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Impact statement 

The Covid-19 pandemic led to a complete closure of laboratory facilities exactly at the time 

when I was expecting to carry out important experiments for my thesis. From July, access to 

the laboratory was possible again, but with severe restrictions. Although I was generously 

awarded a paid three month extension from the British heart foundation, I still only had a 

limited amount of time in the laboratory to carry out experiments. Therefore, it was 

necessary to prioritise finishing experiments which had already been started in order to 

reach appropriate n numbers and achieve as complete a narrative as possible. Because of 

this there was not time to complete experiments which had been started or planned just 

before the restrictions came into effect.  

Planned experiments included carrying out co-sedimentation assays with the central 

domains of cardiac myosin binding protein C (cMyBP-C) and myosin to see whether the 

central domains were able to interact with myosin. This could have possibly given more 

information about whether the effect seen on ATPase rates in the presence of the central 

domains were due to interactions with the thin or thick filament systems.  

Recombinant production and purification of central domain fragments containing 

hypertrophic cardiomyopathy (HCM) linked missense mutations were also planned however 

due to the timescale involved in the optimisation of this procedure it was not possible to 

carry this out. These protein fragments would have been studied utilising techniques such as 

differential scanning fluorimetry to determine whether the mutations have an effect on 

domain stability. Furthermore, they would have been used in co-sedimentation assays in 

order to determine whether the mutations could be interfering with potential interaction 

partners.  
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These experiments would have provided more information about the functionality of the 

central domains as well as given further insight into the pathogenic mechanisms by which 

HCM-linked missense mutations cause disease.  
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Abstract 

Mutations in the sarcomeric protein cardiac myosin binding protein C (cMyBP-C) are one of 

the most common causes of hereditary hypertrophic cardiomyopathy (HCM).  cMyBP-C is 

made up of 11 immunoglobulin-like or fibronectin-like domains, designated C0-C10, and has 

been found to interact with myosin, actin and titin. The N-terminus contains binding sites 

for both actin and myosin, suggesting it plays a role in the regulation of actomyosin cross-

bridge cycling kinetics, which is the major role identified for MyBP-C. The C-terminus of the 

protein is thought to target MyBP-C to the thick filament backbone due to the fact that it 

contains binding sites for both myosin and titin. The function of the central domains (C3-C6) 

has not yet been elucidated; however the largest number of HCM-linked mutations are 

found in the C6 domain, followed by the C5 domain, intimating that this region does have an 

important functional role. The aims of this project were therefore: 

1. To elucidate the structure and functional role of the central domains of cMyBP-C. 

2. To understand the mechanism of disease of HCM-linked missense mutations in the 

C3C6 region. 

To gain a better understanding of the role of the central domains a yeast two hybrid (Y2H) 

assay was carried out to identify putative novel binding partners. Recombinantly expressed 

fragments of the central domains were also used in biochemical assays in order to 

determine whether this region could be involved in interactions with actin. Constructs 

containing HCM-linked missense mutations within the central domain region were also 

generated and western blot analysis and immunofluorescence microscopy was utilised in 

order to gain insights into possible mechanisms of disease. 
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Whilst the results of these studies identified no novel binding partners via the Y2H screen, 

there was some evidence of an interaction between the central domains and actin. 

Furthermore, biochemical assays suggested that the central region could have a role in the 

regulation of actomyosin cross-bridge cycling kinetics. Experiments utilising HCM-linked 

missense mutation containing constructs highlighted the fact that there seems to be no 

unified disease mechanism by which these mutations lead to HCM. Instead it appears that 

these mutations lead to HCM via different pathways.  

Further study of a wider range of missense mutations should therefore be carried out in 

order to inform on the function of specific regions of the protein, as well as allow for 

classification of different mutations depending on their pathogenesis to create more 

personalised methods of treatment.  
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1. Introduction 

1.1. Overview of the cardiac muscle  

The muscles in the body can be largely divided into smooth muscle, which is mainly found in 

the walls of hollow organs, and striated muscle. Striated muscle can be further separated 

into skeletal muscle, either slow or fast twitch, and cardiac muscle. Skeletal muscle is 

attached to the bones by tendons and is responsible for voluntary movement, whilst cardiac 

muscle is found solely in the heart (Hill and Olson, 2012). 

The contractile tissue of the heart is made up of cardiomyocytes. The cardiomyocyte 

consists mainly of mitochondria, 1-2 nuclei and a parallel arrangement of myofibrils which 

run along the cell longitudinally and are subdivided transversely into sarcomeres (Sequeira 

et al., 2014). The cardiomyocytes are surrounded by a membrane called the sarcolemma, 

with the sarcolemma and the sarcomere linked by components called costameres. The 

intermediate filament protein desmin acts to connect the sarcomere to organelles as well as 

maintaining the structural integrity of the cell. Unlike skeletal muscle, where each muscle 

cell is isolated from each other, cardiomyocytes are connected at the ends via specialised 

contact structures, termed intercalated discs. The intercalated discs allow the transport of 

molecules and electrical signals which are integral for the fine-tuned synchronisation of 

muscle contraction in the heart (Henderson et al., 2017). 

1.1.1. The Sarcomere 

The sarcomere, the structure of which is outlined in figure 1, is the basic contractile unit 

which is defined as the region between two Z-discs, which confer the lateral boundaries of 

the sarcomere. The sarcomere consists mainly of three filaments: the myosin containing 

thick filaments, actin containing thin filaments and the titin elastic filaments, which will be 
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discussed in further detail below. The Z-disc and its associated proteins play a structural 

role, anchoring the thin filaments via the actin crosslinker α-actinin (Maruyama and Ebashi, 

1965) and also acting as an anchor for the N-terminus of titin (Young et al., 1998). The 

regions on either side of the Z-disc are the I-bands which are bare of any myosin containing 

thick filaments, whilst the A-band is the region which extends the entire length of the thick 

filaments (Henderson et al., 2017). At the centre of the A-band is the M-band, which is 

integral to the stabilisation of the thick filament during contraction, as the thick filaments 

cross-link into the M-band via myomesin containing M-bridges. The repeating myomesin 

domains are capable of stretching 2.5x from a folded up state during contraction and 

relaxation and thus stabilise the M-band by acting like an elastic band (Pinotsis et al., 2012). 

 

Figure 1 – Basic structure of the cardiac sarcomere 
Outline of the sarcomere, the basic contractile unit of the myofibrils. The sarcomere is 

defined as the region between two Z-discs (black) and consists mainly of three filament 

systems: the thin filaments (dark blue), the thick filaments (pale blue) and the elastic titin 

filaments (green). MyBP-C (cyan) is located in the inner two thirds of the A-band in two 

groups, separated by the bare H-zone, as nine stripes 43 nm apart in the C-zone. At the 

centre of the A-band is the M-band (red), which acts to stabilise the thick filament during 

contraction. 
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1.1.2. The thick filament 

1.1.2.1. Myosin 

The thick filaments consist of myosin dimers arranged as bipolar filaments which 

interdigitate with the thin filaments. The myosin tail domains form the thick filament 

backbone whilst the myosin heads form a quasi-helical array on its surface (Reviewed in 

(Ehler, 2016)). There are 11 classes of myosins found in humans, although not all form 

filaments (Foth et al., 2006), each being composed of one or two heavy chains and several 

light chains (Ruppel and Spudich, 1996).  

Myosin class II; the basic structure of which is shown in Figure 2, are the class found in the 

sarcomeres and consist of two myosin heavy chains (MHC), two myosin regulatory chains 

(RLC) and two myosin essential light chains (ELC) (Weeds and Lowey, 1971). The MHC 

consist of a head region which is responsible for binding filamentous-actin (F-actin) and 

adenosine-5’-triphosphate (ATP), the neck region which transduces force and the variable 

tail region which mediates interactions of myosin and filament formation (Henderson et al., 

2017, Sellers, 2000). Proteolysis of class II myosins by trypsin originally produced two 

fragments which were named heavy meromyosin (HMM) and light meromyosin (LMM) 

(Szent-Gyorgyi, 1953). The HMM region was subsequently found to be further cleaved into 

subfragment 1 (S1), which is the head domain, and subfragment 2 (S2) which is the region 

between the head domain and the LMM (Mueller and Perry, 1962).  The myosin light chains 

(MLC), regulate the motor function of the MHC via binding to either the myosin lever arm or 

the ‘light chain domain’ close to the head-rod junction (Henderson et al., 2017).  
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1.1.2.2. Myosin Binding Proteins 

Myosin binding proteins are a component of the thick filament which are located in the C-

zone, in the inner two-thirds of the A-band, at a 43 nm periodicity (Bennett et al., 1986). The 

Myosin binding protein family consists of two proteins: myosin binding protein C (MyBP-C), 

which will be extensively discussed later, and myosin binding protein H, which is 

predominantly expressed in the Purkinje fibres in the heart (Alyonycheva et al., 1997). These 

proteins interact with the thick, thin and elastic filaments and are thought to be involved in 

filament assembly as well as in regulating contraction (Starr and Offer, 1978, Moos et al., 

1978, Squire et al., 2003, Furst et al., 1992, Kampourakis et al., 2014).  

Figure 2 – Basic outline of the myosin molecule 
Outline of the myosin class II molecule, dimers of which make up the basis of the thick 

filaments in the sarcomeres of striated muscle. The filaments are made up of two myosin 

heavy chains, dimers of which arrange as bipolar filaments, two regulatory light chains 

(RLC; purple) and two essential light chains (ELC; yellow). The MHC can be further divided 

into the heavy meromyosin (HMM) region which consists of the S1 or head region which 

is responsible for binding actin and ATP, the S2 which contains the neck region which 

transduces force and the light meromyosin (LMM) region. Figure adapted  from (Pfuhl 

and Gautel, 2012) 
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1.1.3. The thin filament 

The thin filaments are made up of pearlstring-like strands of F-actin molecules 

associated with tropomyosin and the troponin complex (Tardiff, 2011), outlined in figure 

3, and are anchored via alpha-actinin at the Z-disc (Ribeiro Ede et al., 2014).  

 

 

 

 

 

 

 

Figure 3 - Basic outline of the thin filament structure 
(A) Cartoon of the basic structure of the thin filaments. The thin filaments are mainly 

made up of pearlstring-like strands of globular-actin (G-actin, MW = 42 kDa) molecules 

(grey circles). Dimers of tropomyosin (MW = 33kDa; blue) lie along the length of the thin 

filaments and forms a complex with troponin, which consists of three subunits: troponin 

C (TnC, MW = 18kDa; green), troponin I (TnI, MW= 23kDa; orange) and troponin T (TnT, 

MW = 34 kDa; purple), to regulate the interaction between the thin and thick filaments 

to control actomyosin crossbridge cycling. TnC undergoes a conformational change upon 

binding of calcium, which allows it to interact with TnI. TnI has inhibitory properties and 

has been shown to block actomyosin ATPase activity in vitro. Binding of TnC to TnI allows 

the dissociation of TnI from actin, which shifts tropomyosin and allows myosin to weakly 

bind to actin. The main role of TnT is thought to be to act as an anchor for the troponin 

complex to tropomyosin. (B) cryoEM image of the thin filament and a model fitted onto 

the cryoEM density map from two different viewpoints. 12 actin subunits are shown with 

a pair of tropomyosin coiled coils and a pair of the troponin complex. (Actin = beige; 

Troponin = purple; Tropomyosin = light blue and orange. Adapted from (Yamada et al., 

2020) 

A 

B 
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1.1.3.1. Actin 

Actin is responsible for about 20% of the entire mass of striated muscle and is the major 

component of the thin filaments. In solution actin is globular (G-actin); individual molecules 

which interact to form filamentous polymers (F-actin) which appear as two long-pitch 

helically entwined pearl strings (Hanson and Lowy, 1963). These polymers are polar; with 

barbed or positive ends which insert into the Z-disc and where new actin monomers are 

incorporated and pointed or minus ends which run into the M-band (Ehler, 2018, Huxley, 

1963, Henderson et al., 2017).  

1.1.3.2. Tropomyosin 

Tropomyosin (MW = 33 kDa) is made up of two α-helical chains; dimers of tropomyosin lie 

head to tail along the length of the thin filaments and interact with the positively charged 

grooves of F-actin (von der Ecken et al., 2015), with each tropomyosin molecule binding 7 

actin monomers (Ebashi, 1980). Tropomyosin forms a complex with troponins through 

which it regulates the interactions between the thin and thick filaments and thus acts to 

control actomyosin cross-bridge cycling (Parry and Squire, 1973).  

1.1.3.3. Troponin complex 

As stated above the troponin complex acts with tropomyosin to regulate actomyosin cross-

bridge cycling. The troponin complex consists of three different subunits: Troponin C (TnC; 

MW = 18 kDa), Troponin I (TnI; MW = 23 kDa) and troponin T (TnT; MW = 34 kDa). TnC 

undergoes a conformational change upon the binding of calcium, which allows it to interact 

with TnI (McKay et al., 1997). TnI has inhibitory properties and has been shown to block 

actomyosin ATPase activity in vitro. Binding of TnC  to TnI allows the dissociation of TnI from 

actin, which shifts tropomyosin and allows myosin to weakly bind to actin (Leavis and 
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Gergely, 1984). The main role of TnT was thought to be to act as an anchor for the troponin 

complex to tropomyosin (Franklin et al., 2012, Tanokura et al., 1983), however it is thought 

to also have a role in regulating actomyosin ATPase activity, calcium sensitivity and force 

generation in the sarcomere (Willott et al., 2010, Potter et al., 1995). 

1.1.4. The elastic filament 

The elastic filament is made up of titin (also called connectin) (Maruyama et al., 1976, Wang 

et al., 1979), which is the largest known protein in the human genome (Chauveau et al., 

2014). It stretches half of the sarcomere from the Z-disc to the M-band (Fürst et al., 1988) 

and as such is important for the stability of the sarcomere. Titin has multiple different 

binding partners spanning along the length of the molecule.  

Titin’s N-terminus anchors the protein into the Z-disc and also contains binding sites for 

multiple proteins including actin (Linke et al., 1997), α-actinin (Young et al., 1998), 

tropomyosin (Raynaud et al., 2004) and obscurin (Young et al., 2001) suggesting an 

involvement in supporting the structure of the sarcomere. Furthermore, it is thought to 

contain binding sites for calpain, suggesting it also plays a role in mechanosensing, as 

calpain is thought to be involved in the sarcomere stretch response, although it is 

predominantly expressed in skeletal muscle (Ojima et al., 2007, Raynaud et al., 2005).  

The region of titin corresponding to the I band contains the PEVK region, which consists of 

almost 70% proline (P), glutamic acid (E), valine (V) and lysine (K) residues, and is the main 

source of the elastic properties of titin (Labeit and Kolmerer, 1995). As such this region is 

one of the key components for passive tension, which is the lengthening of muscle in the 

absence of contractile force and is necessary for response to any changes in the mechanical 

demand (Trombitas et al., 2000).  
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The A-band region of titin links titin to the thick filament via binding sites for both MyBP-C 

and the myosin tail domains (Soteriou et al., 1993, Houmeida et al., 1995). This region of 

titin is composed of super repeats of seven fibronectin type III and four immunoglobulin like 

domains (Soteriou et al., 1993), with eleven of these super repeats corresponding to the 

thick filament repeats which is thought to confer the periodicity of myosin and MyBP-C in 

the C-zone (Freiburg and Gautel, 1996, Bennett et al., 2020). The M-band region of titin 

contains the titin kinase domain and is involved in signalling (Lange et al., 2005) as well as 

interacting with myomesin, stabilising titin in the thick filament (Obermann et al., 1995).  

1.1.5. Muscle contraction 

The ‘sliding filament theory’ was first put forward in 1954 in order to hypothesise how 

muscle contraction occurs (Huxley and Niedergerke, 1954, Huxley and Hanson, 1954). This 

theory states that contraction is driven by the sliding of the thin filaments along the thick 

filaments. Depolarisation of the cardiac cell membrane causes activation of L-type voltage 

operated calcium channels in the T-tubules leading to an influx of Ca2+. Ca2+ then binds to 

and activates ryanodine receptor channels in the sarcoplasmic reticulum leading to a 

calcium-induced calcium release causing an increase in cytosolic Ca2+ (Eisner et al., 2003) 

(Figure 4). 
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Ca2+ then binds troponin C leading to conformational changes in troponin I and troponin T 

and ultimately tropomyosin. This causes a transition from a ‘blocked’ to ‘closed’ state of 

tropomyosin exposing myosin-binding sites on actin. The myosin head, with adenosine 

diphosphate (ADP) and inorganic phosphate (Pi), can then interact with the exposed actin 

binding sites causing a change to the ‘open’ state of tropomyosin (Boussouf and Geeves, 

2007) and exposing neighbouring myosin-binding sites allowing cooperative binding of 

further myosin heads (Craig and Lehman, 2001, Trybus and Taylor, 1980). This is followed by 

release of Pi and the ‘working stroke’, causing shortening of the sarcomere and/or force 

Figure 4 – Scheme of the excitation contraction coupling in the cardiac 

muscle 
Overview of the excitation contraction coupling which occurs in the cardiomyocytes. 

Following depolarisation of the cardiac membrane, L-type voltage operated calcium 

channels in the T-tubules are activated. This leads to an influx of Ca2+ which bind to 

ryanodine receptors (RyR) on the sarcoplasmic reticulum (SR) causing calcium-induced 

calcium release and an increase in cytosolic Ca2+. This Ca2+ then binds to the 

tropomyosin-troponin complex leading to conformational changes which allows 

formation of actomyosin crossbridges. From (Bers, 2002).  
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development. ATP then binds to the myosin head causing detachment from actin, the ATP is 

then hydrolysed by myosin, allowing the cycle to restart (Lymn and Taylor, 1971, Huxley, 

1957) (Figure 5).  

 

Figure 5 – Basic scheme of the process of muscle contraction 
Myosin binding sites on actin (white & grey circles) are blocked by tropomyosin (light 

blue lines); myosin heads are sequestered to the surface of the thick filament (dark 

blue). Following depolarisation of the cardiac cell membrane there is an influx of Ca2+ (1). 

Calcium binds to troponin C (green) causing conformational changes in troponin I 

(orange) and troponin T (purple). This causes a conformational change to tropomyosin 

and exposes the myosin binding sites on actin allowing the myosin heads to bind to actin 

along with adenosine diphosphate (ADP) and inorganic phosphate (Pi) (2). The ‘working 

stroke’ then occurs causing shortening of the sarcomere (3). Adenosine triphosphate 

(ATP) then binds to the myosin head causing detachment from actin (4), the ATP is 

hydrolysed by myosin (5), allowing the cycle to restart.  
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Activation of the thin filament, as mentioned above, occurs via calcium binding to troponin 

leading to a structural change in tropomyosin. However, the thin filaments are not activated 

fully by calcium alone; myosin is also required for full activation. It has been shown that 

binding of myosin to the thin filament propagates further myosin binding by generating 

local fully active regions or “regulatory units”. Experiments suggest that two myosin heads 

are required in order to activate the regulatory unit on the thin filament, following which 

further myosins can bind to a total of 11 myosins per regulatory unit. These units have been 

shown to fuse to create larger regions of activation and it is thought that with sufficient 

levels of both calcium and myosin present, these regions would grow and lead to the entire 

thin filament being activated. Once myosin and calcium can no longer sustain the thin 

filament in its active state, activation was seen to “catastrophically collapse”, deactivating 

the thin filament (Desai et al., 2015).  

Whilst the fact that the thin filaments are not able to be fully activated by only calcium but 

also require myosin is generally accepted, further detail about the regulation of the thin 

filaments has proved more controversial. Theories on the regulation of the thin filaments 

can broadly be separated into two different models: the two-state model and the three-

state model. 

The two-state model was originally put forward by Hill et al. in 1980 (Hill et al., 1980) and 

was subsequently further developed by Chalovich and Eisenberg (Chalovich and Eisenberg, 

1982). This model suggested that the thin filament could exist in two states: an inactivated 

state with weaker binding affinities for myosin or an activated state with tighter myosin 

binding affinity (Hill et al., 1980). This model has more recently been added to by Heeley et 

al. (Heeley et al., 2019) who have carried out experiments measuring the rate of release of 
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Pi from myosin crossbridges in the presence of actin. These experiments found that the 

release of Pi was accelerated by actin and that the degree of acceleration was dependent on 

both the presence of Ca2+ and myosin heads being tightly bound. This led to the group 

putting forward a model in which actin is either active and able to promote the release of P i 

from myosin or inactive and unable to promote Pi release, with both Ca2+ and myosin being 

able to bind both these states of actin and rebalance the equilibrium toward the active state 

(Heeley et al., 2019). 

The three-state model of thin filament regulation was put forward by McKillop and Geeves 

in 1993 (McKillop and Geeves, 1993) and states the thin filament can be in three different 

states: the blocked state, the closed or calcium-induced state and the open or myosin 

induced state. In the blocked state the thin filament is unable to bind to the myosin head, 

with the majority of the myosin binding sites on actin being blocked by tropomyosin. When 

the thin filaments are in the closed state they can only bind the myosin head weakly, with 

Ca2+ removing the interaction between TnI and the actin-tropomyosin complex, allowing 

tropomyosin to revert to its most favourable binding sites on actin and exposing the 

majority of the myosin binding sites on actin. In this state the binding of myosin to actin is 

limited as complete binding is blocked by tropomyosin. In the open state, the myosin head 

can both bind and undergo isomerisation to a more strongly bound rigor-like conformation 

(McKillop and Geeves, 1993, Geeves et al., 2019).  

Whilst the experiments by Heeley et al. showed that strong binding of the myosin heads 

alone was unable to fully activate the thin filament contrary to the three-state model 

(Heeley et al., 2019), the two-state model has a lack of structural support. The three-state 

model on the other hand is supported by multiple structural studies which have identified 
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the existence of three structural states of the thin filaments (Lorenz et al., 1995, Vibert et 

al., 1997, Poole et al., 2006, Bershitsky et al., 2017). 

Whilst the above focuses on the activation state of the thin filament in regulating muscle 

contraction, it is also important to consider the regulation of the thick filament. As there is 

no protein equivalent to tropomyosin which is capable of blocking the binding of all of the 

myosin heads to actin, it is hypothesised that the “off” state of the thick filament is achieved 

via a so called interacting heads motif (IHM) in which two myosin heads form an asymmetric 

structure with one head, termed ‘blocked’, sterically blocked from binding to actin by the 

other head, termed the ‘free’ head as its actin-binding activity is not blocked but its ATPase 

activity is inhibited. This IHM structure has been shown to be present in native thick 

filaments of tarantula striated muscle (Woodhead et al., 2005) and mouse cardiac muscle 

(Zoghbi et al., 2008), as well as in isolated myosin molecules from several different species 

and different types of striated muscle (Jung et al., 2008a, Jung et al., 2008b).  

Multiple protein-protein interactions of myosin with itself and other proteins 

(intramolecular head-head and head-tail, intermolecular interactions, MyBP-C and titin) are 

thought to form a helical lattice stabilising the myosin heads on the thick filament surface 

(Irving, 2017).  In this conformation the myosin heads are unable to bind to actin or 

hydrolyse ATP (Hooijman et al., 2011, Stewart et al., 2010). Because of this the IHM has 

been proposed to be the structural state of the so called super-relaxed state (SRX) of muscle, 

which is a biochemical state where the ATPase state of the myosin heads is supressed and 

there is a lower population of heads capable of generating force (Hooijman et al., 2011, 

McNamara et al., 2016, Naber et al., 2011). Disruption of the SRX state leads to formation of 

the disordered relaxed state (DRX) where the myosin heads are released from the thick 
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filament backbone and are available to bind actin (Myburgh et al., 1995, McNamara et al., 

2017). The IHM state is known to be destabilised upon the phosphorylation of the RLC which 

forms part of the myosin head (Alamo et al., 2008), with studies showing that RLC 

phosphorylation enhances active force, increases calcium sensitivity and alters the thick 

filament structure with myosin head domains becoming more perpendicular to the thick 

filament axis, leaving the helical folded off state. This structural change to the myosin heads 

was also shown to occur in unphosphorylated myosin head domains when neighbouring 

head domains were phosphorylated, suggesting that signalling occurs between the head 

domains (Kampourakis et al., 2016).  

Another way in which it is thought that the thick filament is regulated is via 

mechanosensing, as it has been shown that the thick filaments can be switched on by 

mechanical stress independent of the calcium state (Fusi et al., 2016, Linari et al., 2015).  

It is very probable that the regulation of the thin and thick filaments are interconnected and 

one such protein which could act as a mediator between the two systems is MyBP-C (Irving, 

2017). As will be discussed in further detail later, the N-terminus of MyBP-C is capable of 

binding both the thin and thick filaments (Luther et al., 2011, Shaffer et al., 2009), and it is 

thought that binding to the thin filament stabilises them in their ‘on’ state, whilst binding to 

the thick filament stabilises it in the ‘off’ state (Kampourakis et al., 2014).  
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1.2. Myosin binding protein C 

MyBP-C was first detected in 1973 as an impurity in preparations of skeletal muscle myosin 

(Offer et al., 1973), which suggested it had myosin binding properties. However, it was 

subsequently found to also bind to actin and titin (Freiburg and Gautel, 1996, Moos, 1981, 

Moos et al., 1978, Yamamoto, 1986).  

Three isoforms of MyBP-C have been identified: slow skeletal, encoded by MYBPC1 on 

chromosome 12, fast skeletal, encoded by MYBPC2 on chromosome 19, and cardiac MyBP-C 

(cMyBP-C), encoded by MYBPC3 on chromosome 11 (Weber et al., 1993, Carrier et al., 

1997). All three isoforms consist of seven immunoglobulin (Ig)-like domains and three 

fibronectin (FN)-like domains, designated C1-C10, a proline-alanine (Pro-Ala) rich region 

before the C1 domain and a linker region between the C1 and C2 domains termed the M-

motif.  

The cardiac isoform (cMyBP-C), which is shown in figure 6, shows high amounts of similarity 

with the skeletal isoforms (54.4% identity with fast skeletal and 52.4% with slow skeletal) 

(Weber et al., 1993, Yasuda et al., 1995). However, it does differ from the skeletal isoforms 

with an additional Ig-like domain at the N-terminus, termed C0, a nine residue insertion in 

the M-motif including four putative phosphorylation sites and an additional 28 amino acids 

in the C5 domain (Freiburg and Gautel, 1996, Gautel et al., 1995, Yasuda et al., 1995). 
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1.2.1. MyBP-C structure 

 

So far structural studies of the full length of the cMyBP-C protein have not been carried out, 

due to the size and flexibility of the protein however, rotary shadowing electron microscopy 

has been able to elucidate information about the overall structure of the cMyBP-C 

molecules (Previs et al., 2016). These experiments showed that some molecules exhibited a 

V-like conformation, which has also previously been seen for the skeletal isoform of MyBP-C 

(Bennett et al., 1985) and chicken cMyBP-C (Hartzell and Sale, 1985), whilst other molecules 

showed a second hinge point. These hinge points are thought to be located in the M-motif 

and near to the C5 domain, either between the C4 and C5 domains or the C5 and C6 

domains. The former is hypothesised to have a role in altering the interaction of the N-

terminal domains with actin or myosin, whilst the latter may be required for extension of 

cMyBP-C away from the thick filament (Previs et al., 2016).  

Figure 6 – Structure of cMyBP-C  
Three isoforms of Myosin binding protein C have been identified: slow skeletal, fast 

skeletal and cardiac. All three isoforms consist of the same basic structure of 

immunoglobulin-like (octagon) or fibronectin-like (hexagon) domains termed C1-C10, a 

proline-alanine rich domain and an M-motif. The cardiac isoform differs from the skeletal 

isoforms with an extra N-terminal domain, termed C0, a 28 amino acid insert in the C5 

domain and an additional 9 residues in the M-motif, including putative phosphorylation 

sites (shown in gold). The N-terminus is thought to contain binding sites for the myosin 

regulatory light chain, the S1-S2 hinge and the S2 fragment as well as actin. The C-

terminus binds light meromyosin and titin, as well as being important for the proper 

incorporation into the sarcomeric A-band. 
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The structure of individual domains C0, C1, C2, C5 and parts of the M-motif have been 

resolved (Ratti et al., 2011, Ababou et al., 2008, Ababou et al., 2007, Idowu et al., 2003, 

Howarth et al., 2012, Govada et al., 2008), as well as studies being carried out using small-

angle X-ray scattering (SAXS) to analyse the N-terminal C0-C2 domain organisation (Jeffries 

et al., 2008, Nadvi et al., 2016) as well as various different fragments spanning the C0-C4 

domains and the C5-C7 domains (Jeffries et al., 2011).  

These structural studies have confirmed N-terminal myosin binding sites, with C0 proven to 

bind the myosin RLC (Ratti et al., 2011), whilst a binding site for C1 was found in the 

immediate vicinity of the S1-S2 hinge (Ababou et al., 2008). Furthermore, the C2 domain 

was found to have a similar structure to the protein telokin, which is a myosin binding 

fragment of the myosin light chain kinase and also binds myosin S2 with low affinity but high 

specificity (Ababou et al., 2007).  

Structural studies have also indicated that the M-motif consists of two subdomains, a largely 

disordered and flexible N-terminal region containing three of the putative phosphorylation 

domains and an ordered and folded C-terminal region which possibly contains the actin 

binding site (Howarth et al., 2012).   

Molecular dynamics simulations have also been carried out on the C1 domain revealing the 

formation of a potential binding pocket when MyBP-C undergoes mechanical force such as it 

would be subjected to during muscle contraction. This raises the possibility that other 

domains could also contain binding pockets that are only formed under mechanical strain 

seen in situ (Tiberti et al., 2019).  
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Structural analysis of the C5 domain of cMyBP-C is of particular interest, due to the cardiac 

specific inserts found in this domain. Studies have shown that two inserts are present in the 

cardiac isoform: one in the linker region between the C4 and C5 domain, which is thought to 

be required for correct folding of the C5 domain, whilst the second is an elongation of the 

CD loop of the C5 domain, which was found to be unstructured and may explain the 

decreased stability of the C5 domain compared to other domains of the protein (Idowu et 

al., 2003). 

1.2.2. Localisation of MyBP-C in the sarcomere 

MyBP-C is localised to the inner two thirds of the A-band of the sarcomere, termed the C-

zone. MyBP-C appears as seven or nine transverse stripes, for the skeletal and cardiac 

isoforms respectively, spaced roughly 43nm apart. This periodicity indicates it localises to 

each third level of myosin heads (Craig and Offer, 1976) with this limit possibly being set by 

the presence of titin; as it is thought that two out of three of the myosin binding sites of 

MyBP-C in the C-zone are blocked by the 6 titin molecules located within each half thick 

filament (Liversage et al., 2001, Bennett et al., 2020, Freiburg and Gautel, 1996). Various 

models for the three dimensional sarcomeric organisation of MyBP-C have been proposed, 

with the two main models being a linear or collar-like arrangement which are shown in 

figure 7.  

The collar model arose from yeast two-hybrid (Y2H) studies that indicated an interaction 

between the C5 and C8 and C7 and C10 domains, implying an interaction between C5C6C7 

and C8C9C10 in a staggered parallel arrangement that encircles the thick filament backbone 

(Moolman-Smook et al., 2002).  
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On the other hand, both X-ray pattern modelling (Squire et al., 2003) and electron 

microscopy (EM) of negatively stained cardiac thick filaments (Al-Khayat et al., 2013, Zoghbi 

et al., 2008) suggests the C-terminal domains (C8-C10) are arranged linearly along the thick 

filament, supporting the linear model. Furthermore, results from a study using domain-

specific immune-EM were also inconsistent with the collar model (Lee et al., 2015). 

 

Figure 7 - Proposed models of the 3-dimensional sarcomeric 

organisation of Myosin binding protein C 
Two different 3-dimensional sarcomeric organisations of myosin binding protein C 

(MyBP-C) have been proposed: the linear conformation (left) and the collar 

conformation (right). The linear conformation, based on studies utilising X-ray pattern 

modelling and electron microscopy, states that the four C-terminal domains (C7-C10) lay 

linearly along the thick filament backbone. The collar model is based on yeast two hybrid 

studies that found an interaction between the C5 and C8 domains and the C7 and C10 

domains leading to the hypothesis that the C5-C7 domains bind to the C8-C10 domains 

in a staggered parallel manner to encircle the thick filament. Figure modified from 

(Moolman-Smook et al., 2002, Squire et al., 2003) by (Oakley et al., 2004) 
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1.2.3. Binding partners of MyBP-C 

As the name suggests, MyBP-C binds to myosin, with binding sites for the LMM in the C10 

domain (Okagaki et al., 1993), and sites for the myosin S2 and myosin RLC in the N-terminal 

C0-C2 region (Gruen and Gautel, 1999, Ratti et al., 2011). MyBP-C has also more recently 

been shown to bind to S1 myosin, with microscale thermophoresis experiments showing 

that MyBP-C bound a shortened version of S1 which did not contain the RLC. The precise 

domains involved in this interaction were not fully elucidated, however they did show that 

binding was 2x weaker for a fragment containing only the C0-C2 domains of MyBP-C 

compared to the full length protein, suggesting binding was not solely due to the N-terminal 

domains (Nag et al., 2017).  

The C-terminus of MyBP-C (C8-C10) has also been shown to contain a binding domain for 

titin (Freiburg and Gautel, 1996). The interaction with titin, along with binding to the LMM, 

is thought to be responsible for anchoring MyBP-C to the backbone of the thick filament 

(Okagaki et al., 1993, Freiburg and Gautel, 1996).  

It was subsequently found that MyBP-C was also able to bind actin, with studies showing an 

interaction with F-actin, isolated thin filaments and the I-bands of sarcomeres (Moos, 1981, 

Moos et al., 1978, Yamamoto, 1986), with possible binding sites in the M-motif (Bezold et 

al., 2013), the C0 domain (Kulikovskaya et al., 2003a, Lu et al., 2011, Orlova et al., 2011, 

Whitten et al., 2008), the Pro-Ala rich region (Squire et al., 2003) and the C1 domain 

(Bhuiyan et al., 2012, Shaffer et al., 2009). This binding of MyBP-C to actin has been shown 

to occur not only in vitro but also in intact skeletal muscle cells under resting conditions 

utilising electron tomography (Luther et al., 2011). 
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Calmodulin has also been found to interact with MyBP-C and it is thought to regulate 

binding and unbinding of MyBP-C to the myosin S2 fragment, either by initiating 

phosphorylation of MyBP-C via Ca2+-dependent calmodulin kinase II (CaMKII) or 

phosphorylation of the RLC by myosin light chain kinase (MLCK) (Lu et al., 2012).  

MyBP-C is also known to bind four and a half LIM protein 1 (FHL1) and is required for 

incorporation of FHL1 into the thick filament. (McGrath et al., 2006). FHL1 has been shown 

to activate downstream signalling pathways and acts as a mechano-sensor in the 

physiological regulation of the response to hypertrophic stress (Sheikh et al., 2008), 

implicating MyBP-C may also have a mechanosensory role. 

The formin Fhod3 has been shown to strongly bind cMyBP-C, and this interaction has been 

shown to be required for the localisation of Fhod3 to the C-zone (Matsuyama et al., 2018). 

Fhod3 is known to have a key role in regulating the assembly of actin (Ushijima et al., 2018, 

Iskratsch et al., 2010). 

1.2.4. Function of MyBP-C 

cMyBP-C is thought to be key for normal cardiac muscle contraction, with studies showing 

its involvement in cardiac stress pathways (Sadayappan and de Tombe, 2012), whilst 

mutations in the gene which encodes cMyBP-C (MYBPC3) cause hypertrophic 

cardiomyopathy (HCM) (Harris et al., 2011). Studies carried out using knock-out (KO) mouse 

models, which will be discussed more extensively later, also show impairment in cardiac 

function (Harris et al., 2002), with these KO mice being viable but showing an abnormal 

sarcomere structure and ultimately developing HCM at about three months of age (Carrier 

et al., 2004).  
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MyBP-C is thought to be involved in myofilament assembly, as it has been shown that when 

purified myosin polymerises in vitro with MyBP-C the thick filaments are seen to be slightly 

longer and more regular than in the absence of MyBP-C (Koretz, 1979, Davis, 1988). 

Furthermore, when MyBP-C is present the concentration of myosin required for 

polymerisation is decreased suggesting MyBP-C may regulate the assembly of the thick 

filaments (Davis, 1988). Truncated forms of MyBP-C that lack the myosin binding domain 

have also been shown to inhibit myofibrillogenesis (Gilbert et al., 1996). Lastly, the timing of 

the appearance of MyBP-C during myofibrillogenesis, which has been shown to occur 

relatively late (Schultheiss et al., 1990, Rhee et al., 1994), first being detected as nascent or 

non-striated myofibrils transform into mature myofibrils, indicate it may have a role in the 

assembly of the myofilaments (Rhee et al., 1994, Lin et al., 1994, Gilbert et al., 1996). 

These experiments were, however, carried out using in vitro methods, and as mentioned KO 

mouse models have shown that the presence of cMyBP-C is not necessary for viability 

(Harris et al., 2002, Carrier et al., 2004). Therefore, the role of cMyBP-C in myofibrillogenesis 

in vivo may be of less significance than these findings suggest.  

The major known role for MyBP-C is its regulation of cross-bridge cycling; by maintaining the 

normal structures of the myosin and actin filaments, regulating the myosin and actin 

interaction rate and modulating the myosin ATPase activity (Ackermann and Kontrogianni-

Konstantopoulos, 2011). However, the molecular details of cMyBP-C’s regulatory role during 

the cardiac cycle are still being debated.  

It has been shown that the N-terminal region of MyBP-C is able to bind both the thin and 

thick filaments with equal affinity (Shaffer et al., 2009, Luther et al., 2011) and this ability to 

interact with both systems would allow it to be key in regulating the actomyosin cross-
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bridge cycling. Multiple studies have shown that the N-terminal domains of MyBP-C 

increase calcium sensitivity of tension and filament sliding speed (i.e. activate the thin 

filament) when Ca2+ levels are sub-maximal, whilst when the filaments are maximally 

activated the N-terminus leads to a decrease in sliding velocity (Harris et al., 2004, Herron et 

al., 2006, Razumova  et al., 2008, Razumova et al., 2006b). The precise regions within the N-

terminus that are necessary for these effects are however under debate, with one study 

showing the C1 and M domains were effective at activating force in the absence of Ca2+ 

(Razumova  et al., 2008) whilst another study suggested that the pro-ala rich region was the 

critical region for activation (Herron et al., 2006). These differences could be due to species 

differences that occur in the sequences of the N-terminal region, as the mouse and human 

sequences were utilised in the different studies respectively (Razumova  et al., 2008, Herron 

et al., 2006). 

The binding of MyBP-C to the S2 fragment of myosin has been suggested to lead to a 

restriction of cross-bridge formation by inhibiting the outward movement of myosin head 

domains towards the thin filament (Starr and Offer, 1978), whilst another study states that 

MyBP-C connects the S2 fragment to the LMM acting as a drag on the cross-bridge cycling 

(Hofmann et al., 1991). Furthermore, the N-terminal domains of cMyBP-C have been shown 

to have an inhibitory effect on myosin ATPase activation by actin at high concentrations, 

whilst at low levels they activate the ATPase activity (Belknap et al., 2014). MyBP-C is also 

thought to have a role in controlling the number of myosin heads available as it has been 

found, amongst other factors including the phosphorylation of the RLC, to move myosin 

from a so called SRX state where the myosin heads are bound to the thick filament 

backbone in a supressed ATPase “off” state with a lower population of heads capable of 



43 
 

generating force (Hooijman et al., 2011, McNamara et al., 2016, Naber et al., 2011), into the 

DRX state where the myosin heads are not bound to the thick filament backbone and are 

available to weakly bind actin (Myburgh et al., 1995, McNamara et al., 2017). One way in 

which MyBP-C may achieve this is through its interaction with myosin S1, as it has been 

proposed that binding of a protein, possibly MyBP-C, to a relatively flat surface of the 

myosin head termed the myosin mesa could act to hold the myosin heads in their inactive 

form (Spudich, 2015). 

Other studies have used structural evidence to propose a model of MyBP-C binding to the 

thin filament in positions which overlap with binding sites for the myosin heads and 

sterically clash with tropomyosin binding when in the low Ca2+ state (Whitten et al., 2008, 

Mun et al., 2011). Further studies using cMyBP-C have shown that these effects are 

dependent on the specific domains, with the longer C0-C3 fragment being able to displace 

tropomyosin and increase the thin filaments sensitivity to Ca2+ whilst shorter C0C1 and C0C1 

with the first 17 residues of the M-motif were only capable of binding the thin filament 

without having any effect on Ca2+ sensitivity (Mun et al., 2014, Inchingolo et al., 2019). It has 

also been suggested that this binding of the N-terminus of cMyBP-C to the thin filaments 

occurs in two different manners depending on the calcium state. At low Ca2+ concentrations, 

it has been shown that the N-terminus binds weakly and diffuses from actin monomer to 

monomer until specific binding sites are found which allow for cMyBP-C to bind tightly 

allowing it to shift tropmyosin to its closed position to activate the thin filaments. At high 

concentrations of Ca2+, when calcium binding to troponin has already shifted tropomyosin 

to its closed position, it is thought that the N-terminus can compete for myosin binding via 

tight binding to the thin filament (Inchingolo et al., 2019).  
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The studies mentioned above suggest the possible role MyBP-C may have on either the thick 

filament or thin filament in isolation. However the fact that, as mentioned before, the N-

terminus is capable of binding both thick and thin filaments with equal affinity (Shaffer et 

al., 2009, Luther et al., 2011) would suggest it may have a regulatory effect on both systems. 

One study has shown that when it binds to the thin filaments it causes stabilisation of the 

thin filaments ‘on’ state, whilst binding to the thick filament stabilised it in its ‘off’ state, in 

which the myosin heads are folded back and unavailable to interact with actin (Kampourakis 

et al., 2014). Structural models posit that the N-terminus of MyBP-C extends away from the 

thick filament towards the thin filament (Squire et al., 2004, Moolman-Smook et al., 2002). 

This along with data from SAXS which shows the C0-M-C1-C2 fragment has a sufficient 

dimension to span the interfilament distance, presents evidence that MyBP-C is capable of 

interacting with both the thin and thick filaments and thus modulate actomyosin cross-

bridge cycling (Jeffries et al., 2008).  

A more recent study which utilised the high resolution microscopy technique stochastic 

optical reconstruction microscopy (STORM) suggested that the N-terminus of MyBP-C was 

biased toward binding to the thin filament in both relaxed and active muscle preparations 

and that it could bind to the myosin heads but only when the head was in close proximity to 

the thin filament. The data indicated that under conditions were the myosin heads 

appeared to be stabilised along the myosin filament surface as little as 10% of N-terminal 

MyBP-C was bound to the thick filament. This suggests that if MyBP-C is involved in 

regulating the SRX state possibly by stabilising the IHM, either a very small fraction of the 

protein is involved or other regions of the protein, such as the central domains, have a role 

in this stabilisation (Rahmanseresht et al., 2021). 
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Although a lot has been elucidated about the role MyBP-C plays, there is still a long way to 

go in order to fully understand its intricate function. Limitations of findings include the fact 

that many studies utilise isolated fragments and therefore do not take into account the 

stoichiometry and spatial constraints of the sarcomere. Furthermore, the entire process 

seems to be an intricate web including multiple different protein interactions which may 

have to occur in specific order or under specific conditions, therefore it is very difficult to 

obtain a clear overall picture of MyBP-C’s regulatory role. 

One method which attempts to overcome the limitation of the lack of spatial constraints 

seen in many in vitro methods is the recently developed “cut and paste” mouse model by 

the Harris group (Napierski et al., 2020) in which the C0C7 domains can be removed in situ 

and replaced with either recombinantly expressed C0C7, phosphorylated C0C7 or subsets of 

the domains. This study showed that, in line with other experiments, removal of the N-

terminal domains led to a decrease in myofilament calcium sensitivity (Belknap et al., 2014, 

Razumova  et al., 2008, Razumova et al., 2006a) and an acceleration of cross-bridge cycling 

kinetics (Korte et al., 2003, Stelzer et al., 2006). This was reversed following addition of 

recombinant C0C7, but the effect on the calcium sensitivity of the myofilaments was 

blunted when phosphorylated C0C7 was added, again corroborating previous data, which 

will be described more fully later, suggesting phosphorylation of MyBP-C desensitises the 

myofilaments to calcium (Gresham and Stelzer, 2016, Colson et al., 2012).  

The study also discovered that absence of the N-terminal domains led to sustained 

spontaneous oscillatory contractions (SPOC), which are defined as alternating cycles of slow 

sarcomeric shortening followed by rapid relaxation and sarcomeric re-lengthening in the 

absence of other cyclic changes such as release of calcium from the sarcoplasmic reticulum 
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(Wolfe et al., 2011). These are thought to be advantageous under periods of increased 

ionotropic drive in order to increase energetic efficiency. However, dysregulation could 

contribute to the dysfunction and arrhythmogenesis seen in HCM patients with cMyBP-C 

haploinsufficiency (Napierski et al., 2020). This study went on to see whether the first four 

domains (C0C2) of cMyBP-C would be sufficient to reverse the functional effects seen 

following removal of C0C7. It was seen that the C0C2 increased the calcium sensitivity and 

eliminated SPOC but did not reverse the acceleration of crossbridge cycling kinetics. This 

suggests that whilst the C0C2 domains are sufficient to confer most of the effects of cMyBP-

C on force, the C3C7 domains may also be involved in the regulatory role of the protein on 

cross-bridge kinetics (Napierski et al., 2020).  

It is thought that this new technique could be a useful tool to fill the gap between in vitro 

methods which lack the stoichiometry and spatial constraints of the sarcomere, and in vivo 

or ex vivo approaches which are time consuming and costly (Napierski et al., 2020). 

1.2.5. Post-translational modifications of MyBP-C 

The human genome consists of about 25,000 genes (Consortium, 2004), however the 

proteome is much larger consisting of over a million different polypeptides (Jensen, 2004). 

This increase in diversity is due to both alternative messenger ribonucleic acid (mRNA) 

splicing and post-translational modifications (PTMs). Over 200 different types of PTM have 

been identified, with various effects on protein function, the scope of which is widened due 

to a probable interaction between different types of PTM (Brooks and Gu, 2003, Hunter, 

2007). cMyBP-C is thought to undergo various different types of PTMs, some of the known 

putative sites of which are shown in figure 8. 



47 
 

 

1.2.5.1. Phosphorylation of MyBP-C 

The post translational modification of MyBP-C via phosphorylation has been shown to be 

key in regulating the function of the protein. Phosphorylation is the covalent attachment of 

a phosphate group by protein kinases to either serine, threonine or tyrosine residues 

(Humphrey et al., 2015). Three putative phosphorylation domains have been identified in 

the M-motif of cMyBP-C; Ser273, Ser282 and Ser302 based on the human sequence (Gautel 

et al., 1995), which are highly conserved between species (James and Robbins, 2011). 

Further possible phosphorylatable sites in the M-motif (Ser307, Ser295, Ser315, Ser320) 

(Shaffer, 2009, Yuan et al., 2008) as well as a site in the Pro-Ala rich region (Ser133) (Kuster 

et al., 2013) have also been found. In all, it is thought that cMyBP-C may contain up to 17 

sites that could be phosphorylated (Kooij et al., 2013).  

Phosphorylation of cMyBP-C is thought to be necessary for normal cardiac function, with 

evidence that phosphorylation has a direct effect on the sarcomeric organisation and the 

Figure 8 – Putative post translational modifications of cardiac myosin 

binding protein C 
Figure showing the locations of putative sites of different types of post translational 

modifications of cardiac myosin binding protein C. Red = acetylation, green = 

phosphorylation, blue = s-glutathiolation, pink = citrullination, purple = s-nitrolsylation. 
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heart’s contractile properties (Barefield and Sadayappan, 2010). cMyBP-C phosphorylation 

has been shown to be decreased both in mouse models of ischemia-reperfusion injury, 

hypertrophy and heart failure (HF) and human patients with atrial fibrillation, HCM and HF  

(Barefield and Sadayappan, 2010, Sadayappan et al., 2006). Dephosphorylation of cMyBP-C 

is associated with its degradation and can lead to disruption of thick filaments, a decrease in 

actomyosin cross-bridge formation and overall depression in contractility (James and 

Robbins, 2011).  

Phosphorylation of cMyBP-C leads to desensitisation of myofilaments to Ca2+ and regulates 

the actomyosin cross-bridge kinetics (Kunst et al., 2000). It is thought that when cMyBP-C is 

phosphorylated binding to the S2 fragment of myosin is abolished (Gruen et al., 1999), 

allowing the thick filament to interact with thin filament proteins including actin and α-

tropomyosin (Ge et al., 2009). This allows the myosin heads to extend to the thin filaments 

resulting in strong interactions between actin and myosin (Schlossarek et al., 2011). 

However, this phosphorylation-dependent interaction has not yet been shown to occur in 

vivo.  

The different serines appear to show either a preference or specificity for different kinases. 

The canonical kinase for phosphorylation of cMyBP-C is protein kinase A (PKA) which 

phosphorylates Ser273, Ser282, Ser302 and Ser307, which are all in the region which binds 

the S2 segment of myosin (Barefield and Sadayappan, 2010). Protein kinase C (PKC) 

however only phosphorylates the Ser273 and Ser302 residues, and can further activate 

protein kinase D (PKD) (Avkiran et al., 2008) which is also thought to phosphorylate cMyBP-

C at Ser302 (Bardswell et al., 2010). CaMKII is also able to phosphorylate multiple residues 

at Ser273, Ser282, Ser302, Ser307 (Squire et al., 2003). Ser282 has not only been found to 
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be phosphorylated by PKA and CaMKII but also by casein kinase 2 (CK2) and ribosomal S6 

kinase (RSK) (Cuello et al., 2011, Gupta and Robbins, 2014). Lastly, Ser133 which is found in 

the Pro-Ala rich region of cMyBP-C is thought to be phosphorylated by the glycogen 

synthase kinase 3β (GSK3β) (Kuster et al., 2013). 

It is thought that as the different phosphorylation sites are substrates for different kinases, 

cMyBP-C acts as an integrator of various different signalling pathways in order to regulate 

contractile function. For example, phosphorylation via PKA occurs via β-adrenergic signalling 

pathways whilst phosphorylation by PKC and PKD show a link with α-adrenergic stimulation 

(Jensen et al., 2011, Janssen et al., 2018). Furthermore, it has been shown that the 

phosphorylation state of cMyBP-C (i.e. non-phosphorylated, mono-phosphorylated, bis-

phosphorylated, etc.) governs its regulatory function on the cardiac myofilament (Ponnam 

et al., 2019). Studies have indicated that PKA mono-phosphorylation weakens the 

interaction between the N-terminus of cMyBP-C with myosin S2, with phosphorylation at 

Ser282 being the most important target site for regulating this interaction, whilst bis-

phosphorylation eliminates the interaction completely, releasing the myosin heads from the 

thick filament backbone and thus activating the thick filament (Ponnam et al., 2019, Kensler 

et al., 2017, Colson et al., 2012, Colson et al., 2008). This then allows binding of cMyBP-C to 

the thin filament stabilising it in its on state. However, the effects of this increased binding 

to the thin filament is thought to be counteracted by the fact that phosphorylation of the N-

terminal regions of cMyBP-C by PKA inhibits its ability to activate the thin filament causing a 

decrease in calcium sensitivity and leading to relaxation (Colson et al., 2012, Gresham and 

Stelzer, 2016). Phosphorylation by PKA at Ser282 is thought to be the main regulator of this 

decrease in activation of the thin filament and this mono-phosphorylation has been shown 
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to reduce the activating effect by 30%, whilst bis-phosphorylation further reduces the effect 

and tris-phosphorylation abolishes the activating effect (Ponnam et al., 2019).  

Furthermore, there is evidence that phosphorylation of Ser282 may be necessary to allow 

for phosphorylation of Ser273 and Ser302 by PKC (Mohamed et al., 1998, Schlender and 

Bean, 1991, McClellan et al., 2001), indicating it may act as a switch rendering other 

phosphorylatable residues more or less accessible to kinases (James and Robbins, 2011, 

Sadayappan et al., 2011).  

Much less is known about the effects of phosphatases on cMyBP-C, with no known specific 

phosphatase shown to significantly dephosphorylate cMyBP-C. However, in vitro studies 

have shown protein phosphatase 1 (PP1), which dephosphorylates many target proteins of 

PKA, dephosphorylates purified cMyBP-C by 30-40% (Schlender et al., 1987), with similar 

findings seen in skinned donor heart tissue (Zaremba et al., 2007) and skinned mouse 

cardiomyocytes (Yang et al., 2008). It has also been shown to lead to a decrease in tris- and 

tetrakis-phosphorylated and an increase in unphosphorylated cMyBP-C in human heart 

muscle samples (Copeland et al., 2010). Protein phosphatase 2 (PP2) has also been shown to 

dephosphorylate cMyBP-C to a lesser degree in skinned cardiomyocytes, whilst alkaline 

phosphatase (AP) dephosphorylates cMyBP-C in human myocardium samples (Zaremba et 

al., 2007). 

1.2.5.2. Other types of post translational modifications 

Although phosphorylation is the most studied PTM affecting cMyBP-C, other types of PTM 

have also been found to have a role in the function of the protein. 
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Acetylation is the addition of an acetyl group from acetyl-CoA onto the N-terminus of a 

protein or to lysine residues, which is catalysed by acetyltransferases (Duan and Walther, 

2015). Eight possible acetylation sites have been identified in cMyBP-C (Lys7, Lys185, 

Lys190, Lys193, Lys202, Lys442, Lys935, Lys962), five of which are located in the C0-C1 

region (Ge et al., 2009). It is uncertain whether acetylation of cMyBP-C is upregulated in 

disease states or if it is functionally important, however a proteolytic degradation fragment 

of cMyBP-C has been found to be heavily acetylated, indicating that acetylation could 

possibly lead to a promotion of proteolysis and thus decrease the stability of cMyBP-C 

(Govindan et al., 2012). 

Another form of PTM is citrullination, which is the conversion of an arginine to a citrulline 

residue (György et al., 2006) and often leads to a loss of protein structure and protein-

protein interactions (Fert-Bober and Sokolove, 2014). Little information regarding 

citrullination of cMyBP-C exists, however Arg696 in the C5 domain has been found to be 

citrullinated in both healthy and diseased heart tissue (Fert-Bober and Sokolove, 2014), 

although the effect this modification has on cMyBP-C function has not been ascertained. 

Oxidation can also lead to various different forms of PTMs, some of which are thought to 

affect cMyBP-C function.  

Three sites have been found in the murine cMyBP-C: Cys479, Cys627 and Cys655 which can 

be a target for S-glutathionylation; the addition of glutathione groups to cysteine residues 

(Xiong et al., 2011), which has been reported to lead to an increase in the Ca2+ sensitivity of 

myofilaments (Patel et al., 2013). Studies utilising human heart samples have identified 15 

cysteines that could be S-glutathionylated, with Cys249, Cys426, Cys436, Cys443, Cys475, 

Cys566, Cys651 and Cys719 all showing increased levels of S-glutathionylation in heart 
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samples from patients with dilated cardiomyopathy (DCM) or ischaemic cardiomyopathy 

(ICM) compared with healthy donor hearts (Stathopoulou et al., 2016). S-glutathionylation is 

known to cause changes in protein function via altering the structural conformation of the 

protein or modifying protein-protein interactions (Janssen-Heininger et al., 2013). S-

glutathionylation of cMyBP-C leads to a decrease in cross-bridge cycling kinetics, which is 

thought to be due to S-glutathionylation of targets within the C1-M-C2 domain affecting the 

interaction of cMyBP-C with actin and the S2 fragment and RLC of myosin. Furthermore, it is 

also thought that there may be cross-talk between S-glutathionylation and phosphorylation, 

with S-glutathionylation of cMyBP-C at Cys249 preventing phosphorylation by protein 

kinases possibly by altering the conformation of the C1-M-C2 domains (Stathopoulou et al., 

2016). 

cMyBP-C is also thought to be S-nitrosylated, which is the covalent attachment of a nitric 

oxide to sulfhydryl residues of a protein (Duan and Walther, 2015), at the Cys1270 residue 

(Kohr et al., 2011). A study identified that S-nitrosylation of sarcomeric proteins led to a 

decrease in calcium sensitivity, a decreased maximal isometric force and prolonged 

relaxation. The study further identified cMyBP-C as being susceptible to S-nitrosylation 

(Figueiredo-Freitas et al., 2015).  

Carbonylation is a type of irreversible oxidative modification that attaches a carbonyl group 

to various different amino acid residues (Cai and Yan, 2013), which occurs under conditions 

of prolonged oxidative stress and has been shown to modify cMyBP-C by impairing its ability 

to bind to actin (Aryal et al., 2014). It has been hypothesised that this modification could 

contribute to the cardiac dysfunction that has been observed during the oxidative stress 

caused by chemotherapy (Aryal et al., 2014). 
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Another PTM that has been found to target cMyBP-C is sumoylation, which is the reversible 

addition of the small ubiquitin-related modifier (SUMO) by SUMO-specific enzymes that is 

known to affect protein stability and localisation (Flotho and Melchior, 2013). Studies have 

identified sumoylation targets in the N-terminal domain of cMyBP-C and have shown that 

this modification has an effect on the half-life of the protein (Gupta and Robbins, 2014). 

Whilst phosphorylation has been shown to be key in the function of cMyBP-C, it is clear that 

more work needs to be carried out to fully understand the role of phosphorylation, as well 

as understand any effects that other types of PTMs may be having on the protein. 

Furthermore, the possible interaction thought to occur between S-glutathiolation and 

phosphorylation (Stathopoulou et al., 2016) opens the possibility that there could be a much 

more intricate web of PTMs affecting the functionality of cMyBP-C. 
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1.3. Cardiomyopathy 

Cardiomyopathies are myocardial disorders which are not solely due to coronary artery 

disease or abnormal loading conditions (Lopes and Elliott, 2014). There are three major 

groups: HCM which is found in 1:500 of the population, although more recent studies 

estimate the prevalence to be 1:200 (Semsarian et al., 2015), DCM found in 1:2500 of the 

population and arrhythmogenic cardiomyopathy (ACM) which affects 1:5000 of the 

population (Sabater-Molina et al., 2018). 

1.3.1. Hypertrophic Cardiomyopathy 

HCM was first described in 1958, with cases of asymmetrical hypertrophy or muscular 

hamartoma in the hearts of young people who had suffered sudden death (Teare, 1958). 

HCM is the most commonly inherited cardiovascular disease and the leading cause of 

sudden cardiac death in the young, which can occur without any prior symptoms of the 

disease (Frey et al., 2011). The disease is characterised by the thickening of the ventricular 

and/or septal wall which leads to a decrease in chamber size and thus blood volume at 

filling (Seidman and Seidman, 2001), a diagram of which can be seen in figure 9.  

 

 

 

Figure 9 - Characterisation of Hypertrophic Cardiomyopathy 
Diagram depicting the difference between a healthy heart, (left) and that of a patient 

with hypertrophic cardiomyopathy HCM (right). HCM is characterised as the thickening 

of the ventricular and/or septal walls leading to a decreased chamber size. Image from 

(Nishimura et al., 2003). 
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Typical phenotypic presentations of the disease, some of which are shown in figure 10, 

include left ventricular hypertrophy, myocardial hypercontractility, myofibrillar disarray and 

an increase in interstitial space with fibrosis formation, all of which can lead to diastolic 

dysfunction which commonly occurs in HCM patients (Davies and McKenna, 1995, Hughes, 

2004). The mortality rate for patients with HCM is thought to be around 0.9-1.5% per year, 

although this is thought to have been reduced to 0.5% with the development of new 

therapeutics (Antunes and Scudeler, 2020). The leading cause of death from HCM is sudden 

cardiac death, which is thought to occur in about 16% of patients, mainly those under the 

age of 30 (Ho et al., 2018). 

 

 

 

 

 

 

 

 

Figure 10 - Myofibrillar disarray seen in Hypertrophic cardiomyopathy 
Images showing the myofibrillar disarray and interstitial fibrosis typically seen in patients 

with hypertrophic cardiomyopathy. (A) shows a haemotoxylin and eosin (H&E) stained 

myocardial section from a healthy heart showing normal myocardial architecture. (B) 

shows myocardial section from the heart of an HCM patient stained with H&E showing 

disorganised myocardial architecture (4x magnification). (C) shows a 20x magnification 

of the H&E stained HCM myocardial section showing myocyte disarray. (D) shows a 

myocardial section from an HCM patient stained with Masson trichome showing 

interstitial fibrosis (blue). Figure from (Marian and Braunwald, 2017) 
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1.3.2. HCM causing mutations 

 

Around 70% of HCM cases are caused by a mutation (Richard et al., 2003), which mainly 

occurs in one of the cardiac sarcomere proteins (Lopes et al., 2013), although mutations 

have also been found in genes of proteins involved in calcium homeostasis (Richard et al., 

2003). The second most frequently mutated gene is MYBPC3, which encodes for cMyBP-C, 

Figure 11 – HCM-linked cMyBP-C mutations 
Figure showing mutations in each of the domains of the gene encoding cardiac MyBP-C, 

MYBPC3, linked to cases of HCM. The highest number of clinically linked variants occur in 

domain C6, followed by the C5 domain. Sequence variations include missense mutations 

causing single amino acid substitutions (blue), insertions/deletions predicted to cause 

reading frameshifts (green), nonsense mutations predicted to code premature stop 

codons (red), splice site mutations (pink) and in frame insertion/deletions (yellow) 

Adapted from Harris et al. supplemented by data from Wang et al.  (Harris et al., 2011, 

Wang et al., 2018b) 
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accounting for ~40% of HCM cases (Carrier et al., 2015). These mutations lead to a wide 

range of clinical manifestations, with more severe phenotypes associated with truncation 

mutations compared with missense mutations (Erdmann et al., 2001). Mutations have been 

found along the full length of the protein, as can be seen in figure 11, with the C6 domain 

containing the largest number of clinically linked mutations of all of the domains, followed 

by C5 (Harris et al., 2011), suggesting that the central domains have an important role in 

MyBP-C function.  

1.3.3. Truncation vs. missense mutations 

Almost 60% of cMyBP-C mutations are truncation mutations, and it was first thought that 

the disease mechanism was through a dominant negative mutation or ‘poison polypeptide’ 

mechanism. This was due to experiments showing truncated protein lacking the C-terminal 

domains, including the binding sites for myosin and titin, leading to mislocalisation of the 

protein in the sarcomeres (Yang et al., 1998). However, as no truncated protein has been 

detected in human samples of patients with HCM (Rottbauer et al., 1997, Moolman et al., 

2000, van Dijk et al., 2009, Marston et al., 2009) it is possible that haploinsufficiency is the 

mechanism of disease, with cell surveillance mechanisms leading to elimination of the 

truncated protein. This theory is corroborated by experiments using human induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from a HCM patient showing 

~50% lower levels of MYBPC3 mRNA and cMyBP-C protein (Prondzynski et al., 2017).  

Possible cell surveillance mechanisms include nonsense-mediated mRNA decay (NMD), an 

evolutionary conserved mechanism found in all eukaryotes, which detects and eliminates 

mRNA transcripts containing premature stop codons (Garneau et al., 2007), which ~ 2/3rds 

of MYBPC3 mutations have been found to generate (Schlossarek et al., 2011). Another form 
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of cell surveillance is the ubiquitin-proteasome system (UPS), which prevents the 

accumulation of damaged, misfolded and mutant proteins (Schlossarek et al., 2011).  

The remaining 40% of cMyBP-C mutations are missense mutations, with haploinsufficiency 

proposed as a possible disease mechanism. However, it has been shown that an A31P 

missense mutation leads to a stable MyBP-C protein that is incorporated into the 

sarcomere, which has led to the ‘poison polypeptide’ theory as a possible disease-causing 

mechanism for MYBPC3 missense mutations (van Dijk et al., 2016). This could occur through 

the missense mutation disrupting the function of the protein either by altering the proper 

domain folding thus affecting the structure of the protein or disrupting the protein’s 

interactions with other proteins (Harris et al., 2011). 

Although generally patients with missense mutations have a less severe phenotype than 

those with truncating mutations (Erdmann et al., 2001), there is still a high degree of 

heterogeneity of disease pathogenesis seen in patients carrying different types of mutations 

in the MYBPC3 gene. Therefore, although it is possible that generally similar types of 

mutations may behave in similar ways, it is likely that there is not a single disease 

mechanism that can be applied for all HCM-linked mutants.  

A more recent study utilising the Sarcomeric Human Cardiomyopathy Registry (SHaRe), 

however, has suggested that the percentage of HCM patients carrying truncating mutations 

is slightly higher at ~71%. Furthermore, analysis utilising this database suggested there was 

no difference in the disease phenotype when comparing truncating and non-truncating 

mutations, with a slight increase in paediatric diagnoses in the non-truncating group. This 

study also showed that truncating mutations were spread evenly across all of the domains 

of cMyBP-C, whilst non-truncating mutants appeared to cluster in the C3, C6 and C10 
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domains, which could suggest that these domains are key regions in the functioning of the 

protein. The SHaRe database is mainly comprised of those of European ancestry, therefore 

this could explain the differences seen in this study compared with previous data (Helms et 

al., 2020b).  

1.3.4. Models of HCM causing cMyBP-C mutations 

Much has been elucidated about the function of cMyBP-C through animal models. Although 

animal models of disease are often not perfect recapitulations of human disease, they do 

have the benefit of showing what is occurring in situ with all of the constraints of the 

sarcomere and environmental factors in effect. Multiple models of cMyBP-C linked HCM 

have either been identified or created in order to better understand the function of cMyBP-

C as well as how mutations in this protein may lead to disease.  

In 1999, Kittleson et al. identified the first naturally occurring animal model of familial HCM, 

in the Maine coon breed of cats, which showed symptoms similar to that of the human 

disease (Kittleson et al., 1999). A later study showed that 34% of the Maine coon breed 

carried a MYBPC3 mutation (Fries et al., 2008), with Meurs et al. identifying that all Maine 

coon cats they studied with HCM were carrying an A31P missense mutation of cMyBP-C 

(Meurs et al., 2005). Another cat breed, Ragdoll, has also been associated with having HCM, 

with an R820W mutation in cMyBP-C being identified in cats of this breed with HCM (Meurs 

et al., 2007). 

The first animal model created to study HCM caused by mutations in cMyBP-C utilised mice 

expressing cMyBP-C lacking both the titin and myosin binding domains, leading to a C-

terminally truncated protein (Yang et al., 1998).  The truncated protein was shown to make 

up 40-60% of the total protein and showed normal stability. However, immunofluorescence 
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staining showed diffuse staining and patchy striations indicating the protein was not 

correctly incorporating into the sarcomere, therefore it would only weakly be associated 

with the contractile apparatus. The animals exhibited no apparent heart enlargement or 

myocardium wall thickening, whilst skinned fibre samples taken from affected animals were 

found to have an increased calcium sensitivity of force development indicating subtle 

alterations were occurring in force production. The study also included a small sample of 

older animals, which exhibited a high degree of myocyte disarray as well as abnormal nuclei 

(Yang et al., 1998), whilst a subsequent study utilising the model indicated that affected 

animals had a significantly compromised exercise capacity, with an increased mortality 

during exercise (Yang et al., 2001). This can be seen as recapitulating the human disease, as 

often patients do not exhibit symptoms until later in life, furthermore HCM is known to be 

the leading cause of sudden cardiac death in young athletes (Frey et al., 2011).  

The same group subsequently engineered a transgenic construct lacking the C-terminal 80 

amino acids of cMyBP-C; therefore lacking the myosin binding domain (Yang et al., 1999). 

Very little truncated protein was detected in the transgenic mice, consistent with findings 

from endomyocardial biopsies from patients with HCM in which no truncated protein could 

be detected (Rottbauer et al., 1997, Moolman et al., 2000, van Dijk et al., 2009, Marston et 

al., 2009). Transgenic mice showed sarcomeres to be consistently out of register and 

mitochondrial abnormalities were detected, whilst histology showed mild hypertrophy but 

no remarkable changes in the overall morphology of the cardiomyocytes. Mechanical 

measurements on skinned fibres were in agreement with the studies utilising truncated 

protein lacking both the titin and myosin binding sites, in that they showed impairment in 

fibre mechanics. These transgenic mice also showed significant impairment in exercise 
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capacity, with functional defects seen under cardiac stress. Older animals at 12 months old 

showed ~20% increase in heart to body weight ratio and showed a mild but significant 

hypertrophy. 

The first animal model utilising a KO of cMyBP-C was generated by Harris et al. in 2002 by 

inappropriate splicing of exons 2 and 11 leading to a reading frame shift and introduction of 

a neo resistance cassette (Harris et al., 2002). Both RT-PCR and Western blot analysis 

detected no product for homozygous KO mice (cMyBP-C -/-), whilst heterozygous KO animals 

(cMyBP-C+/-) showed the same levels of protein as wildtype (WT). It was also seen that no 

other isoforms of MyBP-C were upregulated in order to compensate for this loss. 

Hypertrophy was seen in cMyBP-C-/- animals as early as three weeks old, with adult animals 

showing a significant increase in heart:body weight ratio as well as an increase in left 

ventricular diameter, anterior and posterior wall thickness, whilst molecular markers of 

hypertrophy were also seen to be upregulated in cMyBP-C-/-but not in cMyBP-C+/-. Histology 

revealed KO mice showed myocyte disarray and fibrosis consistent with HCM, with 

misalignment of the myofibrils and mitochondrial abnormalities seen. KO animals also 

showed a decrease in systolic function as well as a decrease in myofilament Ca2+ sensitivity. 

Subsequent studies utilised this KO mouse model in order to gain a better understanding 

into the role of MyBP-C in the sarcomere. One study identified a decrease in LV functional 

capacity and an attenuation of increase in myocardial contractility following β-adrenergic 

stimulation in animals lacking cMyBP-C, implicating that cMyBP-C has a role in 

compensatory adaptations to pressure overload that are required for maintaining 

ventricular function (Brickson et al., 2007). 
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Use of this KO model also showed that in the absence of MyBP-C myocytes displayed an 

increase in power output due to an increase in loaded shortening rates, which was thought 

to be due to faster crossbridge cycling at each given load. This suggests a model in which 

MyBP-C functions to constrain the interaction between actin and myosin, therefore limiting 

loaded shortening velocity and thus power output (Korte et al., 2003).  

This KO model also allowed studies to identify the effect that lack of MyBP-C would have on 

sarcomeric structure, with electron microscopy and image analysis showing that KO thick 

filaments had the same length, diameter and appearance as WT thick filaments (Kensler and 

Harris, 2008). Although the M-band was seen to have the same five-line structure as WT, in 

the KO the outer two lines were very weak (Luther et al., 2008). Furthermore, although the 

KO retained similar relaxed cross-bridge arrangements to WT, the thick filaments were seen 

to be more easily disrupted and regions of disorder were more common (Kensler and Harris, 

2008). Lastly, synchrotron low angle X-ray diffraction showed radial displacement of 

crossbridges away from the thick filament in KO relaxed myocardium (Colson et al., 2007). 

This is in line with the hypothesis that MyBP-C acts to tether myosin crossbridges closer to 

the thick filament backbone, acting to reduce the likelihood of binding to actin and limiting 

activation of the thin filament (Hofmann et al., 1991, Calaghan et al., 2000). 

A subsequent cMyBP-C KO mouse model was created by Carrier et al. by replacing the 

transcription site and exons 1-2 with a neo resistance gene, which caused total 

transcriptional inactivation of cMyBP-C gene expression (Carrier et al., 2004).  No mRNA was 

amplified using qRT-PCR and no protein was detected by western blot analysis for the 

homozygous KO mice, whilst heterozygous animals showed a 25% decrease in protein levels 

at 10-11 months. KO animals showed upregulated mRNA for markers of hypertrophy, 
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asymmetrical septal hypertrophy, impaired relaxation, myocardial disarray, increased 

interstitial fibrosis and calcification in fibrotic areas (Carrier et al., 2004). These animals 

showed mild hypertrophy at six weeks which became more pronounced by 30 weeks old 

(Pohlmann et al., 2007). Studies indicated that the probability of myosin being weakly 

bound to actin were higher in KO animals as well as the crossbridge cycling velocity and 

force generated being lower. This suggests cMyBP-C prevents weak and inefficient binding 

of myosin crossbridges to actin (Lecarpentier et al., 2008). 

These KO models make it clear that whilst lack of cMyBP-C is not embryonic lethal and does 

not interfere with the formation of the sarcomeres during embryogenesis, it is required for 

maintaining cardiac function and the organisation of the sarcomeres (Carrier et al., 2015). 

Other models have used knock-in (KI) approaches in order to study the function of cMyBP-C, 

the first of which attempted to model a G>A transition on the last nucleotide of exon 6, 

which is associated with human HCM with a severe phenotype and bad prognosis. This 

mutation was seen to lead to a missense mutation (E264K) as well as a nonsense and 

insertion/deletion mutation, highlighting the heterogeneity of mutations in cMyBP-C 

(Vignier et al., 2009).  

KI mouse models have also been utilised in order to elucidate the specific function given by 

unique elements found in the cardiac isoform of the protein. For instance, a study 

generated KI mice with cMyBP-C that lacked the C1 domain and the linker between C0 and 

C1 creating a protein with a similar size to that of the skeletal isoforms. The protein 

incorporated into the sarcomere and there were no ultrastructural changes seen to the 

heart, however skinned muscle fibres from homozygous KI animals showed an increased 
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Ca2+ sensitivity indicating the possibility that the extra N-terminal domain regulates force at 

the crossbridge level (Witt et al., 2001).  

KI mice have also been used in order to study the effect of phosphorylation to the function 

of cMyBP-C by generating transgenic mice with known phosphorylation sites (Ser273, 282, 

302) mutated. Mice with phosphorylation sites mutated to non-phosphorylatable alanines 

led to animals with depressed cardiac contractility, altered sarcomeric structure and an 

upregulation of transcripts associated with hypertrophy (Sadayappan et al., 2005), 

highlighting the importance of phosphorylation of cMyBP-C for normal cardiac function.  

Although animal models have been very useful in elucidating the functional role of MyBP-C, 

they do not come without limitations. One of which is the fact that there may be species 

differences. For example there is a species difference in the myosin isoform expressed, with 

the adult mouse heart expressing mainly α-MHC whilst in humans β-MHC predominates. It 

has been shown that phosphorylation of cMyBP-C has different effects depending on which 

MHC isoform the filaments contain (Sadayappan et al., 2006, Weisberg and Winegrad, 

1996), therefore it is possible that other observations could be similarly skewed due to 

species differences in the sarcomeric proteins.  

Another issue with animal models is the fact that HCM-linked cMyBP-C mutations have 

often been seen to have a poor genotype-phenotype correlation, implicating the disease 

expression could be influenced by other factors. One way in which these issues have been 

resolved is via the use of patient derived induced pluripotent stem cell derived 

cardiomyocytes (iPSCMs) or engineered heart tissue (EHT) generated from iPSCMs isolated 

from patients with HCM. In 2013, Stohr et al. tested whether the EHT model would be viable 

by generating KI-EHTs carrying an E264K mutation that had been previously modelled in 
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mice (Vignier et al., 2009), which was found to recapitulate the findings obtained from 

studies using this mouse model (Stöhr et al., 2013), indicating that the use of EHTs could be 

a viable avenue to explore.  

A recent study utilising patient and genome engineered iPSCMs identified the effects of 

several premature termination codon causing mutations in cMyBP-C in the early 

development stage. They showed that these mutations have a common pathomechanism of 

loss of function due to a reduction in synthesis of MyBP-C caused by uncompensated 

reduction in MYBPC3 mRNA. They also identified that iPSCMs were capable of 

compensatory slowing of degradation of MyBP-C, which is not seen in heart tissue from 

patients, which they suggest is due to this compensatory capacity being lost by the time 

HCM develops (Helms et al., 2020a). Interventions to reverse this loss of compensation 

could therefore be a viable target for patients with these types of mutations.  

iPSCMs do however have the drawback of exhibiting an immature phenotype (Yang et al., 

2014) which could mean certain proteins that are involved in the pathogenesis of the 

disease are either not present or expressed at different levels to that seen in the mature 

heart. Furthermore, HCM generally occurs later in life with little to no symptoms seen prior 

to onset (Frey et al., 2011), therefore it is possible that little information about the disease 

pathogenesis could be seen in this immature model. Whilst EHTs show a more mature 

phenotype, their complexity also brings difficulties in the form of issues with reproducibility 

(Eschenhagen et al., 2015). Although the use of iPSCMs and EHTs in modelling the function 

of cMyBP-C and the pathogenesis of HCM-linked mutations is not without flaws, this 

method is still relatively new and does have many promising aspects.  
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The heterogeneity seen in the pathogenesis and disease progression of HCM seen in 

patients not only with different mutations in cMyBP-C, but also patients carrying the same 

mutation makes it clear that the way in which mutations in the MYBPC3 gene lead to HCM 

varies from individual to individual (Wang et al., 2018a, Fananapazir and Epstein, 1994). 

Therefore, being able to generate an iPSCM model from an individual patient could lead to 

beneficial insights into not only the mechanism by which different mutations lead to disease 

but could also lead to the ability to test and develop more individualised treatments. 

1.3.5. Current therapies 

Current therapies for HCM mainly focus on symptomatic alleviation, such as beta-blockers 

and calcium channel blockers. These therapies, however, do not reverse the cardiac 

hypertrophy which is the major determinant of mortality and morbidity in HCM patients 

(Schlossarek et al., 2011). Furthermore, these drugs have very little evidence justifying their 

use, with no randomized trials demonstrating their efficacy in the treatment of HCM 

(Spoladore et al., 2020).  

Patients with severe symptoms may require surgical intervention to relieve the obstruction 

in the left ventricle, such as myectomy or alcohol ablation (Sabater-Molina et al., 2018). 

Newer less invasive techniques have also been developed in order to reduce obstruction 

such as radiofrequency ablation (Lawrenz et al., 2011) and high-intensity focused ultrasound 

(Nazer et al., 2014).  

New alternative therapies are now being developed in order to target the underlying 

mechanism of pathogenesis instead of only alleviating symptoms.  
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One novel therapeutic which has been developed is the drug Mavacamten, which targets 

hypercontractility which is thought to be involved in the pathogenesis of HCM, as it is an 

allosteric modulator of cardiac β-myosin which causes reversible inhibition of actomyosin 

crossbridge cycling (Kawas et al., 2017, Anderson et al., 2018). Use of the drug in mice 

showed suppression of hypertrophy, cardiomyocyte disarray and expression of profibrotic 

genes (Green et al., 2016), implicating that it attenuates the HCM phenotype. Subsequent 

phase IIa clinical trials showed a decrease in post-exercise LV outflow tract obstruction as 

well as improvements in exercise capacity in patients with obstructive HCM and it was 

shown to be generally well tolerated with few side effects (Heitner et al., 2019). 

As it is believed that mutated cMyBP-C may be degraded by one of the cell surveillance 

systems, such as NMD or UPS (Schlossarek et al., 2011), one possible therapeutic approach 

could be to use inhibitors of NMD or UPS to increase levels of the mutant cMyBP-C in the 

hope that the mutant protein could be functional. Studies utilising UPS inhibitors have been 

shown to decrease hypertrophy in hypertensive rats (Meiners et al., 2008), whilst in an 

isoprenaline-induced cardiac hypertrophy murine model and a mouse model of pressure 

overload regression of inhibition of cardiac hypertrophy was achieved (Stansfield et al., 

2008, Hedhli et al., 2008). 

Another possible treatment could be the replacement of cMyBP-C by gene therapy, with a 

study using hiPSC-CMs from a HCM patient showing gene replacement restored cMyBP-C 

levels to 81% compared to control levels (Prondzynski et al., 2017). However, if there were 

still mutant peptides present at low levels it is possible that they could act as ‘poison 

polypeptides’ (Schlossarek et al., 2011).  
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Exon skipping is thought to be a novel avenue of therapy in genetic disorders and data has 

shown that modified antisense oligonucleotides can induce exon skipping leading to the 

production of novel cMyBP-C (Gedicke et al., 2010). 

Prevention of germline transmission of MYBPC3 mutations is a desirable avenue of 

treatment, as HCM typically presents later in life and thus mutations are likely to be 

transmitted to the next generation. A recent study has identified utilisation of the CRISPR-

Cas9 genome editing technique is capable of correcting a heterozygous MYBPC3 mutation in 

human preimplantation embryos (Ma et al., 2017). However, this would require the precise 

HCM-linked mutation that the parent is carrying to be known and could also be ineffective if 

other unidentified compound mutations are present. 

 

 

 

 

 

 

 

 

 



69 
 

1.4. Current knowledge on the central domains of cMyBP-C 

1.4.1. Structure of the central domains 

The structure of the central domains of cMyBP-C has not been fully elucidated, with no 

structural analysis obtained for the C6 domain, however NMR studies have been carried out 

for the C3 domain (Zhang et al., 2014) whilst the C4 domain has been resolved for the slow 

skeletal isoform of the protein (Niraula et al., 2008).  

More thorough experimentation elucidating the structure of the C5 domain of cMyBP-C has 

been carried out and has allowed insight into the structure of the insertions unique to the 

cardiac isoform, revealing two inserts. The first is a linker region between the C4 and C5 

domains which has also been shown to be integral to the fold of the C5 domain. The second 

insert is an elongation of the CD loop which is unstructured and thought to be responsible 

for the lower stability of the C5 domain, compared to the other domains (Idowu et al., 

2003).  

Further importance of understanding the structure of the central domains was highlighted 

by structural studies into HCM-linked mutations in the central domains that elucidated that 

these mutations could cause disruption to the structural integrity of individual domains. This 

implication, that mutations leading to aberrations in the correct structural folding of 

individual central domains could be causative of HCM, highlights the probability that these 

central domains do have a role in the proper function of MyBP-C in its role of regulating 

sarcomere dynamics (Nadvi et al., 2016).  
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1.4.2. Possible binding partners of the central domains 

As mentioned earlier, previous yeast two hybrid studies have suggested that the C5 domain 

can bind to the C8 domain (Moolman-Smook et al., 2002) and thus could have a role in the 

localisation of the protein. The structural organisation of MyBP-C in the sarcomere is still 

being debated, however the results of a more recent study utilising domain-specific 

immune-EM were inconsistent with this collar model (Lee et al., 2015). 

Studies in the slow skeletal isoform of MyBP-C have suggested an interaction between the 

C6-C10 region of MyBP-C and muscle creatine kinase (Chen et al., 2011), which is a protein 

that is thought to have a key role in the monitoring and localised production of ATP in the 

sarcomere (Henderson et al., 2017). It is thought that as the C-terminal region of MyBP-C 

also interacts with myosin, it could act as an adaptor between the two proteins and thus 

facilitate efficient ATP metabolism (Wang et al., 2018b). However, it is not known whether 

this interaction also occurs for the cardiac isoform of the protein. Furthermore, although 

muscle creatine kinase is a cytosolic protein, about 5-10% has been found to localise to the 

M-band (Wallimann et al., 1992), therefore it is possible that this localisation would not 

support an interaction with MyBP-C in the C-zone.  

It has also been suggested that the central domains may be involved in MyBP-C’s interaction 

with actin, with a study suggesting that the C5-C10 region is able to bind actin specifically 

and relatively strongly. However as this same region also contains binding sites for both titin 

and myosin there would not be the capacity for all three to bind simultaneously, although it 

is possible that the C5-C10 region of the protein could cycle through these different binding 

partners (Rybakova et al., 2011). Studies by Inchingolo et al. have also suggested the C3 

domain may be involved in the interaction of the N-terminus of cMyBP-C with the thin 
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filament and was required to displace tropomyosin and sensitise the thin filament to Ca2+ 

whilst shorter C0C1 and C0C1 with the first 17 residues of the M-motif could bind but had 

no effect sensitisation of the thin filament (Inchingolo et al., 2019). However, this 

experiment did not use a C0C2 fragment therefore it does not definitively implicate the C3 

domain in this action, as the C2 domain could be sufficient for this effect. 

1.4.3. Possible role for the central domains 

The studies showing various possible binding sites in the central domains, along with the 

high number of HCM-linked missense mutations in this region suggest that these domains 

have a role in the protein’s function, with studies suggesting that the central domains, or at 

least the most N-terminal C3 domain, could be involved in the role of MyBP-C in sensitising 

the thin filaments and regulating crossbridge cycling kinetics (Napierski et al., 2020, 

Inchingolo et al., 2019).  However, it is also possible that these domains act as a spacer 

which allows for the protein to span the interfilament distance and the N-terminus to bind 

the thick and thin filaments. Mutations in these domains could lead to modifications in 

domain structure and possibly alter the length or flexibility of said spacer and affect the 

ability of the N-terminus to cycle between the thin and thick filaments and thus its ability to 

regulate actomyosin cross-bridge cycling. On the other hand, it could be argued that as a 

high number of mutations appear to be tolerated in the central domains this may suggest 

that this region is less important for the overall stability and function of the protein. It is 

possible that there are fewer mutations found in the N-terminal and C-terminal domains 

because mutations in these regions are more likely to have a significant impact on the 

function of the protein which would not be tolerated. 
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1.5. Aims and objectives 

Since its discovery more than 50 years ago MyBP-C has been found to be so much more 

than merely an impurity in preparations of muscle myosin, with a key role in regulating the 

actomyosin cross-bridge cycling being discovered, even if the exact mechanism is still being 

debated.  

Whilst the extremities of the protein have clear functional and structural roles, the role of 

the central C3-C6 domains is yet to be elucidated. Furthermore, only the structure of the C5 

domain has been resolved for the cardiac isoform (Idowu et al., 2003). This lack of 

information about the functional role and structure of these domains, along with the fact 

that the C6 domain contains the largest number of HCM-linked mutations, followed by the 

C5 domain (Harris et al., 2011), as well as the C5 domain containing cardiac specific inserts 

(van Dijk et al., 2014), which suggests it may have a cardiac specific function, makes further 

study of this region of key importance.  

This led to the hypothesis that the central region of cMyBP-C has a role in the function of 

the protein and does not merely act as a spacer. Furthermore, HCM-linked missense 

mutations in these central domains may lead to disease by interfering with this functional 

role. To explore this hypothesis the following aims were defined: 

1. To elucidate the structure and functional role of the central domains of cMyBP-C. 

2. To understand the mechanism of disease of HCM-linked mutations in the C3C6 

region. 

In order to achieve these aims a yeast two hybrid assay was carried out to identify possible 

binding partners, whilst a recombinantly expressed fragment of the central domains was 
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expressed, purified and utilised in biochemical assays to determine its interaction with actin. 

Constructs, firstly green fluorescent protein (GFP)-tagged plasmids and subsequently GFP-

tagged adenoviral vectors (multidomain or full-length respectively), with HCM linked 

mutations within the C3-C6 domain regions were also generated. Protein levels, cellular 

localisation and effect on the structure of the myofibrils were assessed using western blot 

analysis and immunofluorescence microscopy, including using super-resolution stimulated 

emission depletion (STED) microscopy, to gain a clearer understanding of the disease 

mechanism. 
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2. Materials and Methods 

2.1. Buffers and Media 

Name Contents 

ADS Buffer 
100 mM NaCl, 20 mM HEPES, 1 mM NaH2PO4, 5 
mM Glucose, 5 mM KCl, 1 mM MgSO4, pH 7.35 
in dH2O 

ATPase assay buffer 10 mM MOPS pH 7, 5 mM MgCl2, 1 mM DTT 

Blotting Buffer 
25 mM Tris-Base pH 8.3, 192 mM Glycine, 
0.01% SDS (w/v) and 20% Methanol (v/v) 

Blue Wonder (Loading buffer) 

3.7M urea, 134.6 mM Tris pH 6.8, 5.4% SDS 
(w/v), 2.3% NP-40 (w/v), 4.45% β-
mercaptoethanol (w/v), 4% glycerol (v/v), 6 
mg/mL bromophenol blue 

Buffer 1 (NTF preperation) 
100 mM KCl, 3 mM MgCl2, 3 mM EDTA, 5 mM 
imidazole, 5 mM DTT, pH 7.5 

Buffer A 
20 mM HEPES pH 7.5, 300 mM NaCl, 1 mM DTT, 
20 mM imidazole 

Buffer B 
20 mM HEPES pH 7.5, 300 mM NaCl, 1 mM DTT, 
500 mM imidazole 

COS-1 cell complete media 
DMEM with 4 mM glutamine, 10% FBS (v/v), 1% 
penicillin/streptomycin (v/v) 

DBSS-K (Dulbecco’s balanced salt 
solution with potassium added) 

116 mM NaCl, 1 mM NaH2PO4, 0.8 M MgSO4, 
32.1 mM NaHCO3, 5.5 mM glucose, 1.8 mM 
CaCl2, pH 7.2 

Enzyme Solution 
0.06150 g collagenase type 2 (300 U/mg), 
0.0450 g Pancreatin in 75 mL ADS buffer 

Gold Buffer 
20 mM Tris, 155 mM NaCl, 2 mM EGTA, 2 mM 
MgCl2 pH 7.5 

HEK 293 cell complete medium 
DMEM with 4 mM glutamine, 10% FBS (v/v), 1% 
penicillin/streptomycin (v/v) 

Lisbeth’s Mouting Medium 
15 ml 0.1 M Tris-HCl pH 9.5 and 35ml 100% 
glycerol with 50 mg/mL n-propyl-gallatee  

Low Salt Buffer 
0.9% NaCl (w/v), 0.01% Tween-20 (v/v), 9 mM 
Tris Base pH 7.4  

Lysis buffer (Y2H) 
10 mM TrisHCl, 1% β-mercaptoethanol (w/v), 5 
U lyticase, pH 8 

Neonatal Rat Cardiomyocyte (NRC) 
Maintenance Medium 

25% Medium 199 (v/v), 4% horse serum (v/v), 
2% GlutaMax (v/v), 1% penicillin/streptomycin 
(v/v), 0.1 mM Phenylephrine (PE) and 10 
μM cytosine arabinoside (AraC) in basal 
medium DMEM 

Neonatal Rat Cardiomyocyte (NRC) 
Plating Medium 

66% DMEM (v/v), 16.5% M199 (v/v), 10% horse 
serum (v/v), 5% fetal calf serum (v/v), 4 mM 
Glutamine, 1% penicillin/streptomycin (v/v) 
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Neonatal Rat cardiomyocyte (NRC) 
Tranfection Medium 

20% M199 (v/v), 75% DBSS-K (v/v), 4% horse 
serum (v/v), 4 mM glutamine 

NTF co-sedimentation buffer 
20 mM imidazole pH 7.4, 180 mM KCl, 1 mM 
MgCl2, 1 mM EGTA pH 8, 1 mM DTT 

Salt buffer (NTF preperation) 
100 mM KCl, 3 mM MgCl2, 10 mM imidazole, 5 
mM DTT, pH 7.3 

1x SDS running buffer 25mM Tris, 200mM glycine, 1% SDS 

TEV protease dialysis buffer 
25 mM HEPES, 200 mM NaCl, 1 mM MgCl2, 1 
mM DTT, 5% glycerol (v/v) 

Thin filament storage buffer  
50 mM KCl, 2 mM MgCl2, 0.4 mM ATP, 0.5 mM 
DTT, 5 mM imidazole, pH7 

Urea sample buffer 
8 M urea, 20 mM Trisbase pH 7, 23 mM glycine, 
0.2 mM EDTA, 5% glycerol (v/v), 10 mM DTT, 
0.004% bromophenol blue (w/v) 

X-gal buffer 
60 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 38 
mM β-mercaptoethanol, 0.33 mg/ml X-gal 

Y2H transformation buffer  
10 mM TrisHCl pH 8, 1 mM EDTA, 100 mM 
Lithium acetate, 40% PEG 3500 (v/v) 

 
 

 

 

 

 

 

 

 

 

 

 

 

Table 1 – Table of Buffers and Media used during experimentations 
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2.2. Antibodies 

Antibody WB/IF Dilution Company 

Primary antibody    

Rabbit α all-actin WB 1:2000 Sigma Aldrich 

Mouse α sarcomeric alpha-actinin IF 1:500 (STED) Sigma Aldrich 

Mouse α GFP WB 1:1000 Roche 

Mouse α His WB 1:2000 Novagen 

Rabbit α LexA WB 1:1000 Abcam 

Mouse α Myomesin IF 1:50 N/A (Grove et al., 

1984) 

Rabbit α MyBP-C IF/WB 1:50 (STED)/ 

1:1000 (WB) 

N/A (Linke et al., 

1999) 

Secondary antibody/Counterstain    

Alexa Fluor 546 phalloidin IF 1:100 Invitrogen 

Alexa Fluor 633 phalloidin IF 1:100 Invitrogen 

Atto647N α Rabbit IF 1:500 (STED) Sigma Aldrich 

Cy3 Goat α mouse IgG IF 1:500/1:200 (STED) Jackson 

Immunochemicals 

4’,6-Diamidino-2-Phenylindole 

Dihydrochloride (DAPI) 

IF 1:100 Sigma Aldrich 

GFP-Booster Alexa Fluor® 647 IF 1:500 Chromotek 

GFP-Booster Atto 647N IF 1:200 (STED) Chromotek 

HRP-Rabbit α Mouse WB 1:5000 Dako 

HRP-Goat α Rabbit WB 1:10,000 Calbiochem 

 
 

Table 2 – Table of Antibodies used for western blot analysis and 

immunofluorescence staining 
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2.3. Generation of eukaryotic expression construct  

The C3C6 domains of cMyBP-C was amplified from adult human heart cDNA using forward 

[TTT CTC GAG TGA GCC CCC TGT GCT CAT CAC G] and reverse [TTT GGA TCC ACG CGT TTA 

ACC GAT AGG CAT GAA GGG] primers (Sigma Aldrich) and cloned into the XhoI and BamH1 

restriction sites of a pEGFP-C2 vector (Clontech; figure 12).  

 

 

 

 

 

 

 

 

 

 

 

MyBP-C cDNA library template was mixed with 10 µM forward primer, 10 µM reverse 

primer, Phusion DNA polymerase (NEB), Phusion DNA polymerase buffer (NEB), 10 mM 

deoxynucleoside triphosphate (dNTP; Qiagen) and H2O. The mixture was put into a 

polymerase chain reaction (PCR) machine using the parameters outlined in table 3.  

Figure 12 – Plasmid map of the pEGFP-C2 vector 
The C3C6 domains of the human cardiac myosin binding protein C (cMyBP-C) was 

amplified out of a human heart cDNA library and cloned into a pEGFP-C2 vector using 

the XhoI and BamHI restriction sites. Vector map created with SnapGene. 
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A 1% agarose gel with added GelRed nucleic acid gel stain (Biotium) was cast and the PCR 

product was loaded and run on the gel. The band was visualised using UV light and excised 

from the gel. DNA was extracted from the gel using a QIAquick gel extraction kit (Qiagen). 

Restriction digest reactions were set up for both the C3C6 insert and the pEGFP-C2 vector. 

The C3C6 insert or the pEGFP-C2 vector was mixed with Xho1 restriction enzyme (NEB), 

BamH1 restriction enzyme (NEB), Buffer 3 (10x; NEB), bovine serum albumin (BSA) and H2O. 

The mixtures were incubated at 37 °C for two hours. The pEGFP-C2 vector was 

dephosphorylated with Antarctic phosphatase (NEB) and buffer 3 (10x; NEB) and incubated 

for one hour at 37 °C. The pEGFP-C2 vector was heat shocked at 65 °C for 10 mins. The 

vector and C3C6 insert were both purified using the QIAquick PCR purification kit (Qiagen).  

A ligation reaction was set up with a 1:3 insert:vector ratio. C3C6 insert, 1µg pEGFP-C2 

vector, 1µl T4 DNA ligase (NEB) and 10x T4 DNA ligase buffer (NEB) were mixed together. A 

control reaction without the insert was also made. The reactions were incubated overnight 

at +4 °C.   

Table 3 – Thermocycler settings used for amplification of C3C6 domains 

of cMyBP-C from adult human heart cDNA 
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The ligation reaction was added to Top10 Ultracompetent E. coli cells (ThermoFisher 

Scientific) and incubated on ice for 30 mins. The mixture was heat shocked at 42 °C for two 

minutes and 100x volume of super optimal broth with catabolite repression (SOC) medium 

(ThermoFisher Scientific) was added and incubated at 37 °C on a shaker for two hours. The 

mixture was plated onto a Lennox broth (LB; ThermoFisher Scientific)-agar plate containing 

kanamycin (50 μg/ml) and incubated overnight at 37 °C. A colony was selected from the 

plate and added to 3 ml LB broth containing kanamycin (100 μg/ml) and incubated at 37 °C 

in a shaking incubator overnight. The plasmid DNA was extracted using a QIAprep spin mini 

prep kit (Qiagen). 
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Table 4 – Table of primer sequences used for site directed mutagenesis 

of C3C6 constructs to generate HCM-linked mutant constructs. 

2.4. Site directed mutagenesis of C3C6 constructs 

HCM-linked mutations within the C3C6 region were identified using the ClinVar database 

(Landrum et al., 2018) and primers were designed to generate these mutations (Table 4; 

Sigma-Aldrich). 

 

 

 

 

             

 

 

Either 10 µM forward, 10 µM reverse or no primer (control) was added to pEGFP-C2 with 

C3C6 insert, with 10 mM dNTP, 5x high fidelity buffer, Phusion DNA polymerase (NEB) and 

H2O. The mixture was then put in a thermocycler using the parameters outlined in Table 5. 

DpnI (NEB) was added to the mixture and incubated at 37°C for 5 hrs.  
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The PCR reaction was added to ultracompetent E. coli cells (ThermoFisher Scientific) and 

incubated on ice for 30 minutes. The mixture was heat shocked at 42°C for 30 seconds then 

put on ice for 1 minute. LB (ThermoFisher Scientific) media was added and the mixture was 

incubated at 37°C, 200 RPM for 1 hr. The mixture was spread onto LB agar (ThermoFisher 

Scientific) plates containing kanamycin (50 µg/ml) and incubated at 37°C overnight. Colonies 

were selected from the plates and LB media with kanamycin (50 µg/ml) was inoculated and 

put in a shaking incubator at 37°C, 200 RPM overnight. The cells were pelleted by 

centrifugation at 3000 rpm for 10 minutes, then plasmid DNA was extracted using a QIAprep 

spin mini prep kit (Qiagen). DNA was then sent off for sequencing in order to verify the 

correct mutation had occurred (Source Bioscience).  

 

 

Table 5 – Thermocycler settings used for site directed mutagenesis 
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2.5. COS-1 cells 

2.5.1. Passage 

COS-1 cells (Gluzman, 1981) were taken from liquid nitrogen and thawed, then added to 

COS-1 cell complete medium (Dulbecco’s modified eagle medium - high glucose (DMEM; 

Sigma-Aldrich), 10% foetal bovine serum (FBS), 1% penicillin/streptomycin). Cells were 

pelleted by centrifugation at 1200 RPM for 5 minutes. The supernatant was removed then 

the cell pellet was resuspended in 10 ml COS-1 cell complete medium and the cells were 

plated on 10 cm plates then put in an incubator at 37°C, 5% CO2 for 24 hrs.  

Cells were washed with phosphate buffered saline (PBS) then trypsin-

ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) was added and incubated for 5 

minutes. COS-1 cell complete media was added to the cells and centrifuged at 1000 RPM for 

5 minutes. The supernatant was removed and the cell pellet was resuspended in media then 

plated onto 35mm plates and incubated at 37°C, 5% CO2 for 30 minutes before transfection.  

2.5.2. Transfection 

1µg of DNA (pEGFP empty vector, pEGFP C3C6 WT or pEGFP C3C6 mutant) was added to 

100µl of media 199 (M199; Sigma-Aldrich) then 3 µl of Escort IV (Sigma-Aldrich) was added 

and mixed, then incubated for 15 minutes at room temperature (RT) and the mixture was 

added dropwise to the cells. The cells were incubated at 37°C, 5% CO2 for 48 hours. 

2.5.3. Immunofluorescence staining 

Cells were washed with PBS then were fixed with 4% paraformaldehyde (PFA) in PBS for 10 

minutes. Cells were permeabilised with 0.2% TritonX-100 in PBS for 1 minute and washed 3x 

5 minutes in PBS.  
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Cells were incubated in counterstain solution (4’,6-Diamidino-2-Phenylindole 

Dihydrochloride (DAPI), Alexa Fluor 546 phalloidin; Table 2) diluted in 1% BSA/Gold buffer in 

a humid chamber on a rotating shaker at room temperature for 1 hour. Cells were then 

washed 3x 5 minutes in PBS, then cells were mounted using Lisbeth’s mounting medium 

(0.1 M Tris-HCl/glycerol and 50 mg/mL n-propyl-gallate at pH 9.5).  

2.5.4. Western blot analysis 

Following transfection COS-1 cells were washed with PBS then 50 µl loading buffer (3.7M 

urea, 134.6 mM Tris pH 6.8, 5.4% SDS, 2.3% NP-40, 4.45% beta-mercaptoethanol, 4% 

glycerol, 6mg/ml bromophenol blue) was added and cells were scraped and transferred to 

an Eppendorf tube. The cell lysate was then boiled for 2 minutes.  

Cell lysate samples were run on a precast 4-20% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gel (Generon) then transferred onto a nitrocellulose membrane 

(GE life sciences) via wet transfer. Ponceau Red stain (Sigma) was used to verify transfer was 

successful.  

The membrane was blocked for 1 hour on a rotator at room temperature (RT) in 5% 

skimmed milk (Sainsbury’s) in low salt (LS) buffer. The membrane was then incubated in 

primary antibody solution (Mouse α GFP; Table 2) in 3% milk/LS for 1 hour at RT on a shaker. 

The membrane was washed 3x 5 mins in 3% milk/LS, then incubated in secondary antibody 

solution (horseradish peroxidase (HRP)-Rabbit α mouse; Table 2) on a shaker at RT for 1 

hour. The membrane was washed 3x 5 mins in LS then incubated in ClarityTM western 

enhanced chemiluminescence solution (ECL, Biorad). The membrane was then developed 

using a BioRad gel imaging machine. 
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2.6. Neonatal rat cardiomyocytes (NRC) 

2.6.1. Isolation and culture 

Rat pups were sacrificed, a neck tie cut was performed and the heart removed. The hearts 

were rinsed with 1x ADS and minced. Neonatal rat cardiomyocytes (NRCs) were isolated via 

sequential digest by adding collagenase (Worthington) and pancreatin (Sigma-Aldrich) 

enzyme solution and incubating at 37 °C, 200 RPM for 15 minutes. After each sequential 

digest the tissue was triturated then the supernatant was removed and strained, pelleted at 

800 RPM then resuspended in plating medium. The preparation of cardiomyocytes was 

enriched by pre-plating the cells in plating medium for 90 minutes at 37°C, 5% CO2 in order 

to remove most remaining fibroblasts. The supernatant was then removed and plated on 

35mm dishes which had been pre-coated with collagen (Advanced BioMatrix). The cells 

were then incubated at 37°C, 5% CO2 overnight.  

2.6.2. Transfection 

Media on cells was changed to transfection media 2 hours prior to transfection. 1µg of DNA 

(pEGFP empty vector, pEGFP C3C6 WT or pEGFP C3C6 mutant) was added to 100µl of M199, 

3 µl Escort III (Sigma-Aldrich) was added and the mixture was incubated for 15 minutes at 

room temperature; the mixture was then added dropwise to the media. After 5 hours the 

media was changed to maintenance media. The cells were incubated at 37°C, 5% CO2 for 48 

hours. 

2.6.3. Immunofluorescence staining 

Cells were washed with PBS then fixed with 4% PFA/PBS for 10 minutes. Cells were then 

permeabilised with 0.2% TritonX-100 in PBS for 5 minutes. Cells were then incubated in 
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primary antibody solution (Mouse α myomesin; Table 2) diluted in 1% BSA/GB in a humid 

chamber on a rotating shaker at RT for 1 hr. The cells were washed 3x 5 minutes in PBS, 

then incubated in secondary antibody/counterstain solution (DAPI, Cy3 α mouse, Alexa 

Fluor 633 phalloidin; Table 2) diluted in 1% BSA/GB in a humid chamber on a rotating shaker 

at RT for 1 hr. Cells were then washed 3x 5 minutes in PBS, then cells were mounted using 

Lisbeth’s mounting medium.  
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2.7.1. Confocal microscopy and image analysis 

Cells were imaged using a laser scanning SP5 II inverted confocal microscope (Leica 

microsystems, Wetzlar, DE), equipped with blue diode 405, argon, helium neon 456 and 

helium neon 633 lasers, using a 63x NA 1.4 oil immersion lens with a 2x zoom and Leica 

application suite Advanced Fluorescence software.  

Figures were compiled using Adobe Photoshop software. Nuclear localisation of GFP-tagged 

constructs was analysed using Mathematica 11.3 software (Wolfram, Champaign IL), DAPI 

was used to make a binary mask to extract out nuclear pixels in the green channel and for 

those cells containing green in the nucleus the average fluorescence intensity per pixel was 

determined. (Image analysis in collaboration with Dr. Mark Holt).  

2.7.2. STED microscopy  

Resolution of images obtained via microscopy is constrained by the diffraction limit, which is 

the limit at which two objects cannot be resolved and is dependent on both the wavelength 

of the light and the aperture of the optics used (Abbe, 1873). Various techniques have been 

developed to overcome the diffraction limit and increase resolution, including stimulated 

emission depletion (STED) microscopy. STED works by using an excitation laser beam and a 

donut shaped depletion laser beam, which bleaches the peripheral fluorophores back to 

ground state. Therefore, only molecules in the centre of this ring emit fluorescence (Hell 

and Wichmann, 1994).  

2.7.2.1. Immunostaining 

NRCs were fixed, permeabilised and immunostained as described above with primary 

antibody (mouse α alpha-actinin, rabbit α MyBP-C; Table 2) and secondary 
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antibody/counterstain solution (Cy3 α mouse, Atto 647n α rabbit, GFP booster Atto 647n; 

Table 2). Cells were mounted using 70% glycerol/PBS according to manufacturer instructions 

(Abberior). 

2.7.2.2.  STED imaging & analysis 

Cells were imaged using a STEDYCON (Abberior) attached to a Leica TCS SP5 confocal 

microscope equipped with 594 nm and 640 nm excitation lasers and a 775 nm depletion 

laser using a 100x NA 1.4 oil immersion lens. Images were recorded at a pixel size of 20 nm. 

Figures were compiled using Adobe Photoshop software. 

Analysis of the images was carried out in collaboration with Dr Mark Holt, a general scheme 

of which can be seen in figure 13. For analysis the STED images along with their respective 

metadata-containing text files were imported into Wolfram Mathematica 12.2 (Champaign, 

Il). Images were then resized to 20 nm x 20 nm per pixel using information in the metadata 

file.  

The images were then transformed using a Fast Fourier Transform (FFT) and converting to 

absolute magnitude to give a 2D spectrogram. The original image was multiplied by a 

Gaussian kernel with the same image dimensions to reduce edge artefacts. An inverse FFT 

was then applied to this to produce a 2D cepstrogram. This shows a linear series of bands 

emanating from the centre of the spectrogram with a spacing that is the same as the 

original image. The cepstrogram was then rotated so that the major axis of the signal was 

horizontal. The cepstrogram was then further transformed using a Radon Transform which 

shows distance of signal versus angle/direction. This has the benefit of smearing any 

background noise to give a cleaner signal. A line scan through the middle of the Radon 

Transform was then taken to visualise intensity as a profile plot. These profiles were used to 
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calculate the average sarcomere length (the major non-zero peak in the profiles, 

corresponding to alpha-actinin staining). These plots were then normalised to take account 

of slight variations in sarcomere length and the mean and standard deviations calculated for 

each mutant and control.  

Images of cells displaying good MyBP-C localisation produced profiles that had two further 

intensity peaks corresponding to the MyBP-C signal positioned between the two major 

peaks in the profile. This was accentuated by removing the baseline signal using the 

Difference of Gaussians (DOG) approach (similar to background subtraction as commonly 

used in image processing). It was then possible to extract the intensity of the first MyBP-C 

peak as a measure of signal integrity. It was found that this peak was the best indicator for 

this. 
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Figure 13 – Scheme for analysis of STED images 

Diagram showing an example for the general scheme for analysis of images of neonatal 

rat cardiomyocytes images from STED microscopy. The original image (A) was 

transformed using a Fast Fourier Transform (FFT) to give a 2D spectrogram. An inverse 

FFT was then applied to give a 2D cepstrogram (B). The cepstrogram was then further 

transformed using a Radon Transform (C). A line scan was then taken through the middle 

of the Radon Transform (C; dashed line) to visualise intensity as a profile plot (D). The 

major non-zero peaks (green arrow) denote alpha-actinin signal and thus sarcomere 

length. The two intensity peaks positioned between the major peaks (purple arrows) 

correspond to the MyBP-C signal. 
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2.8. Full length cMyBP-C adenovirus 

2.8.1. AV propagation  

A pAd vector containing the full length human cMyBP-C tagged at the N-terminus with GFP 

was generated by Vectorbuilder (figure 14). The plasmid was added to ultracompetent E. 

coli cells (ThermoFisher Scientific) and incubated on ice for 30 minutes. The mixture was 

heat shocked at 42°C for 30 seconds then put on ice for 1 minute. LB (ThermoFisher 

Scientific) media was added and the mixture was incubated at 37°C, 200 RPM for 1 hr. The 

plasmid was streaked onto LB agar plates containing 100 µg/ml ampicillin; colonies were 

picked, grown up in 3ml LB broth containing 100 µg/ml ampicillin and the DNA was 

extracted by a mini-prep kit (Qiagen). The DNA was digested with 1µl Pac-1 restriction 

enzyme (NEB) per µg of DNA for 1 hour at 37oC in order to linearize the plasmid. The DNA 

was then ethanol precipitated, 1/10 volume of sodium acetate (NaAC; 2M, pH 5.2) was 

added to the Pac-1 digested DNA, then 3x volume of ethanol was added and was left to 

incubate overnight at RT. The mixture was centrifuged at 14K RPM for 30 minutes, the 

supernatant was discarded and the pellet was washed with 70% ethanol. The mixture was 

centrifuged again for 15 minutes, the supernatant was discarded and the DNA was 

resuspended in TE buffer.  

HEK 293 cells were then transiently transfected with the pAd full-length cMyBP-C DNA. HEK 

293 cells were cultured in complete medium (DMEM, 10% FBS, 1% Pen/strep) in 6 well 

plates until they reached 70% confluency. 1 µg of pAd DNA was added to 250 µl DMEM then 

p3000 reagent (ThermoFisher Scientific) was added. In a separate tube 3 µl lipofectamine 

3000 (ThermoFisher Scientific) was added to 250 µl DMEM and incubated for 5 minutes at 

RT. The DNA and lipofectamine 3000 mixtures were added together and allowed to incubate 
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for 20 minutes at RT. The mixture was then added dropwise to the HEK 293 cells and 

incubated at 37°C, 5% CO2 for 24 hours, after which media was changed to complete 

medium. 48 hours after transfection cells were trypsinised and replated in a 10 cm dish.  

The infection was allowed to continue until 80% cytopathic effect was seen, adenovirus 

containing cells were harvested and then underwent 3x freeze-thaw cycles (-80°C for 30 

minutes followed by 37 °C for 15 minutes). The cell lysate was then centrifuged at 3000 RPM 

for 15 minutes and the supernatant was taken and stored at -80°C. This crude lysate was 

then added to HEK cells and left for 48 hours until 80% cytopathic effect was seen. 

Adenoviral containing cells were harvested and underwent 3x freeze-thaw cycles (-80°C for 

30 minutes followed by 37 °C for 15 minutes). The lysate was the centrifuged and 

supernatant was then taken and stored at -80 °C 

 

 

 

 

 

 

Figure 14– Plasmid map of the pAd vector containing the human full 

length cMyBP-C  
A pAd vector containing the human full length cardiac myosin binding protein C was 

generated by Vectorbuilder. This was then propagated and amplified in HEK293 cells. 

Vector map created with SnapGene. 
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2.8.2. SDM of pENTR vector  

The full length human cMyBP-C gene was amplified out of the pAd vector as described in 

2.3. using forward [caattctctaaggaaatacttaaccATGGTGAGCAAGGGCGAG] and reverse 

[gtctagatatctcgacggatcctaTCACTGAGGCACTCGCAC] primers (Sigma Aldrich) and cloned into 

a pENTR vector (Thermo Fisher) using the Gibson assembly technique.  

 50 ng of pENTR vector was mixed with 100 ng of insert and 2x assembly mix (NEB) which 

was incubated at 50 °C for 15 minutes. The mixture was then added to ultracompetent E. 

coli cells (ThermoFisher Scientific) and incubated on ice for 30 minutes. The mixture was 

heat shocked at 42°C for 30 seconds then put on ice for 1 minute. 100x volume of LB 

(ThermoFisher Scientific) media was then added and the mixture was incubated at 37°C on a 

shaker for 1 hr. The mixture was spread onto LB agar (ThermoFisher Scientific) plates 

containing kanamycin (50 µg/ml) and incubated at 37°C overnight. Colonies were selected 

from the plates and 3 ml of LB media with kanamycin (50 µg/ml) was inoculated and put in a 

shaking incubator at 37°C overnight. The cells were pelleted by centrifugation at 3000 rpm 

for 10 minutes, then plasmid DNA was extracted using a QIAprep spin mini prep kit 

(Qiagen). DNA was then sent off for sequencing in order to verify the insert was correct 

(Genewiz).   

Site directed mutagenesis was then carried out on the pENTR full-length cMyBP-C construct 

as outlined in 2.2. LR recombination was then carried out between the pENTR full-length 

cMyBP-C constructs with the desired mutations and the pAd vector. 100 ng of the entry 

clone was added to 300 ng of destination vector (donated by Dr Luke Smith) and TE buffer. 2 

µl of LR Clonase II enzyme mix (Thermo Fisher) was then added and incubated at RT 

overnight. 1 µl of Proteinase K (Thermo Fisher) was added to the mixture and incubated at 
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37 °C for 10 minutes. The reaction mixture was then transformed into ultracompetent E. coli 

cells (Thermo Fisher) as previously described and plasmid DNA was extracted using the 

QIAprep spin mini prep kit (Qiagen).  

Mutant pAd full-length cMyBP-C constructs were then propagated and amplified as outlined 

in 2.8.1. 

2.8.3. Titration of AV  

Adenovirus (AV) were titred using the AdEasy viral titer kit (Agilent Technologies). HEK293 

cells were plated in 24 well plates at a density of 2.2 x 105 in complete medium. A 10-fold 

dilution series was carried out for each AV construct over dilutions 10-2 to 10-6. Each dilution 

was then added in duplicate to the HEK293 cells and the cells were incubated at 37 °C, 5% 

CO2 for 24 hours. The medium was aspirated and the plate was left for 10 minutes to dry. 

The cells were then fixed with ice-cold 100% methanol and incubated at -20 °C overnight.  

The methanol was aspirated and the cells were washed 2x with 1x PBS with 1% BSA 

(PBS/BSA). Mouse anti-hexon antibody diluted 1:500 in PBS/BSA was then added and 

incubated at 37 °C for 1 hour. The antibody was aspirated and the cells were washed 2x with 

PBS/BSA, then HRP-conjugated goat anti-mouse antibody diluted 1:1000 in PBS/BSA was 

added and incubated at 37 °C for 1 hour. The antibody was aspirated and the cells washed 

2x with PBS/BSA then DAB 1x working solution (1 part 10x DAB substrate, 9 parts peroxide 

buffer) was added and incubated at RT for 15 minutes.  

The number of positive cells in 10 randomly chosen fields were counted using a 20x 

microscope objective. Infectious units (IFU) were then determined using the formula: 
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average number of positive cells per field x fields per well / volume of diluted virus used in 

each well (ml) x dilution factor.  

2.8.4. Determination of adenoviral concentration and 

infection duration 

COS-1 cells were cultured as described in 2.5.1. Cells were infected with WT AV full length 

cMyBP-C at dilutions ranging from 1:100 – 1:4. Cell viability was assessed using both visual 

observation to determine number of GFP-expressing cells versus amount of visible cell 

death and western blot analysis as described above to determine amount of protein 

produced (primary antibody – Rabbit α cMyBP-C; secondary antibody – HRP-Goat α Rabbit; 

Table 2).  

Once the best dilution was chosen NRCs were infected with the WT AV construct and the 

infection was allowed to continue for 24 or 72 hours and cell viability was assessed using 

both visual observation and western blot analysis, as described above, to determine the 

best infection duration. 

2.8.5. Infection of NRCs 

NRCs were isolated as described in 2.3.1. The day following isolation the media on the cells 

was changed to maintenance media and infected with either WT or mutant adenovirus at a 

dilution of 1:100 for the WT construct. Mutant constructs were added at an equivalent 

dilution based on the IFU calculated via titration.  

Cells were incubated for 24 hours at 37 °C, 5% C02 then either SDS samples were made for 

western blot analysis to determine protein expression levels (primary antibody - mouse α 

GFP or rabbit α MyBP-C, secondary antibody – HRP-rabbit α mouse or HRP-Goat α rabbit) or 
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cells were fixed and immunostained for confocal microscopy as previously described 

(conventional confocal microscopy: GFP booster Alexafluor 647, DAPI, Alexa Fluor 633 

phalloidin (Table 2); STED microscopy as described in 2.6.1.). 
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2.9. Protein expression & purification 

2.9.1. Protein expression optimisation 

A pET-His-Tev plasmid containing the C3C6 insert (donated by Dr. Thomas Kampourakis) was 

transformed into BL21(DE3)RIPL E.Coli cells (Agilent) and plated on LB-Agar plates 

containing ampicillin (100 µg/ml). Colonies were picked and 20 ml LB containing ampicillin 

(100 µg/ml) and chloramphenicol (35 µg/ml) were transfected and grown up overnight in a 

shaking incubator at 37°C.  

Cells were pelleted by centrifugation at 4500 RPM for 10 minutes then the pellet was 

resuspended in 1 L of LB containing ampicillin (100 µg/ml). The culture was incubated in a 

shaking incubator at 37 °C until reaching an OD600 of 0.6. Protein expression was then 

induced by adding 0.1 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG; VWR chemicals) 

and incubating in a shaking incubator at 37 °C for 3 hours. Cultures were then pelleted by 

centrifugation at 5000 RPM for 10 minutes.  

Protein expression was checked by western blot using an anti-His antibody (Table 2). Cell 

pellet was then resuspended in BugBuster Master Mix (Millipore) with EDTA-free protease 

inhibitor (Roche) and 1 mM dithiothreitol (DTT) and left on a rotator for 20 minutes at RT. 

The lysate was then centrifuged at 15,000 g at 4 °C for 30 minutes and the supernatant was 

sterile filtered using a 0.45 µm filter.  

Protein was then purified using a HisTrapFF column (GE life sciences). The column was 

equilibrated with 25 column volumes (CV) buffer A (20 mM HEPES pH 7.5, 300 mM NaCL, 1 

mM DTT, 20 mM imidazole), then lysate (Fraction L) was loaded onto the column and the 

flow through (FT fraction) was collected. The column was then washed with 10 CV buffer A 

(Fraction W). Protein was eluted from the column with 10 CV of a 50:50 mixture of Buffer A 
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and Buffer B (20 mM HEPES pH 7.5, 300 mM NaCL, 1 mM DTT, 500 mM imidazole) (Fractions 

E1 and E2). Protein was then eluted using 10 CV of 100% buffer B (Fractions E3 and E4).  

Blue Wonder loading buffer was then added to the fractions (L, FT, W, E1, E2, E3 and E4), 

the samples were boiled for 2 minutes then run on a 4-20% pre-cast SDS-PAGE gel 

(Generon). The gel was stained for protein using simply blue safe stain (Invitrogen).  

Following low and impure yield of protein, optimisation of protein expression was carried 

out, using Terrific broth (TB; Sigma-Aldrich) instead of LB and inducing using either 0.1 mM 

or 1 mM IPTG at either 37°C for 3 hours or 18°C overnight. Due to multiple bands appearing 

following staining of the gel, indicating protein degradation, additional EDTA-free protease 

inhibitor was added to the lysis buffer and lysis was instead carried out at +4°C for 40 

minutes.  

Following these optimisation steps, yield was still seen to be very low and there was still 

evidence of protein degradation occurring. Therefore, a pET-His-Tev plasmid containing the 

C3C5 domains (donated by Dr Thomas Kampourakis) was expressed and purified using the 

same steps outlined above instead.  

Protein containing fractions were pooled and TEV protease was added at a concentration of 

1:50 to remove the His tag and was then dialysed against a solution of 25 mM HEPES, 200 

mM NaCl, 1 mM MgCl2, 1 mM DTT, 5% glycerol, overnight at +4 °C. Dialysed protein was 

then run again on the HisTrap FF column. The column was pre-equilibrated with buffer A, 

then digested protein was applied to the column and FT was collected. The column was then 

washed with 10 CV of buffer A (Fractions W1A & W1B), followed by 10 CV of buffer B 

(Fractions W2A & W2B).  
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2.10.1. Native thin filament preparation 

Native thin filaments (NTFs) were isolated from bovine heart tissue. Bovine heart tissue was 

homogenised using a gentle MACS homogeniser in salt buffer (100 mM KCl, 3 mM MgCl2, 10 

mM imidazole, 5 mM DTT pH 7.3). Three volumes of 1:1 salt buffer:glycerol was added to 

the homogenised tissue and the mixture underwent gentle agitation at 4 °C for six hours. 

The glycerinated mixture was stored at -20 °C overnight. 

An equal volume of salt buffer was added to the glycerinated tissue and the mixture was 

blended using a Sorvall Omnimix. Afterwards the mixture was centrifuged at 10,000 x g 

using a F12S rotor in a Sorvall evolution RC centrifuge for five minutes. The supernatant was 

discarded and the pellet was resuspended in 2 volumes of salt buffer supplemented with 

0.6% TritonX-100. The mixture then underwent gentle agitation at 4 °C for 1 hour. This step 

was repeated a further three times. After the final centrifugation, the pellet was 

resuspended in 2 volumes of salt buffer without Triton X-100 and was centrifuged at 10,000 

x g for 5 minutes. This wash step was repeated a further 3 times to ensure the removal of 

the Triton. The pellet was then resuspended in 4 volumes of Buffer 1 (100 mM KCL, 3 mM 

MgCl2, 3 mM EDTA, 5 mM imidazole, 5 mM DTT, pH 7.5) and centrifuged at 10,000 x g for 5 

minutes. The pellet was then resuspended in 0.5 volumes of buffer 1 and 5 mM of ATP was 

added. The mixture was then blended for 1 minute and centrifuged at 5,000 x g for 10 

minutes.  

The supernatant was taken and the pH was adjusted to pH= 5.5-6. The supernatant was 

then centrifuged consecutively using a F50L rotor in a Beckman optima LE 80K 

ultracentrifuge at 30,000 x g for 30 minutes, 50,000 x g for 30 minutes, 80,000 x g for 180 

minutes. The supernatant was removed and the pellet was overlaid with thin filament 
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storage buffer (50 mM KCl, 2 mM MgCl2, 0.4 mM ATP, 0.5 mM DTT, 5 mM imidazole, pH 7) 

and incubated on ice overnight. The pellet was resuspended in the thin filament storage 

buffer and incubated on ice for 30 minutes, then centrifuged at 30,000 x g for 30 minutes.  

The supernatant was taken and undiluted, 1:3 and 1:6 dilutions of the sample were run on a 

15% SDS gel which was subsequently stained with Coomassie to check the presence of the 

thin filament proteins.  

2.10.2. ATPase assay to check NTF activity 

ATPase activity of the NTFs was determined via performing an ATPase assay using the 

ATPase/GTPase enzyme linked inorganic phosphate assay (ELIPA) Biochem kit (Cytoskeleton 

Inc.). This assay utilises the absorbance shift from 330 to 360 nm which occurs when 2-

amino-6-mercapto-7-methylpurine riboside (MESG) is catalytically converted by purine 

nucleotide phosphorylase (PNP) in the presence of inorganic phosphate (Pi). One molecule 

of Pi causes one molecule of MESG to be converted therefore absorbance at 360 nm is 

directly proportional to the amount of Pi generated by myosin ATPase 

NTFs were dialysed against ATPase assay buffer (10 mM MOPS, 5 mM MgCl2, 1 mM DTT) 

overnight. A phosphate standard curve was generated by adding inorganic phosphate at 

different concentrations ranging between 0-50 nM to ATPase assay buffer, 1 µM 2-amino-6-

mercapto-7-methylpurine riboside (MESG) and 1 µM purine nucleotide phosphorylase (PNP) 

in a 96 well plate. The mixture was allowed to incubate for 15 minutes at RT and then the 

absorbance was read at 360 nm using a ClarioStar spectrophotometer plate reader (BMG 

Labtech).  
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2.10.3.  ATPase assay with C3C5  

NTFs and purified C3C5 were dialysed against ATPase assay buffer overnight. Different 

concentrations of purified C3C5 ranging between 0-100 µM were added to 10 µM NTFs, 

0.02 µM Myosin S1, 1 µM MESG, 2 µM PNP and either 0.1 mM CaCl2 (with calcium) or 1 mM 

ethylene glycol tetra-acetic acid (EGTA) (no calcium) in a 96 well plate. The absorbance was 

then read at 360 nm for a few cycles to achieve a baseline reading. 1 mM of ATP was then 

added and the run was continued and absorbance at 360 nm was read for another 60 cycles. 

Absorbance levels over time where plotted using GraphPad Prism and the slope was 

calculated for each concentration of purified protein. 
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2.11. NTF co-sedimentation 

NTFs, purified C3C5 and purified C0C2 (donated by Dr Thomas Kampourakis) were dialysed 

against NTF co-sedimentation buffer (20 mM imidazole pH 7.4, 180 mM KCl, 1 mM MgCl2, 1 

mM EGTA pH 8, 1 mM DTT) overnight. 

Purified C3C5 and C0C2 were added to 10 µM NTFs at either 25 µM or 50 µM concentration 

in an ultracentrifuge tube with NTF co-sedimentation buffer to a final volume of 50 µl and 1 

mM ATP and 1 mM DTT was added. The samples were incubated at RT for 30 minutes then 

centrifuged at 100,000 x g for 1 hour in an F50L rotor using a Beckman optima LE 80K 

ultracentrifuge.  

Urea sample buffer (8 M urea, 20 mM Trisbase pH 7, 23 mM glycine, 0.2 mM EDTA, 5% 

glycerol, 10 mM DTT, 0.004% bromophenol blue) was added to the supernatant and the 

pellet was resuspended in a 50:50 urea sample:co-sedimentation buffer. Samples were 

boiled for 5 minutes then run on a 4-20% gradient gel and stained with Coomassie. 
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2.12. Yeast Two Hybrid (Y2H) assay 

2.12.1. Lithium acetate/carrier DNA transformation 

The C3C6 fragment, as well as the individual C4 and C5 domains, were amplified from the 

pEGFP C3C6 vector using forward [TTTGAATTCTGGCGGACGCAGCCTACCAG] and reverse 

[TTTGTCGACGCTGGGCCTGGACATGCCG] primers and cloned into an N-terminal LexA fusion 

protein (Takara; figure 15) using the EcoRI and SalI restriction sites as outlined in 2.1..  

Bait plasmid DNA was transformed into the L40 yeast strain by the lithium acetate/carrier 

DNA method. L40 yeast strain was streaked onto a YPD agar plate and incubated for 3 days 

at 30 °C. Cells were scraped from the plate and suspended in water then pelleted by 

centrifugation. The supernatant was removed and the cell pellet was again resuspended in 

Figure 15 – Plasmid map of the pLexA vector  
The C3C6 domains of cardiac myosin binding protein C was amplified out of the pEGFP 

C3C6 vector and cloned into the pLexA vector using the EcoRI and SalI restriction sites to 

create a yeast two hybrid bait plasmid. Vector map created with SnapGene. 
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water and centrifuged. The cells were then mixed with 60 µg carrier DNA (Takara), which 

had been denatured at 98°C for 10 minutes, and 500 ng of bait plasmid DNA or an empty 

Gal4 construct to test for autoactivation. 500 µl of Transformation buffer (10 mM TrisHCl pH 

8, 1 mM EDTA, 100mM Lithium acetate, 40% PEG 3500) was added and the mixture was 

incubated at 42 °C for 15 minutes. Cells were pelleted by centrifugation then washed 2x 

with water. Cells were then plated on synthetic defined media lacking tryptophan, histidine 

and leucine (SD-WHL) agar plate (Takara) and incubated at 30 °C for 3 days. 

2.12.2. Autoactivation check 

Following transformation of either bait plasmid with empty Gal4 construct or positive 

control DNA (pLexA KIN3 and pGadΔE, donated by Dr Luke Smith) in L40 yeast strain, 

colonies were picked and resuspended in water then spotted onto SD-WHL agar plates and 

incubated at 30 °C for 2-3 days.  

Colonies were then picked and spotted onto a nitrocellulose membrane on a SD-WHL agar 

plate and incubated at 30 °C for 2-3 days. The nitrocellulose membrane was then freeze-

thawed 3x in liquid nitrogen. The membrane was then placed on top of Whatman paper 

pre-soaked in X-gal buffer (60mM NaH2PO4, 10mM KCl, 1mM MgSO4, 38mM β-

mercaptoethanol, 0.33 mg/ml X-gal) and incubated at 30 °C until blue colouration was seen 

for the positive control. 

2.12.3. LexA fusion expression check 

Following transformation of bait plasmid DNA, cells were spread on SD lacking tryptophan 

(SD-W) agar plates (Takara) and incubated at 30 °C for 2-3 days. Colonies were picked and 

used to infect 3 ml of SD-W media (Takara) and incubated at 30 °C, in a shaking incubator 
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for 48 hours. Cells were pelleted by centrifugation, 4000 RPM at +4 °C for 10 minutes, then 

the pellet was resuspended in 100 µl of Y2H sample buffer (loading buffer, 100 mM PMSF, 

protease inhibitors).  

Samples were boiled then run on a 4-20% precast gel (Generon) and wet transferred onto a 

nitrocellulose membrane. The membrane was blocked in 5% milk/LS buffer, incubated in 

primary antibody (Rabbit α LexA; Table 2) then secondary antibody (Goat α Rabbit; Table 2).  

The blot was developed using ClarityTM western ECL (Biorad) and imaged using a Biorad gel 

imaging machine.  

2.12.4. Y2H assay screen 

Following transformation of bait plasmid DNA, cells were spread on SD-W agar plates 

(Takara) and incubated for 2-3 days at 30 °C. Several colonies were then picked and 

inoculated in 3 ml of SD-W media (Takara) and incubated at 30 °C in a shaking incubator 

overnight. The culture was centrifuged at 4000 RPM for 3 minutes and the pellet was 

resuspended in enough yeast peptone dextrose (YPD; Takara) media to reach an OD600 of 

0.2 then incubated at 30 °C in a shaking incubator until the culture reached an OD600 of 0.5. 

The culture was centrifuged at 4000 RPM for 3 minutes, the pellet was resuspended in YPD 

media then mate and plate human cardiac bait library (Takara) was added at a ratio of 2:1 

bait:library. The bait and library mixture was centrifuged at 4000 RPM for 3 minutes, the 

pellet was resuspended in 200 µl YPD media, then spread on YPD agar plates and incubated 

at 30 °C for 5 hours.  

Cells were scraped from the plates with YPD media and centrifuged at 4000 RPM for 3 

minutes. The pellet was resuspended in 4 ml of water then plated on 10x SD-WHL agar 

plates and incubated at 30 °C until colonies appeared.  
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Colonies were selected and resuspended in water then inoculated in 3 ml of SD lacking 

tryptophan and leucine (SD-WL) media and incubated in a shaking incubator at 30 °C for 3 

days. Cells were centrifuged at 4000 RPM for 5 minutes and the pellet was resuspended in 3 

ml Y2H lysis buffer (10 mM Tris HCl, 1% β-mercaptoethanol, 5 U lyticase, pH 8.0) and 

incubated at 37 °C in a shaking incubator for 90 minutes. Lysate was freeze-thawed 3x in 

liquid nitrogen then DNA was extracted using the QIAprep spin miniprep kit (Qiagen). DNA 

was sent for sequencing (Genewiz) and potential binding partners were identified using a 

Blast database search. 

DNA of any promising hits was then forced crossed with the bait plasmid, using the lithium 

acetate/carrier DNA transformation method described previously. Colonies were then 

picked and spotted onto nitrocellulose. The nitrocellulose membrane was freeze-thawed 3x 

in liquid nitrogen then the membrane was placed onto Whatmann paper that had been pre-

soaked in X-gal buffer (see 2.12.2). If blue colouration occurred this indicated a true 

interaction was happening between the DNA from the Y2H screen hit and the bait plasmid. 
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3. Characterisation of the wild-type central domains of cardiac 

myosin binding protein C 

Whilst many studies have been carried out to determine the structure and function of 

cMyBP-C, very little is understood about the functionality of the central domains of the 

protein. It is still unclear whether the central region merely functions as a spacer to ensure 

the N-terminal domains are in the correct proximity to actin and myosin or if they have a 

more functional role and contain binding sites for potential interaction partners.  

In order to gain a clearer picture of the role of these central domains, both eukaryotic and 

bacterial constructs containing the central domains of the protein were utilised to study the 

subcellular localisation of the central domains, as well as elucidate possible functional roles 

of this region of the protein. These constructs contained only the central region of the 

protein so that localisation and functional effects could be observed without the influence 

of the surrounding N- and C-terminal domains of the protein.    
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3.1. Localisation of the central domains of cMyBP-C 

To study the localisation of the central domains of cMyBP-C, a eukaryotic GFP-tagged C3C6 

containing construct was generated by cloning the C3C6 region, amplified from human 

heart cDNA, into a pEGFP vector.  

First this construct was transiently transfected into COS-1 cells to check expression of the 

construct, then samples were run on an SDS-PAGE gel and immunoblotted to validate the 

construct had the correct molecular weight of 73 kDa.  As can be seen in figure 16, a single 

band was shown at just below 75 kDa for the GFP-tagged C3C6 domain protein, which is the 

expected molecular weight, with no band being seen in the negative control of non-

transfected (NT) cells. EGFP alone showed a band at 27 kDa which is its expected molecular 

weight.  

 

 

 

Figure 16 – Validation of the GFP-tagged C3C6 domain containing 

construct 
In order to validate the GFP-tagged C3C6 domain containing construct which was to be 

utilised in further experiments, western blot analysis was used to determine the 

construct was the correct molecular weight. The construct, as well as a control of EGFP 

alone, was transiently transfected in COS-1 cells, samples were taken and run on an SDS-

PAGE gel, transferred onto nitrocellulose and immunostained using an anti-GFP 

antibody. The results showed that the GFP-tagged C3C6 domain containing construct 

showed the expected molecular weight of 73 kDa, non-transfected (NT) showed no band 

at the expected molecular weight, whilst EGFP alone showed an expected molecular 

weight of 27 kDa. 
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This construct was then transiently transfected into both COS-1 cells and NRCs, then 

immunostaining and confocal microscopy was utilised to determine localisation in both of 

these cell types. As can be seen in figure 17B, in COS-1 cells C3C6 showed a diffuse 

cytoplasmic localisation, with no aggregation of the construct. The construct also showed 

little to no nuclear localisation (figure 17B; red arrow) when compared to EGFP alone, 

shown via counterstaining with DAPI, which did show a high level of nuclear localisation 

(figure 17A; red arrow). Furthermore, there did appear to be some co-localisation between 

the GFP-tagged C3C6 and F-actin at the periphery of the cells (Figure 17B; blue arrows), 

which was also seen with the EGFP alone but to a lesser extent (Figure 17A; blue arrows).  

Similarly, in the NRCs C3C6 localised in a cytoplasmic, mostly diffuse manner and did not 

appear to aggregate. It also did not seem to localise to the nucleus in the NRCs. The EGFP 

alone construct was again seen to show high levels of nuclear localisation, as was seen in 

the COS-1 cells (Figure 17C, red arrow). Co-localisation with actin was also seen mainly in 

the myofibrils in the NRCs with the GFP-tagged C3C6 fragment (figure 17D, blue arrows). 

From the results of these experiments it seems that the C3C6 domains are stable, as they 

did not aggregate. The fact that they showed a mainly diffuse cytoplasmic localisation 

indicates that these domains do not have a role in the incorporation of the protein into the 

sarcomere, which is as expected as this region does not contain any of the domains which 

have previously been found to carry out this role, i.e. domains C7-C10 (Okagaki et al., 1993, 

Freiburg and Gautel, 1996). The co-localisation seen between the GFP-tagged C3C6 domains 

with actin, which was either absent or much lower with EGFP alone, suggests the possibility 

that the central domains may be interacting with actin and thus could contain binding 

domains for actin. Although co-localisation does not necessarily mean that the two proteins 
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are interacting, merely that the two proteins are in close proximity. However, it did appear 

that the GFP alone construct did show some decoration of the myofibrils, although to a 

lower extent than the C3C6 containing construct, suggesting that the GFP tag could be 

responsible for any co-localisation seen with actin. 

Figure 17 – Localisation of the GFP-tagged wildtype C3C6 containing 

plasmid 
Confocal micrographs of transiently transfected COS-1 cells and NRC. A pEGFP empty 

vector or pEGFP vector containing the C3C6 domains of cMyBP-C was transiently 

transfected into COS-1 cells (A & B) and neonatal rat cardiomyocytes (NRC; C & D). Cells 

were then immunostained for F-actin (red in COS-1 cells; blue in NRCs), myomesin (red 

in NRCs) or DAPI (blue in COS-1 cells) to determine localisation of the C3C6 construct. 

The pEGFP C3C6 construct showed a diffuse cytoplasmic localisation in both COS-1 cells 

and NRCs and also showed some co-localisation with F-actin. The construct did not 

appear to aggregate suggesting it was not degraded and also did not appear to localise 

to the nucleus, as the EGFP alone was shown to do. Nuclear localisation indicated by red 

arrows; co-localisation between central domains and F-actin indicated by blue arrows. 

Scale bar = 10 µm 

 

 

Figure – Localisation of C3C6 construct 
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3.2. Production and purification of central domain fragments 

3.2.1. Production of the C3C6 domain fragment 

To study the stability and possible functional role of the central domains, protein production 

and purification of a His-tagged pET C3C6 construct was carried out in order to produce 

protein which could subsequently be used in functional studies.  

The pET C3C6 domain containing construct was transformed into BL21 (DE3) RIPL E. coli cells 

and protein production was induced using different induction conditions (IPTG 

concentration at 0.1 mM or 1 mM; induction conditions of 2 hours at 37 °C or overnight at 

18 °C). Cells were lysed and samples run on an SDS-PAGE gel, transferred onto nitrocellulose 

and probed using an anti-HIS tag antibody (Fig 18A) to determine whether soluble protein 

was being produced, as protein in the insoluble fraction tends to be aggregated protein that 

may form inclusion bodies of non-folded, inactive protein (Brondyk, 2009). The results 

indicated that the strongest band at the expected molecular weight of 50 kDa in the soluble 

fraction occurred under the conditions of 1 mM IPTG for 2 hours at 37 °C (figure 18A, 

Arrow).  

Lysed protein was then purified on a HisTrap FF column and samples were taken and run on 

an SDS-PAGE gel which was stained with Coomassie (Fig 18B). A faint band was seen at the 

correct molecular weight of 50 kDa (figure 18B, arrow), however there was also a lower 

band seen at just below 40 kDa suggesting degradation of the protein product was occurring 

(Figure 18B, Asterisk).  

Due to this the lysis step of the procedure was changed to occur at +4 °C instead of at RT 

and an increased amount of protease inhibitor was added to the lysis buffer. Samples were 

again purified on a HisTrap FF column and samples were run on an SDS PAGE gel which was 
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stained with Coomassie (Fig 18C). However, there did not appear to be any decrease in the 

levels of degradation of the protein seen, with the lower band still remaining (figure 18C, 

Asterisk), and the yield continued to be low (figure 18C, arrow). 

Due to this a shorter pET construct containing just the C3C5 domains was trialled to see if a 

better yield could be achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 – Optimisation of C3C6 protein induction 
Immunoblot and Coomassie stained SDS-PAGE gels of recombinantly expressed 

constructs. A pET C3C6 plasmid was transformed into BL21(DE3)RIPL E. coli cells and 

optimisation of protein induction was carried out The results showed the strongest band 

at the correct molecular weight for the C3C6 fragment in the soluble fraction occurred 

following induction at 37 °C with 1 mM IPTG (A). Protein was subsequently purified using 

the HisTrapFF column. Samples were run on a precast 4-20 % SDS-PAGE gel and the gel 

was stained to detect protein. However, there was a fragment at a lower molecular 

weight indicating protein degradation (B; asterisk). To try to reduce fragmentation 

optimisation of the lysis steps were carried out, however, this did not decrease the 

amount of protein degradation seen (C; asterisk). Abbreviations: E=elution fraction; 

FT=flow through; L=lysate; P=pellet; S=soluble; T=total; W=wash  
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3.2.2. Optimisation of production and purification of the C3C5 

domain fragment 

To see whether use of a shorter fragment of the central domains of cMyBP-C would result in 

production of a higher protein yield, a HIS-tagged pET C3C5 domain containing construct 

was transformed into BL21 (DE3) RIPL E. coli cells and induction of protein production was 

carried out at either 37 °C for 2 hours or 18 °C overnight using either 0.1 mM or 1 mM of 

IPTG. Cells were lysed and samples were run on an SDS-PAGE gel, transferred onto 

nitrocellulose and probed using an anti-HIS tag antibody (Fig 19A). The results indicated that 

the conditions of 18 °C overnight produced the strongest band at the expected molecular 

weight of about 35 kDa in the soluble fraction, whilst there seemed to be little difference in 

yield when utilising 0.1 mM or 1 mM IPTG (Fig 19A, asterisk), therefore the conditions of 18 

°C overnight with 0.1 mM IPTG were used in all further induction procedures.  

The cells were lysed and purified on a HisTrap FF column, samples were run on an SDS PAGE 

gel which was stained with Coomassie and a large band was seen at the correct molecular 

weight in the elution fractions 1-4 (figure 19B, arrow), however there were many other 

bands seen. The His tag was removed, and the protein was once more purified on a HisTrap 

FF column, samples were run on an SDS PAGE gel which was stained with Coomassie 

following which a pure protein product was seen in the flow through (FT) fraction (Fig 19C, 

asterisk). 
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Figure 19 – Optimisation of C3C5 protein induction & purification 
Immunoblot and Coomassie stained SDS-PAGE gels of recombinantly expressed 

constructs. A His-tagged pET C3C5 containing construct was transformed into 

BL21(DE3)RIPL E. coli cells and optimisation of protein induction was carried out. The 

results showed the strongest band at the correct molecular weight for the C3C5 

fragment in the soluble fraction occurred following induction at 18 °C, with little 

difference seen between 0.1 mM and 1 mM IPTG (A; asterisks). Protein was then 

purified using the HisTrap FF column. Samples were run on an SDS-PAGE gel and the gel 

was stained to detect protein (B). The protein was then treated with TEV protease to 

remove the His tag from the protein. Protein was purified again on the HisTrap FF 

column and a pure band was produced at the correct molecular weight in the flow 

through (FT) fraction (C; asterisk). Abbreviations: FT=flow through; L=lysate; W=wash  
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These recombinant expression experiments of the central domains indicate that whilst both 

the C3C6 and the C3C5 domains showed soluble expression, the longer C3C6 fragment 

expressed at a much lower yield and showed signs of a degradation product, suggesting that 

it is less stable. Furthermore, the fact that the degradation product appeared to be at the 

correct molecular weight for a three domain fragment and the shorter C3C5 fragment did 

not show any degradation product suggests the possibility that the C6 domain was being 

cleaved off. Additionally, western blot analysis utilised an antibody against the N-terminal 

His tag for detection, therefore degradation must have been occurring at the C-terminus of 

the fragment. This could mean that the linker between the C5 and C6 domains is less stable 

and the C7-C10 domains are required to stabilise the C6 domain. However further 

experimentation such as mass spectrometry would be required to confirm this. 
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3.3. Effect of the central domains on actomyosin cross-bridge 

cycling kinetics 

A major role for the N-terminal domains of cMyBP-C is in regulating the actomyosin 

crossbridge cycling kinetics. To determine whether the central domains also have an effect 

on crossbridge cycling the recombinantly expressed central domain fragment was utilised in 

an ATPase assay.  

As stated earlier, following the working stroke during contraction, ATP binds to myosin to 

induce its detachment from actin and is then hydrolysed into ADP and inorganic phosphate 

(Huxley and Niedergerke, 1954, Huxley and Hanson, 1954, Huxley, 1957). The ATPase assay 

is able to measure levels of inorganic phosphate and thus the hydrolysis of ATP by myosin. 

Therefore, it can determine whether the presence of the central C3C5 domains has any 

effect on the rate of ATP hydrolysis by myosin and thus whether it has an effect on the 

actomyosin cross-bridge cycling kinetics. This assay also measures the activation state of the 

thin filament, as at low ATPase rates the thin filament is off, whilst at high rates the thin 

filament is on. Therefore, this assay may show whether the central domains could be 

affecting the regulatory state of the thin filaments. 

3.3.1. Production of native thin filaments 

NTFs, for use in the ATPase assay and the co-sedimentation assay, were isolated from 

bovine heart tissue as detailed in section 2.10.1. Following isolation of the NTFs samples 

were taken and run on an SDS-PAGE gel and Coomassie stained to ensure that all of the 

components of the thin filament were present at their respective expected molecular 

weights (actin – 42 kDa, tropomyosin – 29 kDa, TnT – 34.6 kDa, TnC – 18.4 kDa and TnI – 

23.9 kDa), which can be seen in figure 20A. Calcium regulation of the isolated NTFs was then 
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checked via an ATPase assay, either in the presence of EGTA or calcium. The rate of ATP 

turnover by myosin was calculated and was found to be over 10x increased in the presence 

of calcium compared with EGTA (Figure 20B), indicating the NTFs were functionally intact.  

 

 

 

 

 

 

 

3.3.2. Effect of the central C3C5 domains on the ATPase rate 

Following validation of the correct functioning of the NTFs, an ATPase assay was carried out, 

as described in section 2.12., utilising the purified recombinant C3C5 protein at increasing 

concentrations (between 0-100 µM) in either the presence or absence of calcium and the 

ATPase rate was calculated. Absorbance levels over time where plotted using GraphPad 

Prism and the slope was calculated for each concentration of purified protein. 

Figure 20 – Validation of native thin filament preparation 
Native thin filaments (NTFs) were isolated from bovine heart tissue. Sample was run on 

an SDS-PAGE gel and Coomassie stained to ascertain all of the components of the thin 

filaments were present (A). Activity of the NTFs was then checked using an ATPase 

assay, with absorbance read at 360 nm by a spectrophotometer plate reader, which 

showed the ATPase rate was more than 10x higher in the presence of calcium compared 

to without calcium, indicating the NTFs were functioning correctly (B).  
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In the absence of calcium, as can be seen in the graph in figure 21, the rate did not seem to 

increase and remained relatively constant no matter what concentration of the C3C5 

fragment was added. In the presence of calcium, there was a trend to an increase in ATPase 

rate with increasing concentrations of C3C5, with a significant increase in rate seen at 50 

and 70 µM compared to in the absence of the central domains (p= 0.0042 and 0.0219 

respectively; one way ANOVA; n=3; figure 21). 

 

 

 

 

 

This suggests that the central domains of cMyBP-C may also be involved in the regulation of 

the actomyosin crossbridge cycling kinetics and that this regulatory role is not solely carried 

out by the most N-terminal domains (C0-C2). It remains unclear whether this effect was 

Figure 21 – Effect of C3C5 domains on ATPase activity 
Purified recombinant C3C5 protein was added in increasing concentrations (0-100 µM) in 

an ATPase assay either in the presence or absence of calcium, absorbance was measured 

at 360 nm by a spectrophotometer plate reader and ATPase rates were calculated by 

plotting absorbance over time and calculating the slope. ATPase rates remained 

relatively constant in the absence of calcium, whilst in the presence of calcium, the rate 

showed a trend to an increase in ATPase rate with increasing concentrations of C3C5, 

with a significant increase in rate seen at 50 and 70 µM (p= 0.0042 and 0.0219 

respectively; t-test; n=3).  
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occurring due to the central domains of cMyBP-C altering the regulatory state of the thin 

filaments or via an interaction with myosin increasing its ability to bind actin. 
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3.4. Summary 

The results of these experiments suggest that the central domains of cMyBP-C expressed in 

isolation show a diffuse cytoplasmic localisation but do show a possible co-localisation with 

actin, which will be explored further in chapter 4.  

Recombinant expression of the central domains suggested that the C3C6 fragment was less 

stable than the shorter C3C5 fragment, with a possibility that the C6 domain was being 

cleaved off. This could mean that the linker between the C5 and C6 domains is unstable but 

could be stabilised in the presence of the C-terminal domains C7-C10.  

Lastly, the ATPase assay indicated the possibility that the central domains could be involved 

in the role cMyBP-C has in regulating the actomyosin crossbridge cycling kinetics, as it was 

seen to significantly increase the ATPase rate at high concentrations of the C3C5 

recombinant protein when in the presence of calcium. This potential effect could occur via 

interaction with either the thin or thick filament proteins. This is contrast to previous 

experiments which showed that at high concentrations the C0C2 domains inhibited ATP 

hydrolysis (Belknap et al., 2014). However, this difference could be due to the apparent 

differences in the binding affinities shown in the co-sedimentation asaay, as the C3C5 

domains appeared to bind to the NTFs with a much lower affinity when compared with the 

C0C2 domains.  
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4 – Possible binding partners of the central domains of cardiac 

myosin binding protein C 

The high number of HCM-linked mutations found in the central domains, along with the 

cardiac specific insert in the C5 domain, suggests that these domains do have a functional 

role. Whilst it is possible that these domains merely act as a spacer, they could also have an 

active role in protein function via interaction with other proteins. There have been no 

confirmed binding partners found for the central domains of MyBP-C thus far; however, 

there have been studies indicating possible interactions with actin, creatin kinase and the C-

terminus of cMyBP-C (Rybakova et al., 2011, Chen et al., 2011, Moolman-Smook et al., 

2002). Due to this, yeast two hybrid assay screens were carried out in order to identify 

putative binding partners of the central domains of cMyBP-C.  

The possible co-localisation seen previously between the central domains and actin was also 

explored further to see whether an interaction between the two was actually occurring or if 

the two proteins were merely in close proximity. This was achieved by carrying out 

ratiometric analysis on the confocal images shown in the previous chapter to quantify the 

levels of co-localisation between the GFP-tagged C3C6 domain containing construct and F-

actin, in comparison with GFP alone. This possible interaction was further studied by 

carrying out a co-sedimentation assay using the purified C3C5 protein fragment and NTFs. 
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4.1. Yeast two hybrid assay screen to identify putative binding 

partners of cMyBP-C’s central domains 

As no binding partners for the central domains of MyBP-C have so far been confirmed, a 

yeast two hybrid assay screen was carried out to determine possible novel binding partners 

for this region.  

The yeast two hybrid assay takes advantage of the fact that eukaryotic transcription factors 

have two sub-domains: an activating domain and a DNA binding domain. The screen 

involves a bait plasmid containing the protein of interest and a prey library, with each 

containing one of the two sub-domains of the transcription factor. If the bait and prey 

interact the transcription factor reconstitutes, which leads to downstream activation of a 

reporter gene (Fields and Song, 1989). In this case the reporter gene was a Histidine 

biosynthesis enzyme; therefore, only prey interacting with the bait plasmid would be able to 

grow on medium lacking Histidine. 

4.1.1. Generation of bait constructs for the yeast two hybrid assay 

screen 

A yeast two hybrid assay screen was carried out using a bait plasmid, with the transcription 

factor DNA-binding sub-domain of LexA, containing the central domains of cMyBP-C and a 

human cardiac prey library containing the Gal4 activating sub-domain. Bait constructs 

containing the C3C6 domains of cMyBP-C, as well as single domain bait plasmids for the C4 

or C5 domains, were generated via enzyme restriction cloning.  

Before carrying out the screens the bait plasmids had to first be validated to ensure that 

they could be expressed in the yeast strain as well as to test for autoactivation, as around 
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5% of proteins are thought to show some activating activity (Van Criekinge and Beyaert, 

1999) and this could result in false positives in the screen. 

All three bait plasmids were transformed into an L40 yeast strain to determine whether they 

expressed in the yeast cells. Following transformation into the yeast, the cells were lysed 

and samples were run on an SDS-PAGE gel, transferred onto nitrocellulose and probed using 

an anti-LexA antibody. The results showed bands at the expected molecular weights for all 

three bait plasmids (76 kDa for C3C6; about 40 kDa for C4 and C5, figure 22 A&B), showing 

that they were all able to express in the yeast strain. For the C4 and C5 bait plasmids there 

were additional bands at a lower molecular weight, indicating the possibility of degradation 

(figure 22B, arrow), however as there was a strong band at the correct molecular weight 

these bait plasmids were still utilised. 

The bait plasmids were then checked for autoactivation to make sure that they did not 

cause a false positive by directly binding to the activation sub-domain of Gal4 alone. Each 

bait plasmid was co-transformed with an empty Gal4 containing plasmid, spotted onto 

nitrocellulose and an X-gal assay was performed. In this assay if the bait plasmid was able to 

bind directly to the Gal4 sub-domain this would lead to gene expression resulting in the 

synthesis of β-galactosidase. Following interaction of β-galactosidase with the X-gal 

substrate blue colouration would appear. As a LexA KIN3 bait plasmid had previously shown 

autoactivation with the empty Gal4 construct (previous experiments by Dr. Luke Smith, 

King’s College London) this was used as a positive control. The results, as shown in figure 

22C, showed no blue colouration for any of the bait plasmids, whilst the positive control did 

turn blue, indicating that none of the plasmids being tested were autoactivating.  
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All three of the bait plasmids generated were able to be expressed in the yeast strain and 

none showed any signs of autoactivation, therefore all three were used to carry out the 

yeast two hybrid screens. 

Figure 22 – Generation of bait constructs for the yeast two hybrid assay 
Fragments from the central domains of cardiac myosin binding protein C (cMyBP-C) were 

cloned into an N-terminal LexA fusion protein. Constructs were transformed into L40 

yeast strain and immunoblotting was used to ascertain expression of the C3C6 (A), C4 and 

C5 (B) bait constructs. Strong bands were seen at the expected molecular weight of 75 

kDa for the 3 domain construct and 50 kDa for the single domain constructs. There were 

lower bands seen for the C4 and C5 domain contain bait constructs (B; arrow) which may 

suggest some degradation. Bait constructs were then co-transformed with an empty Gal4 

construct to check for autoactivation via the X-gal assay (C). No blue colouration was seen 

for any of the constructs indicating no autoactivation was occurring. A pLex KIN3 

construct which had previously shown autoactivation was used as a positive control.  
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4.1.2. Hits from the yeast two hybrid assay screen 

Yeast two hybrid assay screens were carried out with each of the three bait plasmids 

containing domains from the central region of cMyBP-C, with a human cardiac prey library. 

The screen was plated on agar plates lacking Histidine, therefore any colonies which grew 

indicated an interaction between the bait and prey plasmids in order to reconstitute the 

transcription factor to lead to downstream activation of the Histidine biosynthesis enzyme. 

All colonies which grew were picked and DNA was extracted and sent for sequencing. A 

basic local alignment search tool (BLAST) database search then indicated any hits which 

were in frame with the Gal4 activating domain.  

4.1.2.1. Hits from the Y2H assay screen with the C4 bait construct 

70 colonies grew from the yeast two hybrid screen using the C4 bait plasmid; six of which 

were found to be in frame with the Gal4 domain (table 6).  Of these the majority did not 

seem to be likely interactors consisting of : a hypothetical protein (CAE45949); Cytochrome 

C oxidase subunit 1 which is part of the mitochondrial electron transport chain; an unnamed 

protein (BAC85276.1); partitioning defective 3 homolog, an adaptor protein involved in 

asymmetrical cell division and cell polarisation (Tabuse et al., 1998) and membrane protein 

11 isoform CRA-b which has a role in mitochondrial morphogenesis. Only one seemed to be 

of any interest: the ABHD18 isoform 9 (red in table 6). This is a protein that has an unknown 

function; however it has the highest expression levels in the heart (Fagerberg et al., 2014) as 

well as showing a striated appearance when stained for in cardiac muscle tissue, suggesting 

that it could possibly localise in the sarcomeres (from Human Protein Atlas available from 

https://www.proteinatlas.org/ENSG00000164074-ABHD18/tissue/heart+muscle (Uhlén et 

al., 2015)).  
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4.1.2.2. Hits from the Y2H assay screen with the C5 bait construct 

The yeast two hybrid screen utilising the bait plasmid containing the C5 domain of cMyBP-C 

grew 15 colonies, of which four were in frame with the Gal4 domain (table 7). The hits 

included: growth hormone-inducible transmembrane protein which is required for the 

mitochondrial tubular network and cristae organisation, as well as being involved in the 

apoptotic release of cytochrome c (Oka et al., 2008); B-cell growth factor which stimulates 

B-and T-cells (Yokota et al., 1986) and an unnamed protein product (BAB70813.1). The only 

Table 6 – Hits from the yeast two hybrid assay with the C4 bait plasmid 
Following the yeast two hybrid assay screen DNA was extracted from colonies, 

sequenced and identified using a blast database search. Proteins which seemed likely 

candidates to be interactors of cardiac myosin binding protein C (cMyBP-C; red) 

underwent a forced cross with their respective bait construct to determine whether a 

true interaction was occurring. 
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hit that appeared relevant to the cardiovascular system was a fragment of the titin cap 

(shown in red in table 7), which is the first 11 amino acids of the titin cap, also known as 

telethonin, which is thought to have a role in myofibrillar assembly (Mason et al., 1999). 

 

 

 

4.1.2.3. Hits from the Y2H assay screen with the C3C6 bait 

construct 

Following the yeast two hybrid screen using the bait plasmid containing the C3C6 domains, 

48 colonies grew. Of these, DNA extraction and analysis of the sequence identified only nine 

which were in frame with the Gal4 domain, which can be seen in table 8. The screen 

identified seven proteins which do not appear to be likely candidates for interaction with 

Table 7 - Hits from the yeast two hybrid assay with the C5 bait plasmid 
Following the yeast two hybrid assay screen DNA was extracted from colonies, 

sequenced and identified using a blast database search. Proteins which seemed likely 

candidates to be interactors of cardiac myosin binding protein C (cMyBP-C; red) 

underwent a forced cross with their respective bait construct to determine whether a 

true interaction was occurring. 
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MyBP-C: promyelocytic leukaemia zinc finger, which is involved in developmental and 

biological processes including spermatogenesis, hind limb formation, haematopoiesis and 

immune regulation (Suliman et al., 2012); cytochrome b, a component of the mitochondrial 

electron transport chain (Esposti et al., 1993); ferretin light polypeptide which is involved in 

iron storage (Harrison and Arosio, 1996); splicing factor arginine/serine-rich 3, isoform 

CRA_e which is involved in splicing regulation (Zhou and Fu, 2013); an unnamed protein 

product (BAG62403.1); centrosomal protein POC5, a protein involved in assembly of the 

centrosomes (Azimzadeh et al., 2009) and microtubule-associated proteins 1A/1B which are 

adaptor proteins that act to stabilise microtubules (Halpain and Dehmelt, 2006).  Two did 

appear to have links to the cardiovascular system (red in table 8): atrial natriuretic peptide 

and beta myosin heavy chain.  Atrial natriuretic peptide is involved in lowering blood 

pressure (Brenner et al., 1990), whilst beta myosin heavy chain forms part of type II myosin 

which is the isoform of myosin present in striated muscles and is responsible for contraction 

(Lodish et al., 2000).    
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Table 8- Hits from the yeast two hybrid assay with the C3C6 bait 

plasmid 
Following the yeast two hybrid assay screen DNA was extracted from colonies, 

sequenced and identified using a blast database search. Proteins which seemed likely 

candidates to be interactors of cardiac myosin binding protein C (cMyBP-C; red) 

underwent a forced cross with their respective bait construct to determine whether a 

true interaction was occurring. 
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4.1.3. Validation of putative interaction partners identified by the 

yeast two hybrid screen 

In order to ensure that the relevant potential hits shown above were reproducible and thus 

not merely false positives, forced crosses were performed between DNA extracted from 

colonies which grew during the screen and the corresponding bait plasmid. This was carried 

out by co-transfecting into yeast, spotting onto nitrocellulose and carrying out an X-gal 

assay, as described previously. The pLex-A KIN3 construct crossed with the empty Gal4 

plasmid was again used as a positive control. If blue colouration was seen then this would 

have indicated a true interaction was occurring. However, as can be seen in figure 23, none 

of the forced crosses turned blue, whilst the positive control did turn blue, suggesting that 

all of these interactions were false positives. 

 

 

 

 

Figure 23 – Forced cross of potential cardiac myosin binding protein C 

interactors identified in the yeast two hybrid assay 
Example of the forced cross tests carried out to determine whether potential interactors 

identified in the yeast two hybrid assays screens were true interactors. DNA from 

potential interactors identified in the yeast two hybrid assay screen were co-transfected 

into L40 yeast strain with their respective bait plasmid to determine whether a true 

interaction was occurring. Interaction was determined using the X-gal assay for each of 

the promising potential interactors. None of the potential binding partners turned blue 

indicating no true interactions were taking place. A pLex KIN3 construct which had 

previously shown autoactivation was used as a positive control. 
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The yeast two hybrid screen produced a high number of colonies, particularly the C3C6 and 

C4 containing bait plasmids, suggesting that there were no technical issues whilst carrying 

out the screen. However, the majority of the hits seen were either out of frame with the 

Gal4 domain or unrelated to the cardiovascular system or in a localisation which made it 

unlikely for interaction with MyBP-C to be feasible. Of those which did look promising none 

were positive during the forced-cross X-gal assay suggesting these hits were false positives.  
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4.2. Possible interaction between the central domains and actin 

While no binding partners for the central domains of MyBP-C have been confirmed to date, 

past studies have indicated a possible interaction between the central domains of cMyBP-C 

and actin. One study indicated the C5-C10 region could bind specifically to actin (Rybakova 

et al., 2011), whilst another suggested the C3 domain might be involved in the N-terminus’ 

interaction with the thin filament (Inchingolo et al., 2019). Furthermore, as was shown in 

section 3.1., confocal imaging indicated a possible co-localisation between the C3C6 

domains and F-actin. Due to this, further quantification and experimentation was carried 

out to see if there was any interaction between the central domains and actin.  

4.2.1. Ratiometric analysis of co-localisation of the C3C6 domains 

and actin 

In order to determine whether the C3C6 domains were co-localising with F-actin, 

ratiometric analysis was carried out on confocal images of NRCs which had been transiently 

transfected with the GFP-tagged plasmid containing the C3C6 domains and immunostained 

with phalloidin to detect F-actin.  

As shown in figure 24A the ratiometric analysis identifies areas with the GFP-tagged C3C6 

domains alone as purple/dark blue, F-actin alone is red, whilst green indicates the presence 

of, indicating that the central domains and actin are localising in the same region which 

could suggest an interaction. The percentage of the cell which was green was calculated 

using ImageJ software.  

The results, seen in the graph in figure 24B, showed a significant increase in the percentage 

of the cell showing the presence of both GFP and F-actin for the C3C6 domains when 

compared to GFP alone (p=0.0009; unpaired t-test; n=3-4). This suggests that the C3C6 
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domains are co-localising with actin. However, co-localisation does not necessarily mean an 

interaction is occurring, as the two proteins may just be in close proximity to each other.  

 

 

 

 

 

 

 

 

 

 

Figure 24 – Co-localisation of the central domains and F-actin 
Images showing ratiometric analysis to determine levels of co-localisation between the 

central C3C6 domains of cardiac myosin binding protein C (cMyBP-C) and F-actin in 

neonatal rat cardiomyocytes (NRCs). NRCs were transiently transfected with either GFP 

alone or a GFP-tagged wildtype C3C6 containing plasmid, immunostained for F-actin and 

images were taken using a confocal microscope. Mathematica 11.3 software was then 

used to determine co-localisation, with red indicating F-actin alone, purple/dark blue 

indicating the GFP-tagged C3C6 containing construct alone and green indicating the 

presence of both (A). ImageJ was then utilised to determine the percentage of the cell 

which was green. The results indicated that the WT construct had a significant increase 

in co-localisation when compared to the empty pEGFP control vector (p= 0.0009, n=3-4; 

B).  
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4.2.2. Co-sedimentation of the central domains and native thin 

filaments 

The possible interaction between the central domains of cMyBP-C and actin was further 

studied using a co-sedimentation assay with NTFs. The co-sedimentation assay uses high 

speed ultracentrifugation of recombinant C3C5 protein and NTFs after an incubation period, 

following which anything that binds to the NTFs will co-sediment with the NTFs and would 

be present in the pellet fraction. C0C2 recombinant protein, which has previously been 

shown to co-sediment with actin (Shaffer et al., 2009), was also used as a positive control.  

As can be seen in figure 25A, there was a band at the correct molecular weight for the C3C5 

protein (35 kDa) in the pellet fraction (arrow), indicating that the C3C5 domains were co-

sedimenting with the NTFs. However, densitometric analysis (figure 25B) showed that the 

co-sedimentation was far less than that of the C0C2 domains, indicating that the central 

domains may be interacting with the thin filaments, but at a much lower level than the N-

terminal domains.  

As can be seen in the lane for both C0C2 and C3C5 alone, there were bands indicating the 

fragments did partially sediment even in the absence of the NTFs. However, during the 

densitometric analysis this was subtracted from the band showing protein fragments with 

the NTFs in order to eliminate any protein that had just aggregated under the high speed 

centrifugation.  
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Figure 25 – Co-sedimentation of native thin filaments with the central 

domains of cardiac myosin binding protein C 
Co-sedimentation of native thin filaments (NTFs) and fragments of cardiac myosin 

binding protein C (C3C5 and C0C2 used as a control) was carried out. Samples were run 

on an SDS-PAGE gel and Coomassie stained to determine whether there was any 

interaction between the NTFs and the cMyBP-C fragments (A). The C3C5 fragment did 

appear to co-sediment with the NTFs (blue arrow), however densitometric analysis 

indicates that this co-sedimentation occurred at a much lower level than with the N-

terminal C0C2 fragment (B). 
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4.3. Summary 

Different methods were utilised in order to identify putative novel interaction partners of 

the central domains of cMyBP-C. The Y2H assay screen did lead to a high number of colonies 

which suggested that no technical issues occurred during the screen itself; however the few 

hits which were in frame with Gal4 and were feasible interactors for MyBP-C were shown to 

be false positives.  

Whilst the Y2H assay screens did not lead to any potential novel binding partners for the 

central domains of cMyBP-C, both ratiometric analysis of confocal images and co-

sedimentation assays suggested that there could be an interaction between the central 

domains and actin. The co-sedimentation assay did however indicate that this interaction 

occurred at a much lower level than that of the more N-terminal C0C2 domains.  
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5 – Hypertrophic cardiomyopathy-linked mutations in the central 

domains of cardiac myosin binding protein C 

The  central domains contain a high number of HCM-linked mutations; with the highest 

number occurring in the C6 domain, followed by the C5 domain, as can be seen in figure 8, 

with a high proportion of these being due to missense mutations (~49 and 62% respectively; 

from data compiled from (Harris et al., 2011, Wang et al., 2018b)).  

The pathogenesis of HCM-linked missense mutations in cMyBP-C is still under debate, with 

some studies suggesting they lead to an unstable protein which is degraded causing 

haploinsufficiency. Another study however indicates that the A31P missense mutation leads 

to a full-length protein capable of incorporating into the sarcomere (van Dijk et al., 2016) 

suggesting a ‘poison polypeptide’ mechanism of pathogenicity.  

In order to further elucidate the mechanism by which these HCM-linked missense mutations 

cause disease, several HCM-linked missense mutations within the C3C6 region were 

generated in expression vectors and studied. Protein expression levels were determined in 

order to see whether the mutation was leading to haploinsufficiency via protein 

degradation, whilst localisation and possible effects on the sarcomeric ultrastructure were 

studied to see if the mutation could be acting as a ‘poison polypeptide’.  
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5.1. HCM-linked mutant C3C6 domain containing pEGFP vectors 

In order to study the pathogenic mechanism of different HCM-linked missense mutations in 

the C3C6 region of cMyBP-C, several mutations were identified using the ClinVar database 

(Landrum et al., 2018), which are shown in figure 26. The mutations had a varying level of 

evidence of pathogenicity (from uncertain significance to pathogenic) but all mutations 

involved substitutions to a non-similar amino acid group, had an allelic frequency of less 

than 0.01% according to the gnomAD database (Karczewski et al., 2020) and were generally 

well conserved across different species and the different isoforms of MyBP-C (figures 27-

30).  

 

 

 

 

 

G531R 

E542Q 

G596R 
D610H R654C 

N755K W792R 

R817Q 

R820Q 

A833T 

Figure 26 – Hypertrophic cardiomyopathy linked missense mutations of 

the central domains of cardiac myosin binding protein C 
Figure showing the Hypertrophic cardiomyopathy (HCM) linked missense mutations 

found in the central domains of cardiac myosin binding protein C (cMyBP-C) utilised in 

this study. Missense mutations were identified using the ClinVar database, with all 

showing an allelic frequency of less than 0.01% according to the gnomAD database. 

These mutations were introduced into a GFP-tagged C3C6 containing plasmid in order to 

study whether the mutations had any effect on protein expression levels or localisation 

of the protein. Those mutants showing the most apparent phenotype in preliminary 

experiments (shown in red) were then taken forward into adenoviral vectors containing 

the full length cMyBP-C protein. 
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Figure 27 – Sequence alignment of the C3 domain of myosin binding protein C 
Figure showing the sequence alignment for the C3 domain of the 3 isoforms of human myosin binding protein C (slow skeletal, fast skeletal 

and cardiac) as well as the cardiac isoform in different species (mouse, rat and zebrafish) conserved residues are highlighted in yellow. The 

HCM-linked point mutations introduced into the GFP-tagged C3C6 domain containing construct, G531R and E542Q, are denoted by an 

asterisk. These residues are well conserved across species however, the glutamic acid at position 542 is replaced by leucine in the slow 

skeletal isoform. 
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Figure 28 – Sequence alignment of the C4 domain of myosin binding protein C 
Figure showing the sequence alignment for the C4 domain of the 3 isoforms of human myosin binding protein C (slow skeletal, fast skeletal 

and cardiac) as well as the cardiac isoform in different species (mouse, rat and zebrafish) conserved residues are highlighted in yellow. The 

HCM-linked point mutations introduced into the GFP-tagged C3C6 domain containing construct, D610H and G596R, are denoted by an 

asterisk. Both of these residues are well conserved across the isoforms and different species. 
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Figure 29 – Sequence alignment of the C5 domain of myosin binding protein C 
Figure showing the sequence alignment for the C5 domain of the 3 isoforms of human myosin binding protein C (slow skeletal, fast skeletal 

and cardiac) as well as the cardiac isoform in different species (mouse, rat and zebrafish) conserved residues are highlighted in yellow. The 

HCM-linked point mutations introduced into the GFP-tagged C3C6 domain containing construct, R654C and N755K, are denoted by an 

asterisk. The Asparagine residue at position 755 is well conserved across the different species and isoforms of the protein. 
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Figure 30 – Sequence alignment of the C6 domain of myosin binding C  
Figures showing the sequence alignments for the C6 domain of myosin binding protein C (slow skeletal, fast skeletal and cardiac) as well as 

the cardiac isoform in different species (mouse, rat and zebrafish) conserved residues are highlighted in yellow. The HCM-linked point 

mutations introduced into the GFP-tagged C3C6 domain containing construct, R817Q, A833T, W792R and R820Q are denoted by an 

asterisk. These residues are generally well conserved although the arginine at position 820 is replaced by the similarly positively charged 

lysine in the fast skeletal isoform of MyBP-C. 
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The mutations were then introduced into the GFP-tagged C3C6 domain containing plasmid 

described earlier using site directed mutagenesis. These mutant constructs were used to 

determine whether these mutations had any effect on protein expression, thus indicating 

haploinsufficiency, or whether they displayed any evidence of having a “poison polypeptide” 

effect such as mislocalisation of the protein or interference with protein-protein 

interactions. This was done by carrying out transient transfections in COS-1 cells and NRC 

which were analysed via immunoblotting, confocal microscopy and STED microscopy.  

Following these experiments, those mutants showing the most interesting phenotype were 

taken forward into full-length adenoviral vectors. These were the E542Q, G596R, N755K, 

W792R and R820Q mutants, more information about which is detailed below. 

5.1.1.  E542Q 

The negatively charged, polar and hydrophilic glutamic acid residue at the 542 position in 

the C3 domain is highly conserved throughout different species as well as in the fast skeletal 

isoform, however it is replaced by a non-polar leucine residue in the slow skeletal isoform of 

MyBP-C (Figure 27). The mutation of this glutamic acid to the polar, non-charged glutamine 

residue (E542Q; figure 31) was first described by Carrier et al. following DNA sequencing of 

familial HCM patients in a French population (Carrier et al., 1997). Both glutamic acid and 

glutamine are amino acids which prefer to be surface exposed (Betts and Russell, 2003), 

however glutamic acid has been shown to be much more abundantly found in α-helix 

structures and is known to stabilise coil-coil domains (Young and Ajami, 2000). Therefore, it 

is possible that substitutions of glutamic acid residues can cause structural destabilisation.  
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A study investigated family members of an HCM patient carrying the E542Q mutation and 

identified an 83% penetrance of the mutation in this family, with 67% showing symptoms of 

HCM. The age of onset for symptoms of HCM was shown to be 36.2 (+/- 16) years of age 

(Charron et al., 1998). Another study found that carriers of this mutation, based on data 

from three different affected families, showed an age at diagnosis and an advanced wall 

thickening not above average for that of HCM as a whole, suggesting this particular 

mutation does not cause a particularly severe or early onset form of the disease (Rodríguez-

García et al., 2010). The differences seen between the two studies could be due to factors 

such as ethnicity, although both were studying European cohorts, or there could have been 

compounding mutations leading to a more severe disease. 

A subsequent study utilised transient transfection of a myc-tagged E542Q mutated cMyBP-C 

construct into foetal rat cardiomyocytes followed by immunofluorescence staining and 

confocal microscopy. This showed that this mutant protein was fully capable of 

Figure 31 – Structural representation of the E542Q mutation in the C3 

domain of cardiac myosin binding protein C 
Representation of the C3 domain of cardiac myosin binding C (cMyBP-C) using Pymol software 

based on the NMR structural data of the human cMyBP-C C3 domain (Zhang et al., 2014). On the 

left the wild type C3 domain is shown with the negatively charged, polar and hydrophilic 

glutamic acid residue at the 542 position is highlighted in purple. In the HCM-linked E542Q 

mutation this residue is substituted with a polar, non-charged glutamine residue (highlighted in 

purple, right). Glutamic acid residues are frequently found in α-helices and are known to be 

involved in stabilising coiled-coils therefore substitutions of this amino acid could lead to 

structural instability. 
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incorporating into the A-band of the sarcomeres, with little to no difference in expression 

levels or integration when compared with WT (Flavigny et al., 1999).  

Furthermore, electron micrographs of cardiac samples from a myectomy patient carrying 

the E542Q mutation showed no loss of the sarcomeric structure and features, nor evidence 

of sarcomeric disarray, although histological analysis did show evidence of myofibrillar 

disarray (Vydyanath et al., 2012).  

The previous literature therefore suggests that this mutation is pathogenic, leading to an 

average severity and age of onset of disease. Furthermore, studies indicate that this 

mutation leads to a full-length protein that is capable of incorporating correctly into the 

sarcomere, suggesting the mechanism of disease is not through haploinsufficiency. 

5.1.2.  G596R 

The G596R mutation is found in the C4 domain and involves the substitution of a well 

conserved (figure 28), small, non-polar hydrophobic glycine residue for a larger, positively 

charged, polar, hydrophilic arginine (Figure 32). Meta-analysis of the effect different amino 

acid substitutions can have has shown that substitution of glycine is highly associated with 

pathological disease (Iqbal et al., 2020). Glycine is the smallest amino acid with a side chain 

consisting of a single hydrogen allowing for a high degree of conformational flexibility. Due 

to this glycine is able to reside in parts of structures which other amino acids are not able to, 

such as tight turns (Betts and Russell, 2003). As arginine is a much larger amino acid, if the 

G596 is involved in a tight turn the arginine would not allow for this and so could lead to 

structural destabilisation.  
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The first mention of the G596R mutation being linked to HCM was by Gruner et al., in which 

sequencing of the DNA of a patient with apical HCM was found to carry the mutation 

(Gruner et al., 2011). This mutation was also seen in a 69 year old woman with elderly onset 

HCM and no family history of HCM (Arad et al., 2014) as well as from an autopsy of a 45 year 

old man following an unknown cause of death (Sanchez et al., 2016).  

A study also used various modelling software programmes which make predictions as to 

whether or not a mutation is likely to be deleterious on the proteins structure, with all 

suggesting the mutation would be damaging (Sanchez et al., 2016).  

 

Figure 32 – Structural representation of the G596R mutation in the C4 

domain of myosin binding protein C 
The C4 domain of myosin binding protein C was made utilising Pymol software based on 

NMR structural data from the slow skeletal isoform (Niraula et al., 2008) as no structural 

data for the C4 domain of the cardiac isoform has been resolved thus far.  On the left is 

the wild type C4 domain of MyBP-C with the small non-polar glycine residue at the 596 

position. On the right, this residue is replaced with the larger, positively charged, polar, 

hydrophilic arginine residue. As glycine is the smallest amino acid it is able to reside in 

parts of structures which are not possible for other amino acids, such as tight turns. Due 

to this substitution of glycine can lead to destabilisation of protein structure. 
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5.1.3.  N755K 

At the 755 position in the C5 domain there is a small, polar, non-charged, hydrophilic 

asparagine residue which is conserved in several species as well as between the three 

isoforms of MyBP-C (Figure 29). In the HCM-linked N755K mutation this is replaced by a 

larger, positively charged, polar, hydrophobic lysine (Figure 33). The substitution to the 

larger positively charged residue could interfere with domain folding which could lead to 

protein destabilisation or may alter the ability of the protein to bind with potential 

interaction partners. 

 

 

 

 

 

Figure 33 – Structural representation of the N755K mutation in the C5 

domain of cardiac myosin binding protein C 
The C5 domain of cardiac myosin binding protein C (cMyBP-C) was made utilising Pymol 

software based on NMR structural data  (Idowu et al., 2003).  On the left is the wild type 

C5 domain of cMyBP-C, with a small, polar, non-charged, hydrophilic asparagine residue 

at the 755 position. This is replaced in the N755K mutation by a larger, positively 

charged, polar, hydrophobic lysine (right). Structural studies suggest that this 

substitution to the much bulkier and charged lysing residue could interfere with the 

tight fold of the domain which could lead to destabilisation of the protein (Idowu et al., 

2003).  
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The N755K mutation was first identified by Yu et al. following sequencing of a de novo HCM 

patient. They subsequently studied the family members of the patient and discovered that 

eight of the thirteen genetically tested were heterozygous for the N755K mutation and from 

this they discovered that in this family there was an 89% penetrance by the age of 40. The 

youngest person identified from this family with the mutation was diagnosed at the age of 

11, whilst one of those identified as being a carrier died at the age of 19 of sudden cardiac 

death following exercise. They concluded that this mutation showed near complete 

penetrance with quite marked hypertrophy even in children (Yu et al., 1998a, Yu et al., 

1998b).  

As mentioned earlier, one theory as to how MyBP-C arranges on the thick filament is the 

collar model, in which there is an interaction between the C5C6C7 and C8C9C10 domains in 

a staggered parallel arrangement that encircles the thick filament backbone (Moolman-

Smook et al., 2002). If this model is correct, N755 would be at the interface of the possible 

binding between the C5 and C8 domains. A study by Moolman-Smook et al. looked into the 

possibility that the N755K mutation could interfere with this interaction, and found that the 

binding of the mutant protein to the C8-C10 domains of MyBP-C was 10x weaker than the 

WT protein (Moolman-Smook et al., 2002).  

Structural modelling and analysis was carried out for the N755K mutation by Idowu et al., 

with NMR analysis of the C5 domain with this N755K mutation showing a spectra typical of 

an unfolded protein, although there was still some evidence of some remaining structure. 

Furthermore, it was shown that this residue is located in a narrow space defined on either 

side by an FG hairpin and a BC turn. The residue is also surrounded by a number of 

conserved small residues, suggesting the necessity for tight constraints to accommodate the 
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fold of the domain. It was suggested that the substitution to a lysine residue in this 

mutation, which is a bulkier and charged amino acid, could disrupt this tight fold. The side 

chain of the N755 is also thought to be involved in H-bonding, which would be lost following 

substitution to the lysine residue (Idowu et al., 2003).  

These studies suggest that this mutation leads to HCM with a relatively normal level of 

penetrance, however very early onset of the disease was seen, with one carrier showing 

symptoms of HCM at the age of 11 and then died of sudden cardiac death at the age of 19 

(Yu et al., 1998b). This study did however only look at one family therefore it could be 

possible that the severity of disease seen could have been due to a compounding mutation 

or other factors within the family. Furthermore, structural studies and modelling suggest 

that the positioning of this mutation, close to the cardiac specific C5 insert as well as being 

an area requiring tight restraints in order to maintain the fold of the domain would likely 

have detrimental effects on the folding of domains and could thus have a destabilising effect 

on the protein. However, these structural experiments were carried out utilising the isolated 

C5 domain, and it is possible that in the full length protein the tight packing of the 

surrounding domains as well as of other proteins in the sarcomere could be able to stabilise 

the domain fold up to a point, however following mechanical stress it may not be able to 

maintain its partial structure and could collapse and could lose partial or complete function 

(Idowu et al., 2003). Additionally, the work by Moolman-Smook et al. suggests that the 

mechanism of disease for this mutant could be by interfering with potential interacting 

partners, in this case between the C5 and C8 domains which they posit is how MyBP-C 

arranges on the thick filament backbone (Moolman-Smook et al., 2002). 
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5.1.4.  W792R 

The W792R mutation involves the substitution of a highly conserved (Figure 30), aromatic, 

polar, hydrophobic tryptophan for a positively charged, hydrophilic arginine residue (Figure 

34). The side chain of the W792 is predicted to angle toward the central hydrophobic region 

of the domain therefore the substitution to the positively charged arginine could possibly 

disrupt the proper folding of the domain.  

 

 

 

This mutation was first described in 2004 by van Driest et al. (Van Driest et al., 2004), 

following DNA sequencing of HCM patients at a tertiary referral centre for HCM. 

Subsequently a study identified the mutation in two unrelated female HCM patients, both 

had family history of HCM, were diagnosed with the disease at a relatively young age (26 & 

Figure 34 – Structural representation of the W792R mutation in the C6 

domain of cardiac myosin binding protein C 
As there is currently no structural data for the C6 domain for any of the isoforms of 

myosin binding protein C (MyBP-C), I-TASSER software was utilised to model the domain. 

This model was then visualised using Pymol software. On the left the aromatic, polar, 

hydrophobic tryptophan can be seen at the 792 position. In the W792R mutation this is 

replaced with a positively charged, hydrophilic arginine (right). The side chain of this 

tryptophan residue is thought to angle toward the hydrophobic core of the domain and 

the replacement of this amino acid with the positively charged arginine could therefore 

effect domain folding. 
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27) and also had to undergo myectomy surgery at the age of 35 and 32 respectively. 

Immunohistochemistry on paraffin embedded tissue samples from these myectomy 

patients identified a small degree of disruption in the even distribution of cMyBP-C but were 

not significantly different from healthy samples (Theis et al., 2009).  

A study by Smelter et al. suggested that protein expression levels of the W792R mutant was 

significantly lower, reaching no more than 30% of the WT levels. However, there was no 

difference in the mRNA levels indicating any degradation was occurring at the protein level. 

They also showed that the mutant protein appeared to properly localise to the C-zone and 

form doublets, although showing a significantly lowered fluorescence intensity, suggesting 

that the mutation does not affect localisation of the protein, but again does lead to 

degradation. The study also identified an increase in twitch amplitude in murine engineered 

cardiac tissue (mECTs) infected with mutant adenoviral construct which was comparable to 

that of mECTs with a cMyBP-C KO, suggesting that the accelerated contraction kinetics seen 

was due to a decrease in protein levels not via a dominant negative effect. Reduced 

expression of the mutant protein was also confirmed by a decreased bacterial expression, 

furthermore mass spectrometry showed a decrease in the full-length protein with an 

increase in levels of a proteolytic cleavage product, suggesting it is susceptible to digestion 

(Smelter et al., 2018). 

These studies indicate that this mutation may lead to a fairly early onset and severe disease, 

as shown by the fact that two unrelated patients required surgical intervention at a young 

age. It is thought that this mutation leads to a decrease in the expression of the protein, 

possibly by destabilising the protein and making it more susceptible to degradation, leading 

to HCM through haploinsufficiency. 
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5.1.5.  R820Q 

The positively charged, polar and hydrophilic arginine residue at position 820 in the C6 

domain is highly conserved throughout different species, however it is replaced by the 

similarly positively charged lysine in the fast skeletal isoform of MyBP-C (Figure 30). The 

R820Q mutation sees this residue replaced by a polar, non-charged glutamine (Figure 35). 

Arginine is known to often form salt bridges with other amino acids creating hydrogen 

bonds which can be important for protein stability. Substitution of this residue to a lysine 

which is unable to form these bonds could therefore affect the stability of the domain (Betts 

and Russell, 2003).  

 

 

 

 

Figure 35 – Structural representation of the R820Q mutation in the C6 

domain of cardiac myosin binding protein C 
As there is currently no structural data for the C6 domain for any of the isoforms of 

myosin binding protein C (MyBP-C), I-TASSER software was utilised to model the domain. 

This model was then visualised using Pymol software. On the left can be seen the 

charged, polar and hydrophilic arginine at position 820. In the R820Q mutation this is 

replaced with a polar, non-charged glutamine (right). Arginine often forms salt bridges 

with other amino acids to create hydrogen bonds which can be important for protein 

stability. Replacement of this residue for a lysine, which is unable to form these bonds, 

could therefore destabilise the domain. 
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 Structural studies carried out by Nadvi et al. identified that this was likely a surface exposed 

residue which would be unlikely to disrupt the domain fold, which they subsequently 

corroborated using biophysical techniques. They concluded that the mutation would be 

unlikely to interfere with the domain fold and thus would not affect the stability of the 

protein. Instead they suggested this substitution would more likely effect possible 

interactions, for example if the collar model for the arrangement of MyBP-C on the thick 

filament backbone is correct the R820 would be positioned at the interface with the C9 

domain (Nadvi et al., 2016).  

The R820Q mutation was first described by Konno et al. in 2003 (Konno et al., 2003) in 

which seven probands with HCM were identified as carrying the mutation, with no other 

mutations seen. The relatives of these HCM patients were then studied in order to 

determine whether they also carried the R820Q mutation, with seventeen of the twenty-

four family members tested being shown to be carrying the mutation. This study showed 

that there was a penetrance of 40-50% in under 50 year olds and 70-100% in over 50 year 

olds. Furthermore, this study also showed that in 40% of over 70 year olds this mutation led 

to “burnt out” HCM, in which patients develop systolic dysfunction and left ventricular 

dilatation (Maron, 2002), which can be misdiagnosed as DCM.  

These studies suggest that this mutation leads to a relatively late onset HCM, with possible 

transition into a “burnt out” phenotype. Furthermore, structural studies suggest that this 

mutation would not have an effect on protein stability leading to degradation of the protein 

but would more likely interfere with possible interactions with binding partners. 
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5.2.1.  Protein expression levels of HCM-linked mutant pEGFP 

C3C6 constructs 

To see whether any of the HCM-linked mutations led to a decrease in protein expression 

levels, and thus whether they could be leading to disease via haploinsufficiency, GFP-tagged 

plasmids containing the C3C6 region with the mutations shown in figure 26 were transiently 

transfected into COS-1 cells, samples were taken, run on an SDS-PAGE gel, transferred onto 

nitrocellulose and probed using an anti-GFP antibody. As is shown in figure 36A, a band was 

seen at the expected molecular weight of about 70 kDa for all of the mutant proteins, 

except for the R820Q mutant. The lower box shows an immunoblot against all-actin as a 

loading control indicating that this lack of a band for the R820Q mutant was not due to any 

differences in loading. Densitometry showed that none of the mutants had protein 

expression levels significantly different from the WT, apart from the R820Q mutation which 

led to a significant decrease in expression levels (p=0.002; one-way ANOVA; n=3; Figure 

36B)  

These results indicated that the missense mutations, except for the R820Q mutation, did 

not appear to lead to unstable protein. The R820Q mutation may therefore be causing 

disease via protein degradation leading to haploinsufficiency, however it is also possible that 

the lack of protein expression could have been due to a technical issue with the vector.  
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5.2.2.  Cellular localisation of pEGFP constructs containing HCM-

linked mutations 

In order to determine whether the HCM-linked missense mutations could be causing 

disease by having an effect on the localisation of the protein, immunostaining and confocal 

microscopy was utilised. Wildtype and mutant C3C6 containing GFP-tagged plasmids were 

Figure 36 – Expression levels of GFP-tagged mutant C3C6 containing 

constructs  
Immunoblot of COS-1 cells transiently transfected with GFP-tagged plasmids containing 

the mutant C3C6 domains using an α-GFP antibody. Cell samples were run on an SDS-

PAGE gel and immunoblotted using an anti-GFP antibody (top panel) to determine 

protein expression levels of the mutant constructs.  An anti-all actin antibody was also 

used as a loading control (bottom panel). Bands at the expected molecular weight of 70 

kDa were detected (A). Densitometry indicated the R820Q mutant showed significantly 

decreased expression levels (p= 0.002), whilst the rest of the mutations did not lead to 

any significant difference in levels of expression (B). (n= 2-5) 
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transiently transfected into COS-1 cells and NRCs, immunostained for F-actin, DAPI and 

myomesin, and cellular localisation of the mutant C3C6 domains was determined using 

confocal microscopy.  

The R820Q mutant did not express in either COS-1 cells or NRCs, whilst all other mutants did 

express, although at a low transfection rate. This suggests that the R820Q mutation led to 

an unstable protein that was degraded.  

In the COS-1 cells all of the other mutant proteins appeared to have a similar diffuse 

cytoplasmic localisation to the WT (Figure 37). However, some looked like they had a more 

nuclear localisation which can be seen by the apparent co-localisation between the GFP and 

DAPI signals, when compared to WT, particularly G531R, E542Q, R817Q and A833T and 

therefore further quantification was subsequently carried out.  Furthermore, there was also 

a similar co-localisation pattern seen between GFP and F-actin, as had been seen for the WT 

C3C6 domains described earlier. In the COS-1 cells there appeared to be some co-

localisation between GFP-tagged C3C6 and F-actin at the periphery of the cells (figure 37).  

In the NRCs the mutant proteins again appeared to have a similar diffuse cytoplasmic 

localisation to the WT (figure 38), as was seen in the COS-1 cells. The nuclear localisation of 

the mutant protein was less apparent in the NRCs, although the G596R mutant did show 

some evidence of nuclear localisation. Co-localisation with actin was also seen mainly in the 

myofibrils similar to the WT C3C6 domains (figure 38), although for some of the mutants, 

particularly G531R, G596R and A883T this was less obvious. 
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Figure 37 – Localisation of GFP-tagged C3C6 mutant constructs in COS-1 

cells 
Confocal microscopy images of immunostained COS-1 cells transiently transfected with 

GFP-tagged C3C6 mutant containing plasmids. Cells were immunostained for F-actin 

(red) and DAPI (blue) and confocal microscopy was used to determine localisation of the 

mutant constructs. All mutant constructs were expressed except for the R820Q mutant. 

All mutant constructs showed a diffuse cytoplasmic localisation, similar to the wild type 

(WT) construct. However, some mutant constructs did appear to have higher levels of 

nuclear localisation than the WT construct. Scale bar = 10 µm 
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Figure 37 cont.– Localisation of GFP-tagged C3C6 mutant constructs in 

COS-1 cells 
Confocal microscopy images of immunostained COS-1 cells transiently transfected with 

GFP-tagged C3C6 mutant constructs. Cells were immunostained for F-actin (red) and 

DAPI (blue) and confocal microscopy was used to determine localisation of the mutant 

constructs. All mutant constructs were expressed except for the R820Q mutant. All 

mutant constructs showed a diffuse cytoplasmic localisation, similar to the wild type 

(WT) construct. However, some mutant constructs did appear to have higher levels of 

nuclear localisation than the WT construct. Scale bar = 10 µm 
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Figure 38 – Localisation of GFP-tagged C3C6 mutant constructs in 

neonatal rat cardiomyocytes 
Confocal microscopy images of immunostained neonatal rat cardiomyocytes (NRCs) 

transiently transfected with GFP-tagged C3C6 mutant containing plasmids. Cells were 

immunostained for myomesin (red), F-Actin (blue) and DAPI (not shown) and confocal 

microscopy was used to determine localisation of the mutant constructs. All mutant 

constructs were expressed except for the R820Q mutant. All mutant constructs showed 

a diffuse cytoplasmic localisation, similar to the wild type (WT) construct. Scale bar = 10 

µm 
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Figure 38 cont. – Localisation of GFP-tagged C3C6 mutant constructs in 

neonatal rat cardiomyocytes 
Confocal microscopy images of immunostained neonatal rat cardiomyocytes (NRCs) 

transiently transfected with GFP-tagged C3C6 mutant containing plasmids. Cells were 

immunostained for myomesin (red), F-Actin (blue) and DAPI (not shown) and confocal 

microscopy was used to determine localisation of the mutant constructs. All mutant 

constructs were expressed except for the R820Q mutant. All mutant constructs showed 

a diffuse cytoplasmic localisation, similar to the wild type (WT) construct. Scale bar = 10 

µm 
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5.2.3. Nuclear localisation of the mutant pEGFP C3C6 constructs 

GFP-tagged proteins that fail to find a cytoplasmic binding partner often erroneously go to 

the nucleus (Seibel et al., 2007). However, confocal images showed that whilst GFP alone 

showed nuclear localisation, this was not the case for the WT C3C6 protein.  

On the other hand, some of the mutant C3C6 domain proteins appeared to show some 

evidence of increased nuclear localisation compared to the WT C3C6 protein suggesting that 

some of the missense mutations could lead to mislocalisation of the protein. In order to 

further explore the possibility of the mutant plasmids leading to mislocalisation of the 

protein to the nucleus, Mathematica 11.3 software was utilised on the confocal microscopy 

images to measure nuclear localisation of the GFP-tagged constructs.  

The results, shown in figure 39, indicated that there was a trend to an increase in nuclear 

localisation for the G531R, G596R and A833T mutants in the COS-1 cells compared to WT, 

whilst in NRCs only the G596R mutation appeared to cause a trend to an increase in nuclear 

localisation. 

However, following quantification of nuclear localisation of the GFP-tagged mutant 

constructs none of the mutations were found to cause a significant mislocalisation of the 

protein to the nucleus compared with WT (one way ANOVA; n=2-4). 
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5.2.4. Effect of HCM-linked mutations on co-localisation of the 

central domains with actin 

As described earlier, ratiometric analysis identified a significant increase in co-localisation of 

the GFP-tagged C3C6 WT plasmid with F-actin, indicating a possible interaction between the 

central domains of cMyBP-C and actin.  

Figure 39 – Nuclear localisation of GFP-tagged mutant C3C6 constructs 

in COS-1 cells and neonatal rat cardiomyocytes 
Figures showing quantification of nuclear localisation of mutant C3C6 GFP-tagged 

constructs in both COS-1 cells and neonatal rat cardiomyocytes (NRCs). Cells were 

transiently transfected with either WT or mutant C3C6 GFP-tagged constructs, 

immunostained for DAPI and confocal microscopy was used to determine subcellular 

localisation. Nuclear localisation was determined using Mathematica 11.3 software. The 

results indicated the WT construct showed a trend to a decrease in nuclear localisation 

compared with the pEGFP alone. In COS-1 cells the G531R, G596R and A833T mutant 

constructs showed a trend to an increase in nuclear localisation compared to the WT 

construct, whilst in NRCs only the G596R mutant construct showed a slight trend to an 

increase. (n= 2-3) 
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Confocal images also showed that there was co-localisation between F-actin and the GFP-

tagged mutant C3C6 domain proteins, which for some of the mutations appeared less 

obvious. In order to determine whether any of the mutations could alter the levels of co-

localisation with actin, ratiometric analysis was also carried out on confocal microscopy 

images for the GFP-tagged C3C6 mutants.  

As mentioned earlier, ratiometric analysis identifies areas with the GFP-tagged C3C6 

domains (WT or mutant) alone as purple/dark blue, F-actin alone is red, whilst green 

indicates the presence of both F-actin and the GFP-tagged C3C6, which could indicate co-

localisation between the central domains and actin (figure 40A). The percentage of the cell 

which was green was determined via ImageJ software. 

The results showed that the E542Q and G596R mutations caused a significant decrease in 

actin co-localisation when compared to WT (p=0.0109 and 0.0194 respectively; one way 

ANOVA; n=1-5; figure 40B), indicating that these mutations could be interfering with the 

possible interaction between the central domains and actin, whilst all of the other mutants 

appeared to have the same level of co-localisation with actin as the WT protein.  
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Figure 40 – Co-localisation of the central domains and F-actin 
Images showing ratiometric analysis to determine levels of co-localisation between the 

GFP-tagged C3C6 constructs and F-actin in neonatal rat cardiomyocytes (NRCs). NRCs 

were transiently transfected with either wildtype (WT) of mutant GFP-tagged C3C6 

containing plasmids, immunostained for F-actin and images were taken using a confocal 

microscope. Mathamatica 11.3 software was then used to determine co-localisation, 

with red indicating F-actin alone, purple/dark blue indicating the pEGFP C3C6 construct 

alone and green indicating the presence of both (A). ImageJ was then utilised to 

determine the percentage of the cell which was green. The results indicated that the WT 

construct had a significant increase in co-localisation when compared to the EGFP alone 

(p= 0.0009) Furthermore, the E542Q and G596R mutants had a significant decrease in 

the percentage of co-localisation when compared to WT (p= 0.0109 and 0.0194 

respectively) (B) (n= 1-5).  Scale bar = 10 µm 
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5.2.5. Possible myofibrillar disarray in cells expressing mutant 

C3C6 domain constructs 

In order to understand the impact of the HCM-linked missense mutations at the level of the 

myofibrils, high resolution stimulation emission depletion (STED) microscopy was utilised. 

NRCs were transiently transfected with the GFP-tagged mutant C3C6 plasmids and cultured 

for either 2 or 8 days. These were then immunostained for endogenous MyBP-C and a 

specialised STED secondary antibody and imaged using a STED microscope.  

As an antibody against MyBP-C was used, which is raised against the C0 domain of the 

protein and therefore would not detect the C3C6 domain proteins, only endogenous 

cMyBP-C was being visualised. Images were taken of cells which were known to be 

expressing the GFP-tagged mutants, however any disarray seen cannot be directly 

attributed to the mutant protein but could still be an indirect impact on the myofibrils 

occurring due to the presence of the mutant protein. 

As can be seen in figure 41, the NRCs transiently transfected with the N755K, W792R, 

R817Q and A833T mutant plasmids appeared to have an increase in myofibrillar disarray 

when compared with WT after 2 days of culturing, which was exacerbated following 

prolonged culture.  The cells transiently transfected with the remaining mutations (G531R, 

E542Q, G596R), which showed relatively normal myofibrils at 2 days of culture, also 

appeared to have a worsening of myofibrillar disarray when the cells were cultured for 8 

days. 
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Further analysis of the STED images allowed for a more in depth look at the possible 

myofibrillar disarray seen in the NRCs expressing the mutant constructs. Images were 

analysed as described in section 2.7.2.2., resulting in intensity profile plots, which can be 

seen in figures 42-44 for images from cells cultured either short term (ST; A) or long term 

(LT; B), with raw data for each individual image shown on the left whilst the plot of the 

averaged data is shown on the right (for averaged data the blue line represents mean value, 

Figure 41 – Myofibrillar disarray in neonatal rat cardiomyocytes 

expressing mutant GFP-tagged C3C6 containing plasmids 
STED microscopy images of immunostained neonatal rat cardiomyocytes transiently 

transfected with GFP-tagged C3C6 wildtype and mutant containing plasmids. NRCs were 

transiently transfected with the plasmids and cultured for either two or eight days and 

immunostained for cardiac myosin binding protein C. Cells which were known to be 

expressing the mutant protein were imaged using a STED microscope. Cells expressing 

mutant constructs appeared to have myofibrillar disarray, particularly N755K and 

W792R, which was exacerbated when the cells were cultured for longer.  Scale bar = 5 

µm 
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red indicates standard deviation; n= 2-3). A major peak at ~2 with a smaller secondary peak 

at ~4 denotes a sarcomere length at the expected ~2 µm (green arrows). Two additional 

peaks positioned before each of the major peaks denote MyBP-C at the expected spacing 

(purple arrows). Strong, narrow peaks seen at each of these positions would indicate well 

organised sarcomeres. From these plots the sarcomere length could be extrapolated, as well 

as the intensity of the major sarcomeric peak and the major MyBP-C peak, graphs of which 

can be seen in figure 45.  

As can be seen in figure 42 the analysis plots for both the NT and WT images showed well 

defined peaks for the images of the short term cultured cells suggesting a high level of 

sarcomeric organisation, although the peaks were seen to be less well defined in the NT 

long term cultured cells suggesting some disarray in the myofibrils following the longer 

culture. However, as can be seen in the plot showing the raw data, there did seem to be 

some variability between individual images for the NT, long term cultured cells. 

The plots for both the G531R (figure 42) and E542Q (figure 43) mutant construct transfected 

cells showed well defined peaks similar to that seen for WT suggesting that these mutations 

do not have an effect on the sarcomeric organisation.  

Cells transfected with the G596R mutant C3C6 construct (figure 43) showed slightly less well 

defined peaks than WT suggesting that this mutation could be causing minor sarcomeric 

disarray.  

Plots from images of cells expressing both the R817Q and A833T mutant C3C6 domains 

(figure 44) showed plots very similar to WT for ST culture with strong well defined peaks. 

However, the plots for images of the LT cultured cells showed less well defined peaks 
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suggesting these mutations may cause disorganisation of the sarcomeres following longer 

culturing.  

Finally, plots of images from cells expressing the N755K (figure 43) and W792R (figure 44) 

C3C6 mutant constructs showed less well defined peaks which were shown to worsen for 

cells which had undergone longer culture. This suggests that these mutations may cause 

myofibrillar disarray which is exacerbated by longer culture. 

From the intensity profile plots sarcomere length was extrapolated, which is shown in figure 

45A, which showed that the sarcomere length remained very similar regardless of whether 

cells were expressing WT or mutant C3C6 domain constructs, or if the cells were cultured 

for short or long term. However, as can be seen in figure 45B there was some variability in 

the standard deviation especially for the G596R and N755K as well as the G531R and W792R 

short term cultured C3C6 domain expressing cells, suggesting a possible increase in 

irregularity of sarcomere spacing. 

The intensity of the sarcomere signal peaks (figure 45C) were generally similar, with low 

levels of variation shown by standard deviation (figure 45D). There was however a trend to 

a decrease across all mutants showing a decrease in intensity in LT cultured cells compared 

to ST, which was not apparent for WT, suggesting a possible increase in sarcomeric disarray 

following longer culture times. Although there were no significant differences in the 

sarcomere signal intensity, some mutants showed degreased intensity levels compared with 

WT, particularly N755K, W792R LT, R817Q, A833T LT, suggesting that these mutations may 

be causing disorganisation of the sarcomeres. 
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The intensity of the MyBP-C signal peak (figure 45E) also showed a trend to a decrease in 

intensity for LT cultured cells compared to ST for the mutants, again suggesting increased 

disorganisation of the sarcomeres following longer culture times. The standard deviation 

was seen to be relatively similar across the board, although G531R ST, G596R ST and R817Q 

ST did appear to have slightly higher levels of variability (Figure 45F). Whilst the intensity of 

the MyBP-C signal peak was shown to be similar to WT for the majority of the mutant C3C6 

expressing cells, for the W792R C3C6 mutant intensity was shown to be decreased 

suggesting a possible misalignment of the sarcomeres caused by the presence of this 

mutation. The G531R, N755K and R817Q mutants also showed a decrease in signal intensity 

for the LT cultured cells suggesting possible disarray of the sarcomeres but only following 

the longer culture.  
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Figure 42 – Intensity profile plots from STED images of NRCs expressing mutant C3C6 domain constructs  
Figure showing intensity profile plot analysis of STED images of neonatal rat cardiomyocytes (NRCs) that had either not been transfected (NT) or 

expressing wildtype (WT) or the G531R mutant C3C6 domain constructs following either short term (ST; A) or long term (LT;B) culture. Raw data 

showing plots for each individual image are shown on the left, with the averaged data shown on the right (blue line denotes mean intensity, red 

indicates standard deviation). A major peak at ~2 with a smaller secondary peak at ~4 denotes the sarcomere spacing, with 2 peaks prior to each major 

peak denoting the spacing of the MyBP-C stripes (purple arrows). All of the plots showed strong narrow peaks at each of these points indicating well 

organised sarcomeres, however the plot for the NT cells following LT culture did show less well defined peaks suggesting less well organised sarcomeres 

following a longer culture. (n=3)  
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Figure 43 – Intensity profile plots from STED images of NRCs expressing mutant C3C6 domain constructs 
Figure showing intensity profile plot analysis of STED images of neonatal rat cardiomyocytes (NRCs) expressing the E542Q, G596R and N755K mutant 

C3C6 domain constructs following either short term (ST; A) or long term (LT; B) culture. Raw data showing plots for each individual image are shown on 

the left, with the averaged data shown on the right (for averaged data blue line denotes mean intensity, red indicates standard deviation). A major peak 

at ~2 with a smaller secondary peak at ~4 denotes the sarcomere spacing, with 2 peaks prior to each major peak denoting the spacing of the MyBP-C 

stripes (purple arrows). The plots for the images of the E542Q C3C6 domain expressing cells showed strong narrow peaks similar to that of WT 

indicating well organised sarcomeres. Images from G596R C3C6 domain expressing cells produced plots similar to WT but with slightly less distinct 

peaks. The plots for the images from cells expressing the N755K C3C6 domain mutant also showed less distinct peaks, with the peaks for the LT plot 

showing even less distinct peaks, suggesting this mutation may lead to disorganisation of the myofibrils which worsened following longer culture. (n= 2-

3)  
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Figure 44 – Intensity profile plots from STED images of NRCs expressing mutant C3C6 domain constructs 
Figure showing intensity profile plot analysis of STED images of neonatal rat cardiomyocytes (NRCs) expressing the W792R, R817Q and A833T mutant 

C3C6 domain constructs following either short term (ST; A) or long term (LT; B) culture. Raw data showing plots for each individual image are shown on 

the left, with the averaged data shown on the right (for averaged data blue line denotes mean intensity, red indicates standard deviation). A major peak 

at ~2 with a smaller secondary peak at ~4 denotes the sarcomere spacing, with 2 peaks prior to each major peak denoting the spacing of the MyBP-C 

stripes (purple arrows). The plots for the images of the W792R C3C6 domain expressing construct showed peaks which were less distinct than wildtype, 

with the plot for the LT images showing peaks which were much less distinct and of weaker intensity, suggesting that this mutation appears to lead to a 

lack of organisation of the sarcomeres which worsens following prolonged culture. The plots for images of cells expressing the R817Q and A833T C3C6 

mutant domains showed relatively strong and distinct peaks similar to that of the WT however following longer culture the peaks were less distinct. (n= 

2-3) 
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Figure 45 – Sarcomeric organisation of NRCs expressing mutant C3C6 

domain constructs 
Graphs showing various measures (sarcomere length, sarcomere peak intensity signal 

and MyBP-C peak signal intensity) indicating levels of sarcomeric organisation 

extrapolated from intensity profile plots generated from analysis of STED images. 

Sarcomere length (A) was shown to remain the same regardless of whether cells 

underwent short term (ST) or long term culture (LT) or whether cells were expressing 

wildtype (WT) or mutant C3C6 domain constructs. However, there was an increase seen 

in the standard deviation (B) in some cases, especially G531R ST, G596R (ST and LT), 

N755K (ST and LT) and W792R ST, suggesting a possible increase in variability of 

sarcomere spacing. The sarcomere peak intensity signal showed a trend to a decrease 

for cells expressing the R817Q, N755K, W792R (LT) and A833T (LT) mutant C3C6 domain 

constructs (C) suggesting these mutations may cause disorganisation of the sarcomeres. 

The standard deviation was seen to be relatively low suggesting a low amount of 

variability (D). MyBP-C peak intensity signal showed a trend to a decrease for cells 

expressing the W792R C3C6 domain mutant, as well as in the LT cultured cells expressing 

the G531R, N755K and R817Q C3C6 domain mutant constructs (E), suggesting that these 

mutations may cause disarray of the myofibrils, particularly following longer culture. 

Furthermore, there appeared to be a general trend of a decrease in signal intensity for 

both the sarcomere and MyBP-C peak for the LT culture cells compared to ST which was 

not seen in WT (C and E), suggesting the mutant proteins may be affecting sarcomeric 

organisation only following prolonged culture. (n= 2-3). 
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5.2.6.  Summary of findings 

A summary of all of the findings from utilisation of the GFP-tagged mutant C3C6 domain 

containing vectors can be seen in table 9, as well as data about the pathogenicity of the 

mutation as stated in the ClinVar database (Landrum et al., 2018).  

 

The mutation which appeared to have the greatest effect on the protein was R820Q, which 

did not express in either the COS-1 cells or the NRC and showed a significant decrease in 

protein expression levels according to the western blot analysis. This could indicate the 

mutation is leading to an unstable protein or mRNA which is being degraded, however this is 

Table 9 – Summary of results from utilisation of the mutant GFP-tagged 

C3C6 domain mutant containing plasmids 
Table summarising the results gained from the experiments utilising the GFP-tagged 

C3C6 domain plasmids containing hypertrophic cardiomyopathy linked mutations, as 

well as the evidence of pathogenicity according to the ClinVar database.  
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contrary to previous structural studies which suggested that this mutation would not 

impede the domain folding and thus would not lead to protein degradation, but would be 

more likely to interfere with potential binding partners (Nadvi et al., 2016). It is possible that 

there was an issue with the R820Q pEGFP vector, or with its GFP tag, which either made it 

unstable or undetectable during the experiments, although the sequences of all of the 

plasmids were checked before being utilised for transient transfection.  

Analysis of nuclear localisation of the GFP-tagged C3C6 mutant plasmids showed possible 

mislocalisation of the protein for the G531R, G596R and A833T mutants, whilst the E542Q 

and G596R mutation appeared to disrupt the possible interaction of the central domains 

with actin.  

Lastly, STED microscopy of endogenous cMyBP-C indicated that the NRCs expressing all of 

the C3C6 domain mutation plasmids showed myofibrillar disarray following prolonged 

culturing, whilst the N755K, W792R, R817Q and A833T mutation expressing cells had 

disarray even after the 2 day culture.  

These preliminary findings suggest that the R820Q mutation may lead to protein instability 

and degradation and therefore the mechanism of pathogenicity could be haploinsufficiency. 

The other mutations however appeared to lead to no differences in protein expression 

levels, indicating these mutations may act in a “poison polypeptide” manner and have some 

effect on the localisation of the protein or interfere with possible interaction partners. 

5.2.7. Limitations of the experiments utilising the pEGFP vectors 

The use of the pEGFP vectors, though relatively simple and quick, was not without issues. 

For example, the transfection rates were very low, even for the WT plasmid, therefore it is 
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possible that any phenotypic observations attributed to the mutations could just have been 

due to the fact that the only cells that were taking up the plasmid were cells that were not 

in the best of condition to begin with.  

Another issue with this approach is the fact that only the C3C6 domains were being 

expressed, without the C-terminus which is known to be the region of the protein 

responsible for anchoring the protein into the thick filament backbone (Okagaki et al., 1993, 

Freiburg and Gautel, 1996) and thus these fragments would not incorporate into the A-band 

and so would not be completely physiologically relevant.  

In order to remedy these issues, promising mutations were carried over into a full length 

human cMyBP-C adenoviral construct, which would not only be capable of properly 

incorporating into the sarcomere due to the inclusion of the C-terminus but should also 

have a much higher infection rate.  
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5.3.1. Full length cardiac myosin binding protein C adenoviral 

constructs containing HCM-linked mutations 

In order to gain a more physiologically relevant understanding of any pathological effects 

the HCM-linked mutations were having, adenoviral constructs encoding for mutated full-

length cMyBP-C were utilised. As the C-terminal domains required for incorporation of the 

protein into the thick filament backbone were present this would mean the protein would 

be able to localise in its correct stoichiometry.  

A pAd construct with an N-terminal GFP tag and the full length human cMyBP-C was 

purchased from Vector Builder and propagated and amplified in HEK-293 cells to produce an 

adenoviral stock. The cMyBP-C region was then amplified out of the plasmid and cloned into 

a smaller pENTR vector using Gibson cloning in order to introduce mutations via site 

directed mutagenesis. Six HCM-linked mutations (E542Q, G596R, N755K, W792R, R817Q 

and R820Q) were chosen based on the preliminary findings from the experiments utilising 

the pEGFP vectors encoding for the shorter C3C6 constructs, as well as the evidence of 

pathogenicity from the ClinVar database (Landrum et al., 2018). All of the pENTR vectors 

were sequenced to verify that the mutation had been introduced.  

The pENTR vectors then underwent LR recombination with the pAd vector, and these were 

propagated and amplified in the HEK-293 cells. All of the mutant pAd vectors were 

successfully amplified, except for the R817Q mutant. 

5.3.2. Optimisation of adenoviral infection 

In order to determine the optimal dilution to use the adenovirus in further experiments, 

COS-1 cells were infected with the WT adenovirus using a range of different dilutions 

(between 1:100 and 1:4) for 24 hours.  Samples were taken and run on an SDS-PAGE gel, 
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transferred onto nitrocellulose and probed for MyBP-C. As can be seen in figure 46A, there 

was a band at the correct molecular weight of 150 kDa for cMyBP-C (arrow), which was not 

seen for the negative control of the spleen sample, indicating cMyBP-C protein was being 

produced. At the higher dilutions (1:4-1:20) there was a band at a lower molecular weight 

indicating possible degradation of the protein (asterisk). As there was a clear, single band at 

the correct molecular weight at the lowest dilution of 1:100 this was the dilution chosen for 

subsequent experiments. 

The optimal duration of infection was also determined by infecting COS-1 cells for either 24 

or 72 hours. As can be seen in figure 46B, there were multiple bands seen from the sample 

infected for 72 hours, indicating that degradation of the protein was occurring. When 

infection occurred for 24 hours, a single band at the correct molecular weight (150 kDa; 

arrow) was seen; therefore this infection duration was used for further experiments. 
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Figure 46 – Optimisation of adenoviral dilution and infection duration 
Immunoblot of COS-1 cells infected with full length cardiac myosin binding protein C 

adenovirus at varying dilutions (A) and different infection durations (B). COS-1 cells were 

infected with increasing dilutions (1:100 – 1:4) of adenovirus and samples were run on 

an SDS-PAGE gel and immunostained for cMyBP-C. Results indicated that at higher 

dilutions (1:15-1:4) there were bands at lower molecular weight (asterisks) than the 

expected 150 kDa (arrow) suggesting protein degradation. As the lowest dilution of 

1:100 produced a band at the correct molecular weight, this was used for all subsequent 

experiments. This dilution of adenovirus was subsequently used to infect COS-1 cells for 

24 or 72 hours and samples were run on an SDS-PAGE gel and immunostained for 

cMyBP-C. samples from cells infected for 72 hours showed many bands at a lower 

molecular weight than the expected 150 kDa (arrow), indicating this longer infection 

period led to protein degradation, therefore 24 hour infection was used in all subsequent 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3. Titration of mutant adenoviral constructs 

To ensure that the WT and mutant adenoviruses were being used at the same titre, and 

therefore any differences seen in protein expression would be purely due to any effect the 
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mutations could be having on the stability of the protein, a titration experiment was carried 

out. This was done by infecting HEK-293 cells with a serial dilution of each adenovirus and 

using a titration kit to immunostain for the protein hexon, which is produced upon viral 

replication. Cells which were stained, and thus were infected with the adenovirus, were 

then counted and the viral titre was calculated. All of the adenoviruses showed hexon 

staining (Figure 47, arrows) indicating that all were capable of replicating and infecting the 

cells. Based on the titre calculations, in all of the following experiments the mutant 

adenoviruses were added at a titre equal to that of the WT when it was at a 1:100 dilution.   

 

Figure 47 – Titration of full-length cardiac myosin binding protein C 

mutant adenoviral constructs 
Images of titration experiment of full-length cardiac myosin protein C mutant adenoviral 

constructs. Neonatal rat cardiomyocytes were infected with the adenoviral constructs 

and a titration kit was used to determine the titre of each adenoviral construct. Cells 

were immunostained for the protein hexon, which is produced during viral replication. 

Cells which were infected by the adenovirus were therefore stained a dark brown colour 

(examples indicated by arrows). Number of infected cells were counted and used to 

determine the viral titre.  
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5.3.4. Protein expression levels of mutant constructs 

In order to determine protein expression levels for all of the full-length mutant proteins, 

NRCs were infected with both WT and mutant adenovirus for 24 hours. Although as 

mentioned above, all of the adenoviruses were shown to be replicating and infecting cells, 

the R820Q mutant did not appear to express, with no GFP signal being seen. All of the other 

mutants did express and showed an infection rate similar to the WT adenovirus. Infected 

cells were then either processed into SDS-PAGE samples or fixed to carry out confocal 

microscopy.  

SDS-PAGE samples were run on an SDS-PAGE gel, transferred to nitrocellulose and probed 

using an anti-GFP antibody, then an anti-MyBP-C antibody to determine a ratio between the 

endogenous and exogenous protein levels. Densitometry was carried out to determine 

protein expression levels, the results of which, figure 48A, showed that the N755K mutant 

showed a slight increase in expression levels, the W792R mutant had a slight decrease in 

protein expression and the R820Q mutant lead to a significant decrease in protein levels 

(p=0.0197; one-way ANOVA; n=3), whilst the other mutants did not show a difference in 

expression levels compared with WT.  

The NRCs were also imaged using confocal microscopy and fluorescence intensity levels of 

GFP were measured using ImageJ. As can be seen in figure 48B, this showed that the W792R 

mutant lead to a significant decrease in levels of GFP fluorescence compared with WT 

(p=0.0069; one-way ANOVA; n=3). 
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These experiments indicate that the E542Q and G596R mutations did not affect the protein 

expression levels and thus do not appear to cause destabilisation of the protein and lead to 

Figure 48– Protein expression levels of mutant full length-cardiac 

myosin binding protein C adenoviral constructs 
Immunoblot and densiometric analysis of protein levels (A) of full-length cardiac myosin 

binding protein C adenoviral constructs containing hypertrophic cardiomyopathy linked 

point mutations. Neonatal rat cardiomyocytes (NRCs) were infected with adenoviral 

constructs for 24 hours, samples were taken and run on an SDS-PAGE gel, transferred 

onto a nitrocellulose membrane and probed with an anti-GFP, anti-MyBP-C and anti-all 

actin antibody (used as a loading control). Densitometry was used to determine protein 

expression levels. The results indicated that there was a significant decrease in protein 

levels of the R820Q mutant (p= 0.0042), with a slight trend to a decrease for the W792R 

mutant. (n= 3) 

Fluorescence intensity data of full-length cardiac myosin binding protein C adenoviral 

constructs containing hypertrophic cardiomyopathy linked point mutations (B). NRCs 

were infected with adenoviral constructs for 24 hours, cells were fixed, immunostained 

and images were taken using a confocal microscopy. Fluorescence intensity levels of GFP 

were determined using ImageJ software. The results indicated a significant decrease in 

the fluorescence intensity for the W792R mutant (p= 0.0069)  
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disease through haploinsufficiency but may instead have some other effect on the 

functionality of the protein.  

Western blot analysis showed that the N755K showed a slight increase in protein expression 

levels, whilst the W792R mutation led to a slight decrease in protein expression. 

Furthermore, the W792R mutation did lead to a significant decrease in the levels of 

expression based on fluorescence intensity data from confocal microscopy, which is in 

corroboration with a study carried out by Smelter et al. which also showed a decreased level 

of protein expression for the W792R mutant (Smelter et al., 2018).  

Finally, the R820Q mutant did not appear to express, as was seen in the experiments 

utilising the GFP-tagged plasmid, implying that the lack of expression seen previously was 

probably not due to issues with the plasmid itself, but could be due to the mutation causing 

mRNA or protein instability leading to its degradation. 

5.3.5. Effect of HCM-linked mutants on localisation of cMyBP-C 

In order to determine whether the HCM linked full length mutant cMyBP-C could affect the 

localisation of the protein and thus be causing disease through a ‘poison polypeptide’ 

mechanism, NRCs were infected with the WT and mutant full-length cMyBP-C AV, fixed and 

immunostained and then imaged using both confocal and high resolution (STED) 

microscopy.  

5.3.5.1. Effect of HCM-linked mutants on overall cellular 

localisation of cMyBP-C 

The general cellular localisation of the adenoviral WT and mutant full-length cMyBP-C 

adenoviral constructs was studied utilising confocal microscopy. As can be seen in figures 
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49-53 using confocal microscopy, all of the constructs apart from R820Q expressed in the 

NRCs.  

The GFP-tagged WT full-length cMyBP-C protein was seen to mainly localise in a striated 

pattern, although some cells did exhibit either a more diffuse cytosolic localisation of the 

GFP-tagged protein (Figure 49; teal arrows) or appeared to show overexpression of the 

protein (Figure 49; red arrows).  

The E542Q mutant protein appeared to localise in the same striated pattern as the WT 

protein, with a few cells exhibiting a more diffuse localisation (Figure 50; teal arrows). The 

G596R mutant protein also showed a very similar cellular localisation pattern as the WT 

protein, with striated localisation seen in the majority of cells, although some cells did show 

evidence of diffuse localisation (Figure 51; teal arrows) or overexpression of the protein 

(Figure 51; red arrows). 

Cells expressing the N755K protein appeared to more often show overexpression of the 

protein (figure 52; red arrows) or diffuse localisation of the protein (Figure 52; teal arrows) 

than either the WT protein or the E542Q and G596R proteins. 

Lastly, in cells infected with the W792R mutant adenovirus there were a high number of 

cells which showed the protein localising in a diffuse manner as opposed to the striated 

pattern seen for the wildtype (figure 53, teal arrows). A few cells also appeared to show 

overexpression of the protein although this overexpression did not appear to be uniform 

across the cell but was more apparent in the periphery of the cells (figure 53; red arrows). 
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Figure 49 – Localisation of full length wild type cardiac myosin binding 

protein C in neonatal rat cardiomyocytes 
Confocal images of neonatal rat cardiomyocytes (NRC) infected with GFP-tagged full 

length wildtype cardiac myosin binding protein C (cMyBP-C) adenovirus (AV; green). Cells 

were immunostained for F-actin (red) and DAPI (blue). The full-length protein was seen 

to mainly localise in a striated pattern. However, there was some evidence of diffuse 

expression (cyan arrow) and overexpression of the protein (red arrow) Scale bar = 10 µm 
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Figure 50 – Localisation of full length E542Q mutant cardiac myosin 

binding protein C in neonatal rat cardiomyocytes 
Confocal images of neonatal rat cardiomyocytes (NRC) infected with GFP-tagged full 

length cardiac myosin binding protein C (cMyBP-C) adenovirus (AV; green) with the 

HCM-linked E542Q mutation. Cells were immunostained for F-actin (red) and DAPI 

(blue). The E542Q mutant protein was seen to show a very similar striated localisation as 

the wildtype protein. However, some cells show evidence of diffuse localisation (teal 

arrow) Scale bar = 10 µm 
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Figure 51 – Localisation of full length G596R mutant cardiac myosin 

binding protein C in neonatal rat cardiomyocytes 
Confocal images of neonatal rat cardiomyocytes (NRC) infected with GFP-tagged full 

length cardiac myosin binding protein C (cMyBP-C) adenovirus (AV; green) with the 

HCM-linked G596R mutation. Cells were immunostained for F-actin (red) and DAPI 

(blue). The G596R mutant protein was seen to show a similar striated localisation as to 

the wildtype protein with some evidence of diffuse expression (cyan arrow) and 

overexpression of the protein (red arrow). Scale bar = 10 µm 
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Figure 52 – Localisation of full length N755K mutant cardiac myosin 

binding protein C in neonatal rat cardiomyocytes 
Confocal images of neonatal rat cardiomyocytes (NRC) infected with GFP-tagged full 

length cardiac myosin binding protein C (cMyBP-C) adenovirus (AV; green) with the 

HCM-linked N755K mutation. Cells were immunostained for F-actin (red) and DAPI 

(blue). The N755K mutant protein was seen in some instances to show the same striated 

localisation as the wildtype protein. However, some cells showed apparent 

overexpression of the protein (red arrow). Scale bar = 10 µm. 
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Figure 53 – Localisation of full length W792R mutant cardiac myosin 

binding protein C in neonatal rat cardiomyocytes 
Confocal images of neonatal rat cardiomyocytes (NRC) infected with GFP-tagged full 

length cardiac myosin binding protein C (cMyBP-C) adenovirus (AV; green) with the HCM-

linked W792R mutation. Cells were immunostained for F-actin (red) and DAPI (blue). The 

W792R mutant protein was seen in some instances to show the same striated 

localisation as the wildtype protein. However, some cells showed diffuse localisation of 

the protein. Scale bar = 10 µm 
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The percentage of cells that showed overexpression, diffuse expression and normal striation 

were calculated from the confocal images. The E542Q and G596R mutant full-length 

adenoviral infected cells showed a similar localisation pattern to the WT, with very few cells 

exhibiting either diffuse expression or overexpression of the protein. The N755K mutation, 

however, led a trend to an increase in the number of cells overexpressing the protein, whilst 

the W792R mutant had a significant increase in the number of cells with a diffuse 

expression of the protein (Figure 54; p=<0.0001; one-way ANOVA; n=4-8).  

 

 

 

 

Figure 54 – Analysis of localisation of full length cardiac myosin binding 

protein C mutant proteins 
Graph showing the expression patterns for each of the mutant full-length cardiac myosin 

binding C (cMyBP-C) adenoviral constructs in neonatal rat cardiomyocytes (NRC). 

Confocal images of NRC infected with wildtype and mutant full-length cMyBP-C 

adenovirus were analysed to determine the localisation of the protein. The protein 

either showed a striated localisation, indicating correct incorporation into the 

sarcomere, overexpression or diffuse localisation. The percentage of cells showing each 

of the three localisation patterns was calculated. The E542Q and G596R mutant proteins 

showed a similar localisation pattern as the wildtype protein. The N755K mutant protein 

however showed a trend to an increase in the percentage of cells showing an 

overexpression of the protein. The W792R mutant protein showed a significant increase 

in the percentage of cells which showed diffuse protein expression (p=. <0.0001; one-

way ANOVA; n=4-8)  
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5.3.5.2. Effect of HCM-linked mutants on localisation of cMyBP-C 

at the myofibrillar level 

STED microscopy was utilised in order to determine whether the mutations were having any 

effect at the level of the myofibrils. NRCs were infected with the GFP-tagged full-length 

cMyBP-C adenoviral vectors (WT and mutants) for 24 hours. Cells were fixed and then 

immunostained using an anti-GFP nanobody as well as an antibody against the Z-disc 

protein α-actinin and were imaged using a STED microscope.  

The STED microscopy showed that in the myofibrils of the NRC the wildtype GFP-tagged full-

length protein was seen to localise in an expected well defined doublet pattern (Figure 55; 

magenta) in between the alpha-actinin stripes which denote the Z-discs of the sarcomere 

(Figure 55; green).  

The GFP-tagged mutant full-length adenoviral constructs E542Q, G596R and N755K 

generally also showed a well-defined doublet pattern similar to that seen for WT, as seen in 

figures 56-58. 

However, it was much more difficult to find cells that were expressing the GFP-tagged full 

length cMyBP-C W792R containing mutant adenovirus in the same striated doublet pattern 

as the WT or that of the other mutants. Even when the protein was seen to localise in a 

doublet pattern, these doublets appeared less distinct than those seen in the cells 

expressing the WT protein (Figure 59).  

The adenoviral vector with the full-length cMyBP-C containing the R820Q mutation again 

did not show any expression as can be seen in figure 60A, there was however staining for α-

actinin suggesting that this was not due to a technical fault during immunostaining or 

imaging. However, following a longer incubation time of 7 days, one cell was seen to express 
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the GFP-tagged protein as can be seen in figure 60B. However, no α-actinin staining was 

seen for this sample, although this could have been due to technical issues either during 

immunostaining or imaging. 

This prolonged culture was also attempted for the other AV constructs, however after 7 

days the GFP-tagged protein was overexpressed making visualisation of the myofibrils by 

STED impossible. 
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Figure 55 – Myofibrillar localisation of the wildtype full-length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

wildtype full-length cMyBP-C adenovirus. Cells were immunostained with an anti-GFP 

nanobody (purple) and an anti-α actinin antibody (green). The wild-type protein was 

seen to localise in an expected doublet pattern. Scale bar = 10 µm 
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Figure 56 – Myofibrillar localisation of the E542Q mutant containing 

full-length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

E542Q mutant full-length cMyBP-C adenovirus. Cells were immunostained with an anti-

GFP nanobody (purple) and an anti-alpha actinin antibody (green). The E542Q mutant 

protein was seen to localise in a similar doublet pattern to the wildtype protein. Scale 

bar = 10 µm 
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Figure 57 – Myofibrillar localisation of the G596R mutant containing 

full-length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

G596R mutant full-length cMyBP-C adenovirus. Cells were immunostained with an anti-

GFP nanobody (purple) and an anti-alpha actinin antibody (green). The G596R mutant 

protein was seen to localise in a similar doublet pattern to the wildtype protein. Scale 

bar = 10 µm 

 



195 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58 – Myofibrillar localisation of the N755K mutant containing 

full-length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

N755K full-length cMyBP-C adenovirus. Cells were immunostained with an anti-GFP 

nanobody (purple) and an anti-alpha actinin antibody (green). The N755K mutant 

protein was seen to localise in a similar doublet pattern to the wildtype protein. Scale 

bar = 10 µm 
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Figure 59 – Myofibrillar localisation of the W792R mutant containing 

full-length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

W792R mutant full-length cMyBP-C adenovirus. Cells were immunostained with an anti-

GFP nanobody (purple) and an anti-alpha actinin antibody (green). Far fewer cells were 

seen to show the doublet pattern seen with the wildtype protein and those that did 

have the doublet pattern were less distinct than those seen in cells expressing wildtype 

protein. Scale bar = 10 µm 
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Analysis of these images, which was carried out as described in section 2.7.2.2., allowed 

further evaluation of the possible effects these mutant constructs could be having on the 

myofibrils. The analysis resulted in intensity profile plots, which are shown in figures 61 and 

62, with raw data for each individual image shown on the left whilst the plot of the averaged 

data is shown on the right (for averaged data the blue line represents mean value, red 

indicates standard deviation; n= 2-3). A major peak at ~2 with a smaller secondary peak at 

~4 denotes a sarcomere length at the expected 2 µm (green arrows). Two additional peaks 

positioned before each of the major peaks denote MyBP-C at the expected spacing (purple 

arrows). Strong, narrow peaks seen at each of these positions would indicate well organised 

Figure  60– Myofibrillar localisation of the R820Q mutant containing full-

length cMyBP-C  
STED microscopy images of neonatal rat cardiomyocytes infected with the GFP-tagged 

R820Q mutant full-length cMyBP-C adenovirus. Cells were immunostained with an anti-

GFP nanobody (purple) and an anti-alpha actinin antibody (green). The R820Q mutant 

protein was not seen to express in the NRCs (A). However, following a longer incubation 

of 7 days, one cell was seen to show the protein localising in a doublet pattern (B). Scale 

bar = 10 µm 

 

A 

B 
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sarcomeres. From these plots the sarcomere length could be extrapolated, as well as the 

intensity of the major sarcomeric peak and the major MyBP-C peak, graphs of which can be 

seen in figure 63. 

As can be seen in figure 61, the plot for images of NI cells showed only well defined 

sarcomeric peaks, as would be expected as there should be no signal denoting the MyBP-C 

stripes for the NI cells, only alpha-actinin signal. Although there were some peaks in 

between the major sarcomeric peaks they did not appear to have the correct positioning to 

correspond to the MyBP-C stripes and were therefore more likely to be either shadows of 

the sarcomeric peak or background due to non-specific antibody binding.  

The plot for images of cells expressing WT cMyBP-C protein (Figure 61) showed strong 

sarcomere peaks with slightly merged but still relatively well defined peaks for MyBP-C, 

indicating well organised sarcomeres. 

The plots from images of the E542Q, G596R (Figure 61) and N755K (Figure 62) mutant 

protein expressing cells, appeared to be very similar to that of the WT although the peaks, 

particularly those signifying MyBP-C, were slightly less defined. This suggests these 

mutations are having no or very little effect on the sarcomeric organisation. 

The plot from images of W792R mutant protein expressing cells (Figure 62) showed peaks 

which were far less prominent and well defined than those of the WT, suggesting that this 

mutation may lead to less well organised sarcomeres.  

Lastly, the plot from images of cells expressing the R820Q mutant protein (Figure 62) 

showed either absence of expected peaks or broader and less well defined peaks. This 

would suggest that this mutation leads to a high level of myofibrillar disarray. 
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From these plots the sarcomere length as well as the signal intensity of the sarcomere and 

MyBP-C peaks were extrapolated, giving a measure of the level of organisation of the 

sarcomeres, which are shown in figure 63. Standard deviation was also plotted to show the 

level of variability between different cells.  

As can be seen in figure 63A there was no difference in the sarcomere length with very little 

variability as shown in figure 63B, showing that the mutations did not appear to have an 

effect on the general sarcomeric spacing.  

The signal intensity for the sarcomere peak also appeared similar (Figure 63C), again 

suggesting good sarcomeric organisation. However, there was a higher degree of variation 

for the W792R and R820Q mutant protein expressing cells as shown by a higher standard 

deviation (Figure 63D), suggesting higher levels of variability in organisation caused by these 

mutations. 

Lastly, the signal intensity for the MyBP-C peak was shown to be much lower for the N755K, 

W792R and R820Q mutant protein expressing cells compared to WT (Figure 63E), with the 

standard deviation for all of these being very low suggesting (Figure 63F) this decrease in 

signal intensity was consistent. This suggests that these mutations lead to possible 

myofibrillar disarray and a lack of correct organisation. 
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Figure 61 - Intensity profile plots from STED images of NRCs expressing 

mutant full-length cMyBP-C 
Figure showing intensity profile plot analysis of STED images of neonatal rat 

cardiomyocytes (NRCs) that had not been infected (NI) or expressing GFP-tagged 

wildtype (WT) or E542Q or G596R mutant constructs. Plots for the raw data is shown on 

the left, with averaged data of the images shown on the right (for averaged data blue 

line denotes mean intensity, red indicates standard deviation). A major peak at ~2 with a 

smaller secondary peak at ~4 denotes the sarcomere spacing, with 2 peaks prior to each 

major peak denoting the spacing of the MyBP-C stripes (purple arrows). The plot for NI 

cells showed only well defined sarcomeric peaks, as would be expected, although there 

were some peaks in between these did not correspond with the correct spacing to be 

MyBP-C stripes but is more likely to be either shadows of the sarcomeric peaks or due to 

non-specific antibody binding.  The plot for cells expressing the WT protein showed 

relatively strong and well defined peaks. Both of the plots for the E542Q and G596R 

mutant protein expressing cells also showed tracings similar to that of WT suggesting 

these mutations are not having a negative impact on sarcomeric organisation.  (n=2-23) 
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. 

Figure 62 - Intensity profile plots from STED images of NRCs expressing 

mutant full-length cMyBP-C 
Figure showing intensity profile plot analysis of STED images of neonatal rat 

cardiomyocytes (NRCs) expressing the N755K, W792R and R820Q mutant constructs. 

Plots for the raw data is shown on the left, with averaged data of the images shown on 

the right (for averaged data blue line denotes mean intensity, red indicates standard 

deviation).  A major peak at ~2 with a smaller secondary peak at ~4 denotes the 

sarcomere spacing, with 2 peaks prior to each major peak denoting the spacing of the 

MyBP-C stripes (purple arrows). The plot for the N755K mutant protein expressing cells 

shows relatively strong and well defined peaks. The plot for cells expressing the W792R 

mutant protein showed less prominent and less well defined peaks whilst the R820Q 

mutant protein expressing cells showed a plot with either absent peaks or broader and 

less well defined peaks. This suggests that the W792R and R820Q mutations could be 

leading to disorganisation of the sarcomeres. (n= 4-18) 
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Figure 63 – Sarcomeric organisation of NRCs expressing mutant full 

length cMyBP-C  
Graphs showing various measures (sarcomere length, sarcomere peak intensity signal 

and MyBP-C peak signal intensity) indicating levels of sarcomeric organisation 

extrapolated from intensity profile plots generated from analysis of STED images. There 

was seen to be very little difference in sarcomere length (A) with the standard deviation 

also remaining relatively similar (B) signalling a low level of variability suggesting none of 

the mutations had an impact on the general sarcomere spacing. The signal intensity for 

the sarcomere peak was also very similar (C) although there was a slight increase in 

standard deviation for the W792R and R820Q mutant expressing cells, suggesting a 

higher level of variability in sarcomere organisation for these mutants. The signal 

intensity for the MyBP-C peak was seen to be lower for the N755K, W792R and R820Q 

mutant expressing cells, with the standard deviation also being low suggesting this 

decrease in intensity was consistent, which may indicate that these mutations could lead 

to sarcomeric disorganisation. N= 2-23  
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5.4.  Summary 

Based on the observations from these experiments it seems clear that HCM-linked 

mutations of cMyBP-C may lead to disease via multiple different mechanisms.  

The use of a GFP-tagged plasmid containing the C3C6 domains with the E542Q mutation 

showed no significant difference in the protein expression levels compared with WT, 

corroborated by the experiments using the adenovirus expressing the full length cMyBP-C 

with this mutation, and localisation was also seen to be the same as the WT plasmid. 

Furthermore, analysis of STED images showed no difference in sarcomeric organisation 

when compared with WT. There was, however, some evidence that the E542Q mutation 

decreased the co-localisation with actin seen for the WT C3C6 containing plasmid. This 

suggests that whilst the mutation may not have any effect on the stability of the protein its 

localisation or organisation of the sarcomeres, in agreement with the previous literature, it 

could interfere with the possible interaction between the central domains and actin. 

In the experiments utilising the GFP-tagged plasmid encoding C3C6 with the G596R 

mutation, it was seen that there was no difference in protein expression levels, which was 

corroborated by the experiments utilising the full-length adenoviral vector containing this 

mutation. Analysis of STED images also showed that sarcomeric organisation was generally 

similar to WT suggesting that this mutation does not lead to disarray of the sarcomeres. 

However, it did appear to have a trend to an increase in nuclear localisation suggesting the 

mutation could be causing mislocalisation of the protein, as it is possible that if the protein 

cannot bind to its correct binding partner this could lead to the protein being mislocalised..It 

was also seen that the G596R mutation lead to a significant decrease in the possible 

interaction between the central domains of cMyBP-C and actin. Therefore, as with the 
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E542Q mutation, the G596R mutation may cause HCM through interfering with possible 

interaction partners of cMyBP-C.  

The N755K mutation appeared to cause overexpression of the protein, with western blot of 

mutant full length adenovirus showing a slight increase in protein expression levels, whilst 

analysis of confocal images showed a trend to an increase in the percentage of cells that 

were overexpressing the GFP-tagged protein. It is possible that overexpression of the 

protein could lead to a potential increase in binding to interaction partners which could 

cause aberration of the functioning of the protein. Confocal microscopy indicated that the 

GFP tagged C3C6 mutant plasmid showed a localisation similar to WT and did not show any 

increase in nuclear localisation or any difference in co-localisation with F-actin compared to 

WT. STED microscopy of cells expressing the GFP-tagged C3C6 domain containing plasmid 

however did show evidence of myofibrillar disarray, which seemed to be exacerbated 

following longer culturing, which appeared to be corroborated by further analysis of the 

STED images. This could link with the theory put forward by Idowu et al. that the C5 domain 

with the N755K mutation may be stabilised by surrounding domains that could become 

destabilised following mechanical stress (Idowu et al., 2003).  

The W792R mutant adenoviral construct showed a decrease in protein expression levels 

shown via western blot analysis, whilst fluorescence intensity data showed a significant 

decrease in expression levels, corroborating the results shown by Smelter et al. which 

showed a decrease in protein expression levels of about 70% (Smelter et al., 2018).  STED 

imaging of myofibrils of cells expressing the GFP-tagged W792R mutant containing C3C6 

plasmid appeared to show myofibrillar disarray which was worsened following prolonged 

culture, as was seen via analysis of STED images. Furthermore, the full-length adenoviral 
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vector containing this mutant showed an increase in diffuse expression of the protein seen 

both via conventional confocal microscopy and at the myofibrillar level utilising STED 

microscopy, suggesting that this mutation could cause a lack of incorporation into the 

sarcomere and protein degradation.  

The mechanism by which the R820Q mutation could be causing disease appears to be via 

protein degradation or mRNA instability. No signal for the GFP-tagged C3C6 domain 

containing R820Q mutant was seen following infection of COS-1 cells or NRCs, whilst 

Western blot analysis showed that there was a significant decrease in protein expression 

levels. This suggested that either the protein was being degraded or there was an issue with 

the plasmid and/or the GFP tag. This mutation was therefore carried on into the adenoviral 

full-length cMyBP-C vector, however again there was no expression of the R820Q mutant 

seen in the HEK-293 cells, COS-1 cells or NRCs. During the propagation stages of the 

adenovirus the R820Q mutant appeared the same as the other adenoviral constructs and 

also during the titration experiment colouration was seen after staining for the protein 

hexon, which is produced on replication of adenovirus, suggesting that the adenovirus was 

replicating and that there was nothing wrong with the adenovirus. Furthermore, sequencing 

was carried out before both the GFP-tagged C3C6 domain plasmid and the full-length 

adenovirus were utilised in the experiments. Further evidence for the construct being 

correct comes from the anecdotal observation of one NRC being seen to express the R820Q 

construct and incorporating into doublets in the A-band following a 7-day culture. Analysis 

of these limited STED images suggested high levels of sarcomeric disarray. Therefore, it 

seems likely that this mutation leads to instability of the protein leading to its degradation.  
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These experiments highlight the heterogeneity in the mechanism of disease occurring for 

the different HCM-linked missense mutations of the central domains of cMyBP-C, and 

presumably those found in the other regions of the protein. Further experimentation into 

the mechanisms of pathogenicity of HCM-linked missense mutations should therefore be 

carried out in order to classify the different pathways and open up the possibility for more 

individualised treatment for HCM patients dependent on the causative mutation they are 

carrying. 

 

 

 

 

 

 

 

 

 

 

 



207 
 

6. Discussion 

The overall aims of these experiments were to gain a better understanding of the structure 

and function of the central domains of cMyBP-C, and also explore the mechanism by which 

missense mutations within this region can lead to HCM. The importance of learning more 

about this understudied region is highlighted by the high number of HCM-linked mutations 

within these domains which make it likely that this region of the protein does have some 

kind of structural or functional role. It is however possible that these central domains could 

just function as a spacer to ensure the N-terminal domains are in their correct localisation 

and orientation, with the possibility that mutations in this region could have an effect on 

domain folding which could cause alterations in the protein structure that could affect the 

ability of the region to act as a spacer. Conversely, it is possible that the high number of 

mutations that appear to be tolerated within the central domains may indicate that this 

region is not important for the stability and function of the protein. 
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6.1. The central domains on their own show a diffuse, cytoplasmic 

localisation in cells 

As was shown in both COS-1 cells and NRCs, the central C3C6 domains of MyBP-C localised 

in a mostly diffuse cytoplasmic manner, did not appear to mislocalise to the nucleus and did 

not show aggregation. Previous work has shown that the GFP-tag is prone to nuclear 

localisation which can lead to mislocalisation of GFP-tagged proteins to the nucleus (Seibel 

et al., 2007). However, the C3C6 domains did not appear to localise to the nucleus, 

suggesting that the GFP tag did not cause mislocalisation of the central domains in the 

wildtype. Furthermore, the fact that there did not appear to be any aggregation of the 

protein suggests that the protein was stable and was not targeted for degradation. The 

diffuse cytoplasmic localisation of the GFP-tagged C3C6 domains would be expected as this 

central region does not contain the regions that have previously been shown to be involved 

in incorporation of MyBP-C into the thick filament, i.e. the C7-C10 domains which are known 

to contain binding domains for both myosin and titin (Okagaki et al., 1993, Freiburg and 

Gautel, 1996, Gilbert et al., 1996). 

These results suggest that the central domains are capable of being stably expressed in both 

types of eukaryotic cells as no evidence of aggregation was seen. Furthermore, this confirms 

that the central domains do not have a role in the localisation of the protein into the 

sarcomere, seen by the fact that expression of the protein was in a mostly diffuse, 

cytoplasmic manner.  
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6.2. Potential instability of the C3C6 domains 

Recombinant expression of the multidomain fragments of the central domains of cMyBP-C 

in E. coli indicated that whilst both showed soluble expression, the longer C3C6 fragment 

produced a much lower yield than the C3C5 domains, with a higher level of degradation of 

the product being seen indicating that the C3C6 fragment was less stable than the shorter 

fragment. 

Furthermore, the fact that the degradation product was at the correct molecular weight for 

a three-domain fragment suggests the possibility that the C6 domain is being cleaved off. 

This could mean that the linker between the C5 and C6 domains is less stable and requires 

the C7-C10 domains in order to stabilise it. The linker region between the C5 and C6 

domains consists of small amino acids, which typically suggest a higher degree of flexibility 

(Huang and Nau, 2003), and so could support this theory.  

In a study by Nadvi et al., a central domain construct was expressed spanning the C5-C7 

domains, which did not show degradation (Nadvi et al., 2016), therefore it is possible that 

the C7 domain stabilises the link between C5 and C6. Furthermore, SAXS data has suggested 

that the C5C6 domain showed a significantly greater conformational flexibility than was 

seen for the comparably sized C3C4 domains, this was suggested to be important to provide 

a functionally important flexible central region (Jeffries et al., 2011). Although it is also 

possible that the increased flexibility measured was due to the disordered insert known to 

be present in the cardiac-specific insert found in the C5 domain (Jeffries et al., 2011).  

However, if this data is correct and the C5C6 region does confer a functionally important 

flexible region this could suggest a reason as to why mutations in these domains may cause 
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HCM, as if these mutations interfere with the flexibility of the protein they could have a 

detrimental effect on the function of the protein.  

On the other hand, the fact that the central C3C6 domains were shown to express in both 

COS-1 cells and NRCs with little evidence of aggregation or trafficking to the nucleus for 

protein degradation suggest that these domains are stable in mammalian cells. This 

difference could be due to the bacterial cells lacking something, such as muscle specific 

chaperones or proteins involved in PTMs, that is found in the eukaryotic cells which is 

required for the correct folding of the central domains and this is the reason for the 

decreased stability seen for the bacterially expressed protein. For example it has been found 

that the myosin heads require the chaperone protein Unc45 for correct folding to occur 

(reviewed in (Hutagalung et al., 2002)), therefore this could also be the case for MyBP-C. 

Furthermore, whilst much less is known about post-translational modifications of the 

central domains than the N-terminal region of cMyBP-C, as can be seen in figure 7, multiple 

putative sites have been suggested in the C3-C6 domains for PTMs. It is possible that PTM of 

residues in the central region is required for correct domain folding and as prokaryotes are 

known to have differing PTM capacity from eukaryotes (Sahdev et al., 2008), the PTMs 

necessary for folding of the protein may not be present in the E. coli. 
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6.3. Y2H assay screens failed to identify putative binding partners 

The experiments described in this work utilised a Y2H assay screen in order to identify 

putative binding partners for the central domains. The Y2H technique is a popular tool used 

for identifying protein-protein interactions in an unbiased manner as it is relatively easy to 

carry out and inexpensive, being more accessible than mass spectrometry techniques as it 

does not require specialist or costly equipment. Mass spectrometry does however have the 

advantage of being able to determine all of the components of larger complexes whilst Y2H 

screens are only able to detect binary interactions (Brückner et al., 2009).  

The Y2H assay screen does have its flaws, most notably the amount of false negatives and 

false positives produced, with studies suggesting that somewhere between 43-71% of 

interactions may be missed due to false negatives (Edwards et al., 2002) whilst It is thought 

that 44-91% of hits from Y2H screens are false positives (Mrowka et al., 2001).  

False negatives can occur for a number of reasons, for example interactions involving 

membrane associated proteins or proteins localised to different sub-cellular compartments 

can be missed. Furthermore, the way in which interactors are bound to the bait or prey 

could cause steric hindrance interfering with any possible binding. The fact that the screen 

occurs in a yeast system could also mean that there is a lack of components required for 

PTMs of proteins which may be required for binding to occur (Brückner et al., 2009).  

False positives may occur due to inappropriately high expression levels of the bait and prey 

or the proteins being localised in compartments which do not correspond with their natural 

cellular environment. Unspecific interactions can also occur with proteins which are not 

folded correctly, or with some proteins which are known to be “sticky” (Brückner et al., 

2009).  
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The Y2H assay screen utilising bait plasmids containing the C3C6 domains as well as the 

individual C4 and C5 domains did not lead to the identification of any putative binding 

partners that could be confirmed.  

The fact that a large number of colonies did grow, particularly in the screens utilising the 

C3C6 and C4 domain bait plasmids, suggests that there were no technical issues whilst 

carrying out the screen. All three bait plasmids were also shown to express well in the yeast 

cells, although western blot analysis of the expression levels did show the C4 and C5 domain 

containing bait constructs had some signs of degradation. Therefore, it is possible that these 

bait plasmids were not expressing correctly in the yeast which could have affected their 

ability to interact with putative binding partners within the screen, thus generating false 

negatives.  

This screen was not able to recapitulate results from an earlier Y2H screen in which an 

interaction between the C5 domain and the C-terminal domains of MyBP-C was identified 

(Moolman-Smook et al., 2002). This could be due to the fact that a different expression 

system was used in this study, with the bait construct utilising the Gal4 activating domain 

being used in those studies whilst the assay in this study used LexA, and it has been shown 

that the use of different Y2H systems detects different subsets of interactions (Rajagopala et 

al., 2009, Stellberger et al., 2010).  

The fact that no interaction partners were identified by the Y2H assay screens could suggest 

that the central domains act merely as a spacer. However, whilst the Y2H assay has its 

benefits, as mentioned above a major flaw of the technique is the high number of false 

negatives. Therefore, it is possible that the central domains do have interaction partners, 

but they were not identified by the screen due to the reasons listed above. 
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6.4. Actin is a potential interaction partner of the central domains 

Whilst no putative interaction partners for the central domains of MyBP-C were identified 

by the Y2H assay screens, analysis of confocal images of NRCs expressing the GFP-tagged 

C3C6 domains identified partial co-localisation between the central domains and F-actin. 

This suggests that the central domains could bind to actin, however co-localisation does not 

necessarily confirm that an interaction is occurring between the two proteins.  

The possibility that the central domains could be interacting with actin was further studied 

by utilising a co-sedimentation assay, in which purified recombinant C3C5 was incubated 

with NTFs and centrifuged at very high speeds. The recombinant C3C5 was seen to co-

sediment with the NTFs suggesting that binding was occurring, however the co-

sedimentation was at a much lower level than that seen for the C0C2 domains of cMyBP-C. 

This intimates that whilst the central domains may be capable of binding to actin, it is with a 

much lower affinity than the N-terminal domains.  

Previous studies have carried out co-sedimentation assays utilising several different 

recombinant murine cMyBP-C fragments with either F-actin or NTFs. These experiments 

suggested that the C1 and M-motif where responsible for the binding to actin. However, 

they showed that the C3C4 domains did not bind to actin, contrary to the results shown in 

this study (Shaffer et al., 2009). This could mean that the co-sedimentation of the central 

domains seen was due to interaction between the NTFs and the C5 domain. On the other 

hand, the previous study utilised murine recombinant C3C4 and actin (Shaffer et al., 2009), 

whilst in this study human recombinant C3C5 was co-sedimented with bovine NTFs. 

Therefore, it is possible that these differences could be due to species sequence variations 
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or the interaction requires the presence of regulatory proteins present when using the NTFs 

as opposed to actin alone. 

It should be noted that these experiments utilised fragments of cMyBP-C and therefore any 

interaction seen may not actually be able to occur in situ. It is possible that when the central 

domains are surrounded by the N- and C-terminal domains of the full-length protein and are 

fixed in their correct stoichiometry of the sarcomere this interaction may not be able to 

occur. 

Previous literature, however, has hypothesised that the central domains could bind to actin, 

with one study stating that the C5-C10 domains are able to bind actin in a strong and 

specific manner (Rybakova et al., 2011), although as this is a region which also binds both 

myosin and titin it could be argued that this finding is unlikely. Another study suggested that 

the C3 domain may be involved in sensitising the thin filaments and regulating crossbridge 

cycling kinetics (Inchingolo et al., 2019). Therefore, this possible interaction between the 

central domains and actin is not completely without supporting evidence.  
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6.5. The central domains may have a role in the regulation of 

actomyosin cross-bridge cycling kinetics 

Previous studies have ascertained that the N-terminal domains of cMyBP-C have an effect 

on the actomyosin crossbridge cycling kinetics, as it has been shown that at low 

concentrations of C0C2 ATP hydrolysis is activated, whilst at high concentrations it is 

inhibited (Belknap et al., 2014).  

In order to determine whether the central domains could also be involved in the regulation 

of the crossbridge cycling rates, an ATPase assay was carried out using increasing 

concentrations of recombinantly expressed C3C5 protein. The results from this study 

indicated that high concentrations of C3C5 lead to a significant increase in the ATPase rate 

in the presence of calcium, whilst in the absence of calcium there was no change in the rate 

of ATP hydrolysis. This suggests that the central domains could have a role in the regulation 

of crossbridge cycling. Furthermore, the fact that this effect was only seen in the presence 

of calcium would suggest that this apparent involvement of the central domains on the 

regulatory state of the thin filaments does not occur during diastole. 

Prior studies have also highlighted this possibility, with one study showing that the C3 

domain may have a role in sensitising the thin filaments (Inchingolo et al., 2019), whilst 

another showed that removal of the C0-C7 domains and re-addition of just the C0C2 

domains was not able to fully reverse cross-bridge cycling kinetics back to normal (Napierski 

et al., 2020). However, this could also be explained by the hypothesis that the central 

domains act as a spacer in order to maintain the N-terminal domains in their correct 

orientation. 
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The fact that the presence of the central domains increases the ATPase rate at high 

concentrations, whilst with the C0C2 domains high concentrations were shown to inhibit 

ATP hydrolysis (Belknap et al., 2014) could be due to the apparent differences in the binding 

affinities. As was shown in the co-sedimentation assays the C3C5 domains appeared to bind 

to the NTFs with a much lower affinity when compared with the C0C2 domains. This could 

intimate that the C3 domain may be involved in the sensitisation of the thin filaments, as 

suggested in previous studies (Inchingolo et al., 2019), but that the addition of the C4-C5 

domains decreases or interferes with the potential interaction with actin. Alternatively, it 

could be that initial binding by the N-terminal domains is required in order for the C3 

domain to be able to interact.  

On the other hand, the fact that the C3C5 only enhanced the ATPase rate in the presence of 

calcium and therefore when the system has been turned on may suggest that the effect the 

central domains may be having on the ATP hydrolysis rate could be via an interaction with 

myosin and that it could be helping myosin to bind to actin in some way.  
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6.6. Missense mutations in the central domains lead to 

Hypertrophic Cardiomyopathy via several different mechanisms 

Missense mutations in MYBPC3 may lead to HCM via multiple different pathogenic 

mechanisms. Many different theories as to the pathogenesis of the HCM-linked sarcomeric 

mutations have been put forward including but not limited to: an increase in the myosin 

motor intrinsic force (Seebohm et al., 2009, Sommese et al., 2013), an increase in 

sarcomeric Ca2+ sensitivity (Marston et al., 2012), inefficient or excessive ATPase activity 

leading to energy deficiency (Ashrafian et al., 2003) or alterations to the SRX state of myosin 

(McNamara et al., 2017, Spudich, 2015). 

One such mechanism may be that the mutation leads to instability of the protein leading the 

protein to be targeted for degradation and thus leading to disease via haploinsufficiency. 

This loss of protein may lead to an effect similar to that seen in KO cMyBP-C animals and 

truncation mutations, which show signs of disruption to the thick filaments as well as an 

increase in crossbridge cycling kinetics (Kensler and Harris, 2008, Korte et al., 2003, Harris et 

al., 2002). Furthermore, it has been shown that haploinsufficiency can lead to an increase in 

myofilament Ca2+ sensitivity, with both cMyBP-C KO animals (Cazorla et al., 2006) and partial 

extraction of cMyBP-C from normal muscle (Kulikovskaya et al., 2003b) leading to increased 

sensitivity to Ca2+. 

Another proposed mechanism by which HCM-linked mutations could lead to disease is by 

disrupting the SRX state, which is when the myosin heads have a supressed ATPase state 

and there are fewer myosin heads which are capable of force generation (Hooijman et al., 

2011, McNamara et al., 2016, Naber et al., 2011). This decrease in the amount of 

sequestered heads could lead to hypercontractility which is one of the phenotypical 



218 
 

presentations which underpin HCM (Davies and McKenna, 1995, Hughes, 2004). A study by 

McNamara et al. determined the SRX state of the myosin heads in skinned muscle cells 

obtained from intraventricular septum samples of non-failing hearts or HCM patients either 

with mutations in the MYBPC3 gene or non-sarcomeric mutations. The results showed that 

all of the patients with mutations in cMyBP-C showed disruption of the SRX state whilst 

those with non-sarcomeric mutations did not. This disruption of the SRX state was seen to 

occur via two different mechanisms: affecting the lifetime of ATP turnover or the number of 

sequestered myosin heads (McNamara et al., 2017). This suggests that whilst 

hypercontractility due to disruption of the SRX state could be considered an overarching 

mechanism of pathogenesis for multiple different mutations of cMyBP-C, the precise way in 

which this occurs may be different depending on the mutation.  

A decrease in ATP turnover lifetime has also been shown in studies utilising papillary muscle 

from cMyBP-C KO mice, which showed crossbridge cycles were 40% faster compared to WT. 

These experiments also intimated that without the presence of MyBP-C the probability of 

myosin being weakly bound to actin was increased and that force production during the 

power stroke was reduced (Lecarpentier et al., 2008). It is possible that HCM-linked 

missense mutations in MYBPC3 could affect the ATP turnover rate by interfering with MyBP-

C’s ability to prevent the inefficient weak binding of actin to myosin and thus hamper the 

regulatory role of MyBP-C as was seen to occur in cMyBP-C KO mice (Lecarpentier et al., 

2008). 

Studies looking into HCM-linked mutations of β-cardiac myosin, which along with mutations 

in MyBP-C make up the majority of HCM-linked mutations (Lopes et al., 2013), showed that 

many of these mutations occurred in positions that would be likely to weaken the IHM state 



219 
 

of the myosin heads making them more functionally accessible for actin interaction (Nag et 

al., 2017). The majority were found to be located on the so called ‘myosin mesa’ which is a 

relatively flat surface found on the myosin head domain which is highly conserved across 

species. This region is thought to be a binding domain, possibly for the proximal region of 

myosin S2 or MyBP-C, with this interaction holding the myosin head in its inactive form 

(Spudich, 2015, Spudich et al., 2016). Evidence supporting cMyBP-C being the binding 

partner for the myosin mesa come from the fact the mesa is highly conserved in striated 

muscle, which has MyBP-C, whilst many residues are altered in the mesa region of smooth 

muscle myosin and non-muscle myosin II, which do not contain MyBP-C (Spudich, 2015). 

Furthermore, MST studies have shown that MyBP-C binds to a shortened version of S1 

myosin which lacks the RLC (which has previously been shown to bind MyBP-C (Ratti et al., 

2011)). These experiments showed that the binding to S1 was 2x weaker for the C0-C2 

domains of MyBP-C alone when compared with the full length protein, intimating that the 

central domains could be involved in the interaction with S1 and thus the stabilisation of the 

myosin heads in its inactive IHM form (Nag et al., 2017). It is therefore possible that some of 

the missense mutations found in the central domains could occur in regions that facilitate 

the interaction with the myosin mesa and destabilise the interaction leading to a decrease 

in the number of sequestered heads and thus hypercontractility. 

These theories focus mainly on how mutations in cMyBP-C may affect the thick filament. 

However, the possibility that mutations may be affecting the ability of cMyBP-C to interact 

with the thin filament should also be considered. Multiple experiments have shown that 

MyBP-C activates the thin filament at low Ca2+ levels, whilst under maximal activation 

conditions it acts to decrease sliding velocity. It is possible that HCM-linked mutations in 
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cMyBP-C may occur in regions of the protein which are necessary for interaction with actin 

and thus interfere with this effect on the thin filaments.  

These different theories as to how mutations in cMyBP-C may ultimately lead to HCM 

highlight the fact that it is probable that no one unifying pathogenic mechanism is 

responsible for causing the disease. It seems likely that the way in which a mutation leads to 

disease is dependent upon whether the position of the mutation is in a region which is 

important for the stability of the protein or for interaction with binding partners. To be able 

to have a clearer understanding much more needs to be elucidated about the function of 

the specific regions of cMyBP-C. 

In this study several HCM-linked missense mutations found within the central domains were 

studied to elucidate potential mechanisms by which these mutations may cause HCM.  

Initial studies utilising GFP-tagged mutant containing plasmids spanning the C3-C6 domains 

suggested that an R820Q mutation found in the C6 domain could lead to protein instability 

and degradation as no protein was expressed in the COS-1 cells or NRCs. The remainder of 

the missense mutations did express in both the COS-1 cells and the NRCs and did not show 

any significant difference in protein expression levels suggesting that these mutations do 

not lead to protein degradation.  

Some of the mutants appeared to cause mislocalisation of the protein to the nucleus 

(G531R, G596R, A833T) whilst others showed a decrease in the co-localisation seen 

between the central domains and actin (E542Q, G596R) which could implicate these 

mutations could be causing disease via interfering with the interactions of the central 

domains, as the mislocalisation to the nucleus could be due to a lack of interaction with the 
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correct binding partners of the protein. On the other hand, mislocalisation to the nucleus 

could also be due to the protein being folded incorrectly. 

The findings of the STED microscopy looking at the effect expression of these mutant C3C6 

domains could have on the myofibrils indicated that all of the mutant proteins that were 

capable of being expressed in the NRCs lead to myofibrillar disarray following an extended 

cell culture, whilst the N755K, W792R, R817Q and A833T showed disarray even after only 

two days of culturing. This could indicate that these missense mutations could be causing 

subtle alterations to the arrangement of the thick filaments. The fact that these alterations 

were only seen following prolonged culture for some of the mutant proteins and for the rest 

this resulted in exacerbation of the disarray, could indicate that the effects of these 

mutations may cause alterations in the structure of the protein that can be tolerated to a 

certain extent. It is possible that only following prolonged exposure to mechanical stress 

that these mutations have an effect on the myofibrillar structure. This could suggest a 

reason for the fact that HCM is generally a disease which does not become apparent until 

later on in life. 

Whilst these preliminary findings suggest multiple different mechanisms by which these 

missense mutations may lead to HCM, it is important to highlight the limitations of the use 

of the GFP-tagged mutant C3C6 domain constructs. These plasmids showed a very low 

transfection rate, even for the WT plasmid, therefore it is entirely possible that the cells 

which were expressing the mutant proteins were cells that were already not in the 

healthiest condition. As these experiments utilised a construct containing only the C3C6 

domains, the proteins would not be expected to correctly incorporate into the sarcomere as 

they do not contain the C-terminal regions known to be necessary for incorporation into the 
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thick filament backbone (Okagaki et al., 1993, Freiburg and Gautel, 1996). Therefore, the 

evidence of possible mislocalisation of some of the mutant proteins and the differences 

seen in actin co-localisation could simply be due to the fact that the protein is not correctly 

incorporated into the sarcomere and in its correct stoichiometry. It is possible that when the 

protein is tethered to the thick filament backbone the central domains may not be 

physically able to show this interaction with actin. Lastly, the myofibrillar disarray in NRCs 

expressing the mutant proteins seen via utilisation of STED was not visualising the mutant 

protein but rather showing the effect that expression of the proteins had on the thick 

filament ultrastructure. Therefore, it was only showing the indirect effect that expression of 

these mutant proteins could have on the myofibrils. On the other hand, any phenotypic 

observations attributed to these mutations was in comparison to the WT C3C6 domain 

spanning protein, which would also have all of the limitations mentioned above. 

The preliminary data from these experiments was then used to identify the missense 

mutations that showed the most interesting phenotype to carry forward into a full-length 

cMyBP-C adenoviral vector. This was done as adenoviruses typically show a much higher 

infection rate compared with plasmid transfection and as it would produce a full-length 

protein it would contain the C-terminal domains required for incorporation into the thick 

filament (Freiburg and Gautel, 1996, Okagaki et al., 1993) and so should have the correct 

localisation and stoichiometry in the sarcomere.  

The missense mutations chosen were E542Q, G596R, N755K, W792R and R820Q. These 

mutations are spread across the central domains, with one each occurring in the C3, C4 and 

C5 domains, whilst two are found in the C6 domain. All of these mutations occur at 

positions that are generally well conserved between species as well as between the 
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Figure 64 – Summary of potential pathogenic mechanisms by which 

missense mutations in the central domains may lead to Hypertrophic 

Cardiomyopathy 
Results from this study highlighted the fact that the HCM-linked missense mutations 

found in the central domains of cardiac myosin binding protein C appear to lead to 

disease via several different pathogenic mechanisms. The N755K mutation appeared to 

lead to an overexpression of the protein which could lead to increased interaction with 

binding partners leading to aberration of protein function. Both the E542Q and G596R 

mutation decreased the co-localisation of the central domains with actin suggesting 

these mutations may interfere with binding of cMyBP-C to actin. Subtle alterations in 

the sarcomeric ultrastructure was seen via high resolution microscopy in cells expressing 

the W792R mutant protein. The G596R mutant showed an increase in nuclear 

localisation, whilst the W792R mutant protein showed a higher level of diffuse 

expression and a less distinct sarcomeric doublet pattern suggesting these mutations 

may lead to mislocalisation of the protein. Finally, the W792R mutant showed a 

decrease in protein expression levels, whilst the R820Q mutant did not express in cells, 

except for one anecdotal case, suggesting that these mutations may cause instability of 

the protein leading to degradation. 

different isoforms of the protein and are classified as likely pathogenic or pathogenic 

(except for G596R which has unknown significance) by the ClinVar database (Landrum et al., 

2018). The experimentations utilising these full-length mutant cMyBP-C adenoviral vectors 

further added to the evidence that these missense mutations appear to cause HCM via 

different disease mechanisms, which are summarised in figure 64. 
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6.6.1 Comments on previous studies on the central domains of 

MyBP-C 

Prior studies have been carried out looking into the missense mutations found in the central 

domains of MyBP-C which were studied in these experiments, many of which corroborated 

the findings of this study. 

For the E542Q missense mutation the experiments showed no evidence of a decrease in 

protein expression or change to the correct incorporation of the protein into the sarcomere, 

corroborating previous findings (Flavigny et al., 1999). There did however appear to be a 

possible effect on the interaction of the central domains with actin.  

Previous literature looking at the G596R mutation has only looked into the clinical effect of 

the mutation, with no studies undertaken in order to show the expression levels or 

localisation of mutant protein. The experiments undertaken in this study showed that there 

was no decrease in protein expression suggesting that this mutation does not lead to 

instability of the protein and target it for degradation. There was however some evidence in 

the experiments utilising the C3C6 domain containing construct of a possible mislocalisation 

of the mutant protein to the nucleus. This could be due to the fact that C-terminal domains 

required for incorporation of the protein into the sarcomere (Freiburg and Gautel, 1996, 

Okagaki et al., 1993) were not present, however this increase in nuclear localisation was in 

comparison to the WT protein which also did not contain the C-terminus. This mutation also 

showed a decrease in actin co-localisation which suggests that this mutation could be 

affecting the possible interaction of the central domains with actin. This could also account 

for the increased nuclear localisation of the protein seen, as a decreased interaction with 

the actin could lead to mislocalisation of the protein.   
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Both mutations that appeared to affect the possible interaction between the central 

domains and actin were found to be located more N-terminally in the protein, in the C3 and 

C4 domains, whilst the more C-terminal missense mutations did not appear to affect the 

interaction with actin. This implies that these two domains of the central region may be 

involved in actin binding. This is partially corroborated by previous work in which the C3 

domain was implicated as being involved in sensitising the thin filament to calcium 

(Inchingolo et al., 2019).  

There are no previous experiments looking at protein expression or localisation of the 

N755K mutation in cells, however structural studies have suggested that the mutation could 

affect the tight domain fold of the C5 domain and destabilise the protein. Although it is 

thought that the tight packing of the surrounding domains could act to stabilise the domain 

up to a point, with longer exposure to mechanical stress possibly leading to loss of structural 

integrity (Idowu et al., 2003). Due to the location of the N755K mutation, which would be at 

the position proposed to interact with the C8 domain in the collar model of the 3D 

sarcomeric localisation of MyBP-C, it is also possible that this mutation could affect the 

sarcomeric localisation of the protein. Experimentation has previously shown that this 

mutation leads to a 10x decrease in binding with the C8 domain of cMyBP-C (Moolman-

Smook et al., 2002). In the current experiments, the N755K missense mutation seemed to 

lead to an increase in protein expression, as expression levels were seen to be slightly 

increased based on western blot analysis, whilst overexpression was seen in cells via 

confocal microscopy at a higher level than for the WT protein. If this mutation does cause 

overexpression of cMyBP-C then it could cause aberration of the functioning of the protein 
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in regulating actomyosin cross-bridge cycling as the increase in the protein levels could lead 

to increased interaction with MyBP-C and its binding partners.  

Previous literature has shown that the W792R missense mutation led to a 70% decrease in 

protein expression levels in cells, a decrease in fluorescence intensity, decreased levels of 

bacterially expressed protein and increased levels of a proteolytic cleavage product seen by 

mass spectrometry (Smelter et al., 2018). The results from our experiments corroborate this 

finding as there was seen to be a trend to a decrease in protein expression levels shown by 

Western blot analysis, as well as a decrease in fluorescence intensity levels of GFP shown by 

confocal microscopy. However, a previous study showed that the mutant protein showed no 

evidence of mislocalisation (Smelter et al., 2018), whilst in this study there was a significant 

increase in the number of cells showing diffuse cytosolic localisation of the protein shown 

by confocal microscopy. Furthermore, far fewer cells were seen to show the correct doublet 

pattern when imaged utilising STED, with those that did show doublets being far less 

distinct. This would suggest that W792R mutation leads to the protein not being correctly 

incorporated into the sarcomere. This could imply that the C6 domain may also be involved 

in the incorporation of MyBP-C into the thick filament backbone along with the C7-C10 

domains. 

It would appear that the R820Q missense mutation could lead to HCM via protein 

degradation as it was not expressed in any cell type when using either the GFP-tagged C3C6 

plasmid or the adenovirus containing the full-length protein. Both of these were sequenced 

before use in the experiments with no issues being seen and during titration of the 

adenovirus it was shown to be replicating by hexon staining, all of which suggests that there 

was nothing wrong with either of the expression vectors. There was one anecdotal cell 
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which was seen to be expressing the adenoviral construct in doublets suggesting the mutant 

protein can be expressed. The alpha-actinin staining was very weak in this image which was 

unexpected. On the other hand, the fact that it appeared to localise in the correct doublet 

pattern would suggest that this weak alpha-actinin staining was due to a technical issue 

during the immunostaining or the imaging process. The fact that only one cell was ever seen 

to express this mutant protein suggests that it is possible that the mutation causes the 

protein to be unstable and the cellular clearance mechanisms such as UPS may remove the 

protein but the clearance system may have been overwhelmed leading to expression of the 

protein. This missense mutation leading to an unstable protein has previously been 

suggested by multi-angle laser light scattering (MALLS) data which showed that the 

mutation led to a protein which showed non-specific aggregation (Nadvi et al., 2016). 

However, structural studies have suggested that as the mutation is surface exposed it would 

not alter the folding or stability of the protein but would be more likely to interfere with 

possible interactions with binding partners, with it being located in the correct region to 

interfere with the potential interaction with the C9 domain if the collar model of the 3D 

sarcomeric localisation of cMyBP-C is correct (Nadvi et al., 2016).  
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6.7. Limitations of the study 

Whilst this study was able to elucidate many findings, particularly highlighting the 

heterogeneity of the pathogenic mechanisms of missense mutations of cMyBP-C, there 

were limitations to the experiments.  

The GFP tagged C3C6 domain containing plasmids (both WT and mutants) showed a very 

low transfection rate. Therefore, very few cells were expressing the protein and thus any 

phenotypic observations that were made could have been due to the fact that the only cells 

which were able to express the protein were already in a bad condition. This was however 

remedied by the use of an adenoviral vector in the subsequent experiments, which showed 

much higher levels of infection rates. The use of an adenoviral vector may have also caused 

issues, as it is possible that the adenovirus damaged the NRCs in some way. However, as the 

cells expressing the mutant protein were compared with the WT adenovirus any effects 

occurring due to the adenovirus itself would have also been seen in cells infected with the 

WT adenovirus.  

Another issue was the fact that the experiments overexpressed mutant proteins in NRCs 

with the endogenous cMyBP-C still present. It is possible that the endogenous protein may 

have had compensatory effects and so the true extent of the effect that the mutant protein 

may have was not being seen. However, as the majority of HCM cases are heterozygous this 

may recapitulate what is happening in the real-life scenario.  

Whilst use of the central domain fragments alone allowed for the study of this region 

without the influence of the other domains which could obscure the interactions and 

functions of the central domains, this does not recapitulate what would be occurring in situ. 

Use of the GFP-tagged C3C6 domain protein in the NRCs would not allow for the correct 
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localisation of the protein, as they lack the C-terminal domains required for correct 

incorporation into the sarcomere (Okagaki et al., 1993, Freiburg and Gautel, 1996). 

Furthermore, when surrounded by the N-terminal and C-terminal domains the central 

domains may act in a different way than when isolated as they may be stabilised by these 

other domains, or these domains may affect the ability of the central domains to bind to 

interaction partners through steric hindrance. Additionally, the studies suggesting that the 

central domains could interact with actin and/or affect the actomyosin crossbridge cycling 

kinetics may not be relevant as it is possible that when the protein is incorporated into the 

sarcomere in its correct stoichiometry the central domains are not able to have these 

interactions or effects. 

Lastly, in this study NRCs were utilised, which whilst they are a relevant model to use as they 

are cardiomyocytes, they are not a perfect system to utilise. NRCs exhibit an immature 

phenotype, which as HCM is typically a disease which occurs later in life may not be able to 

fully recapitulate what is occurring in the disease. 
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6.8. Future directions 

Whilst much was learnt from the experimentations undertaken, more experiments were 

planned in order to gain a better understanding of the effect the chosen missense 

mutations of the central domains of cMyBP-C were having on the protein. However, due to 

restrictions imposed by the COVID-19 pandemic unfortunately these could not be carried 

out.  

These planned experiments included recombinantly producing and purifying central domain 

fragments containing the chosen missense mutations in order to carry out techniques such 

as microscale thermophoresis (MST) or differential scanning fluorimetry (DSF) to determine 

whether the mutations had any impact on the interaction with known binding partners and 

stability of the protein, respectively. Furthermore, these mutant proteins were going to be 

utilised in co-sedimentation assays with the NTFs and in the ATPase assay in order to 

determine whether the mutations would have any effect on the levels of co-sedimentation 

seen or an effect on ATP hydrolysis rates. This would have been particularly interesting for 

the two mutations which seemed to show a decreased interaction with actin based on 

confocal microscopy images (E542Q and G596R) to see if this result could be further 

corroborated.  

Whilst the ability of the central domains to interact with actin was explored in these works, 

whether they could also bind to myosin was not looked into. Therefore, co-sedimentation 

assays with the recombinant central domain protein and myosin could have been carried 

out in order to determine this. This would also provide more information about whether the 

effect of the central domains on the ATPase rate was due to interaction with the thin or 

thick filaments. 
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As the Y2H assay screen did not identify any putative binding partners for the central 

domains of cMyBP-C, further experiments could also be carried out. As utilising different 

Y2H systems has been shown to identify different interactions, the screen could be carried 

out utilising these different systems. Another alternative strategy would be to utilise the 

proximity-dependent biotin identification (BioID) tool. This system utilises an E. coli biotin 

protein ligase which is mutated to allow it to act as a promiscuous biotin ligase (Choi-Rhee 

et al., 2004, Cronan, 2005). This mutant protein is fused to the protein of interest allowing 

for proteins which are interacting with the protein of interest to be biotinylated (Roux et al., 

2012). This method has the disadvantage that identification of the interacting, biotinylated 

proteins is via mass spectrometry which combined with the promiscuity of the biotin ligase 

means proteins which are not interacting with but are merely in the proximity of the protein 

of interest may be detected. On the other hand, it has the advantages of being able to be 

carried out in live mammalian cells and can also detect weak and transient interactions that 

may occur over a period of time (Sears et al., 2019).  

The R820Q mutation led to a lack of protein expression, whilst the W792R mutation 

appeared to lead to a decrease in expression levels however, it is unclear whether this is 

due to instability and degradation at the protein or mRNA level. Therefore, mRNA levels 

should be determined via quantitative PCR (qPCR). The pathway by which the protein may 

be being degraded by could also be determined, which could be achieved by probing for 

components of different cellular degradation pathways by western blot. If it was seen that a 

specific pathway was responsible for protein degradation, experiments could then be 

carried out using interventions to block this pathway, such as utilisation of a proteasome 

inhibitor such as MG132, to see whether this could lead to expression of the mutant 
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protein. Previous studies using MG132 in mice with a HCM-linked MYBPC3 mutation KI have 

shown that this can lead to an improvement in cardiac function (Schlossarek et al., 2014), 

whilst another study showed that multiple different proteasome inhibitors, including 

MG132, were able to supress cardiomyocyte hypertrophy (Meiners et al., 2008). 

As these experiments overexpressed the mutant protein in NRCs which already have 

endogenous cMyBP-C it is possible that any effects that the mutation in the protein was 

having was being compensated for by the endogenous protein. Whilst this may be a 

relatively accurate portrayal of the disease, as typically HCM patients would have a 

heterozygous mutation, it may obscure the effect that the mutation is having on the 

protein. If techniques were utilised to remove or decrease the levels of endogenous protein 

then this may give a clearer picture of the pathogenesis of the mutation, which may not fully 

recapitulate what would occur in the patient, but could help to gain a better understanding 

of the functionality of the region in the protein where the mutation is located. 

One of the limitations of this study was in the use of NRCs, which have an immature 

phenotype and so may not fully recapitulate what occurs in the patient, especially as HCM is 

generally a disease which occurs in later life. Longer culture of the NRCs was also not 

compatible with the adenoviral infection, as it was seen that this led to overexpression of 

the protein making visualisation by STED impossible. Either adult rat cardiomyocytes or 

engineered heart tissue (EHTs) could therefore be used in future experiments, as these 

would have a more mature phenotype than the NRCs. Furthermore, non-adenoviral 

methods of incorporating the mutant proteins could be explored, such as CRISPR or the ‘cut 

and paste’ technique recently developed by the Harris group (Napierski et al., 2020). 
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Lastly, a larger number of missense mutations should be studied, as then it is possible that 

trends may begin to form between the region in which the mutations are located and the 

mechanism by which pathogenesis occurs. This could inform on the specific function of the 

different regions of the protein as well as classify different mutations depending on their 

pathogenesis, which could aid in more personalised methods of treatment avenues.  
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6.9. Final conclusions 

The findings of this work showed that the central domains of cMyBP-C may interact with 

actin, particularly the C3 and C4 domains and could also have a role in regulation of 

actomyosin crossbridge cycling kinetics. Furthermore, it suggests that there may be 

instability between the C5 and C6 linker, with previous literature indicating that these 

domains do show a high degree of flexibility which could possibly be necessary for the 

function of the protein (Jeffries et al., 2011).  

The major finding of this work, however, is the fact that different missense mutations of the 

central domains appear to lead to HCM via different pathological mechanisms. Further work 

would have to be carried out in order to fully elucidate these mechanisms as well as studies 

into a far wider range of mutations in order to see if any trends form between the position 

of the mutation and the mechanism of disease. This could potentially lead to being able to 

classify different mutations and thus help to tailor strategies to treat the disease based on 

the specific pathogenesis of the mutation. It may also lead to the ability to make predictions 

on the mechanism of disease based on the location of the mutation, as well as suggesting 

functional roles for the different regions of the protein. 
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