palmitoylation of cMyBP-C in different anatomical regions of the rabbit heart. 
Cardiomyocytes were isolated from the adult rabbit heart and separated into left ventricular (LV), 
right ventricular (RV), septal region (between right and left ventricle), left atrium (LA) and right atrium 
(RA). Palmitoylation of cMyBP-C and assay control Caveolin-3 was then determined by Acyl-Resin 
Assisted Capture (AcylRAC) and palmitoylated fraction (HA, hydroxylamine dependent) normalised 
to total protein (UF, unfractionated), with sodium chloride used as a negative control (NaCl). 
Statistical comparison between left and right ventricle made via an unpaired student’s t-test. Data is 
mean ±S.E.M. 

3.4.1.4 Localisation of palmitoylated cMyBP-C in the cardiac myofilament 

cMyBP-C is anchored to the myofilament predominantly by electrostatic 

interactions of its C-terminal domains with the LMM portion of the myosin 

backbone and titin, and any population of functional cMyBP-C located outside the 

myofilament has not been reported (Lee et al., 2015). However, as palmitoylation 

is traditionally associated with subcellular membrane attachment, the question 

arises as to whether the palmitoylated fraction of cMyBP-C may be attached to a 

membrane and localised outside the myofilament. To investigate this, 

myofilament subcellular fractionation was used to separate membrane/soluble 

proteins from the myofilament lattice and associated proteins by permeabilising 

cells in 1% Triton X-100. No expression of cMyBP-C was detected in the 

soluble/membrane fraction of these cells, indicating all of cMyBP-C is localised in 

the myofilament. Furthermore, the electrostatic interactions that anchor cMyBP-

C to the myofilament can be disrupted by treatment with a high concentration of 

sodium chloride (NaCl; Gaspar et al., 2020) As such, the myofilament pellet was 

further fractionated into proteins with less affinity for the myofilament lattice, 

and therefore soluble in 500 mM sodium chloride (soluble), and those with greater 

affinity for the myofilament lattice, and therefore not solubilised by 500 mM NaCl 
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(pellet). The majority of cMyBP-C was found to be soluble in NaCl, with a smaller 

fraction insoluble, however when these fractions were analysed for their level of 

palmitoylation via Acyl-RAC, this insoluble fraction of cMyBP-C had a higher level 

of palmitoylation stoichiometry compared to the soluble fraction (Figure 3.7). 

 

Figure 3.7. Localisation of the palmitoylated fraction of cMyBP-C in rabbit ventricular 
cardiomyocytes. 
Prior to detection of palmitoylated cMyBP-C, a myofilament extraction protocol was performed 
whereby rabbit septal cardiomyocytes were homogenised in F60 buffer with 1% Triton X-100. A 
sample was taken for starting material (SM) before fractionation by centrifugation into soluble (S, 
cytosolic and membrane fraction) and myofilament lattice. The myofilament lattice was further 
fractionated into myofilament proteins soluble in 500 mM NaCl (NaCl S) and those insoluble in 500 
mM NaCl (NaCl I). Palmitoylation of cMyBP-C in each fraction was determined by Acyl-Resin 
Assisted Capture (Acyl-RAC) with palmitoylation (HA, hydroxylamine dependent) normalised to 
abundance in that particular fraction (UF, unfractionated). Acyl-RAC revealed that palmitoylated 
cMyBP-C is found in the myofilament, but most palmitoylated cMyBP-C is insoluble in 500 mM NaCl. 
Statistical comparison of myofilament (soluble) vs myofilament (insoluble) made by a one-way 
ANOVA with a Sidak’s post hoc test. Data is mean ±S.E.M normalised to the experimental average. 
*p<0.05. 

Interest in palmitoylation as a dynamic modification was hampered for several 

years under the impression it was a non-enzymatic modification that relied on 

local concentration of palmitoyl CoA. This is due to substrates, including the 

DHHC-PATs themselves, being able to auto-palmitoylate on cysteines (Rana, Lee, 

et al., 2018). Whilst enzyme regulation in palmitoylation has since been well 

established, tools to induce auto-palmitoylation remain a powerful tool to study 

the effect of increasing substrate palmitoylation. In order to more directly target 

cMyBP-C palmitoylation, isolated myofilaments were treated with palmitoyl-CoA 
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and Acyl-RAC revealed this led to a significant increase in overall cMyBP-C 

palmitoylation (Figure 3.8). 

 

Figure 3.8. Palmitoylation of cMyBP-C in isolated rabbit ventricular myofilaments treated with 
palmitoyl CoA. 
The effect of palmitoyl CoA (20 µM), which can spontaneously palmitoylate solvent exposed 
cysteines, was tested using myofilaments isolated from rabbit ventricular cardiomyocytes. 
Myofilaments were treated for 30 minutes with palmitoyl CoA before centrifugation and collecting of 
the myofilament pellet. Palmitoylation was determined by Acyl-Resin Assisted Capture (Acyl-RAC) 
and total protein (UF, unfractionated) compared to palmitoylated fraction (hydroxylamine dependent, 
HA). Palmitoyl CoA significantly increased cMyBP-C palmitoylation in the myofilament. Data is mean 
±S.E.M analysed via a student’s unpaired t-test. *p<0.05. 

3.4.2 Palmitoylation of cMyBP-C in cardiac disease 

PTMs of cMyBP-C are not only important for its physiological control of 

myofilament function, but as also dysregulated in pathological conditions 

including HCM, post-MI and in HF (Main et al., 2020). This includes 

phosphorylation, reduced levels of which have been reported in MI, HF, HCM, DCM 

and ICM (Kuster et al., 2012). Conversely, elevated levels of the cysteine 

modification S-glutathionylation have associated been associated with DCM and 

ischaemic HF (Budde et al., 2021; Stathopoulou et al., 2016). Understanding how 

the cMyBP-C PTM profile varies in disease is essential to understanding how to 

appropriately target it for cardiac disease therapy. 

3.4.2.1 Palmitoylation of cMyBP-C in a rabbit model of heart failure 

The rabbit heart remains an excellent model for human cardiac function, as the 

electrophysiological profile closely resembles that of human in terms of action 

potential shape and expression pattern of key ion channels (Ellermann et al., 

2021). In particular when modelling HF, mouse models have been shown to vary 

dramatically from humans in changes in Ca2+ cycling during contraction and 
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relaxation, with the rabbit model more accurately reflecting the changes in Ca2+ 

flux during human HF (Bers, 2002b; Sanbe et al., 2005). In order to investigate 

changes in cMyBP-C palmitoylation in the setting of HF, a rabbit model was 

subjected to a left anterior descending coronary ligation to induce an MI, followed 

by maintenance for 8 weeks. The induction of the HF phenotype was confirmed 

via electrocardiogram measurements of LVEF, which was <45% in the MI group 

(Kettlewell et al., 2009). Cardiomyocytes were then isolated from the left 

ventricular and septal region of the rabbit heart, along with control rabbits, and 

palmitoylation of cMyBP-C was determined by Acyl-RAC. In the left ventricle, 

cMyBP-C palmitoylation was significantly reduced in the MI model compared to 

control, whilst no significant difference was observed in the septal region or in 

assay control Caveolin-3 (Figure 3.9). 
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Figure 3.9. Palmitoylation of cMyBP-C is reduced in the left ventricular region of the rabbit 
heart following myocardial infarction (MI). 
Ventricular cardiomyocytes were isolated from septal and left ventricular (LV) regions of the rabbit 
heart. Rabbits were either stock/sham at 12/20 weeks of age, or a model of myocardial infarction 
(MI) whereby the rabbits underwent left anterior descending coronary artery ligation at 12 weeks of 
age before being maintained for a further 8 weeks. Palmitoylation of cMyBP-C and assay control 
Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction 
(HA, hydroxylamine dependent) normalised to total protein (UF, unfractionated). Palmitoylation of 
cMyBP-C was reduced in cardiomyocytes from the left ventricle, but not septal, region of the rabbit 
heart following MI (*p<0.05). Data is mean ±S.E.M analysed by a student’s unpaired t-test. 

3.4.2.2 Palmitoylation of cMyBP-C in a pig model of heart failure 

Similarly, the pig is a useful tool for modelling human cardiac function, with 

advantages including comparable coronary anatomy, heart rate and heart to body 

weight size with humans. In terms of HF, the pig has been a useful model for 

studying post-MI LV remodelling as they show a reproducible, progressive infarct 

over several weeks with localisation in the mid/sub-endocardium (Dixon & 

Spinale, 2009). This model also offers the advantage over the rabbit model in that 

it is a model of ischaemia followed by reperfusion, which may more accurately 

reflect the human clinical situation (Baehr et al., 2019). Acyl-RAC was used to 

purify palmitoylated proteins from both sham and post-MI ventricular tissue, 

obtained from Professor Roger Hajjar, Mount Sinai Research Institute. Although 

not statistically significant, there may be lower levels of cMyBP-C palmitoylation 

in the MI ventricular tissue compared to sham control, with no significant change 

in assay controlled Flotillin-2 (Caveolin-3 not detected in pig tissue, Figure 3.10). 
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Figure 3.10. Palmitoylation of cMyBP-C may be decreased in a porcine model of HF.  
Cardiac tissue from pigs was obtained 3 months post-MI myocardial infarction (MI) along with sham 
controls. Palmitoylation of cMyBP-C and assay control Flotillin-2 (Caveolin-3 not detected in pig 
tissue) was determined by Acyl-Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction 
(hydroxylamine dependent, HA) normalised to total protein (UF, unfractionated). Palmitoylation of 
the of cMyBP-C shows a trend to decrease in MI tissue compared to control (p=0.0966) and no 
change observed in Flotillin-2. Additionally, levels of p-cMyBP-C (normalised to total cMyBP-C) are 
not significantly different between groups. Data is mean ±S.E.M analysed via a student’s unpaired t-
test. 

3.4.2.3 Palmitoylation of cMyBP-C in a rat model of type-2 diabetes 

As the models of cardiac injury and HF progression suggest cMyBP-C palmitoylation 

levels may be reduced, the question arises as to whether this is specific to an 

ischaemic insult on the cardiac tissue, or whether cardiac dysfunction developed 

by other means show the same changes. Many cases of HF and ischaemic heart 

disease cases are associated with co-morbidities such as type-2 diabetes and lipid 

metabolism disorders (Loosen et al., 2022). Type-2 diabetes and obesity are 

associated with elevated levels of fatty acids and increased palmitoylation of 

substrates, although studies in a cardiovascular context have been limited 

(Schianchi et al., 2020). To investigate changes in cMyBP-C palmitoylation in the 

setting, samples from a rat model of type-2 diabetes were obtained from Professor 

Lisa Heather, University of Oxford. This model involves a low dose of 

streptozotocin in combination with a high fat diet which induces changes in 

cardiac metabolism and an increased in non-esterified fatty acids (Mansor et al., 

2013). Acyl-RAC of ventricular tissue from type-2 diabetic rats and controls 

revealed there was no significant change in cMyBP-C palmitoylation in these 

samples (Figure 3.11). 
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Figure 3.11. Palmitoylation of cMyBP-C is unchanged between control and a rat model of 
type-2 diabetes.  
Samples were obtained from Professor Lisa Heather (University of Oxford) including control and a 
rat model of type-2 diabetes (high fat diet leading non-esterified fatty acid excess). Palmitoylation of 
cMyBP-C and assay control Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-RAC) 
palmitoylated fraction (HA, hydroxylamine dependent) normalised to total protein (UF, 
unfractionated). There was no significant difference in palmitoylation levels of cMyBP-C or Caveolin-
3 between samples. Data is mean ±S.E.M analysed by a student’s unpaired t-test. 

3.4.2.4 Palmitoylation of cMyBP-C in ischaemic human heart failure 

As cMyBP-C appears either reduced or unchanged in animal models of 

cardiovascular disease, it is important to determine whether this is representative 

of the human condition. As such, Acyl-RAC was used to purify palmitoylated 

proteins from ventricular endocardium samples from ischaemic human HF patients 

and organ donor controls (details in Table 2.10). Analysis of cMyBP-C expression 

revealed no significant differences, whilst phosphorylation at S282 was reduced 

although not significantly (p=0.0537). In terms of palmitoylation, there was a 

significant increase in cMyBP-C palmitoylation in HF samples compared to organ 

donors (Figure 3.12). 
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Figure 3.12. Expression, palmitoylation and phosphorylation of cMyBP-C and Caveolin-3 in 
organ donor and human heart failure ventricular endocardium. 
Expression and palmitoylation of cMyBP-C and assay control Caveolin-3 was determined by Acyl-
Resin Assisted Capture (Acyl-RAC) in ventricular endocardium from organ donor and ischaemic 
heart failure samples, represented as palmitoylated protein (HA, hydroxylamine dependent) 
normalised to total protein (UF, unfractionated). Palmitoylation of cMyBP-C is significantly increased 
in HF samples compared to organ donor, with no significant change in overall expression and a 
trending decrease in phosphorylation (p=0.0537). *p<0.05. Data is mean ±S.E.M analysed via an 
unpaired student’s t-test. 

The study of transplanted tissue and organ donor controls is very useful for 

understanding the underlying mechanisms of disease pathogenesis. However, 

patients are heterogenous and often come with several comorbidities, 

pharmacological interventions and lifestyle factors that add a great deal of 

complexity. As such, samples were stratified based on sex, age, BMI, comorbidities 

and interventions to determine whether there were any additional factors 

influencing cMyBP-C palmitoylation level in these sample. When divided based on 

sex, whilst overall cMyBP-C expression did not change between organ donor and 

HF samples of either sex, cMyBP-C phosphorylation at S282 may be lower in female 

samples (organ donor vs. HF, p=0.1112) but not male samples (organ donor vs. HF 

p>0.999). In contrast, cMyBP-C palmitoylation was increased, although not 

significantly, in male samples (organ donor vs HF, p=0.0623) but not female 

samples (organ donor vs HF, p=0.3796). Although there may be sex-specific 

changes when comparing organ donor to HF samples, comparison of female and 

male organ donor samples showed no significant differences in phosphorylation or 

palmitoylation (Figure 3.13). Additionally, a follow up study was also completed 

using neonatal rat ventricular tissue samples from healthy male and female 
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animals, and revealed no significant difference in palmitoylation between healthy 

males and females (Figure 3.14).  

 

Figure 3.13. Palmitoylation of cMyBP-C in male and female organ donor and heart failure 
ventricular endocardium. 
Palmitoylation of cMyBP-C and Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-
RAC) in ventricular endocardium from organ donor and ischaemic heart failure, and split into groups 
based on sex. Palmitoylation is plotted as palmitoylated protein (HA, hydroxylamine dependent) 
relative to total protein (UF, unfractionated). Palmitoylation of cMyBP-C is increased in male heart 
failure samples (ANOVA, p<0.05; post hoc comparison p=0.06) compared to organ donor but the 
same trend is not observed in females. Additionally female heart failure samples may have the lowest 
level of p-cMyBP-C. There is no significant difference in palmitoylation of Caveolin-3 between any 
groups. Statistical comparisons made one-way ANOVA followed by a Dunnett’s post hoc test. 
*p<0.05. Data is mean ±S.E.M. 

 

 

Figure 3.14. Palmitoylation of cMyBP-C in male and female neonatal cardiac tissue. 
Palmitoylation of cMyBP-C and Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-
RAC) in ventricular cardiac tissue from 1-4 day old male and female neonatal Sprague Dawley rats. 
Palmitoylation of cMyBP-C or Caveolin-3 is not significantly different between male and female 
animals. Palmitoylation (HA, hydroxylamine dependent) was normalised to total protein (UF, 
unfractionated). Data is mean ±S.E.M analysed via an unpaired student’s t-test. 

3.4.2.5 Palmitoylation of cMyBP-C in hypertrophic cardiomyopathy 

Although cMyBP-C has recently been associated with ischaemic HF development, 

it was initially of interest as the most commonly mutated protein in HCM 
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(Schlossarek et al., 2011). The majority of mutations result in a loss of total 

cMyBP-C due to haploinsufficiency (Marston et al., 2009; van Dijk et al., 2009). In 

order to determine whether changes in cMyBP-C palmitoylation are relevant in 

HCM, ventricular samples from HCM patients and organ donor controls were 

homogenised and Acyl-RAC used to purify palmitoylated proteins. HCM samples 

were grouped by mutation, encompassing those with MYBPC3 mutations, those 

with other sarcomeric mutations (MYH7, MYL2 and TNNT2) and those with non-

sarcomeric mutations (sarcomere-null, SMN). Total cMyBP-C was significantly less 

in MYBPC3 mutation group compared to organ donor control. There was no 

significant change in cMyBP-C palmitoylation in any HCM group compared to organ 

donor controls (Figure 3.15). 

 

Figure 3.15. Palmitoylation of cMyBP-C in hypertrophic cardiomyopathy samples. 
Palmitoylation of cMyBP-C and assay control Caveolin-3 was determined by Acyl-Resin Assisted 
Capture (Acyl-RAC) in ventricular tissue from organ donor and hypertrophic cardiomyopathy (HCM) 
samples with either MYBPC3 mutations, non-sarcomeric mutations (SMN) or other sarcomeric 
mutations (MYH7, MYL2 and TNNT2). Results are represented as palmitoylated protein (HA, 
hydroxylamine dependent) normalised to total protein (UF, unfractionated). There was no significant 
difference in cMyBP-C or Caveolin-3 palmitoylation between groups. Data is mean ±S.E.M analysed 
via a One-way ANOVA with a Tukey post hoc test. 

3.4.2.6 Palmitoylation of skeletal isoforms of MyBP-C 

The findings here that MyBP-C is palmitoylated in cardiac tissue and changes in 

disease state that may translate to the study the skeletal isoforms of MyBP-C, 

which as themselves dysregulated in skeletal myopathy and several modifications 

including phosphorylation, target all three isoforms although not all sites are 
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shared between them (McNamara & Sadayappan, 2018). As such, Acyl-RAC was 

used to purify palmitoylated proteins from both mouse and neonatal rat 

homogenised skeletal tissue (hindlimb biopsy) and revealed both the fast skeletal 

(fs-MyBP-C) and slow skeletal (ss-MyBP-C) are palmitoylated in these tissues 

(Figure 3.16 and Supplementary Figure 7.1), suggesting palmitoylation is not a 

unique modification for cMyBP-C and importantly the findings here may be of 

interest in skeletal myopathies. 

 

Figure 3.16. Palmitoylation of slow and fast skeletal isoforms of MyBP-C. 
Palmitoylation of slow skeletal MyBP-C (ssMyBP-C) and fast skeletal MyBP-C (fs-MyBP-C) along 
with assay control Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-RAC) in skeletal 
tissue from 1-4 day old male and female neonatal rats and adult mice (male, 20 weeks). 
Palmitoylation (HA, hydroxylamine dependent) was normalised to total protein (UF, unfractionated) 
with percentage palmitoylation versions found in Supplementary Figure 7.1.. Acyl-RAC revealed both 
ssMyBP-C and fsMyBP-C are palmitoylated in skeletal tissue. Data is mean ±S.E.M. 

3.4.3 Characterising tools to study cMyBP-C palmitoylation 

3.4.3.1 Palmitoylation of cMyBP-C in cultured cells 

HEK293 cells are a well-used model for studying palmitoylation as aside from being 

easy to use and maintain, they express all the components of the palmitoylation 

machinery (Tian et al., 2010). HEK293 do not endogenously express any MyBP-C 

isoforms, and as such these cells were transfected with an exogenous FLAG-tagged 

cMyBP-C. Palmitoylation of FLAG-cMyBP-C was determined by Acyl-RAC and 

revealed a fraction is palmitoylated in these cells. Confocal microscopy revealed 

FLAG-cMyBP-C did not localise to any specific membrane compartment and was 

largely cytosolic (Figure 3.17) 
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Figure 3.17. FLAG-cMyBP-C can be expressed in HEK293 cells and Acyl-RAC reveals it is 
palmitoylated in these cells.  
Acyl-resin assisted capture (Acyl-RAC) of transiently transfected HEK293 cells with 1 µg of FLAG-
cMyBP-C revealed cMyBP-C is palmitoylated in these cells, with Flotillin-2 (Flot-2) used as an assay 
control. Palmitoylation (HA, hydroxylamine dependent) was normalised to total protein (UF, 
unfractionated) with percentage palmitoylation versions found in Supplementary Figure 7.1. Sodium 
chloride (NaCl) is included as a negative control. Confocal microscopy of transfected cells using 
cMyBP-C and Alexa Fluor 488 secondary antibody revealed that FLAG-cMyBP-C expression is 
largely cytoplasmic and not clearly localised to any membrane compartment. Scale bar is 50µm. 
Representative confocal image of n=1. 

FLAG-cMyBP-C palmitoylation in cultured HEK293 cells represented ~3% of total 

protein compared to ~13% in rabbit ventricular cardiomyocytes (Figure 3.4 and 

Supplementary Figure 7.1). The question then arises as to whether this is due to 

HEK293 being a non-cardiac cell type and the mis-localisation of cMyBP-C in the 

cytoplasm, or the prolonged culturing of cells containing cMyBP-C. In order to 

determine the effect of culture on cMyBP-C palmitoylation, rabbit and neonatal 

rat ventricular cardiomyocytes were isolated and cultured for 24 hours and 

compared to non-cultured cells. Following culture, cMyBP-C palmitoylation was 

significantly reduced in cultured cardiomyocytes, indicating that whilst cMyBP-C 

can still be detected, cultured ventricular cardiomyocytes may not be a suitable 

system to characterise the functional effect of cMyBP-C palmitoylation (Figure 

3.18). 
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Figure 3.18. Palmitoylation of cMyBP-C in cultured and non-cultured cells.  
Acyl-Resin Assisted Capture (Acyl-RAC) was used to detect the palmitoylation of cMyBP-C in rabbit 
ventricular cardiomyocytes both pre (0hr) and 24-hour post culture, neonatal cardiomyocytes both 
pre-isolation (ventricular tissue) and 24 hours post culture after isolation. Analysis revealed that in 
rabbit cardiomyocytes, culture reduced cMyBP-C palmitoylation level and in neonatal 
cardiomyocytes, isolation or culture reduced palmitoylation. Total protein (UF) was compared to 
palmitoylated fraction (HA, hydroxylamine dependent). Data is mean ±S.E.M analysed via a one-way 
ANOVA with a Sidak’s post hoc test. **p<0.01. 

3.4.3.2 Characterising pharmacological compounds that alter protein 
palmitoylation 

Pharmacological tools that either inhibit or activate palmitoylating enzymes, or 

directly target substrate palmitoylation, are currently lacking. Whilst 

palmitoylation of cMyBP-C could be characterised using widely used DHHC-PAT 

inhibitor 2-BP, or acylthioesterase inhibitor palmostatin-B, the off-target effects 

of these drugs would limit conclusions that can be drawn from their use (Lan et 

al., 2021; Lin & Conibear, 2015). Recently, a class of compounds known as 

amphiphiles have been of interest as they were reported to break thioester bonds 

between palmitate and substrates (Rudd et al., 2018). Three of these compounds 

(AMD1, AMD7 and AMD14) were supplied by Dr Andrew Rudd, University of 

California and tested using neonatal rat ventricular cardiomyocytes, followed by 

Acyl-RAC. As a well characterised cardiac substrate with a single palmitoylation 

site, NCX1 was chosen to investigate the efficacy of these compounds. Acyl-RAC 
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revealed that AMD7 was the most effective at reducing NCX1 palmitoylated at 

concentration of 10 µM and 50 µM (Figure 3.19).  

 

Figure 3.19. Palmitoylation of NCX1 and Caveolin-3 in neonatal rat ventricular cardiomyocytes 
after 24 hours of treatment with AMD-1, AMD-7 and AMD-14. 
The effect of pharmacological amphiphilic compounds (AMD1, AMD7 and AMD14, obtained from Dr 
Andrew Rudd, University of California) that break thioester bonds between palmitate and 
palmitoylated cysteines was tested using neonatal rat ventricular cardiomyocytes. Cells were treated 
for 24 hours before palmitoylation of NCX1 and assay control Caveolin-3 was then determined by 
Acyl-Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction (hydroxylamine dependent, HA) 
normalised to total protein (UF, unfractionated). NCX1 was chosen as it is a well characterised 
palmitoylated substrate in neonatal ventricular cardiomyocytes, whereas cMyBP-C palmitoylation 
stoichiometry is very low in these cells. AMD-7 was most effective in reducing palmitoylation of NCX1 
at 50 µM and 10 µM (*p<0.05). Data is mean ±S.E.M analysed via a one-way ANOVA with a Sidak’s 
post hoc test. 

Due to a complete loss of palmitoylation of cMyBP-C upon culture, neonatal rat 

ventricular cardiomyocytes are not a suitable system to study cMyBP-C 

palmitoylation. As such, further characterisation of AMD7 was completed in 

cultured rabbit ventricular cardiomyocytes which do retain a level of cMyBP-C 

palmitoylation upon culture. However, in contrast to neonatal cells, treatment of 

rabbit cardiomyocytes with 50 µM AMD7 resulted in cell toxicity and death and 

treatment with 10 µM did not result in a significant difference in NCX1 or cMyBP-

C palmitoylation in these cells (Figure 3.20). 
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Figure 3.20. Palmitoylation of cMyBP-C, NCX1 and Caveolin-3 in rabbit ventricular 
cardiomyocytes after 24-hour treatment with AMD7. 
The effect of the pharmacological amphiphilic compound AMD7 (10 µM, obtained from Dr Andrew 
Rudd, University of California) that break thioester bonds between palmitate and palmitoylated 
cysteines was tested using rabbit ventricular cardiomyocytes. Cells were treated for 24 hours in 
before palmitoylation of cMyBP-C, NCX1 and assay control Caveolin-3 was then determined by Acyl-
Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction (hydroxylamine dependent, HA) 
normalised to total protein (UF, unfractionated). There was no significant effect of AMD7 treatment 
on cMyBP-C, NCX1 or Caveolin-3 palmitoylation. Data is mean ±S.E.M analysed via student’s 
unpaired t-test. 

3.4.4 Identifying cMyBP-C palmitoylation site 

3.4.4.1 Palmitoylation peptide array – cMyBP-C palmitoylation cannot be 
determined by click chemistry-based peptide array 

A common method used to characterise palmitoylation of a substrate is to identify 

the cysteine upon which palmitoylation is occurring and determine the 

consequences of its loss (Main & Fuller, 2021). Whilst no consensus sequence 

currently exists for palmitoylation sites, there are several features of the 

reportedly palmitoylated cysteines that could inform prediction of future sites. 

This has been more well established for membrane proteins where proximity to 

the membrane, the presence of amphipathic helices and the nature of surrounding 

amino acids all indicate that a cysteine may be a candidate site, but prediction 

for soluble, non-membrane proteins is more challenging (Salaun et al., 2010). In 

order to narrow down cMyBP-C palmitoylation site, an experimental technique 

combining peptide array and palmitoylation click chemistry was utilised. Peptides 

of 20 amino acids in length of cMyBP-C sequences containing single or multiple 

cysteines were constructed on a cellulose membrane following which they were 

incubated with alkyne containing ODYA-CoA before “clicking” to an azide 

containing Cy5.5 for detection. Analysis revealed several specific peptides were 

detected in the cMyBP-C sequence, whilst the NCX1 positive control 

(palmitoylated cysteine) was detected but not the NCX1 negative control (non-

palmitoylated cysteine). However, the PLM positive control did not appear on the 
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array whilst the negative control was recognised. Furthermore, treatment of the 

membrane with hydroxylamine to cleave the ODYA-CoA-Cy5.5 complex from the 

cysteines did not result in any loss of signal (Figure 3.21). 

 

Figure 3.21. Palmitoylation peptide array of cMyBP-C sequences.  
Peptides were synthesised using a peptide array synthesiser and immobilised on cellulose 
membranes. Membranes were incubated with 20 µM ODYA-CoA before incubation with Cy5.5 and 
visualisation on LICOR imaging system. Visualisation revealed several spots indicating attachment 
of the ODYA-CoA-Cys5.5 conjugate to a particular peptide, including N and C-terminal localised 
peptides. Additionally, attachment occurred on a peptide with a palmitoylated cysteine from the 
sodium-calcium exchanger (NCX1) but not a peptide containing a non-palmitoylated cysteine 
sequence. However, a peptide with two palmitoylated cysteines in phospholemman (PLM) did not 
show attachment where the negative control of a non-palmitoylated cysteine did. Additionally, 
incubation with hydroxylamine (HA) for 1 hour did not result in any reduction in signal, suggesting 
the conjugation is not via an ODYA-CoA thioester bond with the available cysteine. Representative 
image of n=2.  

In order to further characterise the palmitoylation peptide array technique, an 

array was constructed around established palmitoylation substrate NCX1. 

Sequences containing the NCX1 palmitoylated cysteine and a non-palmitoylated 

cysteine negative control sequence were constructed on the array, including 

truncated versions of both sequences (removing one C-terminal amino acid per 

sequence) and alanine replacements of cysteines. No signal was detected post-

blocking with BSA or post-ODYA-CoA treatment, however upon incubation with 

either Cy5.5 or CW800, peptides were detected whether in the presence of ODYA-

CoA or not, indicating the Cy5.5 and CW800 are attaching directly to the 

sequences in a palmitoyl-CoA independent manner (Figure 3.22). As such, the 
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current technique does not model the modification of palmitoylation and 

therefore cannot be used reliably to inform on palmitoylation site. 

 

Figure 3.22. Truncation and alanine replacement of NCX1 peptide array sequences.  
In order to determine the specificity of the ODYA-CoA-Cy5.5 conjugation to palmitoylation peptide 
array sequences, peptides were synthesised using a peptide array synthesiser and immobilised on 
cellulose membranes including truncated version and alanine replacements of an NCX1 
palmitoylated sequence (1-7, 16 and 17 - orange C) and non-palmitoylated sequence (8–14, 18 and 
19 - pink C). Each array was blocked using 5% BSA and visualised before incubation with ODYA-
CoA or PBS as a negative control. Arrays were then incubated in Cy5.5 or LICOR CW800 clickable 
azide compounds and visualised. Visualisation revealed that although truncation of the 
palmitoylatable sequence of NCX1 showed the hypothesised loss of signal after the cysteine was 
truncated and no signal was detected for the unpalmitoylatable sequence, this occurred regardless 
of the presence of ODYA-CoA suggesting the Cys5.5 and CW800 are attaching to the array without 
clicking to the ODYA-CoA. N=1. 
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3.4.4.2 Cysless strategy – removal of all cMyBP-C cysteines eliminates 
palmitoylation which is not returned upon single cysteine re-
incorporation 

As the palmitoylation peptide array was identified as an unsuitable system to 

detect cMyBP-C palmitoylation, an alternative strategy was employed utilising site 

directed mutagenesis. Although HEK293 cells transfected with FLAG-cMyBP-C 

show a lower level of palmitoylation compared to primary cells, they provide a 

simple system in which to monitor the presence of absence of cMyBP-C 

palmitoylation. As such, a cysless version of FLAG-cMyBP-C was constructed 

whereby all cysteines were mutated to alanine. As expected, this completely 

abolished cMyBP-C palmitoylation (Figure 3.23). Site direct mutagenesis was then 

used to return individual, or two closely located, cysteines to the cysless version 

of FLAG-cMyBP-C. Acyl-RAC revealed that returning of individual/closely located 

cysteines did not result in the return of cMyBP-C palmitoylation. This may indicate 

that cMyBP-C palmitoylation is formed by more than one site, either through 

cooperation or that a single site palmitoylation is below the detection limits of 

the assay (Figure 3.24). 
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Figure 3.23. Palmitoylation is eliminated in a cysless mutant of cMyBP-C. 
Acyl-RAC revealed production of a version of FLAG-cMyBP-C with all cysteines mutated to alanine 
and expression in HEK293 leads to complete loss of palmitoylation. Palmitoylation (hydroxylamine 
dependent, HA) was normalised to total protein (UF, unfractionated). Representative image of n=3 
experiments. 

 

Figure 3.24. Returning individual or closely localised cysteines in a cysless cMyBP-C does 
not return lost palmitoylation.  
Site directed mutagenesis was used to create several constructs from the cysless FLAG-cMyBP-C 
in which selected alanines were mutated back to cysteines. Acyl-RAC of these constructs transiently 
transfected into HEK293 cells revealed no single cysteine returned any detectable level of 
palmitoylation, suggesting that multiple sites contribute to cMyBP-C palmitoylation in these cells. 
Palmitoylation (hydroxylamine dependent, HA) was normalised to total protein (UF, unfractionated). 
Representative images of n=3 experiments. 

3.4.4.3 Point mutant strategy – cMyBP-C palmitoylation sites are reported S-
glutathionylation sites  

Cysteines that are solvent exposed are more likely candidates to be palmitoylation 

sites, and this can be determined by whether they are modified by any other 

cysteine modifications. S-glutathionylation and other modifications have been 

reported at several cysteines in cMyBP-C and therefore may be targeted by other 

modifications such as palmitoylation (Table 3.2).  
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Conservation scoring was based on Clustal Omega alignment whereby 4 amino acids either side of lysine were scored - 3 points for perfect alignment (*) with both isoforms, 2 points 

for an amino acids with a strong similarity (:), 1 point for a weak similarity (.) and 0 points for no similarity 

 

 

Domain 
(cMyBP-C, 
human) 

Cysteine 
number 

(cMyBP-C, 
human) 

Sequence 
Cysteine isoform 

conservation 

Adjacent area 
isoform 

conservation 
score 

(Clustal Omega) 
(max: 27)* 

Cysteine species 
conservation 

Adjacent area 
species 

conservation 
score 

(Clustal Omega) 
(max: 27)* 

Established modifications 
or mutations 

(cMyBP-C, any species) 

Surface 
availability 
based on 
AlphaFold 
(human) 

Surface 
availability 
based on 

crystallography 
(human) 

1 239 GSYRCEVST Slow skeletal 16 Mouse, rat and rabbit 25 S-glutathionylation No Yes 

1 249 DKFDCSNFN Unique to cMyBP-C 15 Unique to human 23 S-glutathionylation Yes  

2 426 TISQCSLAD All 16 Mouse, rat and rabbit 27 S-glutathionylation Yes Yes 

2 436 AAYQCVVGG Unique to cMyBP-C 8 Mouse, rat and rabbit 27 
Disulphide bond with 

C443, S-glutathionylation 
No No 

2 443 GGEKCSTEL All 19 Mouse, rat and rabbit 27 
Disulphide bond with 

C436, S-glutathionylation 
Yes Yes 

3 475 VEFECEVSE Slow skeletal 20 Mouse, rat and rabbit 27 S-glutathionylation No No 

3 528 HYALCTSGG Unique to cMyBP-C 16 Unique to human 23 S-glutathionylation Yes Yes 

4 566 AVFKCEVSD All 16 Mouse, rat and rabbit 27 C566R mutation in HCM No  

4 623 EGFACNLSA Unique to cMyBP-C 12 Mouse, rat and rabbit 27 S-glutathionylation Yes  

5 651 IHLDCPGRI Fast skeletal 12 Mouse, rat and rabbit 21 S-glutathionylation Yes Yes 

5 719 KKLLCETEG Unique to cMyBP-C 9 Mouse, rat and rabbit 27 S-glutathionylation Yes Yes 

6 788 GEDSCTVQW Slow skeletal 14 Mouse, rat and rabbit 24 S-glutathionylation No  

7 909 SVEYCPEGC All 18 Mouse, rat and rabbit 24 S-glutathionylation Partially  

7 913 CPEGCSEWV Unique to cMyBP-C 10 Mouse, rat and rabbit 19 S-glutathionylation Yes  

9 1124 RRTHCVVPE Fast skeletal 13 Mouse, rat and rabbit 23  Yes  

10 1201 TAMLCCAVR Unique to cMyBP-C 18 Mouse, rat and rabbit 22  Yes  

10 1202 AMLCCAVRG All 20 Mouse, rat and rabbit 24  Partially  

10 1244 IRKPCPFDG Unique to cMyBP-C 21 Mouse, rat and rabbit 26 S-glutathionylation Yes  

10 1253 GIYVCRATN All 18 Mouse, rat and rabbit 26  No  

10 1264 GEARCECRL Unique to cMyBP-C 15 Mouse, rat and rabbit 26 C1264F in DCM Yes  

10 1266 ARCECRLEV All 18 Mouse, rat and rabbit 26  Yes  

Table 3.2. Analysis of cysteine isoform comparison, species comparison, established modifications and surface availability.  
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In the cysless construct, returning of multiple reported S-glutathionylation sites 

returned cMyBP-C palmitoylation to a certain extent. Additionally, site directed 

mutagenesis was used to mutate C623 and C651 in the WT FLAG-cMyBP-C 

construct, and Acyl-RAC revealed that palmitoylation was significantly reduced, 

indicating that as well as being S-glutathionylation sites, these sites are also 

modified by S-palmitoylation. Importantly, mutation of both sites did not abolish 

palmitoylation, suggesting other sites are still involved. (Figure 3.25).  

 

Figure 3.25. cMyBP-C S-glutathionylation sites are also palmitoylated. 
Site directed mutagenesis was used to a create version of cysless FLAG-cMyBP-C in which several 
alanines were mutated back to cysteines. These sites were chosen based on their reported S-
glutathionylation. Acyl-RAC of these constructs transiently transfected into HEK293 cells revealed 
when multiple cysteines are returned palmitoylation of cMyBP-C can be detected, suggesting that 
multiple sites contribute to cMyBP-C palmitoylation in these cells. This was further confirmed by 
mutating candidate cysteines C623 and C651 to alanine in wildtype FLAG-cMyBP-C which resulted 
in a loss of palmitoylation when both sites were mutated (*p<0.05). Palmitoylation (hydroxylamine 
dependent, HA) was normalised to total protein (UF, unfractionated) and values normalised to the 
experimental average for cysteine to alanine mutants. Data is mean ±S.E.M analysed via a one-way 
ANOVA with a Dunnett’s post hoc test. 

3.4.5 Functional characterisation of cMyBP-C palmitoylation 

Characterisation of cMyBP-C modification site has been successfully completed 

using mutant versions of the protein where the site is mutated, particularly in 

studying the importance of phosphorylation (Sadayappan et al., 2006). However, 

in this case, the identified sites of cMyBP-C palmitoylation are also reported S-

glutathionylation sites, and therefore the functional significance of loss of the site 

cannot be exclusively attributed to loss of palmitoylation. As an alternative 

strategy, myofilaments treated with palmitoyl CoA show significantly enhanced 

cMyBP-C palmitoylation (Figure 3.8), which can be functionally characterised 

using myofilament assays. 
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3.4.5.1 Phosphorylation in palmitoyl-CoA treated myofilaments 

As palmitoylation was significantly increased in palmitoyl CoA treated 

myofilaments, expression and phosphorylation of cMyBP-C was investigate in these 

samples. Compared to total cMyBP-C, there was no significant difference in 

cMyBP-C phosphorylation compared to untreated controls. Whilst total cMyBP-C 

palmitoylation is increased following treatment (Figure 3.8), palmitoylation of the 

phosphorylated form of cMyBP-C is not changed, indicating that the fraction of 

cMyBP-C whose palmitoylation increased may not be phosphorylated (Figure 3.26). 

 

Figure 3.26. Increased palmitoylation of total cMyBP-C by palmitoyl CoA does not affect 
expression or palmitoylation of phosphorylated cMyBP-C. 
The effect of palmitoyl CoA (20 µM), which can spontaneously palmitoylate solvent exposed 
cysteines, was tested using myofilaments isolated from rabbit ventricular cardiomyocytes. 
Myofilaments were treated for 30 minutes with palmitoyl CoA before centrifugation and collecting of 
the myofilament pellet and supernatant. Palmitoylation in each fraction was determined by Acyl-
Resin Assisted Capture (Acyl-RAC) and total protein (UF, unfractionated) compared to palmitoylated 
fraction (hydroxylamine dependent, HA). Palmitoyl CoA did not increase the level of cMyBP-C 
phosphorylation (pSer282 – pcMyBP-C/cMyBP-C). Whilst total cMyBP-C palmitoylation is increased 
upon palmitoyl CoA treatment, the palmitoylation of the phosphorylated form of cMyBP-C is not 
increased. Data is mean ±S.E.M analysed via an unpaired student’s t-test. 

3.4.5.2 Passive tension in palmitoyl CoA treated rabbit myofilaments 

The sarcomere maintains a passive tension when stretched beyond its slack length 

which is important in maintaining the ventricular wall tension during diastole, 

providing resistance to stretch without activation, and in determining shortening 

velocity upon activation (Granzier & Irving, 1995). In isolated myofilament 

preparations in particular, passive tension is mainly driven by the molecular spring 

of Titin, elimination of which has been shown to abolish passive force (Herzog, 

2018). Reducing the length of a stretched myofilament by 30% removes this 

tension and therefore determining force pre- and post-slackening can be used to 

measure the original passive force of a cell at a given sarcomere length. In order 

to determine whether palmitoyl-CoA treatment affected myofilament passive 

force, cells were stretched to 3 different sarcomere lengths ranging between 2 
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µM and 2.2 µM before slackening to 30% of their length for 5 seconds. Pre-

treatment with palmitoyl-CoA had no significant effect on passive tension (Fpassive) 

at any sarcomere length (Figure 3.27).  

 

Figure 3.27. The effect of palmitoyl CoA treatment on passive tension in rabbit ventricular 
myofilaments at increasing sarcomere lengths. 
Myofilaments were isolated from rabbit ventricular cardiomyocytes and treated with palmitoyl CoA 
(20 µM) before mounting to a muscle mechanics set up. Myofilaments were stretched to 3 different 
sarcomere lengths (2µm, 2.1µm and 2.2µm) and passive tension was determined by slackening cells 
by 30% of their length and measuring the difference in force pre and post slacking. Treatment with 
palmitoyl CoA had no significant effect on passive tension at any sarcomere length. N=15-16 cells 
from 4 animals. Data is mean ±S.E.M analysed via an unpaired student’s t-test. 

3.4.5.3 Active force and calcium sensitivity in palmitoyl CoA treated rabbit 
myofilaments 

Active force of a myofilament is generated by acto-myosin interactions and is 

influenced by the sarcomere length (as part of LDA mechanism) and the presence 

of Ca2+, whereby myofilaments generate increased force in increasing levels of 

Ca2+ and at increasing sarcomere length (de Tombe & ter Keurs, 2016). In order to 

determine whether palmitoyl-CoA treatment had any effect on active force or 

Ca2+ sensitivity, treated myofilaments were stretched to a sarcomere length of 

2.2 µM and active force was determined in submaximal (pCa6.0, Fact) and maximal 

(pCa4.5, Fmax) Ca2+ solutions. Analysis revealed that whilst palmitoyl CoA had no 

significant effect on active force at maximally activating Ca2+ levels (Fmax at 

pCa4.5), there was a significant decrease in the force generated at submaximal 

Ca2+
 (Fmax at pCa6.0) in palmitoyl CoA treated myofilaments compared to control, 

indicating that palmitoyl CoA reduced the Ca2+ sensitivity of the myofilaments 

(Figure 3.28). 
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Figure 3.28. The effect of palmitoyl CoA on active force and calcium sensitivity in rabbit 
ventricular myofilaments at a sarcomere length of 2.2 µM. 
Myofilaments were isolated from rabbit ventricular cardiomyocytes and treated with palmitoyl CoA 
(20 µM) before mounting to a muscle mechanics set up. Myofilaments were stretched to 2.2µm and 
active force was measured in maximally activating Ca2+ (Fmax, pCa4.5) and submaximal Ca2+ (Fact, 
pCa6.0). Treatment with palmitoyl CoA had no effect on maximal active force in activating Ca2+ but 
significantly reduced the force generated in response to submaximal Ca2+. N=9-10 cells from 4 
animals. Data is mean ±S.E.M analysed via an unpaired student’s t-test. *p<0.05. 
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3.5 Discussion 

The aim of the present study was to characterise the palmitoylation of the 

essential cardiac regulatory protein cMyBP-C. To achieve this, Acyl-RAC was used 

to purify palmitoylated cMyBP-C from cardiac tissue, including from different 

anatomical regions and diseased samples. Isolation of myofilaments from rabbit 

cardiomyocytes was used to indicate where palmitoylated cMyBP-C was localised. 

Whilst novel pharmacological tools were ineffective in altering cMyBP-C 

palmitoylation, treatment of isolated myofilaments with palmitoyl CoA allowed 

characterisation of their calcium sensitivity, passive and active force when cMyBP-

C palmitoylation was increased. Finally, putative cMyBP-C palmitoylation sites 

were identified by site directed mutagenesis in HEK293 cells. 

3.5.1 Palmitoylation is a novel post-translational modification of 
myofilament proteins 

Palmitoylation is an essential regulatory modification that alters protein-protein 

interactions, protein-membrane interactions and influences other PTMs in order 

to fine tune a substrate’s localisation and function (Essandoh et al., 2020). In the 

present study, Acyl-RAC was used to identify novel palmitoylation of sarcomeric 

proteins myosin, actin and cMyBP-C in ventricular tissue from rabbit, rat and 

mouse. Thin filament-based proteins TnI, TnT and Tm were not found to be 

palmitoylated in these samples (Figure 3.4).  

As well as PTM regulation of cMyBP-C, there has been significant interest in 

understanding the regulatory modifications of myosin heavy chain, which similarly 

undergoes phosphorylation and acetylation and shows disease relevant changes 

(Landim-Vieira et al., 2021). Despite being >230kDa, cardiac myosin only contains 

14 cysteines, one of which is mutated in HCM in three different forms (C905F, 

C905R, C905Y). Although the functional consequence of loss of this cysteine has 

not been investigated, this residue is part of the proximal S2 domain and several 

other nearby residues are also associated with cardiac disorders, making it a “HCM 

hotspot” (Singh et al., 2021; Stenson et al., 2014).  

In terms of actin, available information on the structure suggests C374 is the most 

accessible and is also reportedly modified by S-glutathionylation (Cuello et al., 

2018; Gross & Lehman, 2013). Interestingly, several studies utilising FRET to 
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understand actin dynamics use this site as an anchor for the probe, which could 

be unintentionally impeding its ability to be modified at this site (Guhathakurta 

et al., 2015; Xing et al., 2008). However, whilst structural analysis of the relative 

surface accessibility of amino acids is a useful predictor of PTM modification, 

crystallography data and AlphaFold analysis of the human cMyBP-C sequence 

suggests sites including C475 are not solvent exposed and yet have been reported 

to be modified by S-glutathionylation (Table 3.2). Indeed, a study assessing the 

accessibility of cysteines in sarcomeric proteins, including actin, demonstrated 

that contractile state affects cysteine availability, and therefore any of the 

cysteines of actin or myosin may still be candidate palmitoylation sites (Gross & 

Lehman, 2013).  

Further validation of both actin and myosin palmitoylation in cardiac tissue is 

required, as due to sample availability a suitable negative control was not 

included unlike in the study of cMyBP-C in cardiac myocytes and HEK293 (Figure 

3.6 and Figure 3.17). As such, non-specific binding in the Acyl-RAC assay cannot 

be ruled out at this stage. Nevertheless, in line with the data presented, the Tseng 

group have recently published a study characterising the cardiac palmitoylome 

using mass spectrometry, identifying more than 400 proteins with cMyBP-C, 

myosin and actin among them (Miles et al., 2021). Interestingly, the study also 

identified TnT, TnI and Tm, despite the evidence presented here that they are 

not palmitoylated in cardiac tissue (Figure 3.4). Whilst TnI and Tm have the 

capacity to be palmitoylated, TnT does not contain any cysteines so cannot 

undergo S-palmitoylation and therefore has likely been detected as a false 

positive. These proteins were also identified in our own mass spectrometry 

analysis of the rat heart (Supplementary Table 7.1), altogether emphasising the 

importance of further validation of palmitoylated proteins identified in mass 

spectrometry studies.  

Aside from information on the cardiac palmitoylome, Miles et al. also provided 

some valuable insight into the enzymatic machinery involved in cardiac 

palmitoylation. The subcellular localisation of DHHC-PATs to the surface, Golgi 

apparatus and ER is based on exogenous HEK293 studies and an understanding of 

the distribution of the enzymes in cardiac tissue specifically would be a valuable 

tool (Ohno et al., 2006). Using custom antibodies, the group identified 11 of the 

23 DHHC-PATs as being expressed in the heart, despite another study utilising 
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global RNA sequencing suggesting mRNA of all 23 can be detected (more detail in 

Chapter 5; Hahn et al., 2021; Miles et al., 2021). Interestingly, follow up work 

from published abstracts of the group suggests they have identified DHHCs 

localised to different areas of the sarcomere, including DHHC2 to the M-lines and 

DHHC5 to the Z-discs, suggesting there is close membrane association with the 

sarcomere (Miles et al., 2020). Although our previous work of a virally encoded 

HA-DHHC5 construct infected into adult rabbit cardiomyocytes observed a striated 

pattern and intercalated disc localisation, reliable DHHC-PAT antibodies have 

been challenging to produce in the past and therefore further validation of the 

enzymes in these regions is warranted (Main et al., 2022). Additionally, 

sarcolemma proteins including the LTCC produce a striated staining pattern due 

to their localisation in the T-tubules, so it remains to be determined whether 

there is close localisation to the sarcomere. Nevertheless, in terms of sarcomeric 

protein palmitoylation, this may suggest that DHHC-PATs are in the vicinity and 

able to palmitoylate these proteins.  

3.5.2 Location-specific modulation of cMyBP-C palmitoylation 

Cardiac MyBP-C is an essential regulator of cardiac inotropy and lusitropy through 

PTM-dependent modulation of actin-myosin interactions and myofilament Ca2+ 

sensitivity (Barefield & Sadayappan, 2010). In this study, cMyBP-C palmitoylation 

was detected in ventricular cardiac tissue by Acyl-RAC (Figure 3.4) and any 

potential false positives through the C436 and C443 reported disulphide bond were 

ruled out by pre-treatment with reducing agents (Figure 3.5). Whilst cMyBP-C is 

highly expressed in the ventricles, it is also expressed in the atria, although the 

relative quantities have not been directly compared (Lin et al., 2013; Sadayappan 

& de Tombe, 2012). Given the precise arrangement of cMyBP-C molecules in the 

sarcomere (7-9 molecules per C-zone) there may not be any cell-to-cell variability 

in cMyBP-C expression in this regard. However, given the importance of cMyBP-C 

PTMs in regulating cardiac contractility, and the difference in force generation 

and electrophysiological properties between the atria and the ventricles, it is 

surprising there is a lack of study on the extent of PTM modification between the 

anatomical regions (Molina et al., 2016; Pham et al., 2019). Although not directly 

measuring cMyBP-C, a recent study mapped cardiac protein PTMs in different 

anatomical regions of the heart. Analysis of the supplementary data presented in 

the paper revealed that whilst 60 phosphorylated peptides of cMyBP-C were 
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detected in the LV, only 38 were detected in the RA (Bagwan et al., 2021). In 

terms of palmitoylation, cMyBP-C was found to be palmitoylated in the left, right 

and septal region of the adult rabbit ventricle, with potentially higher levels in 

the LV compared to the RV. cMyBP-C palmitoylation was only minimally detected 

in the LA and not detected in the RA (Figure 3.6). This may suggest that there is 

regional specific variability in cMyBP-C PTM modification, however whether this 

correlates to the overall function of the different regions remains to be 

determined. Nevertheless, this will be an important consideration when judging 

the therapeutic potential of targeting a cMyBP-C PTM in left versus right HF for 

example, particularly as right HF in HFpEF has been associated with increased 

cMyBP-C phosphorylation (Hegemann et al., 2021).  

Cardiac MyBP-C is localised in the C-zone of the sarcomere and no populations 

outside this region have been described. Given the role palmitoylation plays in 

membrane attachment and trafficking, it could be hypothesised that the 

palmitoylated form is localised outside the myofilament. In this study, 

myofilament extraction was performed in adult rabbit cardiomyocytes and, whilst 

is under the constraints of western blot detection limits, identified all of cMyBP-

C as being localised in the myofilament (Figure 3.7). In the sarcomere, giant 

structural proteins such as titin, desmin and nebulin are insoluble in concentrated 

salt solutions, whilst 470 mM to 680 mM is required to solubilise myofilament 

proteins (myosin, actin, cMyBP-C etc.), but this is highly dependent on the 

substrate (Li, Wang, et al., 2022; López-Bote, 2017). In this study, salt extraction 

of the myofilament pellet revealed whilst the majority of cMyBP-C was solubilised 

upon salt treatment, a small amount remained, and Acyl-RAC revealed this portion 

has a higher palmitoylation stoichiometry compared to the fraction that is salt-

soluble (Figure 3.7). This could indicate that the palmitoylated form of cMyBP-C 

has greater electrostatic interactions with the myofilament lattice or attachment 

to closely localised membrane structures, potentially aided by the hydrophobic 

environment created by adding the palmitoyl group(s) (Li et al., 2022). Going 

forward, utilising the technique of click chemistry combined with 

immunofluorescence would give the opportunity to observe the palmitoylated 

form of cMyBP-C with a greater accuracy in-situ, as has been demonstrated for 

potassium channel accessory protein KChIP2, although effective tools for 
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cardiomyocyte click chemistry are still lacking (Gao & Hannoush, 2014; Main & 

Fuller, 2021; Murthy et al., 2019). 

Additional evidence to support the importance of palmitoylation as a modification 

of myofilament-localised cMyBP-C is that when cMyBP-C is exogenously expressed 

in non-cardiac HEK293 cells, palmitoylation is reduced to ~3% compared to 13% in 

primary cardiomyocytes (Figure 3.17 and Supplementary Figure 7.1). 

Furthermore, whilst cMyBP-C is highly palmitoylated in neonate rat ventricular 

tissue, upon isolation and culture this palmitoylation is abolished (Figure 3.18). 

Whilst neonatal cardiomyocytes provide a useful system for cardiac research, they 

are limited in their physiological relevance as upon culture they undergo rapid 

dedifferentiation and redifferentiation which induces a more stem cell-like quality 

with spontaneous beating observed (Ehler et al., 2013). Furthermore, cultured 

neonatal cells lack defined T-tubules making them more like adult atrial cells than 

ventricular cells, which as demonstrated have low levels of palmitoylated cMyBP-

C (Figure 3.6; Fearnley et al., 2011). cMyBP-C palmitoylation is also lost upon 

culture of adult ventricular cardiomyocytes, although not to the extent of loss in 

neonatal cells (Figure 3.18). Adult cardiomyocytes undergo a change in 

morphology upon culture, including loss of T-tubule definition and myofibrillar 

structure (Eppenberger et al., 1988; Piper et al., 1982). As recent evidence 

suggests some DHHCs may be localised in areas of the sarcomere, it will be 

important to determine whether loss of cardiomyocyte structure upon culture 

alters enzyme expression pattern or activity which could explain the loss of cMyBP-

C palmitoylation (Miles et al., 2020). 

3.5.3 Palmitoylation is a therapeutically relevant post-
translational modification of cMyBP-C 

The disease relevance cMyBP-C PTM regulation, particularly concerning 

phosphorylation, acetylation and S-glutathionylation, has been demonstrated 

using animal models of cardiac injury and in samples from patients of HCM and HF 

(Copeland et al., 2010; Govindan, Sarkey, et al., 2012; Sadayappan et al., 2006; 

Stathopoulou et al., 2016). In order to determine the therapeutic relevance of 

cMyBP-C palmitoylation, Acyl-RAC was used to characterise ventricular tissue from 

animal models and patient samples. In a rabbit model of HF, cMyBP-C 

palmitoylation is reduced in the remodelled myocardium 8-weeks post-MI in the 
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LV (infarct, peri-infarct and remote) but not in the adjacent septal regions 

(remote; Figure 3.9). Similarly, in a pig model of I/R and HF, cMyBP-C 

palmitoylation is reduced, although not significantly, 3 months post-injury (Figure 

3.10). As will be discussed in Chapter 5, the same trends were observed in other 

non-myofilament cardiac substrates including well characterised NCX1.  

The LV is the site of infarct in both these models, whilst the septal region of the 

rabbit heart is likely involved in secondary remodelling (Konstam et al., 2011). 

Additionally, the peri-infarct region undergoes the most substantial change in 

terms of haemodynamic stress and remodelling (Burton et al., 2000). This could 

indicate that cMyBP-C palmitoylation changes are occurring in the area that is 

undergoing the most significant remodelling, including that of T-tubules 

(Setterberg et al., 2021). Indeed, a study investigating the remodelling post-MI in 

the rabbit heart reported that the fibrotic remodelling and inflammation that 

drives the development of HF occurred to a greater extent in the vicinity of the 

MI (Wu et al., 2017). There was no significant change in cMyBP-C palmitoylation 

in a rat model of type 2 diabetes, which is associated with increased levels of non-

esterified fatty acids and some degree of cardiac dysfunction, particularly 

diastolic (Figure 3.11; Mansor et al., 2013). This could suggest that cMyBP-C 

palmitoylation may not be driven by fatty acid availability but instead through 

maladaptive changes in palmitoylation machinery in response to direct cardiac 

insult. A limitation in this conclusion is that extent of remodelling has been 

reported to directly correlate with infarct size, which is difficult to control from 

a methodological point of view (Konstam et al., 2011). 

Nevertheless, cMyBP-C appears to show disease related changes in palmitoylation, 

and the question arises as to whether this accurately models what happens in 

humans. Analysis of samples obtained from organ donors and ischaemic human HF 

patients revealed whilst cMyBP-C phosphorylation was reduced, although not 

significantly, cMyBP-C palmitoylation was significantly increased in HF samples 

(Figure 3.12). The loss of cMyBP-C phosphorylation in HF has been widely reported, 

and this is often accompanied by an increase in cMyBP-C released into the blood, 

with it now being considered as a biomarker for acute MI (Barefield et al., 2019; 

Govindan, McElligott, et al., 2012; Tong et al., 2017). Given the evidence 

presented that cMyBP-C palmitoylation increases is affinity for the myofilament, 

it is perhaps surprising to observe higher levels of palmitoylated cMyBP-C in HF 
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patients where this may be occurring. However, the cleaved product is in the N-

terminal domain (C0-C1f) and as will be discussed, cMyBP-C palmitoylation may 

be occurring in the central domains (Lynch et al., 2021). Although cMyBP-C 

phosphorylation is generally found to be reduced in cardiac disease and HF, this 

is not always the case. A recent study evaluated cMyBP-C-myosin targeting 

peptides in a rat model of MI reported that whilst cMyBP-C phosphorylation was 

significantly reduced up to 3 days post-MI, there was no significant change after 

1-week and even an increase at 4- and 8-weeks post injury. This may suggest a 

compensatory mechanism is occurring changing the cMyBP-C PTM profile as HF 

develops (Hou et al., 2022). As such, the results of these models or human samples 

may not be representative of the wider population and continuing to build a more 

complete picture of cMyBP-C palmitoylation changes in disease states will be 

important going forward. 

Interestingly, in contrast to ischaemic HF samples, HCM caused by MYBPC3 

mutations, other sarcomeric mutations or non-sarcomeric mutations did not result 

in a significant change in cMyBP-C palmitoylation (Figure 3.15). The cMyBP-C PTM 

profile is complex in HCM, as whilst many mutations result in loss of cMyBP-C 

phosphorylation, particularly ones found in the vicinity of the M-domain, this is 

not observed in all cases (Jacques et al., 2008; van Dijk et al., 2009). This may be 

due to the heterogeneity of mutations and phenotypes within the MYBPC3 HCM 

cohort, and therefore an understanding of the role of cMyBP-C palmitoylation may 

be better gained from focussing on a particular HCM phenotype i.e. the 

heterozygous mutations that change cMyBP-C location in the sarcomere 

(Parbhudayal et al., 2018).  

Similarly to what was observed in the animal models, the increase in 

palmitoylation in ischaemic HF samples is not unique to cMyBP-C and was also 

observed in other cardiac substrates, as will be discussed in Chapter 5. Whilst 

there may be underlying remodelling of palmitoylating pathways contributing to 

the observed increase in cMyBP-C palmitoylation, there are many confounding 

factors that could play a role. Phosphorylation of cMyBP-C was reduced, although 

not significantly, in female HF patients compared to organ donors but not in males 

(Figure 3.13). Sex-dependent changes in phosphorylation of cMyBP-C have not 

been widely reported and those that use male and female animals have not noted 

any profound impact of sex (Rosas et al., 2019; Wang et al., 2014). In terms of 
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palmitoylation, the difference associated with HF is predominantly in the male 

samples but not the females, as the females start with higher, although not 

significantly, levels of palmitoylation (Figure 3.13). However, in healthy animals, 

comparison of male and female neonatal rats revealed no significant difference in 

levels of cMyBP-C palmitoylation (Figure 3.14). As such, a lack of sample numbers, 

particularly in the female HF cohort, limit the conclusions of the role of sex in 

cMyBP-C PTM modification. Nevertheless, it is an important point to consider as 

HF disproportionately affects males and HCM disease progression is different in 

males than females (Butters et al., 2021; Lam et al., 2019). Other variables in the 

human samples like the role of an MI, which the animal models may more 

accurately reflect, the presence of hyperlipidaemia, or comorbidities such as 

diabetes may influence cMyBP-C PTMs. However, the relatively small sample size 

make statistically relevant comparisons challenging overall.  

3.5.4 Palmitoylation inhibitors and peptide array as tools to study 
cMyBP-C palmitoylation 

There has been a significant lack of selective pharmacological compounds to study 

palmitoylation. Recently, a class of compounds known as amphiphiles have been 

of interest as they were reported to break thioester bonds between palmitoyls 

and substrates (Rudd et al., 2018). In the present study, three AMDs were tested 

for their ability to reduce NCX1 palmitoylation in NRVM, with AMD7 showing the 

greatest efficacy at 50 µM and 10 µM (Figure 3.19). However, upon treatment of 

adult rabbit cardiomyocytes, AMD7 was toxic to the cells at 50 µM and had no 

significant effect on reducing cMyBP-C or NCX1 palmitoylation at 10 µM, making it 

an unsuitable compound for investigating the functional consequences of cMyBP-

C palmitoylation (Figure 3.20). There are significant differences between neonatal 

and adult cardiomyocyte structure and morphology, including neonatal cells being 

more readily manipulated genetically, which may contribute to the selective 

effectiveness of AMD7 in this case (Lam et al., 2001). Additionally, the non-

selective nature of these compounds could mean they are interfering with other 

thioester interactions, such as those regulating the catalytic activity of enzymes 

like GAPDH or other post-translational modifications such as SUMOylation (Alberts 

et al., 2002; Main & Fuller, 2021). This may be contributing to the observed 

toxicity in these cells. 
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Aside from pharmacological tools, a common technique for studying the functional 

consequence of loss of palmitoylation is the identification, and mutation, of 

substrate palmitoylation site(s) (Main & Fuller, 2021). However, this is challenging 

as no consensus sequence exists for palmitoylation, and the current “rules” that 

allude to potential palmitoylation sites are most relevant for membrane proteins 

(Salaun et al., 2010). As such, the present work attempted to develop a novel 

technique for palmitoylation site identification utilising the techniques of peptide 

array and palmitoylation click chemistry, with the theory that the palmitoyl 

analogue ODYA-CoA would conjugate to available cysteines which could then be 

detected by clicking with the fluorescently labelled azide. In an array of cMyBP-C 

peptides, the technique identified distinct peptides including a di-cysteine motif, 

which is another feature common of palmitoylation sites, and, as will be 

discussed, a site (C623) that was revealed to be palmitoylated by other methods 

(Figure 3.21; Linder & Deschenes, 2003). In order to assess further the validity of 

the technique, a peptide array containing sequences with the sole palmitoylated 

cysteine of NCX1, and negative control sequence, were developed. Similarly, this 

resulted in distinct peptides identified, including a loss of signal when the 

palmitoylation site was truncated or mutated (Figure 3.22). However, these spots 

could be identified without the presence of ODYA-CoA, suggesting the fluorescent 

azide probes are directly attaching to the sequences. Cy5.5 has been reported to 

attach to cysteines, but only with a maleimide attached (Choi et al., 2011). In this 

case neither the Cy5.5 or the CW800 contain a maleimide, or any group capable 

of forming a bond with the cysteine, whilst incubation with hydroxylamine had no 

effect on reducing the signal, suggesting they are not binding via cysteine 

thioesters. An understanding of where in the sequence the fluorescent probes are 

attaching could be gained from alanine scans of positive peptides, replacing every 

amino acid sequentially with alanine (Bolger et al., 2006). In any case, the 

technique cannot be used reliably to predict palmitoylation sites, but further 

developments are certainly warranted. 

3.5.5 Palmitoylation of cMyBP-C in the central domains 

As an alternative strategy to identify cMyBP-C palmitoylation sites, a cysless 

version of FLAG-cMyBP-C was produced and Acyl-RAC revealed complete loss of 

palmitoylation (Figure 3.23). Following this, individual or closely localised 

cysteines were returned, however no single construct showed any return of 
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palmitoylation (Figure 3.24). This may be because palmitoylation is occurring at a 

cluster of cysteines, as has been observed for cMyBP-C S-glutathionylation 

(Stathopoulou et al., 2016). In support of this, returning of multiple cysteines 

based on their ability to undergo S-glutathionylation and therefore available for 

modification by palmitoylation, returned palmitoylation to the cysless construct 

to a certain extent. Two of these sites, C623 and C651 located in the C4 and C5 

domains respectively, were later identified to be palmitoylation sites through site 

directed mutagenesis of the WT cMyBP-C construct (Figure 3.25).  

Whilst much research around cMyBP-C has focussed on the actin-myosin binding 

N-terminal domains, and the myosin-titin binding C-terminal domains, relatively 

little is known about the central domains in comparison. This is despite containing 

some unique features, including a cardiac specific loop in the C5 domain and an 

elongated linker between C4 and C5 domains (Sadayappan & de Tombe, 2012). 

The loop in particular is largely undefined in structure and has been speculated to 

function as a scaffold for interactions of other molecules, including as an enzyme 

docking site (Gautel et al., 1995). Interestingly, cMyBP-C has also been reported 

to form bent conformations, 40% of the time involving two hinges one of which 

may be occurring between the C4 and C5 domains (Doh, Bharambe, et al., 2022; 

Previs et al., 2016). It will be important to determine whether increased 

palmitoylation, and potentially increased hydrophobicity, in this region influences 

the hinge motion of cMyBP-C, and whether this may represent a novel mechanism, 

similar to the SRX/DRX states of myosin, by which cMyBP-C function is regulated 

(Nag & Trivedi, 2021). Additionally, based on the trimetric collar model of myosin-

cMyBP-C binding, these domains may be interacting with the C-terminal domains 

on other cMyBP-C molecules, another factor which hydrophobicity and 

palmitoylation may influence (Flashman et al., 2008). In further support of the 

importance of the central domains, a recent study identified that whilst the N-

terminal domains interact with the myosin S1 region as has previously been 

reported, the highest affinity binding is between the central domains and the S1, 

even suggesting cMyBP-C may be involved in cross-linking different myosin 

molecules together through these interactions (Ponnam & Kampourakis, 2022). 

Interestingly, phosphorylation of the M-domain did not influence this central 

domain interaction, however this region may have its own PTM profile, as aside 

from S-glutathionylation, a recent study identified 13 novel phosphorylation sites 
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in this region, along with new acetylation and novel ubiquitination sites (Doh et 

al., 2022; Ponnam & Kampourakis, 2022; Stathopoulou et al., 2016).  

Interestingly, whilst palmitoylation was also identified in both skeletal isoforms of 

MyBP-C to a similar extent of the cardiac isoform, C623 is a site unique to cMyBP-

C, whilst C651 is only shared with the fast skeletal isoform (Figure 3.16 and Table 

3.2) Adjacent amino acids around both the sites are also poorly conserved between 

isoforms, but well conserved between species (Table 3.2). This is not uncommon 

for cMyBP-C modifications, as of the three M-domain phosphorylation sites, only 

one site exists in the slow skeletal isoform and none in the fast skeletal isoform, 

although a direct comparison of total phosphorylated cMyBP-C between skeletal 

and cardiac tissue has not been reported (McNamara & Sadayappan, 2018). Whilst 

C623 and C651 may be the predominant sites of cMyBP-C palmitoylation, several 

of the cysteines within cMyBP-C are poorly conserved between isoforms, indicating 

that the skeletal isoforms may have their own sites that could contribute to the 

overall similar level of palmitoylation. Loss of both C623 and C651 did not abolish 

palmitoylation, indicating there are other sites in cMyBP-C that have not been 

identified and should be investigated further (Figure 3.25).  

A limitation of detecting palmitoylation sites in HEK293 cells is that whilst they 

can provide a useful system to detect the presence or absence of palmitoylation, 

they show low levels of palmitoylated cMyBP-C and lack of proper cellular 

location. Furthermore, limits of the assay sensitivity could lead to falsely 

undetectable quantities of cMyBP-C palmitoylation. Additionally, a study has 

shown that cysteine availability may be dependent on contractile state, and 

therefore palmitoylated cysteines detected in HEK293 cells may not be as 

important for endogenous MyBP-C in cardiomyocytes or skeletal muscle cells 

(Gross & Lehman, 2013). This has previously been observed for phosphorylation of 

cMyBP-C, where higher levels were observed in vivo, including the identification 

of 9 new sites, compared to in vitro and ex vivo studies (Kooij et al., 2013). 

Nevertheless, the ability of a cysteine to undergo both S-glutathionylation and S-

palmitoylation has previously been observed for cardiac substrates, including in 

our own work where S-glutathionylation antagonises the palmitoylation of PLM, 

with potential knock-on consequences for Na+/K+ ATPase function (Howie et al., 

2013; Tulloch et al., 2011). Furthermore, high sucrose/glucose treatment in mice 

and endothelial cells leads to oxidation of HRas palmitoylated cysteines, and 
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reduced palmitoylation as a result (Burgoyne et al., 2012). It will be important to 

characterise the relationship between cMyBP-C S-glutathionylation and 

palmitoylation going forward.  

3.5.6 Increased cMyBP-C palmitoylation negatively regulates 
myofilament function 

Whilst it is interesting that the cysteines identified undergo both S-

glutathionylation and S-palmitoylation, as a result, characterisation of 

palmitoylation by mutating the sites, as has been frequently utilised in the study 

of phosphorylation, cannot be completed in this way (Sadayappan et al., 2006). 

To elucidate the potential functional role of cMyBP-C palmitoylation, 

myofilaments treated with palmitoyl CoA (which show increased cMyBP-C 

palmitoylation; Figure 3.8) were investigated for changes in passive and active 

force. Palmitoyl CoA had no significant effect on passive force at three different 

sarcomere lengths, which is primarily driven by the molecular spring of Titin, the 

palmitoylation status of which is unknown (Figure 3.27; Herzog, 2018). Similarly, 

there was no significant effect on the ability of the myofilaments to generate 

maximal force in saturating Ca2+ (pCa4.5), however, there was a significant 

decreased in the force generated in submaximal Ca2+ (pCa6.0) in the palmitoyl 

CoA treated myofilaments compared to control, suggesting a loss of Ca2+ 

sensitivity (Figure 3.28).  

In permeabilised ventricular trabeculae and ventricular cardiomyocytes, pCa5.5-

6.0 is the typical range for the pCa50 (the Ca2+ concentration required to give half 

maximal force). As such, pCa6.0 measurements provide important information on 

Ca2+ sensitivity, compared to pCa4.5 where the maximal force will likely have 

already been reached and plateaued at lower concentrations (Cazorla et al., 2009; 

Sun & Irving, 2010). However, it is important to note that the Fpassive, Fmax and Fact 

values observed here are much higher, with an Fmax of ~75Kn/m2 compared to 20-

30Kn/m2 reported in other studies (Bito et al., 2007; Kovács et al., 2017). This is 

likely due to technical issues in the software measurements, which takes the raw 

voltage values detected by the force transducer and determines the corresponding 

Kn/m2 force based on cell area and magnification. Nevertheless, as all 

measurements were obtained on one setup a comparison between palmitoyl CoA 

treated myofilaments and controls is still meaningful. 
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In line with what is presented here, a study treating rat cardiomyocytes with a 

mixture of fatty acids including palmitic acid, although at a higher concentration, 

reported changes in Ca2+ dynamics, including increased Ca2+ transients and influx 

through the LTCC, but counterintuitively, a reduction in myofilament Ca2+ 

sensitivity (Zhao et al., 2016). This may be because dysfunction at a myofilament 

level has been demonstrated to feedback to the Ca2+ cycling machinery and alter 

Ca2+ transients (Huke & Knollmann, 2010; Robinson et al., 2007; Schober et al., 

2012). This includes a contribution of cMyBP-C phosphorylation, loss of which 

negatively regulates Ca2+ extrusion by NCX1 (Kumar et al., 2020). Increased 

cardiomyocyte fatty acid availability does have physiological and 

pathophysiological relevance and it will be interesting to determine in particular 

whether the observed effects of increased fatty acid availability on sarcomere 

shortening are driven by myofilament-palmitoylation mechanisms (Angin et al., 

2012). 

Interestingly, in contrast to what is observed here, increased S-glutathionylation 

at the two sites identified in this study, C623 and C651, is correlated with 

increased myofilament Ca2+ sensitivity and slower cross-bridge kinetics (Patel et 

al., 2013). Whilst rate of crossbridge development was not measured in this study, 

it will be important to determine whether this too has an opposing effect to S-

glutathionylation. S-glutathionylation has a reported effect on antagonising 

cMyBP-C phosphorylation, which may be contributing to its pathological effects. 

However, the relationship between cMyBP-C palmitoylation and phosphorylation 

requires further investigation as whilst total cMyBP-C palmitoylation is increased 

in response to palmitoyl CoA treatment, there is no effect on the overall level of 

p-cMyBP-C as a result. However, in contrast to total cMyBP-C, the portion of 

cMyBP-C that is phosphorylated did not show increased palmitoylation (Figure 

3.26). This may indicate that the non-phosphorylated form of cMyBP-C is 

preferentially palmitoylated, which may partially explain the detrimental effect 

on myofilament Ca2+ sensitivity, of which phosphorylation of cMyBP-C enhances 

(Mamidi et al., 2016). Additionally, as demonstrated, HF samples with reduced 

cMyBP-C phosphorylation show increased palmitoylation (Figure 3.12). However, 

the biological replicates in the p-cMyBP-C myofilament experiment were lower in 

comparison to the total cMyBP-C study, and therefore further repetition is needed 

before conclusions can be drawn. 
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The functional evidence presented here does not allow an understanding of the 

exact role of cMyBP-C palmitoylation, as the sarcomere contains at least 28 

different proteins, any of which could be targeted by palmitoylation and 

contribute to the loss of Ca2+ sensitivity (Huxley, 1957). An alternative strategy 

would be to repeat the experiment in myofilaments from WT and cMyBP-C KO 

mice, a comparison of which would allow the contribution of cMyBP-C 

palmitoylation to be determined. This has previously been achieved in the study 

of cMyBP-C S-glutathionylation, however the limitation is that cMyBP-C KO mice 

already have significant functional changes that may confound the results (Cuello 

et al., 2018; Stathopoulou et al., 2016). Recently, a novel method has been 

developed by the Harris lab involving a transgenic mouse in which the C0-C7 

domains of cMyBP-C can be “cut” away from isolated myofilaments and replaced 

rapidly by “pasting” a recombinant version in its place. Using this method, they 

were able to elegantly show the contribution of the C0-C7 domains on actin-

myosin cross-bridge kinetics and Ca2+ sensitivity as well as identify a novel role for 

cMyBP-C in spontaneous oscillations (Napierski et al., 2020). Using this method, a 

recombinant form of C0-C7 with increased palmitoylation could be introduced and 

the effect on myofilament function determined, with the opportunity for in vivo 

study. 

3.6 Conclusion 

Overall, this work has provided new evidence that palmitoylation is an important 

regulatory modification for myofilament proteins in the cardiac tissue, and that 

increased palmitoylation at a myofilament level is associated with reduced 

myofilament Ca2+ sensitivity. Importantly, this may be driven through 

palmitoylation of cMyBP-C, levels of which are reduced in animal models of 

disease but increased in samples from human HF patients. There are several 

factors that influence cMyBP-C palmitoylation level, including anatomical region 

and the effect of culture on primary cells. Whilst all the sites responsible for total 

cMyBP-C palmitoylation could not be identified by a novel method of peptide array 

or by returning cysteines to a cysless version of cMyBP-C, two previously reported 

S-glutathionylation sites have been demonstrated to be palmitoylated in HEK293 

cells. Understanding the functional consequence of cMyBP-C palmitoylation in this 

central domain region, including its influence on S-glutathionylation and 
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phosphorylation, will be important in understanding why palmitoylated cMyBP-C 

is altered in cardiac disease and whether it represents a novel therapeutic target. 
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Chapter 4 SUMOylation of cMyBP-C 
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4.1 Introduction 

4.1.1 SUMOylation as a regulator of the sarcomere 

Given that the majority of SUMOylated proteins are involved in nuclear activities, 

SUMOylation has been most well studied in the context of sarcomere assembly and 

maintenance (Nayak et al., 2020). Myogenesis in muscle cells involves the 

transition of precursor cells (myoblasts) to multinucleated myotubes that have 

irreversibly exited the cell cycle. SUMOylation appears to be key to the process, 

as loss of UBC9 is associated with reduced myotube formation in skeletal muscle 

cells (Riquelme et al., 2006). This may be through the important interplay 

between SUMOylation and acetylation, which has been investigated in the study 

of MyoD, a transcription factor which initiates myoblast differentiation. In skeletal 

myotubes, de-acetylation of MyoD by HDAC1 represses its activity, and 

SUMOylation of HDAC1 alleviates this inhibition, allowing myogenesis to occur 

(Joung et al., 2018).  

In the myofilament, TnI SUMOylation has been observed in drosophila, occurring 

predominantly at a lysine near the C-terminus (VKEE), where SUMOylation is 

required for its nuclear translocation during development (Sahota et al., 2009).  

Interestingly, although the drosophila form of TnI is larger and only shares a 22% 

homology, the site identified is conserved in skeletal and cardiac isoforms. Indeed, 

our recent work identified SUMOylation of cardiac TnI (cTnI) at K177 (VKKE), 

however this was studied in the context of the developed sarcomere (discussed 

below) therefore it is unknown whether this site contributes to TnI regulation 

during development (Fertig et al., 2022). Nevertheless, a HCM mutation in cTnI 

(I172T) is located near to the site, which is thought to increase cTnI nuclear 

localisation, therefore it will be interesting to determine whether this is because 

of altered SUMOylation (van Driest et al., 2003). Indeed, many HCM mutations in 

Tm increase the likelihood that a region would become SUMOylated by developing 

a new SUMOylation consensus site. SUMOylated α-Tm is associated with greater 

nuclear localisation in HEK293 cells, although this remains to be characterised in 

a cardiac setting (Chase et al., 2013; Manza et al., 2004). 

Sarcomere turnover and assembly are tightly regulated to maintain cardiac 

function, and SUMOylation has been implicated in this process. Study of the 
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myofibrillogenesis regulator 1 (MR-1), overexpression of which is associated with 

cardiac hypertrophy, demonstrated that it drives SUMOylation and translocation 

from the nucleus of myomesin, the main structural component of the M-line, 

therefore facilitating sarcomere assembly (Wang et al., 2012). As increased 

sarcomere assembly is observed in the early stages of hypertrophy, this may 

suggest a potential consequence of SUMOylation upregulation in early cardiac 

hypertrophy.  

The most recent work from our group has uncovered the role of SUMOylation for 

cTnI and the β2-adrenoceptor, indicating that SUMOylation plays an important 

regulatory role in the adult cardiomyocyte. SUMOylation of the β2-adrenoceptor 

reduces isoprenaline stimulated activity of PKA, including of its own 

phosphorylation site, which in turn maintains β2-adrenoceptor expression and 

reduces receptor internalisation (Wills, 2017). However, the consequences of this 

on cardiomyocyte contractility are currently unclear (Ling, 2021). In contrast, 

SUMOylation of cTnI has been studied in virally infected adult cardiomyocytes 

where it indirectly alters myofilament Ca2+ sensitivity by potentially “scavenging” 

SUMO1 molecules away from other substrates, as this effect is blocked when the 

SUMOylation site is mutated (Fertig et al., 2022). This indicates that SUMOylation 

may play an important role in the function of other myofilament proteins. 

Interestingly, in contrast to SERCA2a, β2-adrenoceptor and cTnI SUMOylation is 

upregulated in a pig model of HF, with increased cTnI SUMOylation also observed 

in human HF samples. Protein levels of each are often reduced in this setting, 

however SUMOylation does not appear to contribute to β2-adrenoceptor or cTnI 

turnover by the UPS, indicating SUMOylation may be regulating the proteins 

functionally in pathological conditions ((Fertig et al., 2022; Ling, 2021; Wills, 

2017). As such, there is a great interest in characterising the SUMOylation of 

additional cardiac substrates. 

4.1.2 Tools to study SUMOylation 

As SUMOylation is a dynamic modification that occurs in ~1% of a protein at a given 

point, it has been very difficult to detect endogenously and therefore characterise 

(Nayak et al., 2020). To address this, several novel methods have been developed 

to detect SUMOylation in both in vitro and in vivo settings. In vitro SUMOylation 

assays have been developed which contain active components of the SUMOylation 
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cascade and can be used to enhance SUMOylation of proteins from cell lysates, 

which has been successfully demonstrated in several settings (Cilenti et al., 2020; 

Li et al., 2020; Sarge & Park-Sarge, 2009). Although SUMOylation occurs in a 

cascade involving several enzymes, over-expression of SUMO and UBC9 is sufficient 

to catalyse SUMOylation of a substrate (Cartier et al., 2019). As such, fusion of a 

substrate of interest to UBC9 has been shown to enhance SUMOylation levels from 

undetectable to almost 40% in the case of SUMO1 substrates p53 and STAT1. 

Additionally, this UBC9-driven SUMOylation is lost upon SUMOylation site mutation 

or fusion with an inactive UBC9 (Jakobs et al., 2007). However, this method is 

limited in that it represents an enhanced/non-physiological form of SUMOylation 

and cannot inform on SUMOylation dynamics in vivo. Endogenous SUMOylation can 

be detected by purifying the protein of interest from a relevant cell or tissue and 

probing with SUMO1 or SUMO2/3 antibodies (Sarge & Park-Sarge, 2009; C. Tong et 

al., 2013). However, this may require high levels of protein to observe the 

SUMOylated form and as such, SUMO site-specific antibodies for substrates have 

also been developed, including for SERCA2a and cTnI which importantly allowed 

characterisation of SUMOylation levels in healthy and diseased myocardium (Fertig 

et al., 2022; Kho et al., 2011). 

In terms of SUMOylation site discovery, the knowledge of the SUMOylation 

consensus motif that occurs in ~50% of SUMOylated substrates has led to the 

development of several SUMOylation prediction algorithms, providing an 

accessible starting point for the discovery of SUMOylation sites (Beauclair et al., 

2015; C. C. Chang et al., 2018; Impens et al., 2014; Zhao Q, Xie Y, 2014). However, 

it is important to note that ~38% of SUMOylated substrates are not SUMOylated at 

these motifs, and ~12% are SUMOylated at inverted consensus motifs, meaning 

many SUMOylation sites cannot be detected by this method (Lamoliatte et al., 

2014). As discussed in Chapter 3, peptide array is a powerful tool for 

characterisation of protein-protein interactions and has been utilised to study 

potential post-translational modification sites, including SUMOylation. Lysine 

containing sequences incubated with in vitro SUMOylation reagents results in 

detection of SUMO conjugation, and the flexibility of peptide arrays means the 

importance of the adjacent amino acids can also be investigated (Schwamborn et 

al., 2008; Zhu et al., 2016). In our previous work, this method resulted in 

identification of putative SUMOylation sites in the β2-adrenoceptor, cTnI, the 
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LTCC and cMyBP-C (Fertig et al., 2022; Wills, 2017). Finally, a more specific but 

technically challenging technique that would allow identification of endogenous 

SUMOylation levels and sites is the use of mass spectrometry. Indeed, recently this 

method was reported to identify over 6000 SUMOylated substrates and 40,000 

SUMO acceptor sites (Hendriks et al., 2018). Although low quantities of 

SUMOylation proteins still challenge mass spectrometry measurements, combining 

purification techniques to enrich a substrate of interest with mass spectrometry 

has been successful in identifying SUMOylation sites for several substrates (Rosas-

Acosta et al., 2005; Sheng et al., 2019).  
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4.2 Aims 

Cardiac MyBP-C undergoes regulation by PTMs including phosphorylation, redox 

modifications and palmitoylation. These all have important disease relevance and 

may alter cMyBP-C function in the myofilament. SUMOylation is an essential 

regulator of cardiac contractility through modification of substrates including ion 

channels, signalling molecules and myofilament proteins, however the 

SUMOylation status of cMyBP-C is unknown. Previously, a peptide array screen was 

carried out and identified cMyBP-C as a SUMOylation substrate, as well as the β2-

adrenoceptor, the LTCC and cTnI, the SUMOylation of which has recently been 

characterised (Fertig et al., 2022; Wills, 2017). The aim of this work is therefore 

to: 

• Determine whether SUMOylation of cMyBP-C occurs in cardiac tissue 

• Identify the sites of SUMOylation in cMyBP-C in HEK293 cells using co-

transfection of SUMOylation substrates, UBC9-fusion and mass 

spectrometry 

• Characterise the effect of loss of SUMOylation on cMyBP-C phosphorylation 

and overall cardiomyocyte contractility 
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4.3 Methods 

4.3.1 Co-immunoprecipitation of endogenous cMyBP-C 

In order to validate the protein-protein interaction of cMyBP-C with components 

of SUMOylation pathway, co-immunoprecipitation was used to pull down cMyBP-C 

and transient interacting partners. All steps were carried out at 4oC. 

Cardiomyocytes were lysed in 2 mg/ml C12E10 (decaethylene glycol monododecyl 

ether, Sigma) buffer with protease inhibitor cocktail III (Calbiochem) and 

equalised to the desired protein quantity (750 µg for endogenous protein). Protein 

G Sepharose™ 4 Fast Flow beads (GE Healthcare, Fisher Scientific) were used to 

capture antibody complexes and were equilibrated in the C12E10 buffer. Lysates 

were split into two reactions: one containing 1 µg of target primary antibody and 

one containing 1 µg of IgG antibody of the same species as the target protein 

primary antibody (detailed in Table 2.8). Both contained 30 µl of beads and the 

volume was made up to 500 µl before samples were rotated overnight. The next 

day the beads were centrifuged at 500 G for 3 minutes before the supernatant 

was removed and the beads washed 5 times in 0.5 mg/ml C12E10 buffer with 

protease inhibitor cocktail. After the final wash the supernatant was removed and 

the 2X SDS-PAGE loading buffer with 100 mM dithiothreitol (DTT) was added. 

Samples were then boiled at 60oC for 10 minutes to elute the captured proteins 

and ensure sufficient denaturation of the antibody within the sample. 

4.3.2 Immunoprecipitation of SUMOylated FLAG-cMyBP-C-UBC9 
fusion  

To aid in the identification of SUMOylated sites on cMyBP-C, SUMOylated FLAG-

cMyBP-C-UBC9 (production detailed in 2.4.3) was purified from HEK293 cells to be 

used for mass spectrometry performed by Dr Sheon Samji (University of Glasgow). 

HEK293 cells were transfected with FLAG-cMyBP-C-UBC9 fusion and eGFP-SUMO1. 

Cells were then lysed in purification buffer (50 mM Tris-HCl, 1% Triton X-100 and 

protease inhibitor cocktail III (Calbiochem), pH 8.0) and centrifuged at 4oC for 10 

minutes at 13,000 G to separate supernatant and pellet. A sample of the 

supernatant was collected (unfractionated) and the remaining lysate was 

incubated for one hour with ANTI-FLAG® M2 Affinity Agarose Gel (Sigma Aldrich). 

An unbound sample was obtained and the beads were then washed five times with 

purification buffer before incubation with 100 µg/ml 3X FLAG® Peptide (Sigma 
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Aldrich) to elute the captured FLAG-tagged complex from the beads. This was 

repeated twice to ensure maximal elution and samples taken at each stage for 

analysis. The eluted lysate was then incubated for 1 hour with GFP-Trap Agarose 

(Chromotek) before an unbound fraction was taken and beads washed five times 

with purification buffer before eluting in 2XSDS with 100 mM DTT (Figure 4.1). 

 

Figure 4.1. Purification of SUMOylated FLAG-cMyBP-C-UBC9. 
When co-transfected into HEK293 cells, FLAG-cMyBP-C-UBC9 and eGFP-SUMO1 form a complex. 
This complex was purified from the lysate by first incubation with FLAG beads to capture the FLAG-
tagged complex, followed by elution from the beads from a 3X FLAG peptide. The eluted solution 
was then incubated with GFP beads to capture the eGFP-SUMO1 attached to the FLAG-cMyBP-C 
complex. This can then be eluted, and the appropriate bands excised from an acrylamide gel for 
analysis via mass spectrometry. 

4.3.2.1 Liquid chromatography mass spectrometry 

Liquid chromatography mass spectrometry (LC-MS/MS) was performed by Dr Sheon 

Samji at the University of Glasgow. Briefly, following purification, samples eluted 

following incubation with GFP-Trap Agarose were separated on a polyacrylamide 
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gel through the stacker until they had reached the resolving gel. A clean, sterile 

scalpel was then used to excise the area of interest containing the protein to be 

analysed and kept in ultrapure nuclease free water. Samples were then analysed 

using an UltiMate3000 nano-flower system (Dionex/LC Packings) connected to an 

LTQ Orbitrap hybrid mass spectrometer Velos FTMAS (Thermo Fisher Scientific, 

Germany) equipped with a nano-electrospray ion source, as has been described 

previously (Mary et al., 2021).  

4.3.3 SUMOylation prediction software 

Unlike many post-translational modifications, the modification of SUMOylation, 

the attachment of a small ubiquitin-like modifier (SUMO) protein to a lysine 

residue, is often found at a site with a specific consensus sequence surrounding 

the SUMOylated lysine. The motif, ψ-K-x-E, where ψ is any hydrophobic amino 

acid (A, I, L, M, P or V) and X is any amino acid, was shown to be present in 50% 

of known SUMOylation sites (Zhao et al., 2014). As such there are still many 

examples of SUMOylated lysines that don’t fall into the traditional motif, or 

examples of an ψ-K-x-E/D sequence that is not a SUMOylation site, making 

SUMOylation site prediction more complex. This fact has been considered in more 

recently developed SUMOylation software predictors such as SUMOsp, and newer 

version SUMO-GPS, which uses leave-one-out validation and 5-fold cross validation 

originally designed for phosphorylation site prediction, and also considering the 

presence of SUMO protein interactor domains as well as sites (Xue et al., 2006; 

Zhao et al., 2014). For this study, three freely available SUMOylation site 

prediction software’s (SUMOgo (Chang et al., 2018), SUMOplot (Abcepta, 2022) 

and GPS SUMO (Zhao et al., 2014)) were utilised to analyse the cMyBP-C human 

sequence (Uniprot ID: Q14896). Each software predicted a SUMOylation site with 

a confidence between 0-1 based on a number of factors including presence of the 

SUMOylation motif, as well as comparison to similar sequences within other 

SUMOylated proteins. For analysis, an average confidence interval score from the 

different prediction software was generated for each lysine in cMyBP-C. 



Chapter 4: SUMOylation of cMyBP-C  155 

4.3.4 Adenoviral infection 

4.3.4.1 Infection of neonatal rat ventricular cardiomyocytes 

Adenoviruses were purchased from Welgen, inc. (Massachusetts, USA) for which 

the plaque-forming unit (PFU) per ml was calculated by the manufacturer. Viruses 

were and aliquoted on arrival and stored at -80 until use. For infection of neonatal 

rat ventricular cardiomyocytes, viruses were thawed on ice and added to cells in 

culture media at the desired multiplicity of infection (MOI, calculate from the 

viral PFU/ml as described below) which determines the number of viral particles 

per cell. Cell number was determined by seeding density at time of isolation (as 

detailed in 2.2.4.2). 

𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (𝑀𝑂𝐼) =
𝑇𝑖𝑡𝑟𝑒 𝑜𝑓 𝑉𝑖𝑟𝑢𝑠 (

𝑝𝑓𝑢
𝑚𝑙

)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 

4.3.4.2 Amplification of adenoviruses 

To amplify a larger quantity of crude virus for infection of primary 

cardiomyocytes, adenoviruses were amplified using Adeno-X-293 cells (Takara 

Bioscience, 632271) were used to package and multiply the virus. Briefly, 25-30 

T150 flasks at 80% confluence were infected with 2x104 PFU/ml of adenovirus and 

maintained in culture (approximately 7 days) until a cytopathic effect had 

occurred (cells round and detached; Figure 4.2).  
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Figure 4.2. Cytopathic effect during amplification of adenovirus particles in AD-293 cells. 
Adenoviral particles were amplified to produce a crude virus in AD-293 cells. 25-30 T150 of 80% 
confluent AD-293 cells were infected with with 2x104 PFU/ml and maintained until a cytopathic effect 
had occurred (cells round and beginning to detach) before cells were collected and virus purified. 
Image taken using a standard phase contrast microscope with a 10X objective (0.25NA). 

Cells were then incubated with trypsin and centrifuged at 1000 RPM for 3 minutes 

before the remaining pellet of cells was resuspended in 10-15 ml of PBS and stored 

at -80oC. A freeze-thaw protocol was used to release the virus from the cells. Cells 

were thawed at 32oC followed by vortexing three times in 15 second-on, 15 

second-off intervals and snap frozen for 2 minutes. This process was repeated 

three times before centrifuging at 4oC for 10 minutes at 2500 G. The supernatant 

containing the viral particles was then collected, aliquoted and stored at -80oC 

until use. 

4.3.5 Analysis of neonatal ventricular cardiomyocyte contractility 

4.3.5.1 CellOPTIQ™ and Contractility Tool 

In order to determine the functional effect of cMyBP-C SUMOylation, contractility 

of neonatal rat ventricular cardiomyocytes infected with FLAG-cMyBP-C-UBC9 

fusion adenoviruses, alone or co-infected with eGFP-SUMO1 virus, was 

investigated using a CellOPTIQ™ system (Clyde Biosciences, Ltd). Analysis was 

performed using an ImageJ Macro written by Dr Francis Burton, University of 

Glasgow.  
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Briefly, neonatal rat ventricular cardiomyocytes were isolated as described in 

2.2.4.2. and plated onto Mat-tek dishes with inserts at a density of 75,000 cells 

per half insert. The remainder of the dish was filled with media to maintain the 

humidity. The following day cells were infected with adenoviruses for 1 hour 

before the medium was replaced and cells were maintained for 24 hours before 

recording. On the day of recording the insert was removed and Tyrode’s buffer 

(120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2 and 10 mM HEPES, 5.5 mM 

Glucose, pH 7.4) warmed to 37oC was added. Cells were maintained throughout 

the experiment in a heated incubator (37 ± 1oC, 5% CO2) which could be controlled 

by a motorised stage. Cells were paced using stimulating field electrodes and an 

ION Optix C-Pace Cell Stimulator at 1Hz frequency, 2ms pulse duration and 40V. 

Ten second recordings (capturing 8-10 contractile cycles) were obtained using 

Inverted Olympus microscope with a Hamamatsu camera and a 60X objective 

(0.6NA) at 100 frames per second (fps), with 10-15 recordings/areas obtained per 

dish. Cell recordings were then analysed using the ImageJ Macro which analyses 

the changes in sarcomere length as a measurement of cardiomyocyte contractility 

by determining the spatial frequency of the intensity profile of sarcomere bands 

over time. This can therefore be used to calculate several characteristics of the 

contractile transient including time to peak (TTP), contraction duration and up-

stroke and down-stroke times (Figure 4.3; Rocchetti et al., 2014) 

 

Figure 4.3. Example of neonatal ventricular cardiomyocyte contractile transients and 
parameters of contractility that can be determined from recordings analysed via Contractility 
Tool. 
Transients recorded from paced neonatal ventricular cardiomyocytes can be analysed using 
Contractility Tool, designed by Dr Francis Burton, which takes an average of the 10 transients per 
recording and produces an average contractile transient that can give parameters such as time to 
peak (TTP), contraction duration at 50% of peak (CD50), time from 10% to 90% of contraction 
(Up90), time from 90% of contraction to 90% of relaxation (Dn90) as well as time to 50% of 
contraction (TD50) and time to 75% of relaxation (TD25, also known as time to 25% of remaining 
relaxation). 
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4.4 Results 

4.4.1 Methods to detect endogenous SUMOylation of cMyBP-C 

4.4.1.1 cMyBP-C-SUMO1 co-immunoprecipitation in rabbit cardiomyocytes 

Given the importance of cMyBP-C regulation by PTMs, including newly discovered 

ubiquitylation and the preliminary evidence from peptide arrays, cMyBP-C may 

undergo SUMOylation (Wills, 2017). A common method to detect SUMOylation is 

purifying the protein of interest and probing for the covalently attached SUMO1 

(Sarge & Park-Sarge, 2009; C. Tong et al., 2013). This was completed in rabbit 

ventricular cardiomyocytes and purification of cMyBP-C led to detection of SUMO1 

specific bands between 150kDa and 250kDa. However, this was only detected in 

one sample of six, and suggested a high level of purified cMyBP-C is required in 

order to view these bands (Figure 4.4). 

 

Figure 4.4. cMyBP-C-SUMO1 complex is rarely detected in rabbit ventricular 
cardiomyocytes. 
Lysate prepared from adult rabbit septal cardiomyocytes was incubated with Protein-G sepharose 
beads with a cMyBP-C primary antibody (IP) along with a non-specific antibody control (IgG). cMyBP-
C was specifically purified in the IP compared to the IgG sample (cMyBP-C antibody). In IP samples, 
faint bands were detected at ~160kDa and ~190kDa when probed with SUMO1 antibody. However, 
this was only present in n=1 one sample (left example) and an additional 5 repeats did not reproduce 
this result (right example). IP = immunoprecipitation, IB = immunoblot.  

4.4.1.2 cMyBP-C co-expression with SUMOylation components 

Purification of cMyBP-C-SUMO1 suggests it is present in a very low quantity, which 

is consistent with the observation that SUMOylated substrates are rapidly turned 
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over and often represent only 1% of the total protein. However, co-expression 

with components of the SUMOylation cascade including E2 conjugating enzyme 

UBC9 and E3 ligases PIAS-1, PIAS-3 and PIAS-γ, can enhance SUMOylation leading 

to the detection of a band shift due to the addition of the ~12kDa SUMO molecule. 

This approach was investigated using FLAG-cMyBP-C transfected HEK293 cells, 

however no band shift was detected in any case (Figure 4.5).  

 

Figure 4.5. FLAG-cMyBP-C co-transfection with SUMOylation components does not result in 
detectable SUMOylated cMyBP-C. 
FLAG-cMyBP-C was co-transfected in HEK293 cells with components of the SUMOylation cascade 
including eGFP-tagged SUMO1 and SUMO2/3, E2 conjugating enzyme UBC9 and E3 ligases PIAS-
1, PIAS-3 and PIAS-Ч. Co-transfection did not result in any detectable SUMOylation in cMyBP-C as 
evidenced by a band at a higher weight. Representative blot of n=3-4 experiments. 

4.4.1.3 UBC9-fusion directed SUMOylation of cMyBP-C 

The difficulty in detecting SUMOylation of a substrate has significantly impeded 

study of its regulation of protein function. As such, investigation of substrate 

SUMOylation has been achieved by enhancing SUMOylation by fusing the E2 ligase 

UBC9 to the substrate of interest (Jakobs et al., 2007). UBC9 binding a substrate 

is a crucial step in the process of SUMOylation. As such, a FLAG-cMyBP-C-UBC9 

fusion construct was created and co-transfected in HEK293 cells with eGFP-

SUMO1. This led to a detectable band shift that was dependent on eGFP-SUMO1 

co-expression. Analysis of the SUMOylated band compared to the unSUMOylated 

band indicated it represents ~20% of total FLAG-cMyBP-C-UBC9 (Figure 4.6).  
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Figure 4.6. FLAG-cMyBP-C-UBC9 fusion co-transfection with SUMO-GFP results in 
detectable band shift. 
Production of a fusion construct of FLAG-cMyBP-C and E2 conjugating enzyme UBC9 results in a 
detectable band shift when co-expressed with eGFP-SUMO1 in HEK293 cells. The eGFP-SUMO1 
specific band represents ~20% of the total construct (shifted band/shift + non-shifted band total). 
Data is mean ±S.E.M normalised to total cMyBP-C (SUMOylated + non-SUMOylated bands).  

This suggests the increased proximity of FLAG-cMyBP-C and UBC9 enhances its 

ability to become SUMOylated. Furthermore, this was demonstrated to be 

dependent on a catalytically active UBC9, as mutation of the active site cysteine 

to alanine (C93A) resulted in loss of the SUMOylated band (Figure 4.7). However, 

SUMO1 attaches to UBC9 via this cysteine before conjugation to the substrate of 

interest, and therefore the band-shift may be as a result of SUMO1 binding UBC9 

in the complex. To rule this out, samples were treated with 250 mM hydroxylamine 

which would cleave the thioester bond between the SUMO1 and UBC9. This did 

not result in a loss of the SUMOylated band shift, indicating the SUMOylated band 

shift is due to SUMO1 attaching to FLAG-cMyBP-C (Figure 4.7). This is supported 

by work showing UBC9-fusion to other substrates does not always induce a band 

shift (data not shown). 
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Figure 4.7. Catalytically inactive UBC9 removes FLAG-cMyBP-C-UBC9 fusion band shift and 
disruption of any thioester-dependent interaction between UBC9 and SUMO1-GFP with 
hydroxylamine does not eliminate band shift. 
In order to facilitate SUMOylation, SUMO1 first attaches to UBC9 at its catalytic cysteine (C93) before 
conjugation to the target protein. Production of a catalytically inactive FLAG-cMyBP-C-UBC9 
construct (UBC9 C93A) results in a complete loss of eGFP-SUMO1 specific band shift. Additionally, 
treatment with hydroxylamine (HA, 250 mM, 30 minutes) which would hydrolyse any thioester bonds 
between eGFP-SUMO1 and UBC9. The band shift is still maintained following treatment with 
hydroxylamine. Representative of n=3 experiments. 

 

4.4.2 Identifying cMyBP-C SUMOylation site 

SUMOylation has been implicated in cardiac hypertrophy, ischaemia and HF 

through increased or reduced SUMOylation of a substrate. However, with the 

exception of SERCA2a, cTnI and Nav1.5, there are very few studies indicating how 

SUMOylation functionally regulates individual cardiac substrates (Fertig et al., 

2022; Kho et al., 2011; Plant et al., 2020). A common method to characterise 

SUMOylation is to identify the lysines being SUMOylated in order to characterise 

the functional effect of their loss (Fertig et al., 2022). As such, identification of 

cMyBP-C candidate lysines was attempted using in silico analysis and purification 

of SUMOylated FLAG-cMyBP-C-UBC9 fusion followed by mass spectrometry. 

4.4.2.1 In silico analysis of cMyBP-C lysine conversation 

As ~50% of substrates are SUMOylated at a specific consensus motif, several 

SUMOylation prediction algorithms have been created to allow sequence analysis 
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based on established SUMOylated substrates (Beauclair et al., 2015; C. C. Chang 

et al., 2018; Impens et al., 2014; Zhao Q, Xie Y, 2014). This was completed for 

the human cMyBP-C sequence (Uniprot ID: Q14896), with a confidence score 

generated from an average of four different prediction softwares, with a value 

closer to 1 indicating high confidence. The top 20 sites based on confidence are 

represented in Table 4.1, along with information about conservation within 

isoforms, species, surface availability of sites and whether they have been 

identified in other PTM studies. This revealed there are several candidate lysines 

for cMyBP-C SUMOylation. 
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Table 4.1. cMyBP-C lysine conservation and SUMOylation site prediction analysis. 

SUMOylation prediction softwares SUMOgo, GPS SUMO and Abgent were used to analysis the cMyBP-C sequence. The table shows sites for which the average confidence score was 
above the group average of 0.350 (green = highest, red = lowest). Conservation scoring was based on Clustal Omega alignment whereby 4 amino acids either side of lysine were 
scored - 3 points for perfect alignment (*) with both isoforms, 2 points for an amino acids with a strong similarity (:), 1 point for a weak similarity (.) and 0 points for no similarity

Domain 
(cMyBP-C, 
human) 

Lysine 
number 

(cMyBP-C, 
human) 

Average 
confidence score 

(Max: 1) 

Lysine isoform 
conservation 

Adjacent area isoform 
conservation score 

(Clustal Omega) 
(max: 27) 

Lysine species 
conservation 

Adjacent area 
species 

conservation score 
(Clustal Omega) 

(max: 27) 

Established modifications or 
mutations 

(cMyBP-C, any species) 

Surface 
availability 
based on 
AlphaFold 
(human) 

Surface availability 
based on 

crystallography 
(human) 

0 14 0.477 Unique to cMyBP-C  0 Mouse, rat and rabbit 25    Yes Yes 

0 89 0.699 Unique to cMyBP-C  0 Mouse, rat and rabbit 27    Yes Yes 

0 93 0.79 Unique to cMyBP-C  0 Mouse, rat and rabbit 21    Yes Yes 

 0-1 99 0.585 Unique to cMyBP-C  0 Unique to human 6 Ubiquitylation   Yes   

1 185 0.49 Unique to cMyBP-C  0 Mouse, rat and rabbit 27 Ubiquitylation, Acetylation   Yes Yes 

 1 190 0.424 Fast skeletal 21  Mouse, rat and rabbit 27 Acetylation   Yes   

 1 246 0.408 Slow skeletal   13  Mouse, rat and rabbit 23    Yes   

1-2 301 0.713 Fast skeletal  17 Mouse, rat and rabbit 23    Yes   

1-2 312 0.605 Fast skeletal  1 Mouse, rat and rabbit 23 Ubiquitylation   Yes   

1-2 367 0.553 All  19 Mouse, rat and rabbit 27   Yes Yes 

 1-2 368 0.402  Fast skeletal  20  Mouse, rat and rabbit 27    Yes   

 2 395 0.391 All   15  Mouse, rat and rabbit 27    Yes   

 2 398 0.387 All   23 Mouse, rat and rabbit  27 Ubiquitylation   Yes   

2-3 450 0.487 Fast skeletal  25 Mouse, rat and rabbit 27  Ubiquitylation   Yes Yes 

3 488 0.472 All  19 Unique to human 27  Ubiquitylation  Yes Yes 

3 504 0.524 Fast skeletal  20 Mouse, rat and rabbit 26    Yes   

 3-4 543 0.555 All  15 Mouse, rat and rabbit 27  Ubiquitylation    Yes Yes 

 3-4 544 0.492 Unique to cMyBP-C  15 Mouse, rat and rabbit 27  Ubiquitylation   Yes   

 4 559 0.571 Unique to cMyBP-C  6 Mouse, rat and rabbit 24    Yes   

4 565 0.584 All  18 Mouse, rat and rabbit 27   Ubiquitylation  Yes   

4 579 0.418  All  15  Mouse, rat and rabbit 27    Yes   

 4 582 0.512 Unique to cMyBP-C  11 Mouse, rat and rabbit 27    Yes   

4-5 635 0.778 Fast skeletal  3 Mouse, rat and rabbit 27    Yes   

 5 716 0.366  Slow skeletal  6  Mouse, rat and rabbit 27  Ubiquitylation   Yes   

 5 731 0.433 Unique to cMyBP-C   10  Mouse, rat and rabbit 25   Yes   

 5 743 0.451 Unique to cMyBP-C  18 Mouse, rat and rabbit 27    Yes Yes 

5 754 0.525 Slow skeletal  13 Mouse, rat and rabbit 26    Yes Yes 

 9 1087 0.543 Unique to cMyBP-C  13 Mouse, rat and rabbit 26    Yes   

 9 1104 0.36  All  23  Mouse, rat and rabbit 27    Yes   

 9-10 1155 0.495 All  8 Mouse, rat and rabbit 25  Ubiquitylation  Yes   

10 1216 0.468 All  15 Mouse, rat and rabbit 27  Ubiquitylation  Yes    
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4.4.2.2 cMyBP-C-UBC9 fusion purification and mass spectrometry 

In combination with the information gained from cMyBP-C sequence analysis, a 

mass spectrometry approach was taken to identify SUMOylated lysines. As co-

transfection of FLAG-cMyBP-C-UBC9 fusion with eGFP-SUMO1 drives the 

attachment of SUMO to cMyBP-C, this complex was purified from HEK293 cells for 

analysis via mass spectrometry. This was completed using a two-step purification 

process, with FLAG-beads, followed by elution with a 3X-flag peptide, and further 

purification using GFP beads (detailed in 4.3.1). This resulted in the concentrated, 

purification of the FLAG-cMyBP-C-UBC9-eGFP-SUMO1 complex (SUMOylated) for 

analysis, but interestingly the non-SUMOylated form of the complex was still 

detected, which may indicate that non-SUMOylated and SUMOylated cMyBP-C are 

interacting. However, this may also be as a result of cross-contamination with 

FLAG-beads during the purification, which would explain the heavy and light chain 

antibody bands (~25kDa and ~50kDa) in this sample, which should not be present 

using the GFP-nanobody (Figure 4.8).   
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Figure 4.8. SUMOylated cMyBP-C-UBC9 fusion can be purified from transfected HEK293 for 
analysis via mass spectrometry. 
In order to analyse the FLAG-cMyBP-C-UBC9-eGFP-SUMO1 complex via mass spectrometry 
analysis, a two-step purification protocol was applied to cells co-transfected with FLAG-cMyBP-C-
UBC9 and eGFP-SUMO1. Lysates were first incubated with ANTI-FLAG M2 affinity gel before elution 
using a 3X-FLAG peptide. The resulting eluant was then further incubation with GFP-Trap agarose. 
Samples were taken at all stages for analysis via western blot. Representative image of n=4 
experiments. 

Nevertheless, SUMOylated FLAG-cMyBP-C-UBC9 fusion was present in a large 

enough quantity to perform mass spectrometry, completed by Dr Sheon Samji, 

University of Glasgow, which resulted in a 74.3% sequence coverage for FLAG-

cMyBP-C-UBC9 fusion. This identified several candidate lysines for SUMOylation, 

all which were identified during in silico analysis except for K1351 which would 

fall in the UBC9 part of the complex (Figure 4.9). 
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Figure 4.9. Mass spectrometry of FLAG-cMyBP-C-UBC9-eGFP-SUMO1 complex. 
Mass spectrometry of purified FLAG-cMyBP-C-UBC9 fusion sample results in a 74.3% coverage of 
FLAG cMyBP-C-UBC9 fusion with several lysines identified as being conjugated by SUMO1-GFP. 
Representative of n=1 experiment. Sites identified are +8 amino acids from human cMyBP-C 
sequence due to the FLAG-tag. Mass spectrometry performed by Dr Sheon Samji.  

4.4.2.3 Mutation of cMyBP-C mass predicted by in silico analysis, mass 
spectrometry or peptide array does not remove cMyBP-C 
SUMOylation 

Following the information from both sequence analysis and mass spectrometry, 

sites that were shared between them were mutated to arginine (K>R) in the FLAG-

cMyBP-C-UBC9 fusion complex. Additionally, K93, K301, K312, K367/368 and K398 

not identified in mass spectrometry had high confidence scores in sequence 

analysis, and therefore were included. Aside from this, three additional sites were 

included. Preliminary work from the Baillie group identified candidate lysine K543 

as a cMyBP-C SUMOylation site using peptide array (Wills, 2017). Recent SUMO 

proteomic work identified K1000 as a SUMOylation site in skeletal MyBP-C, a site 

which is conserved in the cardiac form (Hendriks et al., 2018). Finally, the lysine 

identified in mass spectrometry that lies in UBC9 (K1351) was also included. Site 

directed mutagenesis mutation of every site individually in the FLAG-cMyBP-C-

UBC9 complex did not result in complete loss of the SUMOylated band shift, 

indicating these are not the predominant sites of SUMO1 attachment in cMyBP-C 

(Figure 4.10).  
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Figure 4.10. Mutation of predicted sites of cMyBP-C SUMOylation does not remove FLAG-
cMyBP-C-UBC9 SUMOylated band shift. 
SUMOylation prediction algorithms identified several candidate lysines in cMyBP-C as being 
SUMOylation sites. These were ranked according to confidence and the top five, K89, K93, K301, 
K312 and K635 mutated (K>R), however this did not remove the SUMOylated band shift. Mass 
spectrometry revealed additional lysines, K185, K367/368, K398, K450, K504, K579 and K754 to be 
candidate sites for conjugation of eGFP-SUMO1. Production of arginine mutants did not result in the 
removal of the SUMOylated band shift. Additionally, mass spectrometry of skeletal MyBP-C identified 
K1000 as a potential SUMOylation site, but mutation of this site did not remove SUMOylation in 
cMyBP-C. Peptide array completed by Dr Lauren Wills also identified K543/544 to be a candidate 
site but mutation did not result in a loss of the band shift. Additionally, one site identified by mass 
spectrometry in the UBC9 portion of the fusion protein (K1351) was also investigated but did not 
result in removal of the band-shift. Representative image of n=2-4 experiments. 
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4.4.3 Determining the functional effect of cMyBP-C-UBC9 fusion 
directed SUMOylation 

Although cMyBP-C SUMOylation site(s) could not be detected in this study, 

characterisation of the FLAG-cMyBP-C-UBC9 fusion (WT) with eGFP-SUMO1 co-

expression, alongside its negative control (C93A; (Figure 4.7), would provide 

information on the effect of enhanced SUMOylation of cMyBP-C. In HEK293 cells, 

the FLAG-cMyBP-C-UBC9-eGFP-SUMO1 complex could be detected by the phospho-

cMyBP-C (Ser282) antibody, however comparison of the SUMOylated and non-

SUMOylated fractions demonstrated SUMOylated form was hypophosphorylated 

compared to the non-SUMOylated form (Figure 4.11).  

4.4.3.1 UBC9 fusion driven SUMOylation of cMyBP-C and the effect on 
phosphorylation in HEK293 cells 

 

Figure 4.11. The non-SUMOylated form of FLAG-cMyBP-C-UBC9 fusion shows preferential 
phosphorylation in HEK293. 
In order to investigate the relationship between SUMOylation and phosphorylation of cMyBP-C, 
HEK293 cells were transfected with FLAG-cMyBP-C-UBC9 fusion -/+ eGFP-SUMO1. Samples were 
probed for cMyBP-C and p-cMyBP-C (Ser282) the quantity of SUMOylated and non-SUMOylated 
protein was determined and normalised to total (SUMOylated + non-SUMOylated). Analysis revealed 
that whilst the non-SUMOylated form represents ~84% of total cMyBP-C, it represents ~90% of p-
cMyBP-C. Similarly, the SUMOylated form represents ~16% of total cMyBP-C but only ~10% of p-
cMyBP-C (*p<0.05). P-cMyBP-C levels were then normalised to total cMyBP-C and calculate at 
LOG2 to be able to directly compare non-SUMOylated and SUMOylated p-cMyBP-C levels and show 
any change between them. Analysis revealed that compared to the non-SUMOylated form, there is 
a 2-fold reduction in p-cMyBP-C in the SUMOylated form. Data is mean ±S.E.M analysed via an 
unpaired student’s t-test. *p<0.05. 
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4.4.3.2 Viral expression of WT and C93A cMyBP-C-UBC9 fusion constructs 
in neonatal rat ventricular cardiomyocytes 

In order to characterise the WT and C93A cMyBP-C-UBC9 fusion constructs in a 

more physiologically relevant system, adenoviruses were produced and used to 

infect neonatal ventricular cardiomyocytes. Expression of WT and C93A cMyBP-C-

UBC9 fusion was detected by western blot and revealed the viral form constituted 

~80% of the total cMyBP-C in the samples. Additionally, confocal microscopy 

revealed viral constructs were expressed in the sarcomere, demonstrated by the 

striated staining pattern, and myofilament extraction also identified viral cMyBP-

C in the myofilament. However, viral cMyBP-C was also expressed outwith the 

sarcomere, as evidenced by confocal microscopy in comparison to endogenous and 

the presence of a band in the soluble/membrane fraction following myofilament 

extraction (Figure 4.12). 
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Figure 4.12. Expression profile of FLAG-cMyBP-C-UBC9 fusion constructs in neonatal 
ventricular cardiomyocytes. 
A) Application of FLAG-cMyBP-C-UBC9 fusion adenoviruses (WT and C93A) at MOI 10 or 100 
results in overexpression compared to endogenous cMyBP-C in neonatal ventricular 
cardiomyocytes, with roughly 80% of total cMyBP-C being the viral version. Data is mean ±S.E.M. 
B) Confocal microscopy imaging of cMyBP-C (endogenous) and FLAG (WT 100, viral) revealed 
myofilament localisation of viral WT FLAG-cMYBP-C-UBC9 fusion with additional staining 
throughout the cells. Representative of n=1 experiment. Scale bar is 50µm. C) Localisation of the 
viral WT FLAG-cMyBP-C-UBC9 fusion construct was determined in neonatal ventricular 
cardiomyocytes by myofilament extraction whereby uninfected (endogenous) and infected (viral, WT 
MOI 100) cells were homogenised in F60 buffer with 1% Triton X-100. A sample was taken for 
unfractionated (total protein) before fractionation by centrifugation into soluble (cytosolic and 
membrane fraction) and myofilament lattice. The myofilament lattice was further fractionated into 
myofilament proteins soluble in 500 mM NaCl (NaCl soluble) and those insoluble in 500 mM NaCl 
(pellet). Analysis revealed that although endogenous cMyBP-C is mainly localised in the myofilament 
fraction (NaCL (S)), WT FLAG-cMyBP-C-UBC9 fusion adenovirus localises in the myofilament (NaCl 
(S) and P fractions) with some localised in the membrane and soluble fraction. Representative image 
of n=3 experiments. 

As well as WT and C93A viral constructs, an adenovirus expressing eGFP-SUMO1 

was also produced. Co-infection of this virus in neonatal ventricular 

cardiomyocytes with the WT construct resulted in a detectable band shift which 

was lost when co-infecting with the C93A virus, replicating the result from the 

HEK293 experiments. However, the eGFP-SUMO1 virus expression was low 

compared to the FLAG-cMyBP-C-UBC9 constructs despite a higher MOI used (2000 

vs 100) and did not result in as much SUMOylated cMyBP-C as in the HEK293 cells, 

as shown in the positive control (Figure 4.13).  
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Figure 4.13. Co-infection of FLAG-cMyBP-C-UBC9 fusion constructs (WT and C93A) with an 
eGFP-SUMO1 adenovirus. 
Viral FLAG-cMyBP-C-UBC9 fusion constructs (WT and C93A, MOI 100) were co-infected in neonatal 
ventricular cardiomyocytes with an eGFP-SUMO1 adenovirus. Whilst the co-infection did result in a 
detectable band shift in the WT, but not C93A, infected cells, the eGFP-SUMO1 adenovirus, used at 
MOI 2000, is poorly expressed compared to WT, C93A and positive control (PC, HEK293 co-
transfected cells).  Representative image of n=3. UI = uninfected.  

To improve the eGFP-SUMO1 viral expression, an additional round of amplification 

and purification was completed in AD293 cells. The resulting virus expressed after 

24 hours, and co-infected with WT-cMyBP-C-UBC9 fusion lead to a detectable band 

shift detected at a similar intensity at an MOI of 10 and 30 (Figure 4.14). As such, 

this purified virus was used for further characterisation.  
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Figure 4.14. Amplification of eGFP-SUMO1 in AD293 cells results in a greater infection 
efficiency in neonatal ventricular cardiomyocytes. 
To improve infectivity of the eGFP-SUMO1 adenovirus, viral particles were amplified using AD293 
cells and isolated to produce a crude virus. The virus was tested on neonatal ventricular 
cardiomyocytes at different multiplicities of infection (MOI) for 24 hours. Each MOI led to expression 
of eGFP-SUMO1. Additionally, co-infection of FLAG-cMyBP-C-UBC9 fusion adenoviruses (WT and 
C93A, MOI 100) with the newly purified eGFP-SUMO1 (MOI 10 and 30) lead to a detectable band 
shift in the WT, but not C93A, infected cells. UI = uninfected. Representative images of n=1. 

4.4.3.3 UBC9 fusion driven SUMOylation of cMyBP-C and the effect on 
phosphorylation in neonatal rat ventricular cardiomyocytes 

Given that the SUMOylated form of the FLAG-cMyBP-C-UBC9 fusion construct is 

under-phosphorylated compared to the non-SUMOylated form in HEK293 cells 

(Figure 4.11), the same experiment was completed in virally infected neonatal 

ventricular cardiomyocytes. Whilst at baseline the quantity of phosphorylated 

cMyBP-C was not different between the SUMOylated and unSUMOylated forms, 

upon isoprenaline treatment which increases cMyBP-C phosphorylation, the 

SUMOylated form was hypophosphorylated compared to the non-SUMOylated form 

(Figure 4.15).  
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Figure 4.15. The non-SUMOylated form of cMyBP-C-UBC9 fusion does not show preferential 
phosphorylation in neonatal ventricular cardiomyocytes unless phosphorylation is 
enhanced by isoprenaline treatment. 
In order to determine the interplay between cMyBP-C phosphorylation and SUMOylation, neonatal 
ventricular cardiomyocytes co-infected with WT FLAG-cMyBP-C-UBC9 fusion and eGFP-SUMO1 
adenoviruses were treated with isoprenaline (10 minutes, 100 nM) and levels total and phospho-
cMyBP-C in SUMOylated and non-SUMOylated bands were measured. Data is represented as a 
LOG2 of p-cMyBP-C/total cMyBP-C to directly compare SUMOylated and unSUMOylated fractions. 
Analysis reveals that whilst there is no significant difference between levels of phosphorylation in 
non-SUMOylated and SUMOylated forms of cMyBP-C in these cells (p=0.2606), following 
isoprenaline treatment the non-SUMOylated form of cMyBP-C is preferentially phosphorylated 
compared to the SUMOylated form. Data is mean ±S.E.M analysed by a one-way ANOVA with a 
Sidak’s post hoc test. **p<0.01. UI = uninfected. 

4.4.4 Analysis of the contractile properties of neonatal ventricular 
cardiomyocytes 

4.4.4.1 Characterising neonatal ventricular cardiomyocyte contractility 
using CellOPTIQ™ 

Neonatal ventricular cardiomyocytes are a useful system for studying cardiac 

contractility, as they can be easily isolated, genetically manipulated and 

spontaneously beat in culture, and have been previously used to characterise both 

TnI and β2-adrenoceptor SUMOylation (Fertig et al., 2022; Ling, 2021). As such, 

virally infected cells were used to investigate the consequence of enhanced 

SUMOylation of cMyBP-C. Given the importance of the FFR in cell contractility, 

cells were paced consistently at 1Hz to eliminate any effect of variability beating 

rate on contractility measurements. As cells are isolated from neonatal rats aged 

between 1 to 4 days, and kept in culture for 2 to 3 days, the effect of culture and 

aged of animals was investigated. Cardiomyocytes in culture for 3 days compared 

to 2 days had significantly slower relaxation time with no change in the speed of 

the upstroke (Figure 4.16). In contrast, cardiomyocytes cultured for 3 days but 

isolated from 4-day old animals compared to 1-day old animals had significantly 

reduced relaxation time, as well as reduced time to peak contraction, overall 

shortening the contractile duration (Figure 4.17).  
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Figure 4.16. The lusitropy of neonatal ventricular cardiomyocytes may be affected by days 
in culture, whilst other contractility parameters remain unchanged. 
Contractile transients were recorded in neonatal ventricular cardiomyocytes paced at 1Hz, 2ms and 
40V for 10 seconds. Recordings were taken using a 60X objective with a 0.6NA and recorded at 
120fps before analysis using custom-built CellOPTIQ™ analysis software which gave an average 
transient of the 8-10 transients in each recording. Contractile parameters such as time to peak of 
contraction, contraction duration at 50% of transient, time to from 10% to 90% of contraction and 
time from 90% of contraction to 90% of relaxation, all measured in milliseconds (ms), were analysed. 
In order to determine the effect of prolonged culture of isolated cells on overall contractile parameters, 
cells were isolated from 1-day old (P1) animals but cultured for 2 and 3 days respectively were 
compared. Analysis revealed that whilst time to peak and time to 90% of contraction remained 
unchanged, time to 90% of relaxation were significantly increased in cells isolated for 3 days. This 
led to a trending increase in overall contraction duration in these cells (p=0.0583). Data is mean ± 
S.E.M. N=1 biological replicate, 10-14 cells per replicate. Analysis was completed using a student’s 
unpaired t-test. ****p<0.0001. 
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Figure 4.17. Cardiomyocytes isolated from 4-day old neonatal rats may have faster 
contractility parameters compared to cells isolated from 1-day old animals.  
Contractile transients were recorded in neonatal ventricular cardiomyocytes paced at 1Hz, 2ms and 
40V for 10 seconds. Recordings were taken using a 60X objective with a 0.6NA and recorded at 
120fps before analysis using custom-built CellOPTIQ™ analysis software which gave an average 
transient of the 8-10 transients in each recording. Contractile parameters such as time to peak of 
contraction, contraction duration at 50% of transient, time to from 10% to 90% of contraction and 
time from 90% of contraction to 90% of relaxation, all measured in milliseconds (ms), were analysed. 
In order to determine the effect of age of animals on overall contractile parameters, cells isolated 
from 1-day old (P1) or 4-day old (P4) were cultured for 3 days and compared. Analysis revealed that 
cells isolated from older animals had significantly reduced time to peak, time to 90% of contraction 
and relaxation and overall contraction duration at 50% of peak, compared to 1-day old animals. Data 
is mean ± S.E.M. N=1 biological replicate, 12-14 cells per replicate. Analysis was completed using a 
student’s unpaired t-test. ****p<0.0001, *p<0.05. 

4.4.4.2 Treatment with isoprenaline enhances contractility parameters in 
neonatal ventricular cardiomyocytes 

Given the potentially altered contractile parameters caused by culture time and 

age of animals, 1-2-day old animals cultured for 2 days were used for subsequent 

experiments. In these cells, isoprenaline treatment significantly enhanced 

contractile performance, reducing time to peak contraction, time to 50% and 75% 

of relaxation, but not 90%, with an overall shortening contractile duration (Figure 

4.18).  
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Figure 4.18. The effect of isoprenaline on neonatal cardiomyocyte contractile parameters. 
Contractile transients were recorded in neonatal ventricular cardiomyocytes paced at 1Hz, 2ms and 
40V for 10 seconds. Recordings were taken using a 60X objective with a 0.6NA and recorded at 
120fps before analysis using custom-built CellOPTIQ™ analysis software which gave an average 
transient of the 8-10 transients in each recording. Contractile parameters such as time to peak of 
contraction, contraction duration at 50% of transient, time to from 10% to 90% of contraction, time to 
50% and 75% of relaxation and time from 90% of contraction to 90% of relaxation, all measured in 
milliseconds (ms), were analysed. In order to determine the effect of incubation of cardiomyocytes 
with 100 nM isoprenaline, cells were recorded both pre and 10 minutes-post isoprenaline addition. 
Isoprenaline caused a significant decrease in time to peak of contraction, time to 90% of upstroke 
and time to 50% and 70% of relaxation, as well as overall contraction duration at 50% of peak, but 
had no effect on time to 90% of relaxation. An example trace of the average transient from one 
recording (8-10 individual transients) is shown with maximal peaks aligned. Data is mean ± S.E.M. 
N=8 biological replicates, 10-15 cells per replicate. Analysis was completed using a student’s paired 
t-test. **p<0.001, **p<0.01. 

4.4.5 Analysis of contractility in virally infected cardiomyocytes 

4.4.5.1 The effect of cMyBP-C SUMOylation viruses on neonatal ventricular 
cardiomyocyte contractile parameters 

In order to determine the functional effect of cMyBP-C SUMOylation on neonatal 

ventricular cardiomyocyte contractile parameters, both WT and C93A constructs 

were infected alone or co-infected with eGFP-SUMO1. Analysis of contractile 

parameters revealed no significant differences between groups at baseline (Figure 

4.19). Treatment with isoprenaline significantly accelerated contractile 

parameters in each group (data not shown), however comparison between the 

groups showed no significant differences in response to isoprenaline between the 

groups (Figure 4.20).  
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Figure 4.19. Contractile parameters in virally infected neonatal ventricular cardiomyocytes. 
To determine the functional effect of cMyBP-C SUMOylation on neonatal ventricular cardiomyocyte 
contractile parameters, both WT and C93A constructs were infected alone or co-infected with eGFP-
SUMO1. Contractile transients were recorded in cells paced at 1Hz, 2ms and 40V for 10 seconds 
with analysis using custom-built CellOPTIQ™ analysis software which gave an average transient 
from the 8-10 transients in each recording. Contractile parameters including, time to from 10% to 
90% of contraction, time to 75% of relaxation, time from 90% of contraction to 90% of relaxation and 
contraction duration at 50% of transient were analysed, all measured in milliseconds (ms). There 
were no significant differences in contractile parameters between groups. N=5-8 biological replicates 
with 8-10 cells per replicate. Data is mean ± S.E.M analysed via a one-way ANOVA with a Tukey 
post hoc test. 
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Figure 4.20. The effect of isoprenaline on contractile parameters in virally infected neonatal 
ventricular cardiomyocytes. 
To determine whether WT or C93A viruses alone or co-infected with eGFP-SUMO1 altered response 
to isoprenaline, infected neonatal ventricular cardiomyocytes were treated with 100 nM isoprenaline 
for 10 minutes before recordings were taken. Contractile transients were recorded in cells paced at 
1Hz, 2ms and 40V for 10 seconds with analysis using custom-built CellOPTIQ™ analysis software 
which gave an average transient from the 8-10 transients in each recording. Contractile parameters 
including, time to from 10% to 90% of contraction, time to 75% of relaxation, time from 90% of 
contraction to 90% of relaxation and contraction duration at 50% of transient were analysed, all 
measured in milliseconds (ms). There were no significant differences in contractile parameters in 
response to isoprenaline between groups. N=5-8 biological replicates with 8-10 cells per replicate. 
Data is mean ± S.E.M analysed via a one-way ANOVA with a Tukey post hoc test. 

In order to more closely compare the effect of eGFP-SUMO1 addition and 

conjugation (or not) to cMyBP-C, WT and C93A co-infections with eGFP-SUMO1 

were normalised to the singly infected counterparts and the logs plotted. Using 

this approach, if a parameter is unchanged between two groups, the normalised 

response is equal to 1, and the log normalised response is zero. If a parameter is 

larger in a group infected with one virus than a group infected with 2 viruses, the 

normalised response is greater than 1, and the log normalised response is a 

positive integer. If a parameter is small in a group infected with one virus than a 

group infected with 2 viruses, the normalised response is less than one, and the 

log normalised response is a negative integer.  

At baseline, there was no significant difference between WT and C93A co-infected 

with eGFP-SUMO1 in time to peak contraction, however C93A infected cells, which 
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would not have SUMO1 conjugated to cMyBP-C, show significantly increased time 

to relaxation. However, upon addition of isoprenaline, both WT and C93A show 

similar response in shortened time to peak contraction, but C93A cells have 

significantly shorter time to relaxation, indicating that isoprenaline is less 

effective at reducing relaxation time in cells with SUMOylated cMyBP-C-UBC9 

(Figure 4.21). 

 

Figure 4.21. Comparison of contractile parameters from cMyBP-C-UBC9 (WT and C93A) and 
eGFP-SUMO1 co-infected neonatal ventricular cardiomyocytes pre- and post-isoprenaline 
treatment. 
To compare the effect of the presence (WT) or absence (C93A) of eGFP-SUMO1 conjugation to 
cMyBP-C, WT and C93A co-infections with eGFP-SUMO1 were normalised to the singly infected 
counterparts. Contractile transients were recorded in cells paced at 1Hz, 2ms and 40V for 10 seconds 
with analysis using custom-built CellOPTIQ™ analysis software which gave an average transient 
from the 8-10 transients in each recording. Contractile parameters including, time to from 10% to 
90% of contraction, time to 75% of relaxation and time from 90% of contraction to 90% of relaxation 
were analysed. At baseline, there was no significant difference between WT and C93A co-infected 
with eGFP-SUMO1 in time to peak contraction, however C93A infected cells show significantly 
increased time to relaxation. Upon addition of isoprenaline (100 nM, 10 minutes), both WT and C93A 
show similar response in shortened time to peak contraction, but C93A cells have significantly shorter 
time to relaxation, indicating that isoprenaline is less effective at reducing relaxation time in cells with 
SUMOylated cMyBP-C-UBC9. N=5-6 biological replicates with 8-10 cells per replicate. Data is mean 
± S.E.M analysed via unpaired student’s t-test. *p<0.05, **p<0.01. 
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4.5 Discussion 

The aim of the present study was to identify and characterise the SUMOylation of 

cMyBP-C, in a manner similar to what has recently been achieved for cTnI and β2-

adrenoceptor SUMOylation (Fertig et al., 2022; Wills, 2017). Primary ventricular 

cardiomyocytes were used to attempt to purify and identify SUMOylated cMyBP-

C, whilst co-expression in HEK293 cells with components of the SUMOylation 

cascade or fusion to UBC9 was used to enhance cMyBP-C SUMOylation for 

detection. Candidate SUMOylation sites were identified using in silico analysis, 

peptide array and mass spectrometry and evaluated using site directed 

mutagenesis. Finally, the functional effect of increased SUMOylation of cMyBP-C 

phosphorylation and cardiac contractility was characterised in virally infected 

neonatal ventricular cardiomyocytes. 

4.5.1 Fusion of UBC9 to cMyBP-C enhances SUMOylation 

Given the dynamic activity of the SUMOylation and deSUMOylation enzymatic 

machinery, SUMOylation levels of substrates are often very low and difficult to 

detect (Nayak et al., 2020). SUMOylation can be driven by overexpression of SUMO 

and UBC9 alone, although this was insufficient to detect a SUMOylated form of 

cMyBP-C (Figure 4.5; Cartier et al., 2019). However, direct fusion of UBC9 to 

SUMO1 substrates p53 and STAT1 resulted in an increase from undetectable levels 

to 40% detection (Jakobs et al., 2007). In the present study, this approach was 

taken by fusing the C-terminal of cMyBP-C to UBC9 which, when co-expressed with 

eGFP-SUMO1, resulted in the detection of a band shift that represented ~15-20% 

of total protein in both HEK293 and neonatal ventricular cardiomyocytes (Figure 

4.6 and Figure 4.13). Additionally, as demonstrated for STAT1 and p53, this is 

dependent on a catalytically active UBC9 (Figure 4.7). The possibility that SUMO1 

was attaching to the catalytic cysteine of UBC9 as the reason for the band shift 

was ruled out as it was not lost upon cleavage of any thioester bond between them 

(Figure 4.13; Jakobs et al., 2007). Although a powerful technique to enhance, and 

therefore study, SUMOylation of a substrate, it is limited in it does not provide 

information as to whether such a modification would naturally occur in an in vivo 

setting. 



Chapter 4: SUMOylation of cMyBP-C  181 

4.5.2 cMyBP-C SUMOylation sites could not be detected using in 
silico analysis, mass spectrometry or peptide array 

SUMOylation site prediction software has been refined over recent years, taking 

into consideration that not all SUMOylated lysines fall within the traditional 

consensus sequence. As such, three SUMOylation algorithms were used to analyse 

the human cMyBP-C sequence and suggest there are several candidate lysines with 

a high confidence of being SUMOylated (Table 4.1). Many of these top candidates 

were identified in mass spectrometry analysis of the FLAG-cMyBP-C-UBC9-eGFP-

SUMO1 complex (Figure 4.8 and Figure 4.9). Interestingly, the top candidates were 

either unique to cardiac MyBP-C or only conserved in the fast skeletal isoform, 

with very few lysines surrounded by highly conserved amino acids. This is in 

contrast to the observations in cTnI, where the SUMOylated lysine is conserved 

within species and across all skeletal and cardiac isoforms (Fertig et al., 2022; 

Sahota et al., 2009). However, mutation of these sites, along with those detected 

in skeletal MyBP-C studies and peptide array, did not result in a loss of the 

SUMOylated band (Figure 4.10; Hendriks et al., 2018). As SUMO1 is being 

investigated in this study, it cannot form poly-SUMOylated chains like SUMO2/3 

(Tatham et al., 2001). This may suggest there is more than one site being 

targeted, as loss of one would still lead to detection of the other at the same size. 

Analysis of SUMOylated band density following mutagenesis may indicate whether 

this is the case, which was not completed due to low replicate numbers in this 

study. Additionally, it is possible that eGFP-SUMO1 may be attaching to UBC9, as 

SUMOylation has previously been detected at K14 which either enhanced or 

reduced SUMOylation of proteins in a substrate-specific manner (Knipscheer et 

al., 2008). However, this site was not detected in the mass spectrometry analysis, 

whilst K1351R (representing K65 in human UBC9) was. Interestingly this site is 

reported to be acetylated, which has knock-on consequences for substrate 

SUMOylation, however whether this site is SUMOylated has not been reported 

(Hsieh et al., 2013). Additionally, it did not result in a loss of the band shift upon 

mutation in this study (Figure 4.10). In support of cMyBP-C SUMOylation, UBC9 

fused to the LTCC pore-forming subunit did not result in a detected band shift 

(data not shown), overall indicating that the band is caused by SUMOylated cMyBP-

C. In order to aid in further identification of SUMOylation sites, removal of entire 

regions of cMyBP-C, including the C0-C1 domains which contains several high 

probability sites (Table 4.1), may be a possible strategy. Additionally, a mass 
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spectrometry approach could be taken to identify SUMOylated lysines or SUMO 

interactions site of cMyBP-C in cardiac tissue, however as demonstrated in Figure 

4.4, detection of the endogenously SUMOylated form of cMyBP-C in primary 

cardiomyocytes is challenging. 

4.5.3 Enhanced SUMOylation of cMyBP-C may alter 
phosphorylation 

Increased SUMOylation of cTnI and the β2-adrenoceptor has been reported in a pig 

model of I/R and HF development 3-months post-injury, with increased cTnI 

SUMOylation also observed in ischaemic human HF samples. This analysis was 

achieved using SUMOylation specific antibodies for each, whilst one is not 

currently available for cMyBP-C (Fertig et al., 2022; Ling, 2021; Wills, 2017). In 

the present study, using the cMyBP-C-UBC9 fusion and catalytically inactive 

mutant, it is possible to investigate the functional consequences of enhanced 

cMyBP-C SUMOylation. 

In HEK293 cells, whilst the SUMOylated band represents ~15% of the total cMyBP-

C-UBC9 complex, it only represents ~10% of the phospho-cMyBP-C (S282), 

suggesting the non-SUMOylated form is preferentially phosphorylated (Figure 

4.11). As such, the addition of SUMO1 may be occurring on a lysine within the 

vicinity of this site, blocking the ability of cMyBP-C to become phosphorylated at 

this crucial residue or blocking a PKA kinase binding site, which is yet to be 

mapped for cMyBP-C. Alternatively, although it remains a relatively unstudied 

field, cMyBP-C is dephosphorylated by protein phosphatase PP1 (Copeland et al., 

2010; Schlender et al., 1987). As such, the addition of SUMO1 may be creating a 

binding site for a phosphatase to attach to the SUMOylated form, leading to the 

hypophosphorylation observed. The former suggestion may be more likely, as 

when repeating the experiment in virally infected neonatal cardiomyocytes, the 

preferential phosphorylation of the non-SUMOylated form was not apparent until 

isoprenaline treatment (Figure 4.15). The addition of SUMO to a lysine has been 

frequently shown to regulate recognition by a binding partner at SIMs, and nearby 

phosphorylated threonine and serine residues are often observed in these regions 

facilitating these interactions (Stehmeier & Muller, 2009; Ullmann et al., 2012).  
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In our sequence analysis, the closest located lysines to S282 (S284 in humans) are 

K300, K301 and K312 (human sequence). Both K301 and K312, with confidence 

scores 0.713 and 0.605 respectively, are conserved with the fast skeletal isoform 

but not thought to be surface accessible according to crystal structure analysis 

(Table 4.1). Additionally, individual mutation of both sites in this study did not 

result in a loss of SUMOylation (Figure 4.10). Due to its low confidence score 

(0.248), K300 was not investigated in this study and should be ruled out in future 

studies. It will be important to determine whether this hypophosphorylation is 

specific to S282, or occurs on phosphorylation sites S275, S304 and S311 (human 

sequence) for which phospho-antibodies have been developed (Copeland et al., 

2010). However, it is important to consider that the hypophosphorylation of the 

SUMOylated form may be as a consequence of the SUMO attachment blocking the 

recognition of the phospho-antibody, therefore conclusions on the effect of 

SUMOylation on cMyBP-C phosphorylation in this study are limited. Nevertheless, 

this may still indicate that a nearby lysine is being SUMOylated, which may narrow 

down site identification for more appropriate characterisation. 

4.5.4 Enhanced SUMOylation of cMyBP-C may alter diastolic 
function in isolated cardiomyocytes  

Given the potential consequence of SUMOylation on cMyBP-C phosphorylation, 

neonatal ventricular cardiomyocytes were used to investigate the contractile 

profile of cMyBP-C-UBC9 (WT)-eGFP-SUMO1 conjugated infected cells and cMyBP-

C-UBC9 (C93A) non-SUMOylated control cells. As these cells beat spontaneously in 

culture, they were paced at a consistent frequency to limit variability, although 

this did not allow for a measure of enhanced cMyBP-C SUMOylation on contractile 

rate (Ehler et al., 2013). These cells provide a useful in vitro model as they are 

easily accessible and can be readily cultured for up to one-week. However, in this 

study, comparison of cells cultured for 3 days compared to 2 suggests prolonged 

culture may lead to slower relaxation properties (Figure 4.16). Culture affects the 

cytoskeletal arrangement of adult cardiomyocytes, and an increase in relaxation 

time has been observed in adult rat cardiomyocytes between 1.5 and 3 days of 

culture (Mitcheson et al., 1998). However, this has not been reported in neonatal 

cardiomyocytes. In contrast, cells isolated from older animals (day 4 compared to 

day 1) have overall significantly faster contractile profiles independent of culture 

time (Figure 4.17). This phenomenon has also not been reported previously, 
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however study of the developing cardiac muscle shows a transitional increase in 

activation and relaxation kinetics during development in myofibrils, although this 

was at a foetal stage (Racca et al., 2016). Although conclusions based on this study 

are limited due to low biological replicate numbers, neonatal cardiomyocytes of 

consistent age and culture time were used for further characterisation.  

Characterisation of cardiac contractility, including upstroke, relaxation and 

overall contractile duration, revealed no significant effect of infection of the 

SUMOylated or non-SUMOylated cMyBP-C-UBC9 constructs (Figure 4.19). 

Additionally, all cells responded to isoprenaline in a manner observed in control 

cells (Figure 4.18), with no significant difference in response to isoprenaline 

between groups (Figure 4.20). Although viral cMyBP-C-UBC9 constructs localise to 

the myofilaments, there is still significant expression outwith the myofilament 

(Figure 4.12). Several groups have shown that given the precise arrangement of 

cMyBP-C as 7-9 transverse stripes in the C-zone of the sarcomere, it cannot be 

expressed beyond native levels (Li et al., 2020; Merkulov et al., 2012; Razzaque 

et al., 2013). As such, the excess cMyBP-C may have unintended consequences on 

sarcomere function and contractility. In order to rule this out as a confounding 

variable, and to more closely determine the effect of SUMO conjugation, or not, 

to cMyBP-C, the measurements from co-infected WT/C93A with eGFP-SUMO1 cells 

were normalised to their singly infected counterparts. At baseline cardiomyocytes 

with a non-SUMOylated form of cMyBP-C had significantly slower relaxation 

kinetics compared to cells where eGFP-SUMO1 was conjugated to cMyBP-C. 

Interestingly, upon isoprenaline treatment, whilst both showed similar increases 

in upstroke kinetics, cardiomyocytes with non-SUMOylated cMyBP-C cells were 

more responsive to isoprenaline in terms of relaxation, showing a greater 

reduction in relaxation time compared to SUMOylated cells (Figure 4.21).  

Given that the SUMOylated form of cMyBP-C may show reduced phosphorylation 

in response to isoprenaline treatment compared to the non-SUMOylated, this may 

explain why these cells do not respond as well to isoprenaline in terms of 

relaxation time. Indeed, phospho-null (3SD) mice show markedly impaired 

diastolic function due to slower relaxation kinetics, indicating that 

phosphorylation of cMyBP-C is key to facilitating appropriate relaxation (Tong et 

al., 2014). However, upstroke contractile parameters were not different between 

groups. Phosphorylation of cMyBP-C has not been demonstrated to only affect 
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diastolic function, and most commonly is associated with increased force of 

contraction and time for force development, although studies in intact cells are 

limited in comparison to isolated myofilaments (Barefield & Sadayappan, 2010).   

However, it is interesting that whilst there is no significant difference in the 

phosphorylation of SUMOylated cMyBP-C before isoprenaline treatment (Figure 

4.15), the cells without SUMOylated cMyBP-C have slower relaxation kinetics at 

this point (Figure 4.21). This may imply that without the cMyBP-C present to 

conjugate to the SUMO1, it is causing slow contractile kinetics by methods 

elsewhere. Indeed, a study reported that virtually all of SUMO1 is conjugated to a 

substrate at a given point (Hay, 2007). Interestingly, a similar observation has 

been demonstrated for cTnI SUMOylation, where increased SUMOylation by N106 

treatment increased myofilament Ca2+ sensitivity, but only when TnI SUMOylation 

sites were mutated (Fertig et al., 2022). This overall implies that myofilament 

proteins “scavenge” excess SUMO1 molecules and may have implications for cases 

where SUMO1 expression is upregulated, such as during hypoxia (Shao et al., 

2004). However, in both cases, the functional consequences for their SUMOylation 

when SUMO1 is not in excess still remains to be elucidated.  

4.5.5 Methodological considerations and future work 

As discussed throughout, there are several methodological considerations that 

limit the conclusions that can be drawn from this study. Firstly, endogenous 

cMyBP-C SUMOylation could not be reliably detected by purification of cMyBP-C 

from rabbit cardiomyocytes and probing for SUMO1 (Figure 4.4). This approach is 

also limited as it assumes cMyBP-C is a substrate for SUMO1. This may be likely as 

cTnI, SERCA2a and β2-adrenoceptor are, however SUMO1 is most commonly 

associated with nuclear targets whilst SUMO2/3 is expressed more in the cytosol, 

and so SUMO2/3 SUMOylation of cMyBP-C should be investigated in more detail 

(Fertig et al., 2022; Kho et al., 2011; Le et al., 2017).  

Additionally, whilst the UBC9-fusion method allows clear detection of a 

SUMOylated form of cMyBP-C, it is at extreme/non-physiological levels 

(undetectable to ~15-20% SUMOylated) which may be detrimental to other roles 

and modifications of cMyBP-C. This may also be compounded by the fact that 

excess cMyBP-C-UBC9 fusion is being expressed outwith the myofilament (Figure 
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4.12). This is important, as in the absence of proper localisation to the C-zone via 

binding to LMM and titin, cMyBP-C C-terminal domains have been shown to inhibit 

actin, which may contribute to the changes in relaxation kinetics observed in this 

study (Bunch et al., 2019). Additionally, although direct comparison of WT/eGFP-

SUMO1 and C93A/eGFP-SUMO1 cells allows comparison of SUMOylated and non-

SUMOylated cMyBP-C, it cannot be distinguished between the study of an active 

and an inactive UBC9 expressed in these cells. Similarly, whilst the SUMOylation 

status of the majority of myofilament proteins remains unknown, having an active 

UBC9 in the vicinity may drive their SUMOylation. Indeed, although mostly 

observed in nuclear substrates, a feature of SUMOylation is the “protein group 

modification” concept whereby functionally related proteins are targeted as a 

group by SUMOylation (Psakhye & Jentsch, 2012). However, the role of UBC9 

expression or activity in modulating contractility is currently unknown. Gain-of-

function UBC9 in transgenic mice leads to increased autophagy in neonatal 

cardiomyocytes with important cardioprotective effects, however contractile 

parameters did not appear to be different in the transgenic whole heart (Gupta 

et al., 2016). Whilst applicability of the UBC9-fusion approach is limited, in 

contrast to site direct mutagenesis of SUMOylation site, it has the advantage of 

allowing SUMOylation to occur without removing the ability of the site to be 

targeted by other modifications such as ubiquitylation or acetylation, with which 

SUMOylation has a dynamic relationship (Blakeslee et al., 2014; Rougier et al., 

2010). 

In this study, infection of neonatal ventricular cardiomyocytes with eGFP-SUMO1 

led to no overt changes in cardiac contractility. In contrast, in adult 

cardiomyocytes, infection of SUMO1 leads to increased amplitude and faster decay 

of Ca2+ transients, although the effect on contractile or relaxation properties of 

these cells was not directly measured (Kho et al., 2011).Whilst neonatal 

cardiomyocytes provide an accessible, cost-effective system to study contractile 

dynamics, their relevance to human cardiac contractility is limited. Adult 

cardiomyocytes rely more heavily on SERCA for Ca2+ extrusion than NCX1, whilst 

neonatal cells have lower SERCA2a expression and less reliance on the SR which 

may explain the lack of effect on cardiomyocyte contractility (Ziman et al., 2010). 

Applying this approach to adult cardiomyocytes, with a viral infection level that 
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matches the endogenous cMyBP-C, may provide a more accurate analysis of 

cMyBP-C SUMOylation in this setting. 

4.6 Conclusion 

In conclusion, cMyBP-C SUMOylation was investigated in both HEK293 cells and 

primary cardiomyocytes. Identification of SUMOylated cMyBP-C was achieved by 

fusion to E2 ligase UBC9 and co-expression with eGFP-SUMO1. This form could be 

purified for mass spectrometry to identify the SUMOylated lysine(s), however 

although the suggested sites closely match in silico sequence analysis, an 

individually SUMOylated lysine could not be detected. Characterisation of the 

cMyBP-C-UBC9-SUMO1 complex in neonatal ventricular cardiomyocytes suggests 

that the SUMOylated form is hypophosphorylated upon isoprenaline treatment and 

this may result in impaired diastolic function. However, endogenously SUMOylated 

cMyBP-C could not be detected consistently in primary cardiac tissue and 

confounding variables, such as extra-sarcomere expression of cMyBP-C, limit the 

conclusions that can be drawn from this study.   
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Chapter 5 Palmitoylation in cardiac disease 
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5.1 Introduction 

5.1.1 Ion transporter regulation in heart failure 

Ischaemic HF represents a major socioeconomic burden and is the leading cause 

of death and disability worldwide. With a lack of effective, targeted therapies 

there is an increasing need to understand the molecular changes underlying HF, 

in both animal models and humans. In the failing heart, cardiac remodelling 

progresses from initial compensatory hypertrophy to ventricular dilatation and HF 

(Tham et al., 2015). Molecular and cellular changes intensify throughout the 

process, and whilst myofilament dysfunction is an important parameter, this is 

often coupled to dysregulation of the upstream processes that regulate ion 

transport and determine the amplitude and cycling kinetics of Ca2+ (Njegic et al., 

2020). Indeed, a large component is the dysfunction of SR proteins, including leaky 

RYR2 channels and hypophosphorylation of PLB leading to increased inhibition and 

eventual downregulation of SERCA2a. These events result respectively in diastolic 

Ca2+ leak, which prolongs the Ca2+ transient duration and can trigger fatal 

arrythmias, and reduced SR content, leading to smaller Ca2+ transients and 

therefore reduced contractile performance (Arai et al., 1993; Morgan et al., 

1990).  

Importantly, the plasma membrane regulators of ion transport play an important 

role in the process. Leaky RYR2s are reported to occur in part due to increased 

Ca2+ entry into the cell through an overactive LTCC, driven in part through 

increased surface availability and phosphorylation (Goonasekera et al., 2012; 

Schröder et al., 1998). Similarly, increased NCX1 expression and activity are often 

observed, and whilst thought to occur as part of a protective mechanism to 

prevent toxic Ca2+ overload, contribute to the reduced SR store and therefore Ca2+ 

transients (Hasenfuss et al., 1999). More importantly, NCX1 activity is associated 

with diastolic function, where it is closely linked to intracellular Na+, levels of 

which are increased early in ischaemic injury, hypertrophy and in chronic HF. This 

leads to Na+ dependent inactivation of NCX1, limiting Ca2+ extrusion, which may 

have systolic benefits, but overall contributes to the diastolic dysfunction 

observed in HF (Kass et al., 2004). The increased Na+ may in part be due to a 

reduction in the activity and expression of the Na+/K+ ATPase, which works to 

extrude Na+ from the cell and to which NCX1 is functionally coupled (Dostanic et 
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al., 2004; Pieske & Houser, 2003). Loss of expression and activity of the Na+/K+ 

ATPase is particularly important in the development of the negative FFR seen in 

HF, with KO of PLM and alleviation of Na+/K+ ATPase inhibition associated with an 

improvement to a positive FFR (Kennington, Fuller and Shattock, 2006). 

As such, inhibition of the LTCC, NCX1 and PLM may be of benefit therapeutically, 

whilst activating the Na+/K+ ATPase would improve extrusion of Na+. NCX1 

inhibitors would be beneficial in several regards, including preventing toxic Ca2+ 

overload associated with I/R, preventing Ca2+ influx as a consequence of increased 

sodium and preventing Ca2+ efflux improving diastolic and systolic function. 

Despite this, first generation inhibitors, showing positive inotropic and anti-

arrhythmic properties in pre-clinical studies, have been slow to develop, although 

more promising selective inhibitors have recently been described (Otsomaa et al., 

2020; Pelat et al., 2021). However importantly, inhibiting NCX1 can lead to Ca2+ 

accumulation and trigger SR-overload arrythmias (Chang et al., 2018). Similarly, 

LTCC antagonists have been demonstrated to inhibit remodelling following 

pressure overload as well as having beneficial effects in the vasculature, 

improving compliance (Liao et al., 2005; Richard et al., 1998). However, clinical 

trials found inhibitors to be largely ineffective or even detrimental in improving 

morbidity and mortality in HF, with many having negative inotropic effects (Mahé 

et al., 2003).  

The complex picture of transporter inhibition is clearly evidenced by the use of 

Na+/K+ ATPase inhibitors which whilst increasing intracellular Na+, act as positive 

inotropes predominantly by indirectly promoting NCX1 activity in the reverse 

mode (Askari, 2019). Whilst this increase in intracellular Ca2+ improves contractile 

performance, their use is limited due to arrythmias triggered by SR overload 

(Goldhaber & Hamilton, 2010). In contrast, activation of the Na+/K+ ATPase may 

be more promising to alleviate increased intracellular Na+, as although it may not 

improve inotropy, it would have many positive benefits including improving FFR, 

mitochondrial function and metabolism, although investigations are still 

preliminary (Aksentijević et al., 2020). One mechanism to activate the pump 

would be through antagonism of the pump inhibitor PLM, however PLM expression 

and phosphorylation, which activates the pump, is reduced in HF, therefore global 

inhibition may not be effective in improving pump activity (Bossuyt et al., 2005). 

Taken together, global inhibitors of Ca2+ handling proteins may not be an effective 
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strategy and akin to cMyBP-C, modulation of their PTM profile may represent a 

novel therapeutic approach.  

5.1.2 Palmitoylation in cardiac pathophysiology 

Palmitoylation regulates almost all proteins involved in ECC (discussed in 1.3.2) 

and therefore it is unsurprising that it has been implicated in cardiac dysfunction. 

In terms of electrical excitability, loss of a key palmitoylation residue in Nav1.5 is 

associated with arrhythmogenesis (Pei et al., 2016). Additionally, cardiac arrest 

and subsequent resuscitation was associated with a loss of membrane association 

of KChIP2 in a manner similar to its depalmitoylation, however loss of 

palmitoylation was not confirmed in this model (Murthy et al., 2019).  

Given the putative link between fatty acid availability and substrate 

palmitoylation, the modification has been implicated in the pathogenesis of the 

diabetic heart and in insulin resistance. In particular, palmitoylation may be 

involved in the mitochondrial dysfunction associated with both diabetic and 

cardiac damage, as the former is associated with increased long chain fatty acids 

(Schianchi et al., 2020). However more recent work suggests this may be due to 

palmitoyl CoA exerting a protective, inhibitory effect on the mitochondria, the 

process of which is blunted in the diabetic heart, although a survey of 

palmitoylated proteins was not completed (Kerr et al., 2021). Nevertheless, in a 

study of the regulator of the mitochondrial permeability transition pore (MPTP), 

Cyclophillin-D (CypD), mutation of the sole palmitoylation site was associated with 

reduced infarct size and higher mitochondrial Ca2+ retention. Whilst, in a similar 

manner to cMyBP-C, it cannot be ruled out that multiple PTMs occur at this site, 

both ischaemia and mitochondrial Ca2+ overload was associated with CypD 

depalmitoylation at this site (Amanakis et al., 2021; Main, Robertson-Gray, et al., 

2020). Palmitoylation has also been implicated in cardiac ischaemia through study 

of the autoinflammatory protein STING (stimulator of interferon genes). 

Previously characterised small molecule inhibitors were shown to target STING 

cysteine palmitoylation which is required for its assembly and activation of the 

downstream signalling pathway implicated in autoimmune and inflammatory 

diseases (Haag et al., 2018). In the setting of MI, whilst the inhibitors did not 

reduce mortality or immediate infarct size, three weeks of administration resulted 

in marked reduction in infarct expansion, scarring and show improved systolic 
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function (Rech et al., 2022). This provides novel evidence that modulating 

individual protein substrate palmitoylation has therapeutic potential in the setting 

of cardiac injury. Importantly, palmitoylation regulates the membrane 

transporters implicated in HF pathology discussed above. This includes the LTCC, 

where palmitoylation influence the size of Ca2+ transients, NCX1, where 

palmitoylation is required for inactivation, PLM, where palmitoylation is required 

for its inhibition of the Na+/K+ ATPase, and the Na+/K+ ATPase itself, although the 

functional consequences are still unknown (Tulloch et al., 2011; Reilly et al., 

2015; Howie et al., 2018; Kuo, et al. In revision). 

In terms of palmitoylating enzymes, DHHC16 KO mice develop cardiomyopathy and 

bradycardia, which may be through a loss of PLB palmitoylation and increased 

inhibition of SERCA2a, as PLB KO alleviated these effects (Zhou et al., 2015). By 

far the most well studied of the palmitoylating enzymes is the cell surface 

localised DHHC5. DHHC5, the second most abundantly expressed DHHC-PAT in rat 

ventricular tissue, co-localises with Caveolin-3 in the caveolae (Howie et al., 

2014). Although Caveloin-3 has not been described as a substrate, DHHC5 does 

palmitoylate lipid raft protein Flotillin-2 (Li et al., 2012; Rybin et al., 2003). 

Additionally, PLM is a substrate of DHHC5, therefore DHHC5 may indirectly 

mediate pump activity through PLM palmitoylation (Howie et al., 2014; Plain et 

al., 2020; Tulloch et al., 2011). DHHC5 also binds and palmitoylates NCX1 and loss 

of palmitoylation affects the dimerization of NCX1 in the presence of Ca2+, 

suggesting DHHC5 dynamically regulates NCX1 activity (Gök et al., 2020). Most 

recently DHHC5 has been implicated in the regulation of β-adrenergic signalling 

by mediating rapid palmitoylation of Gαs and Gαi, potentially involving its own C-

terminal palmitoylation (Chen et al., 2020).  

With regards to cardiac pathophysiology, DHHC5 is a crucial mediator of damage 

associated with anoxia/reperfusion (A/R). In both fibroblasts and cardiomyocytes, 

Ca2 overload during reperfusion leads to MPTP opening and release of Coenzyme 

A into the cytoplasm, which is immediately acylated into acyl-CoA, a substrate for 

DHHC5. DHHC5 palmitoylates plasma membrane proteins, including PLM and 

Flotillin-2, leading to clustering of palmitoylated proteins in lipid rafts. This 

triggers the process of massive endocytosis (MEND), in which up to 70% of the cell 

is internalised and likely crucial to the damage caused during reperfusion (Figure 

5.1; Hilgmann et al., 2013; Lin et al., 2013). DHHC5 and PLM KO hearts show 
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reduced MEND and enhanced functional recovery following A/R, strongly 

implicating DHHC5 as a key mediator in this process.  Interestingly, DHHC5-KO 

cardiomyocytes also show increased surface availability of PLM, suggesting that 

increased palmitoylation may drive removal of substrates from the cell membrane 

via endocytosis (M. J. Lin et al., 2013).  

 

Figure 5.1. DHHC5 mediated massive endocytosis follow anoxia/reperfusion. 
During reperfusion following anoxia-reperfusion (A/R) of cardiac tissue, calcium overload occurs and 
causes mitochondrial permeability transition pore opening (MPTP) opening and release of 
Coenzyme A into the sarcoplasm which is immediately acylated to Acyl-CoA. DHHC5 palmitoylates 
surface membrane proteins, including the sodium pump inhibitor phospholemman (FXYD1), which 
cluster in lipid ordered domains. This triggers the process of massive endocytosis (MEND), in which 
up to 70% of the cell membrane is internalised and is a key cause of damage following A/R. DHHC5 
and PLM knock-out hearts show enhanced functional recovery from A/R and reduced MEND, 
highlighting their importance in the process. 

Overall, loss of palmitoylation is most often detrimental for individual protein 

function, whilst paradoxically increased DHHC5 activity and fatty acid availability 

are associated with cardiac pathogenesis. Despite its clear regulatory role in 

cardiac physiology, there is currently a lack of direct evidence of the extent of 

palmitoylation or the activity and expression of palmitoylating or de-

palmitoylating enzymes in human HF pathology. Recently, a pivotal study used 
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RNA-sequencing to evaluate mRNA changes in HFrEF and HFpEF with an aim to 

distinguish unique pathways between them to better target therapies to either 

group. Many DHHC-PATs and depalmitoylating enzymes (ABHDs, PPTs and LYPLAs) 

were identified in the study and some show significant dysregulation in HFrEF and 

HFpEF, with several changes being unique to one HF subtype (Figure 5.2; Hahn et 

al., 2021). Whilst follow up protein expression studies are required to confirm the 

presence of these enzymes in the heart, the results suggest significant remodelling 

of palmitoylation machinery which may result in changes in substrate 

palmitoylation in HF.  
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Figure 5.2. RNA transcript changes of palmitoylating enzymes, depalmitoylating enzymes, 
accessory proteins and  in heart failure. 
RNA sequencing of biopsies from heart failure patients with preserved ejection fraction (HFpEF, 
n=41) and reduced ejection fraction (HFrEF, n=30) and donor controls (n=24). Abundance of 
transcripts of palmitoylating enzymes, depalmitoylating enzymes, accessory proteins and proteins 
involved in fatty acid synthesis were investigated. The change in HFpEF and HFrEF relative to control 
(normalised to 1) are depicted in the heat map with of relative abundance and p-values detailed in 
the accompanying table (produced using the data repository from Hahn and Knutsdottir, et al. 2020). 

  



Chapter 5: Palmitoylation in cardiac disease 196 

5.2 Aims  

Palmitoylation is an important regulatory modification for several cardiac 

substrates, fine-tuning their localisation, function and protein-protein 

interactions. Despite this, the role of palmitoylation in cardiac pathophysiology 

has remained relatively unknown, with the exception of DHHC5 which is an 

important contributor to MEND following A/R injury. More recently, changes in the 

mRNA expression of palmitoylating enzymes has been reported in HF, suggesting 

substrate palmitoylation may be changed. As investigation of cMyBP-C 

palmitoylation showed disease relevant changes in both human and animal models 

in the setting of HF, it was hypothesised that there would be changes in the 

palmitoylation of other key cardiac substrates. The aim of this work is therefore 

to: 

• Evaluate the palmitoylation of key cardiac substrates in tissue from animal 

models of cardiac disease  

• Evaluate the palmitoylation of key cardiac substrates in tissue from 

ischaemic human HF patients and determine whether the animal models 

accurately model the end-stage failing heart 

• Identify whether any changes in substrate palmitoylation in cardiac disease 

are associated with changes in expression or palmitoylation of DHHC5 
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5.3 Results 

5.3.1 Palmitoylation of substrates in animal models of cardiac 
disease 

5.3.1.1 Mouse model of left ventricular hypertrophy induced by pressure 
overload 

The use of animal models of cardiac disease and HF is essential to understand the 

value or targeting individual proteins, pathways and processes therapeutically. 

However, there are a wide variety available, each better at modelling a different 

aspect of cardiac hypertrophy and ischaemic HF. To investigate whether 

palmitoylation changes occur in ventricular hypertrophy, Acyl-RAC was used to 

purify palmitoylated proteins from a pressure overload mouse model. Ventricular 

hypertrophy, accompanied by systolic and diastolic dysfunction, was induced via 

transverse aortic constriction (TAC) in 6-week-old C57BL/6J mice (Boguslavskyi et 

al., 2014). This model is limited in that TAC extent and position can vary between 

labs, giving inconsistent cardiac phenotypes (Zi et al., 2019). This is especially 

important as some labs report the development of concentric hypertrophy, which 

is associated with the majority of HFrEF cases, whilst others report eccentric 

hypertrophy (Barrick et al., 2007; Garcia-Menendez et al., 2013; Nauta et al., 

2020). Nevertheless, this model provides a valuable tool to understand molecular 

changes that occurs early in cardiac disease. As such, palmitoylation of key cardiac 

substrates including NCX1, Na+/K+ ATPase and accessory protein PLM, Gαi and two 

constitutively palmitoylated proteins Caveolin-3 and Flotillin-2 were assessed in 

the samples 8 weeks post-injury. Palmitoylation of NCX1 and GαI were significantly 

reduced in hypertrophy samples compared to sham controls (Figure 5.3). 



Chapter 5: Palmitoylation in cardiac disease 198 

 

Figure 5.3. Palmitoylation of excitation contraction coupling proteins is decreased or 
unchanged in a mouse model of left ventricular hypertrophy. 
Acyl-Resin Assisted Capture (Acyl-RAC) was used to purify all palmitoylated proteins from ventricular 
tissue of mice that had left ventricular hypertrophy induced pressure overload (H) and sham controls 
(S). Palmitoylated fraction (hydroxylamine-dependent) was normalised to total protein 
(unfractionated, UF) for the sodium-calcium exchanger (NCX1), the Na+/K+ ATPase α1 subunit and 
accessory protein phospholemman (PLM), the G-protein Gαi, Flotillin-2 and Caveolin-3. 
Palmitoylation of NCX1 and Gαi were significantly decreased in hypertrophy samples (*p<0.05, 
**p<0.01). Statistical comparisons made by unpaired student’s t-test. Data is mean ±S.E.M. Samples 
were prepared and western blot performed by Dr Jacqueline Howie (University of Dundee). 

5.3.1.2 Rat model of heart failure induced by aortic banding 

In rats, TAC induces hypertrophy with eventual progression to LV dilatation and 

HF after 3 months. In contrast to the mouse model, this model is reported to more 

closely the progression from concentric hypertrophy, to eccentric hypertrophy, to 

LV dilatation and eventual systolic HF (Hasenfuss, 1998). Whilst this is clinically 

relevant, the degree of stenosis directly influences the time from hypertrophy to 

HF, which again can vary between experimenters, with a subset of animals often 

not developing the HF phenotype at all (Feldman et al., 1993). Nevertheless, this 

model allows an understanding of the progression from hypertrophy to HF where 

therapeutic intervention would be beneficial. Acyl-RAC was used to purify 

palmitoylated proteins from rat model of TAC-induced HF in which ejection 

fraction was confirmed to be <50%. Palmitoylation of GαI was significantly reduced 

in banded samples compared to sham controls with no significant change in 

palmitoylation of NCX1, Na+/K+ ATPase, PLM, Caveolin-3 or Flotillin-2 (Figure 5.4).  
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Figure 5.4. Palmitoylation of excitation contraction coupling proteins is decreased or 
unchanged in a rat model of heart failure. 
Acyl-Resin Assisted Capture (Acyl-RAC) was used to purify all palmitoylated proteins from ventricular 
tissue of rats that had developed heart failure induced by aortic banding (B) and sham controls (S). 
Palmitoylated fraction (hydroxylamine-dependent) was normalised to total protein (unfractionated, 
UF) for the sodium-calcium exchanger (NCX1), the Na+/K+ ATPase α1 subunit and accessory protein 
phospholemman (PLM), the G-protein Gαi, Flotillin-2 and Caveolin-3. Palmitoylation Gαi was 
significantly decreased in hypertrophy samples (*p<0.05) and there was no significant difference or 
trend in Na+/K+ ATPase, NCX1, PLM, Caveolin-3 or Flotillin-2 palmitoylation. Statistical comparisons 
made by unpaired student’s t-test. Data is mean ±S.E.M. Samples were prepared and western blot 
performed by Dr Jacqueline Howie (University of Dundee). 

5.3.1.3 Rabbit model of heart failure induced by myocardial infarction 

The rabbit heart is highly valuable model for human cardiac function, as the 

electrophysiological profile closely resembles that of human in terms of action 

potential dynamics and expression ion transporters (Ellermann et al., 2021). In 

particular when modelling HF, the MI-induced cardiac remodelling in the rabbit 

more accurately reflects the changes in Ca2+ flux during human HF (Bers, 2002b; 

Sanbe et al., 2005). In this model, rabbits were subjected to a left anterior 

descending coronary ligation to induce an MI, followed by maintenance for 8 

weeks. The induction of the HF phenotype was confirmed via electrocardiogram 

measurements of LVEF, which was <45% in the MI group (Kettlewell et al., 2009). 

Acyl-RAC was used to determine the palmitoylation of the LTCC, NCX1, Na+/K+ 

ATPase and accessory protein PLM, Gαi and Caveolin-3 in the left ventricular 

region. Palmitoylation of NCX1 was significantly reduced in HF samples compared 

to control with a modest reduction in Gαi (p=0.095; Figure 5.5).  
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Figure 5.5. Palmitoylation of cardiac substrates in the left ventricular region of the rabbit heart 
following myocardial infarction (MI). 
Ventricular cardiomyocytes were isolated from the left ventricular (LV) region from male rabbits that 
had undergone myocardial infarction (MI) via left anterior descending coronary artery ligation at 12 
weeks of age before being maintained for a further 8 weeks. Palmitoylation of the α1c subunit of the 
L-type calcium channel (LTCC), the sodium calcium exchanger (NCX1), the Na+/K+ ATPase α1 
subunit and accessory protein phospholemman (PLM), the G-protein Gαi and assay control 
Caveolin-3 was determined by Acyl-Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction 
(hydroxylamine dependent, HA) normalised to total protein (UF). Palmitoylation of NCX1 is 
decreased in MI tissue compared to control (*p<0.05) with a modest decrease in Gαi (p=0.0950) and 
no change observed change in the Na+/K+ ATPase, PLM, LTCC or Caveolin-3. Data is mean ±S.E.M 
analysed via a student’s unpaired t-test. 

5.3.1.4 Pig model of heart failure induced by myocardial infarction 

Acyl-RAC was used to purify palmitoylated proteins from a pig model of MI-induced 

HF (and sham controls) in which pigs were subjected to left anterior descending 

artery balloon occlusion to induce a MI, followed by reperfusion and maintenance 

for 3 months (Tilemann et al., 2013). Akin to the rabbit, the pig is a more useful 

tool for modelling human cardiac function over rodents, with advantages including 

comparable heart rate and heart to body weight size to humans. The limitations 

of their use mainly lie in the advanced surgical skills required and time and cost 

associated with their maintenance. Additionally, they are prone to 

tachyarrhythmias making mortality rates high (Spannbauer et al., 2019). 

Nevertheless, in terms of HF modelling, the pathological changes in the LV post-

MI are largely reproducible, with a progressive infarct occurring over several 

weeks in the endocardial region of the heart (Dixon & Spinale, 2009). This model 

also offers the advantage over the rabbit model in that it is a model of ischaemia 

followed by reperfusion, which may more accurately reflect the human clinical 

situation (Baehr et al., 2019). Palmitoylation was assessed for the LTCC, NCX1, 
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Na+/K+ ATPase and accessory protein PLM, Gαi and Flotillin-2. There was a 

significant reduction in LTCC and NCX1 palmitoylation in post-MI samples, with a 

modest decrease in Na+/K+ ATPase (p=0.1311; Figure 5.6).  

 

Figure 5.6. Palmitoylation of cardiac substrates in a porcine model of heart failure 3 months 
post myocardial infarction (MI). 
Cardiac tissue from pigs was obtained 3 months post-MI myocardial infarction (MI) along with sham 
controls. Palmitoylation of the α1c subunit of the L-type calcium channel (LTCC), the sodium calcium 
exchanger (NCX1), the Na+/K+ ATPase α1 subunit and accessory protein phospholemman (PLM), 
the G-protein Gαi and assay control Flotillin-2 (Caveolin-3 not detected in pig tissue) was determined 
by Acyl-Resin Assisted Capture (Acyl-RAC) and palmitoylated fraction (hydroxylamine dependent, 
HA) normalised to total protein (UF). Palmitoylation of the LTCC and NCX1 is decreased in MI tissue 
compared to control (*p<0.05) with a modest decrease in the Na+/K+ ATPase (p=0.1311) and no 
change observed change in Gαi, Flotillin-2 and PLM. N=3-4 per group. Data is mean ±S.E.M 
analysed via a student’s unpaired t-test. 

5.3.2 Palmitoylation of substrates in human heart failure 

Although it has been widely reported that HF leads to altered expression and PTM 

regulation of several cardiac proteins, and despite the extensive remodelling of 

palmitoylating and depalmitoylation enzymes (Figure 5.2), there is currently no 

evidence of the extent of substrate palmitoylation in human HF. In order to 

determine whether expression or palmitoylation of cardiac proteins are changed 

in ischaemic HF, samples from the endocardium of human ischaemic HF patients 

and organ donors (details in Table 2.10) were analysed for key cardiac substrates 

including the LTCC, NCX1, Na+/K+ ATPase and accessory protein PLM, Gαi, 

Caveolin-3 and Flotillin-2. Despite variability between investigations, most often 

expression of the LTCC, the α1 subunit of the Na+/K+ ATPase, PLM and Caveolin-3 
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are found reduced in HF samples, whilst expression of NCX1, Flotillin2 and Gαi and 

are mostly found upregulated (Bossuyt et al., 2005; Feiner et al., 2011; Feldman 

et al., 1991; Hasenfuss et al., 1999; Schwinger, Hoischen, et al., 1999; Schwinger, 

Wang, et al., 1999; Soni et al., 2016; Takahashi et al., 1992). In these samples, 

only a significant reduction in the Na+/K+ ATPase was observed, with a modest 

reduction in LTCC expression (p=0.1202; Figure 5.7). Analysis of palmitoylation 

revealed a significant increase in Na+/K+ ATPase and NCX1 palmitoylation in HF 

samples (Figure 5.8). 

                                

 

Figure 5.7. Expression of cardiac substrates in organ donor and heart failure ventricular 
endocardium. 
Expression of the L-type calcium channel (LTCC),  the Na+/K+ ATPase alpha1 subunit, the sodium-
calcium exchanger (NCX1), Flotillin-2, the G-protein Gαi, Caveolin-3 and the Na+/K+ ATPase 
accessory protein phospholemman (PLM) was determined from ventricular endocardium of organ 
donor and ischaemic heart failure patients and normalised to GAPDH. Expression of the Na+/K+ 
ATPase (*p<0.05) was significantly reduced in heart failure samples compared to organ donor. There 
was no significant difference in the LTCC, NCX1, Flotillin-2, Gαi, Caveolin-3 or PLM expression. 
Statistical comparisons made by unpaired student’s t-test. Data is mean ±S.E.M. 
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Figure 5.8. Palmitoylation of cardiac substrates in organ donor and heart failure ventricular 
endocardium. 
Acyl-Resin Assisted Capture (Acyl-RAC) was used to determine the palmitoylation of the α1c subunit 
of the L-type calcium channel (LTCC), the Na+/K+ ATPase alpha1 subunit, the sodium-calcium 
exchanger (NCX1) and), Flotillin-2, the G-protein (Gαi), Caveolin-3 and the Na+/K+ ATPase 
accessory protein phospholemman (PLM) in ventricular endocardium from organ donor and 
ischaemic heart failure patients. Palmitoylated protein (HA) was normalised to total protein (UF). 
Palmitoylation of NCX1 and Na+/K+ ATPase was significantly increased in heart failure samples 
compared to organ donor (*p<0.05). There was no significance difference or trend in LTCC, Gαi, 
Flotillin-2 Caveolin-3 or PLM palmitoylation. Statistical comparisons made by unpaired student’s t-
test. Data is mean ±S.E.M. 

5.3.3 DHHC5 expression and palmitoylation in cardiac disease 

Analysis of cardiac substrate palmitoylation in animal models of cardiac 

hypertrophy and HF revealed disease was either association with unchanged or 

reduced levels of palmitoylation. In contrast, samples from human HF patients 

were unchanged or increased in levels of substrate palmitoylation. This may be 

driven by changes in fatty acid availability or changes in 

palmitoylation/depalmitoylation enzymatic regulation, especially since several of 

these enzymes are changed in expression in HF (Hahn et al., 2021). DHHC5 is one 

of the most highly expressed DHHC-PATs in the myocardium, where it has been 

reported to regulate the palmitoylation of PLM, NCX1, Gαi and Flotillin-2 (Gök et 

al., 2020; Howie et al., 2014; Li et al., 2012; Tulloch et al., 2011). DHHC5 is key 

to mediating β-adrenergic signalling and upregulated DHHC5 activity is associated 

with reperfusion injury, and therefore it was hypothesised that DHHC5 expression 

may be altered in animal models of cardiac disease and human HF (Chen et al., 

2020; Lin et al., 2013). 
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5.3.3.1 DHHC5 expression in animal models of cardiac hypertrophy 

In a mouse model of left ventricular hypertrophy that was associated with loss of 

NCX1 and Gαi palmitoylation (Figure 5.3), DHHC5 expression was significantly 

increased 2-weeks and 8-weeks after onset of hypertrophy, with a trend to 

increase after only 3 days (p=0.1056; Figure 5.9).  

 

Figure 5.9. Expression of DHHC5 is increased in mice with left ventricular hypertrophy at 2 
weeks and 8 weeks post-onset. 
Ventricular samples from mice that underwent left ventricular hypertrophy induced by pressure 
overload and sham controls were taken at 3 days, 2 weeks, 4 weeks, and 8 weeks post-onset. 
Expression of DHHC5 (normalised to loading control GAPDH) was significantly increased in 
hypertrophy samples compared to control at 2 weeks and 8 weeks post-onset (*p<0.05). Statistical 
comparisons made by unpaired student’s t-test. Data is mean ±S.E.M. Samples were prepared and 
western blot performed by Dr Jacqueline Howie (University of Dundee). 

5.3.3.2 DHHC5 expression and palmitoylation in animal models of heart 
failure 

Following the observation of increased DHHC5 expression associated with cardiac 

injury and hypertrophy, occurring as early as 2 weeks post-injury, analysis of 

expression in models of more developed ischaemic HF was completed. In contrast 

to hypertrophy models, in a rat model of HF associated with a loss of Gαi 

palmitoylation only, DHHC5 expression was unchanged (Figure 5.10). Similarly, in 

the rabbit model of MI-induced HF associated with loss of NCX1 palmitoylation, 

DHHC5 expression was unchanged (Figure 5.11). Additionally, Acyl-RAC was used 

to assess the palmitoylation status of DHHC5 which may give an indication of its 
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activity through either palmitate loading on the catalytic cysteine, or its own C-

terminal palmitoylation which has been shown to enhance its association with the 

Na+/K+ ATPase and play a role in its regulation of G-protein palmitoylation (Chen 

et al., 2020; Plain et al., 2020). In the rabbit model, DHHC5 palmitoylation was 

unchanged, however in the pig model, associated with reduced NCX1 and LTCC 

palmitoylation, DHHC5 palmitoylation was significantly reduced with a modest 

reduction in expression (p=0.0684; Figure 5.12). 

 
Figure 5.10. Expression of cell surface localised DHHC5 is unchanged in rats with cardiac 
hypertrophy and heart failure induced by aortic banding. 
Expression of DHHC5 was determined from ventricular tissue of rats that had developed heart failure 
induced by aortic banding and sham controls. Expression of DHHC5 (normalised to the experimental 
average) was not significantly increased in banded samples. Statistical comparisons made by 
unpaired student’s t-test. Data is mean ±S.E.M. Samples were prepared and western blot performed 
by Dr Jacqueline Howie (University of Dundee). 
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Figure 5.11. Expression and palmitoylation of DHHC5 are unchanged in the left ventricle of a 
rabbit model of heart failure. 
Samples were obtained from ventricular tissue of rabbits that has undergone a myocardial infarction 
and maintained for 8 weeks and stock/sham controls. Expression of DHHC5 (normalised to loading 
control GAPDH) were not significantly different between control and post-MI samples whilst 
palmitoylation DHHC5 was also unchanged. Statistical comparisons made by unpaired student’s t-
test. Data is mean ±S.E.M. 

 
Figure 5.12. S-palmitoylation and expression of DHHC5 are decreased in a pig model of heart 
failure whilst APT1 remains unchanged.  
Acyl-Resin Assisted Capture (Acyl-RAC) was used to purify all palmitoylated proteins from ventricular 
tissue of pigs 3 months post myocardial infarction (n=4) and sham controls (n=3). Palmitoylated 
fraction (hydroxylamine-dependent, HA) was normalised to total protein (unfractionated, UF). 
Palmitoylation of DHHC5 was significantly decreased in MI samples compared to sham (**p<0.01) 
with a modest reduction in expression (p=0.0684, normalised to loading control GAPDH). Expression 
of APT1 was unchanged and palmitoylation could not be detected/measured in the samples. 
Statistical comparisons made by unpaired student’s t-test. Data is mean ±S.E.M. 
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5.3.3.3 DHHC5 expression and palmitoylation in human heart failure 

Analysis of DHHC5 in cardiac tissue from animal models of disease revealed 

hypertrophy was associated with elevated DHHC5, whilst HF was associated with 

unchanged or reduced levels. Recent RNA sequencing analysis suggests DHHC5 

mRNA is significantly reduced in HFpEF, but not HFrEF. In contrast, in ischaemic 

human HF samples which classify as HFrEF, reduced levels of DHHC5 protein 

expression were observed. Additionally in these samples which were associated 

with an increase in NCX1 and Na+/K+ ATPase palmitoylation, a modest increase in 

DHHC5 palmitoylation was detected (p=0.1133; Figure 5.13). 

 

Figure 5.13. Expression of DHHC5 is decreased in human heart failure samples whilst DHHC5 
palmitoylation is modestly increased.  
Acyl-Resin Assisted Capture (Acyl-RAC) was used to purify all palmitoylated proteins from ventricular 
endocardium of ischaemic heart failure patients and organ donors. Palmitoylated fraction 
(hydroxylamine-dependent, HA) was normalised to total protein (unfractionated, UF) for DHHC5 and 
revealed a modest increase in palmitoylation (p=0.1133). There was a significant decrease in DHHC5 
expression (normalised to GAPDH, *p<0.05) in heart failure samples compared to organ donor. 
Statistical comparisons made by unpaired student’s t-test. Data is mean ±S.E.M. 
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5.4 Discussion 

The overall aim of the present study was to identify changes in substrate 

palmitoylation in the setting of human HF, with further information gained from 

studying animal models of cardiac hypertrophy and HF. Using Acyl-RAC, 

palmitoylation of the LTCC, NCX1, Na+/K+ ATPase, PLM and Gαi was measured in 

healthy and diseased samples, and expression and palmitoylation of DHHC5 was 

characterised to elucidate on the mechanisms involved.  

5.4.1 Substrate palmitoylation is reduced in animal models of 
cardiac hypertrophy and heart failure 

Cardiac hypertrophy is associated with initial compensatory changes in LV wall 

thickness to maintain systolic force against an increased after-load. Whilst this 

often occurs in the setting of aortic stenosis or hypertension in the human disease, 

it can be modelled by constricting the transverse aorta in the rodent (Rame & 

Dries, 2007). In these samples, NCX1 and Gαi palmitoylation was significantly 

reduced 8-weeks post-injury, with a modest reduction in Na+/K+ ATPase 

palmitoylation (Figure 5.3). The progression from hypertrophy to systolic HF, as 

observed in the TAC rat model and MI-induced models in the rabbit and pig, was 

generally associated with a reduction in the palmitoylation of Gαi, NCX1, LTCC 

and Na+/K+ ATPase, although this varied significantly between models (Figure 

5.4Figure 5.5Figure 5.6). In all cases, palmitoylation of PLM, Caveolin-3 and 

Flotillin-2 remained unchanged.  

NCX1 palmitoylation was the most consistently downregulated in all apart from 

the rat model. This may reflect the fact the rat relies less on NCX1 activity and 

more on SERCA2a for Ca2+ removal compared to the human and other animals 

(Hasenfuss, 1998). Loss of NCX1 palmitoylation is associated with reduced 

inactivation which would result in increased extrusion of Ca2+ in cardiomyocytes, 

although this has yet to be demonstrated in a cardiac setting (Gök et al., 2020; 

Reilly et al., 2015). Nevertheless, this reduction in response to hypertrophy may 

be as part of the protective mechanism to prevent toxic Ca2+ overload, however 

when maintained as HF progresses, would result in systolic and diastolic 

dysfunction (Kass et al., 2004).  
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Gαi was the only substrate whose palmitoylation was reduced in the rat model, 

with reduction also observed in the LV hypertrophy mouse model and a modest 

reduction in the rabbit MI model. Gαi mediates the inhibitory effects of the β-

adrenoceptors leading to reduced activation of adenylyl cyclase, PKA and 

downstream phosphorylation, and is also involved in pro-survival by buffering toxic 

effects of overactive Gs and cAMP (Daaka et al., 1997; O’Hayre et al., 2014). 

Palmitoylation is required for Gαi membrane attachment and therefore 

association with the β-adrenoceptor (Linder et al., 1993; Parenti et al., 1993). 

Loss of palmitoylation may suggest this association is reduced and may contribute 

to the chronic adrenergic desensitisation observed in HF pathogenesis 

(Lymperopoulos et al., 2013). However, interestingly, Gαi is most often reported 

to be increased in expression and activity in HF samples, although this may be as 

a pro-survival mechanism through activation of Akt rather than pathogenic 

(Kawamoto et al., 1994; O’Hayre et al., 2014). In this case, loss of palmitoylation 

may impede membrane localisation and activation of these mechanisms, 

contributing to the hypertrophic phenotype.  

Na+/K+ ATPase palmitoylation was modestly reduced in response to hypertrophy, 

but only significant reduced in the pig model. Despite limited studies on Na+/K+ 

ATPase palmitoylation, the majority of the transporters are associated with 

caveolae which is essential for their stabilisation. As palmitoylation often 

mediates caveolae localisation, it could be hypothesised that palmitoylation of 

Na+/K+ ATPase plays a role in its membrane availability (Fuller et al., 2013; 

Levental, Lingwood, et al., 2010). As such, it will be important to determine 

whether the observed loss of palmitoylation is associated with the loss of Na+/K+ 

ATPase expression and activity observed in HF (Pieske & Houser, 2003). However, 

our work suggests the only α1-subunit palmitoylation site is located immediately 

adjacent to the catalytic aspartate and therefore highly likely to be involved in 

regulating pump inhibition, although this remains to be fully characterised (Howie 

et al., 2018).  

Similarly, LTCC palmitoylation, whilst not investigated in the mouse and rat 

models, only showed significant reduction in the pig model with no change in the 

rabbit model. Despite being implicated in human HF pathology, a previous study 

utilising a similar rabbit model showed that whilst infarcted hearts had reduced 

LTCC current density, suggesting a reduction in expression at the surface, there 
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was no change in the current-voltage relationship or Ca2+ kinetics of the channel 

(Litwin & Bridge, 1997). Our unpublished work suggests loss of LTCC palmitoylation 

induces a shift in the voltage activation curve of the channel which results in 

reduced Ca2+ transient amplitude without direct effects on inactivation 

mechanisms (Kuo, et al. In revision). This may suggest that suppression of LTCC 

palmitoylation is occurring as a compensatory mechanism to protect against the 

hypertrophy associated with LTCC overactivity in HF (Keung, 1989). However, 

paradoxically reduction of LTCC current and reduced Ca2+ transients are 

associated with a compensatory neuroendocrine stimulation leading to 

hypertrophy by additional pathways (Goonasekera et al., 2012). Further work 

would elucidate whether reduced palmitoylation of cardiac substrates is occurring 

pathologically or as a compensatory mechanism. Interestingly, recent modelling 

suggests the pig and human ventricular cells have similar LTCC and NCX1 

electrophysiological profiles and therefore this may be the most suitable model to 

study changes in their palmitoylation in a disease state going forward (Gaur et al., 

2021).   

5.4.2 Substrate palmitoylation is increased in human heart failure 

End-stage ischaemic HF samples are valuable tools to understand the pathological 

pathways involved in the disease. As such, substrate expression has been widely 

reported including the LTCC, Na+/K+ ATPase, PLM and Caveolin-3, which are most 

often found reduced, whilst expression of NCX1, Flotillin2 and Gαi and are mostly 

found upregulated (Bossuyt et al., 2005; Feiner et al., 2011; Feldman et al., 1991; 

Hasenfuss et al., 1999; Schwinger, Hoischen, et al., 1999; Schwinger, Wang, et 

al., 1999; Soni et al., 2016; Takahashi et al., 1992). Analysis of HF samples in this 

study revealed only a significant reduction in Na+/K+ ATPase expression and a 

modest reduction in LTCC expression (Figure 5.7). This may be unsurprising, as 

studies of human samples frequently report contrasting results when it comes to 

expression. For example, NCX1 is often increased in HF, however a recent analysis 

of pre-clinical studies showed of 29 studies, only 14 showed an increased, 10 

showed a decrease and 5 showed no change in NCX1 expression (Sipido et al., 

2002). This may be due to differences in sampling area, as changes in NCX1 protein 

levels are reportedly different in the area close to the infarct compared to more 

remote areas of the myocardium (Yoshiyama et al., 1997). However, despite 

studies showing no change in NCX1 expression, they still observe change in activity 
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(Sipido et al., 2002). Additionally, one study suggested NCX1 expression correlates 

directly with diastolic function which may be different across HF patients 

(Hasenfuss et al., 1999). This may explain the spread of data observed in this study 

which has been observed by others (C. Piper et al., 2000). Additionally, the lack 

of expression changes may be due to the use of GAPDH as a loading control which 

itself is reportedly varied in transcript expression in response to hypertrophic 

stimuli and as such, normalisation to total protein may have been a more suitable 

approach (Winer et al., 1999).  

Nevertheless, despite no change in protein expression, NCX1 palmitoylation was 

significantly increased in HF samples, along with Na+/K+ ATPase palmitoylation 

(Figure 5.8). This was surprising considering all animal models showed reduced 

palmitoylation, although this did vary significantly between models. This may 

indicate that the increased palmitoylation in the human is a result of more 

developed decompensation compared to the animal models, or as a result of 

pharmacological intervention. Indeed, this is a major limitation of current animal 

models for HF research, as they rarely include study of novel therapeutic 

interventions in combination for current optimal clinical care, making 

translational potential challenging. With regards to the samples in this study, 

functionally increased NCX1 palmitoylation would enhance inactivation and 

reduce Ca2+ efflux which, whilst improving systolic function, would contribute to 

diastolic impairment for which NCX1 is a key mediator (Kass et al., 2004). In terms 

of the Na+/K+ ATPase, increased palmitoylation of integral membrane proteins is 

often associated with increased stability (Salaun et al., 2010; van Dolah et al., 

2011). However, as palmitoylation is calculated as palmitoylated fraction divided 

by total protein, which is reduced, it implies that the amount of palmitoylated 

Na+/K+ ATPase has not changed whilst the non-palmitoylated form is reduced. 

Therefore, palmitoylation of Na+/K+ ATPase may not be pathologically increased 

by any regulatory mechanism, rather that the palmitoylated form is less prone to 

loss as it is more stable in the membrane. This may suggest preserved 

palmitoylation may be beneficial when it comes to the Na+/K+ ATPase, however 

further work on characterisation of Na+/K+ ATPase palmitoylation functionally are 

required to inform on the therapeutic benefit.  

However, this decrease in expression, increase in palmitoylation is not the case 

for cMyBP-C (Chapter 3, Figure 3.12) or NCX1. As such, this may be reflective of 
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increased fatty acid availability or increased activity of DHHC-PATs such as DHHC5 

(discussed below). Additionally, analogous to the study of cMyBP-C, there are 

many confounding factors such as sex, history of MI, hyperlipidaemia and co-

morbidities that may influence the expression and palmitoylation of cardiac 

substrates. However due to limited sample sizes, statistically meaningful 

comparisons are challenging. Nevertheless, sex-dependent activity of NCX1 has 

been reported in pig cardiomyocytes, where no differences were detected at 

baseline, however upon HF development NCX1 current was greatly increased in 

males compared to females (Wei et al., 2007).  

5.4.3 DHHC5 expression is altered in hypertrophy and heart 
failure 

In an effort to investigate the mechanisms responsible for changes in substrate 

palmitoylation in HF, analysis of cell surface palmitoyltransferase DHHC5 was 

investigated in samples. Despite mRNA analysis suggesting DHHC5 expression 

would not be reduced in HFrEF (Figure 5.2), a significant reduction in DHHC5 

expression in these samples was observed (Figure 5.13). Interestingly, the pig 

model, arguably the most clinically relevant of those investigated, also showed a 

modest, although not significant, decrease in DHHC5 expression (Figure 5.12). In 

contrast, no change in DHHC5 expression was observed in the rat (Figure 5.10) or 

rabbit model (Figure 5.11), whilst LV hypertrophy in the mouse model was 

associated with a striking increase in DHHC5 from as early as 3-days post injury 

which was maintained over 8-weeks (Figure 5.9).  

In line with hypertrophy but conversely to the ischaemic human HF results, Miles 

et al. report significantly increased levels of DHHC5 in human HF. However, the 

samples investigated represent a mixture of ischaemic and non-ischaemic 

samples, limiting the comparison to the ischaemic samples used in this study (Miles 

et al., 2021). Additionally, our work investigating DHHC5 over-expression in rabbit 

cardiomyocytes revealed this does not lead to a direct change in substrate 

palmitoylation or in changes in contractile phenotype of ventricular cells (Main et 

al., 2022). This may suggest that long-term remodelling and changes in DHHC5 

activity, rather than solely expression, are more important in cardiac disease 

pathogenesis. However, this study represents only 24 hours of overexpression in a 

non-ischaemic setting so is limited in its comparability. Nevertheless, it will be 
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important to determine whether DHHC5 expression is changed in diseases of 

chronic hypertrophy such as HCM which are associated with hypertrophy and an 

increase LV wall thickness, in contrast to the ischaemic HF models and samples 

investigated here. 

5.4.4 DHHC5 palmitoylation may be altered in heart failure 

Interestingly, as well as changes in expression, a significant reduction in DHHC5 

palmitoylation in the pig model was observed, with a modest, although not 

significant, increase observed in human HF samples (Figure 5.13). This follows a 

similar pattern to NCX1 and the Na+/K+ ATPase suggesting palmitoylation or 

expression of all three may be being regulated by the same upstream mechanisms. 

DHHC-PATs have been frequently reported to palmitoylate each other, and a 

proximity biotinylation screen identified DHHC20 as an interactor and 

palmitoylating enzyme of DHHC5. Palmitoylation of DHHC5 C-terminal tail in 

response to adrenergic stimulation is required for its own stabilisation at the 

plasma membrane (Chen et al., 2020; Woodley & Collins, 2021). Additionally, the 

site lies in an amphipathic helix containing a binding site for DHHC5 accessory 

protein GOLGA7, which mediates its membrane localisation, and the Na+/K+ 

ATPase (Plain et al., 2020; Woodley & Collins, 2019). Increased DHHC5 

palmitoylation as observed in human HF, or reduced palmitoylation as observed in 

the pig model, may suggest increased or decreased activity of DHHC5 either 

through a change in palmitate loading into the active site or a change in DHHC20-

mediated palmitoylation.  

Additionally, other PTMs of DHHC5 may be important to consider, as 

phosphorylation of DHHC3 was associated with reduced autopalmitoylation and 

similarly phosphorylation of DHHC5 inactivates it (Hao et al., 2020; Schianchi et 

al., 2020). In contrast, O-GlycNAcylation of DHHC5 enhanced PLM association and 

palmitoylation (Plain et al., 2020; Schianchi et al., 2020). However, as the most 

well characterised partner of DHHC5 is PLM, the palmitoylation of which did not 

change in any model of in human HF samples, this may imply that DHHC5 activity 

is not increased. Additionally, like Na+/K+ ATPase, DHHC5 expression was reduced 

meaning there may be no increase in palmitoylation, rather a loss of non-

palmitoylated DHHC5, overall increasing the ratio of palmitoylated to 
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unpalmitoylated substrate. Whether this has direct functional consequences has 

not been investigated but is important to consider. 

5.4.5 Methodological considerations and future work 

A major limitation of this study is the lack of consistent results between different 

animal models making conclusions as to the importance of palmitoylation in 

cardiac disease challenging. As SERCA2a downregulation is consistently altered in 

both animal models and human HF samples, confirming the extent of the HF 

phenotype via this method may help account for the differences between the 

models.  Additionally, proteomic characterisation of palmitoylated fractions from 

HF and organ donors would give a more unbiased overview on the extent of 

palmitoylation remodelling in HF. However, as discussed in Chapter 3, whether 

the fraction of palmitoylation detected is biologically meaningful is difficult to 

distinguish in mass spectrometry results and often requires additional validation 

(Main & Fuller, 2021). 

The most consistently altered substrate was NCX1, which plays a crucial role in 

the diastolic dysfunction associated with HF. Whilst small molecule inhibitors are 

being developed, an approach targeting the XIP domain whose ability to inactivate 

NCX1 is regulated by palmitoylation or the interaction between NCX1 and DHHC5 

may provide a more selective way to regulate NCX1 function in HF therapy 

(Otsomaa et al., 2020; Pelat et al., 2021). Interestingly, although PLM 

palmitoylation did not change, this may make it a more suitable target as it is 

stably palmitoylated consistently across animal models and in humans. Inhibiting 

palmitoylation of PLM would increase the activity of the Na+/K+ ATPase, and 

recently a novel cell penetrating peptide has been designed that disrupts the 

interaction between DHHC5 and PLM to achieve this (Plain et al., 2020). However, 

if DHHC5 expression or activity are dysregulated in HF this approach may not be 

suitable. Additionally, whilst increased DHHC5 expression, although associated 

with hypertrophy, does not appear to mediate changes in substrate palmitoylation 

or cardiomyocyte contractility, assessing the consequences of loss of non-

palmitoylated DHHC5 to model what is observed in human HF will be important 

going forward. 
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Finally, it is important to consider the limitation of the use of Acyl-RAC solely in 

the characterisation of substrate palmitoylation in these samples. Whilst providing 

a robust mechanism to detect protein palmitoylation, changes in substrate 

palmitoylation in singly palmitoylated proteins are most likely to be observed 

using this capture method, as opposed to substrates with multiple palmitoylation 

sites, where the substrate will still be capture even if only one site remains 

palmitoylated. Indeed, this may be why NCX1 and Na+/K+ ATPase are most 

consistently changed, whilst PLM containing two palmitoylation sites did not vary 

in any disease state (Howie et al., 2018; Reilly et al., 2015; Tulloch et al., 2011). 

As such, substrate palmitoylation could be characterised by PEGylation, an 

adaptation of Acyl-RAC in which a 5-10kA PEG maleimide is conjugated to 

previously palmitoylated cysteine (Howie et al., 2014; Plain et al., 2020). This 

method may allow further characterisation of substrates with multiple sites such 

as PLM, however, is often limited to lower molecular weight proteins. 

5.5 Conclusion 

Overall, the results of this study indicate that cardiac disease is associated with 

changes in substrate palmitoylation, particularly that of NCX1, which is reduced 

in most animal models but increased in human HF samples, but not others, 

including PLM which is not changed in any samples investigated. Investigation of 

DHHC5 expression revealed it is markedly upregulated early in hypertrophy, 

however development of HF in both pigs and humans, but not rabbits or rats, is 

associated with a loss of DHHC5 expression. In pig and human samples, DHHC5 

palmitoylation is also reduced or increased, respectively, however whether this 

correlates to altered activity of DHHC5 remains to be determined.   
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6.1 Palmitoylation in myofilament function 

Palmitoylation has been most well characterised (and is traditionally viewed) as a 

regulatory modification for transmembrane and membrane associated proteins. 

The addition of the hydrophobic fatty acid often targets parts or the whole 

substrate to different intracellular compartments (Blaskovic et al., 2013). In this 

study, novel evidence is presented that key myofilament proteins actin, myosin 

and cMyBP-C are palmitoylated in primary cardiomyocytes, but could 

palmitoylation be involved in anchoring them to nearby membranes? The 

interaction of the myofilament with the membranes is an undiscovered field, 

particularly in cardiac tissue. Most work which has come from the study of simple 

model systems such as Caenorhabditis elegans (C. elegans) and zebrafish. C. 

elegans have a limited muscle system of thick filament M-lines and thin filament 

Z-discs, the latter of which are attached to membranes through cytoskeletal 

components such as integrins (Benian & Qadota, 2010). Interestingly, C. elegans 

express 15 DHHC-PAT orthologues and two thioesterases, with several 

palmitoylated substrates identified that have been previously characterised in 

brain tissue (Edmonds & Morgan, 2014).  In a more physiologically relevant system, 

study of striated muscle development in zebrafish also indicates the cytoskeletal 

network plays an important role in connecting the myofilament to the membrane. 

The Z-disc protein spectrin interacts with membrane localised ankyrin proteins 

which is hypothesised to stabilise the cardiac muscle membrane relative to the 

sarcomere, in particular supporting T-tubule structure (Bennett et al., 2004; 

Raeker et al., 2014). Given that palmitoylated cMyBP-C is resistant to salt 

extraction, it may well be in the vicinity of, and interacting more with, the 

insoluble structural components noted above. Additionally, loss of cMyBP-C is 

associated with cultured cardiomyocytes which undergo remodelling and loss of 

T-tubule structure (Eppenberger et al., 1994; Fearnley et al., 2011; Piper et al., 

1982).  

Considering the relatively low palmitoylation stoichiometry of myosin, actin and 

cMyBP-C (~10%) it could be hypothesised that the modification is occurring in a 

specific region of the sarcomere, such as molecules closest to the T-tubules or SR. 

Indeed, cMyBP-C has been reported to directly interact with RYR2, suggesting 

there is a population in the proximity of the SR. However, this study largely 

characterised the interaction in non-muscle cells and indicated the interaction 
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involves the C-terminus, which is usually anchored to the sarcomere, so further 

characterisation is required (Stanczyk et al., 2018). The likelihood of membrane 

attachment may be investigated by identifying other lipid modifications, such as 

prenylation and myristylation. These covalent modifications often precede 

palmitoylation, allowing weak membrane attachment and proximity to DHHC-PATs 

before palmitoylation occurs. Identifying whether these modifications occur in 

palmitoylated myofilament proteins may also elucidate whether this is an 

enzymatically regulated event (Guan & Fierke, 2011).  

Another suggestion as to the function of palmitoylation on sarcomeric proteins is 

that it is occurring as part of a trafficking mechanism involved in sarcomere 

assembly, with impaired sarcomere protein turnover associated with HF (Martin 

et al., 2021). Whilst degradation is more well understood, the process of 

replacement is lesser studied. Sarcomeric proteins have been shown to be quickly 

incorporated into the working myofilament, including actin as demonstrated by 

injection of a fluorescently labelled version which incorporated within 30 seconds 

(LoRusso et al., 1992). The process may be substrate dependent, as study of Tm 

showed regional specific replacement at the ends of the thin filament, whilst new 

TnI incorporated throughout (Michele et al., 1999; Willis et al., 2009). However, 

if palmitoylation was essential to myofilament protein trafficking, it raises the 

question as to why all sarcomeric proteins would not be palmitoylated and 

trafficked in this way. Additionally, the sarcomeric proteins identified in this study 

have a low palmitoylation stoichiometry, whilst substrates such as CD36 and H-

Ras, in which palmitoylation plays an important role in trafficking, typically have 

a high palmitoylation stoichiometry (Forrester et al., 2011; Hao et al., 2020). 

However, proteins with a high palmitoylation stoichiometry are not necessarily 

candidates for palmitoylation-dependent trafficking, as NCX1 is ~60% 

palmitoylated in cardiac myocytes but palmitoylation does not mediate its 

movement through the secretory pathway (Gök et al., 2020). Nevertheless, the 

functional impact of palmitoyl CoA treatment on myofilament Ca2+ sensitivity 

occurs in skinned preparations without the presence of membranes, so membrane 

trafficking or attachment may not be the primary mechanism by which 

palmitoylation exerts its effects. It will be important to determine whether these 

effects are replicated with an intact membrane present, as could be achieved in 

the “cut and paste” cMyBP-C mouse model (Napierski et al., 2020).  
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This spontaneous reactivity of palmitoyl CoA and direct functional effects raises 

the question as to whether cMyBP-C palmitoylation is occurring non-enzymatically 

and therefore would be difficult to modulate therapeutically (Smotrys & Linder, 

2004). Several substrates, including the DHHC-PATs themselves, are reported to 

undergo autopalmitoylation based on local acyl-CoA concentrations (Duncan & 

Gilman, 1996; Kümmel et al., 2006; Rana, Lee, et al., 2018). However, the vast 

majority of studies investigating autopalmitoylation use non-physiological 

concentrations of palmitoyl CoA, whilst the free cytosolic concentration is likely 

not in sufficient quantities for palmitoylation to occur spontaneously (Blaskovic et 

al., 2013). Even study of purified DHHC-PATs themselves only demonstrated their 

autopalmitoylation using  µM concentrations of palmitoyl CoA (Rana, Lee, et al., 

2018). For cMyBP-C palmitoylation, there are many factors that altered its 

palmitoylation that may not be explained by spontaneous palmitoylation, 

including changes during culture of primary cardiomyocytes and expression in non-

muscle cells. Furthermore, in a type-2 diabetic model associated with increased 

fatty acid availability, cMyBP-C palmitoylation levels were unchanged, whilst they 

were significantly altered in hypertrophy and HF in a manner similar to 

enzymatically regulated NCX1 and Na+/K+ ATPase. Nevertheless, generation of 

acyl-CoA and export via the MPTP is associated with cardiovascular diseases and 

may be affecting all substrates in this setting, and the use of MPTP blockers may 

indicate whether local acyl-CoA concentrations control cMyBP-C palmitoylation 

(Zhou & Tian, 2018). 

There is no doubt that identification of DHHC-PATs and thioesterases within the 

sarcoplasmic reticulum and T-tubules, and their proximity to myofilament 

proteins, will provide a valuable resource to understand the role of palmitoylation 

in myofilament regulation. This may be achieved by techniques such as proximity 

biotinylation, proximity ligation analysis (PLA) via microscopy or siRNA of DHHC-

PATs (Liu et al., 2020). Importantly, identifying whether this is an enzymatic 

process will allow the question to be addressed as to whether myofilament 

palmitoylation can be targeted therapeutically.  
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6.2 Targeting cMyBP-C PTMs as a therapeutic strategy in 
HF 

Given the overwhelming evidence that loss of cMyBP-C phosphorylation is 

detrimental to cardiac function, and preservation is cardioprotective, it may be 

surprising the lack of phosphorylation enhancing therapeutics currently in 

development (Barefield et al., 2019; Kuster et al., 2012; Sadayappan et al., 2006). 

This is largely due to the complexity in targeting individual protein 

phosphorylation sites, as kinases such as PKA target a wide variety of substrates 

with both detrimental and cardioprotective effects (Fontes-Sousa et al., 2009; 

Kwak et al., 2008; Makaula et al., 2005; Sichelschmidt et al., 2003). As such, the 

focus has largely been on developing peptides and inhibitors of the actin/myosin-

cMyBP-C interactions to reduce or improve contractility (Hou et al., 2022; Mamidi 

et al., 2021). However, these may only target one function of cMyBP-C, such as 

regulation of SRX:DRX ratio of myosin and not the changes in myofilament calcium 

sensitivity (Kumar et al., 2020). As such, there is still a great interest in harnessing 

our understanding of cMyBP-C PTM control for therapeutic benefit. This may be 

where palmitoylation may present more opportunities, with 23 palmitoylating 

enzymes and an ever-increasing number of thioesterases shown to regulate the 

modification. However, attempts to purify, crystalize and design selective 

inhibitors against DHHC-PATs have been largely unsuccessful until recently, and 

toxicity and promiscuity of inhibitors still remains an issue (Lan et al., 2021). What 

may be a more direct approach is to understand the recruitment relationship 

between a DHHC-PAT and a substrate and design a small cell-penetrating peptide 

to disrupt the interaction. This was recently achieved between the interaction of 

DHHC5 and PLM, although whether a more clinical approach can be achieved is 

still unknown (Plain et al., 2020).  

In terms of cMyBP-C, increasing its palmitoylation may be associated with reduced 

Ca2+ sensitivity of force, and therefore the question remains as to whether 

exacerbating or inhibiting cMyBP-C palmitoylation would be useful 

therapeutically. Increased myofilament Ca2+ sensitivity would contribute to 

diastolic dysfunction at high Ca2+, but at low Ca2+ could facilitate better systole. 

End-stage ischaemic HF is generally associated with increased myofilament Ca2+ 

sensitivity likely driven through changes in the phosphorylation of MLC, TnI and 

cMyBP-C, which may contribute to diastolic dysfunction and slower relaxation 
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(Schillinger & Kögler, 2003; van der Velden et al., 2003). Indeed, whilst diastolic 

dysfunction is more associated with HFpEF, it is observed in HFrEF although is 

more difficult to evaluate (Tobushi et al., 2017). Interestingly, phosphorylation of 

cMyBP-C is antagonised by high Ca2+ and it will be important to determine whether 

a similar mechanism regulates cMyBP-C palmitoylation to elucidate whether it 

may facilitate better diastolic or systolic function (Kumar et al., 2020; Previs et 

al., 2016). This may also explain why the levels of cMyBP-C palmitoylation vary 

significantly in isolated rabbit cardiomyocytes, where the contractile state of the 

tissue and exposure to Ca2+ before analysis were not controlled. Understanding the 

palmitoylation levels on a beat-by-beat basis in both systole and diastole would 

provide valuable insight, however tools to achieve this are limited. Additionally, 

in the broader picture of palmitoylation in HF, considering that cMyBP-C, NCX1, 

Na+/K+ ATPase and DHHC5 all show a similar palmitoylation profile in HF, it will 

be important to consider what factors may be influencing them all. This may 

include expression and activity of fatty acid synthase (FASN), the predominant 

source of palmitic acid, levels of which are increased in cancer (Ali et al., 2018; 

Fiorentino et al., 2008). Although lesser studied, in cardiac tissue impaired fatty 

acid metabolism is associated with end-stage heart failure. FASN over-expressing 

cardiomyocytes develop a HF-phenotype, although whether this is coupled to 

increased palmitoylation of cardiac substrates remains to be determined (Alla et 

al., 2016).  

The same question arises for cMyBP-C SUMOylation - if enhanced SUMOylation in 

the presence of adrenergic stimulation results in reduced phosphorylation and 

reduced relaxation time, would this be beneficial or detrimental? TnI 

phosphorylation is associated with reduced myofilament Ca2+ sensitivity and 

positive lusitropic effects, with levels often reduced in end-stage human HF 

(Messer et al., 2007; Wijnker et al., 2013; Zhang, Zhao, Mandveno, et al., 1995). 

Similarly, SUMOylation of TnI may indirectly reduce myofilament Ca2+ sensitivity, 

but surprisingly increased levels are observed in end-stage HF samples, although 

whether this is in combination with changes in phosphorylation is unknown (Fertig 

et al., 2022). Additionally, general SUMO1 gene transfer or increasing SUMOylation 

levels with N106 provides therapeutic benefits. Interestingly, both of these were 

associated with enhanced relaxation in a similar manner to re-expression of 

SERCA2a, suggesting the positive effects are predominantly through regulating 
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SERCA2a SUMOylation (Kho et al., 2011, 2015; Tilemann et al., 2013). This may 

indicate that SUMOylation of other proteins such as cMyBP-C and TnI does not play 

a major role in regulating relaxation. Finding a more nuanced way to target 

cMyBP-C SUMOylation specifically would help to answer that question. 

6.3 Final conclusions 

This study provides novel evidence that a new class of proteins involved in 

sarcomeric function undergo palmitoylation. Importantly, this modification 

appears to be regulatory in terms of cMyBP-C, being associated with increased 

myofilament affinity, reduced myofilament calcium sensitivity and changes in 

cardiomyocyte structure as cells are cultured. Additionally, palmitoylation of 

cMyBP-C, and other cardiac substrates including NCX1 and DHHC5, are altered in 

ischaemic HF, although whether this contributes to the cardiac dysfunction 

remains to be determined. This study also provides a prime example of the 

limitation of mutagenesis experiments in understanding PTM modifications, as 

glutathionylation and palmitoylation potentially occur on the same cysteines in 

cMyBP-C. Understanding the relationship between the two in the control of 

myofilament activity will be important going forward. Whilst SUMOylation of 

cMyBP-C was investigated in this study, revealing potentially antagonistic effects 

on phosphorylation and changes in cardiomyocyte relaxation, further 

characterisation is required to understand its relevance in the heart.  
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Chapter 7 Appendix 

 

Supplementary Figure 7.1. Percentage palmitoylation (%) examples.  
Percentage palmitoylation was calculated from palmitoylation relative to expression values as 
described in Figure 2.4. A) myosin, actin, cMyBP-C and caveolin-3 in different animal cardiac tissue 
(from Figure 3.4), B) skeletal versions of MyBP-C in neonatal rat and adult mouse skeletal tissue 
(from Figure 3.16) and C) FLAG-CMyBP-C and flotillin-2 in HEK293 cells (from Figure 3.17). Mean 
values are plotted on each bar. Data is mean ±S.E.M. 
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Supplementary Table 7.1. Myofilament proteins identified by mass spectrometry of purified 
palmitoylated proteins (Acyl-RAC) from rat ventricular tissue. 

Protein IDs and FASTA identifiers Species 
Peptides 
identified 
(n=1, 2, 3) 

Mol. 
weight 
[kDa] 

Sequence 
coverage  

(n=1, 2, 3 [%]) 
>sp|P56741|MYPC_RAT Myosin-
binding protein C, cardiac-type 

Rattus 
novegicus 

95, 97, 94 140.76 75.2, 78.9, 73.3 

>tr|G3V8B0|G3V8B0_RAT 
Myosin-7 

Rattus 
novegicus 

171, 178, 182 222.9 65.1, 67, 68 

>sp|P04692|TPM1_RAT 
Tropomyosin alpha-1 chain 

Rattus 
novegicus 

20, 17, 18 32.68 58.8, 54.2, 52.1 

>tr|Q4PP99|Q4PP99_RAT 
Cardiac troponin C 

Rattus 
novegicus 

9, 9, 10 18.42 62.7, 62.7, 62.7 

>tr|F1LQ95|F1LQ95_RAT 
Troponin T, cardiac muscle 

Rattus 
novegicus 

10, 11, 10 35.371 37.5, 36.8, 36.8 

>sp|P23693|TNNI3_RAT 
Troponin I, cardiac muscle 

Rattus 
novegicus 

7, 7, 7 24.159 37, 37, 37 

>sp|P68035|ACTC_RAT Actin, 
alpha cardiac muscle 

Rattus 
novegicus 

22, 22, 22 42.019 71.1, 70.8, 71.6 
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