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Abstract 

Muscle contraction is a mechanism regulated primarily by the thick and thin 

filaments of the sarcomere, the smallest contractile unit of the muscle. Using 

single-molecule imaging we were able to investigate the ATP turnover rates  

of SRX myosin,  a myosin state understood to be essential  for maintaining 

contractile regulation. Our results revealed ATP turnover rates for the SRX 

state of myosin of ~ 0.006 s -1 ,  consistent with literature .  We also developed 

a high-resolution imaging technique to spatially resolve ATP binding events,  

creating a map of myosin  activity across the sarcomere. Our findings confirm 

the precision of these techniques and the potential for their use in providing 

a deeper understanding of contracti le regulation within the cardiac myofibril .  

This work also provides the foundation for the comparison of ATP turnover 

rates and distribution of SRX myosin  in cardiomyopathy mutated samples.  
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1. Introduction 

1.1 Human Muscle  

Human muscles are categorised as skeletal, smooth and cardiac, each 

vital  for the preservation of overall  function and homeostasis of the body.  

Striated muscle: skeletal and cardiac, both share a striped appearance 

resulting from the sarcomere’s highly organized assembly of actin and 

myosin filaments (Figure 1A & B). On the other hand, smooth muscle,  

located around visceral  organs,  has a uniform, non-striated appearance 

comprised of spindle-like fibres as seen in Figure 1C. This muscle group is 

distinguished by its abili ty to induce slow and steady contraction essential 

for the proper functioning of the digestive, respiratory, and reproductive 

systems (Brant B. Hafen and Bracken Burns, 2018) .  

Skeletal muscle is formed from long multinucleated fibres , has very 

prominent striations (Figure 1A) and is attached to the skeletal system, 

tongue, diaphragm, eye socket and upper oesophagus . These muscles are 

responsible for respiratory, locomotive, and postural functions  (Frontera and 

Ochala, 2015; Heeransh D. Dave, Micah Shook and Matthew Varacallo,  

2018).   

Cardiac muscle, found exclusively in the heart , is  characterised by i ts 

branched striated fibres connected by intercalated discs  (Figure 1B) and is 

responsible for executing the heart’s regulated and synchronised contractions 

(Rashelle Ripa et al . ,  2023).   
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Figure 1 .  Histolog ica l  Comparison of  Muscle Structures.  ( A)  Ske letal  muscle  and (B)  

Card iac  muscle share the same ul tras truc ture with  their  o rgan ised repea ting sarcomeres  

resu lt ing in  the ir  str iated appearance.  (C)  Smooth muscle  i s  made up of  spind le- l ike  

cel ls  provid ing  the muscle  with  the  uniform, non-str ia ted st ructure.  
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1.2 The Sarcomere 

The sarcomere is  the fundamental  contractile unit of striated muscle 

and is responsible for the conversion of energy released from hydrolysis of 

adenosine triphosphate (ATP) into mechanical work. The following sections 

explore the architecture of the sarcomere and the role each component 

contributes to the functioning of the whole cardiac contractile system.  

The main two structural components of the sarcomere are the actin thin 

filament and the myosin thick filament , presented schematically in Figure 2.  

The actin thin filament (Figure 2A) is a double helical structure of coiled 

fibrous actin (F-actin) decorated with regulatory proteins: - tropomyosin 

(Tm) and troponin (Tn)  (Yamada, Namba and Fujii ,  2020) .  Figure 2B shows 

the thick filament , which is primarily comprised of myosin II,  a hexamer ic 

protein, the coiled-coil tail region of which polymerizes to form the thick 

filament backbone. The globular head regions protrude out from the fi lament 

surface.  The highly organised arrangement of these filaments creates the 

characteristic striated appearance  of the sarcomere seen in Figure 3A 

(Tamborrini  et al . ,  2023).  

Figure 2 .  Schematic s tructure  of  sarcomere  f i laments.  (A)  Actin  thin  f i lament  with  

regula tory pro teins tropomyosin  (Tm) and troponin (Tn) .  (B)  Myosin  th ick f i lament  

with  myosin heads,  myosin ta i l s  and  bare  zone indica ted.  Produced in  BioRender.  
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Each whole sarcomere is  subdivided into lateral regions according to 

their ultrastructure  (Figure 3): the I (isotropic)-band, located at either end 

of the sarcomere and populated only by the actin thin fi lament , the A 

(anisotropic)-band, housing both the thick and thin filaments  and the H-zone 

in which only the thick filament and central M-line are present  (Wang et al . ,  

2021).  Delineating the lateral  boundaries of each sarcomere  are the Z-discs 

which are formed through antiparallel actin thin filaments of adjacent 

sarcomeres cross-linked by ɑ-actinin molecules.  Marking the centre of the 

sarcomere is the M-line,  comprised of creatine kinase,  myomesin and 

myomesin-2 (M-protein).  The M-line anchors the thick filament through 

interactions between myomesin and myosin, preventing the filament from 

coming out of alignment during contraction (Lamber,  Guicheney and 

Pinotsis, 2022) .  Another major component of the sarcomere is titin,  the 

largest known protein, spanning the length of the half sarcomere with its N-

terminus in the Z-disc and C-terminus in the M-line.  Major roles of this 

protein include its function as a molecul ar spring, modulating the stiffness 

of the sarcomere. Within the thick filament,  titin acts as an anchor for 

accessory proteins and provides stabili ty to the filament’s alignment in the 

sarcomere (Tonino et al. ,  2017).  
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In each half sarcomere, the thick filament is divided into four regions: 

the proximal (P-), central (C-), distal (D-) and bare zones (Figure 3C).  The 

bare zone and P-zone are in the H-zone of the sarcomere. The bare zone 

comprises antiparallel arrays of myosin tails  with no heads extending onto 

the filament surface and marks the symmetry axis of the thick filament .  The 

C-zone is the central region of the thick filament ,  characterized by the 

presence of the accessory protein myosin binding protein C (MyBP-C), 

arranged over nine stripes at  ~430 Å intervals.  The D-zone is the region of 

the filament most distal  from the M-line (Huang et al . ,  2023).  

Figure 3 .  The structure of  the sarcomere .  (A)   Electron  micrograph of  rabbi t  ske letal  

musc le adap ted from Craig & Offer,  1976.  (B)  Schemat ic  of  the sarcomere wi th  M - line ,  

Z-disc,  thick f i lament,  and th in f i lament ind icated .  (C)  En larged v iew of  the  th ick  

f i lament  ind ica ted wi th  P - ,  C-  and D-  zones indicated .  
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1.3 Structure of Myosin II 

Muscle myosin (Myosin II) of the heart is the molecular motor  protein 

responsible for powering cardiac contraction. As an adenosine triphosphatase  

(ATPase), myosin catalyses  the hydrolysis of ATP into adenosine diphosphate 

(ADP) and inorganic phosphate (Pi).  Hydrolysis of ATP releases energy, 

which is used by myosin II to generate pico -Newton forces for contraction  

when bound to the actin thin filament .  

This force-generating powerhouse is comprised of two identical  

myosin heavy chains (MHCs) and two pairs of light chains ;  the essential  light 

chain (ELC) and the regulatory l ight chain (RLC) , shown in Figure 4 below. 

The MHCs are coiled-coil structures, with two proteolytic fragments:  

the heavy meromyosin (HMM) and the light meromyosin (LMM). The larger 

HMM yields two sub-fragments, sub-fragment 1 (S1) consisting of two 

globular head domains, with ATP and actin -binding sites, the lever arm, RLC 

and ELC. The two pairs of light chains regulate the movement of the globular 

Figure 4  .The structure of  Myosin  II. Schematic  of  myosin II  showing the  sub -

fragment  1  (S1) ,  sub -fragment  2  (S2) ,  essen tia l  l ight  cha in (ELC)  and  regula tory  

l ight  cha in (RLC) of  the heavy meromyosin domain (HMM) and  the l ight  

meromyosin domain (LMM). Figure adapted from Liu et  al . ,  2016.  
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heads. Sub-fragment 2 (S2) is an α-helical  coiled-coil  domain l inking the S1 

to the LMM. The LMM is the coiled-coil rod region (tail) of the motor protein 

which attaches with the LMM of adjacent myosin to form the thick fi lament  

(Figure 2B) (Blair et al . ,  2002; Suggs et al. ,  2007; Miller et al. ,  2009; Liu 

et al. ,  2016).  

1.4 Contraction 

1.4.1 The Sliding Filament Theory and Cross Bridge Cycling  

 Simultaneously proposed by two independent groups ,  one led by 

Andrew F. Huxley and the other by Hugh E. Huxley in the 1950s, the sliding 

filament theory is a model that is quintessential  for today’s understanding of 

sarcomeric contraction. This model, presented schematically in Figure 5, 

describes the process of the actin thin filament sl iding along the myosin thick 

filament towards the central M-line,  resulting in the shortening of the 

sarcomere (Hanson and Huxley, 1953; Huxley and Niedergerke, 1954) .  

 Additionally,  Andrew F Huxley also proposed the cross-bridge cycle 

(Figure 5B), a theory describing the cyclic attachment and detachment of 

myosin heads with the actin thin filament  producing the force necessary for 

the sliding of the filaments.  Each cross-bridge is formed when a myosin head 

attaches to an available actin-binding si te. In the absence of ATP, myosin and 

actin are strongly bound in a rigor complex. When present,  ATP binds to the 

myosin head and is hydrolysed into ADP and P i .  P i  is  released triggering the 

power stroke, where the bound myosin head bends forward pulling the thin 

filament towards the M-line.  ADP is then released and the cycle repeats with 

a new ATP (Huxley, 1957).  
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1.5 Contractile Regulation 

 Regulation of cardiac contractil ity is  essential  for the maintenance of 

overall cardiovascular function and health; therefore,  several regulatory 

processes exist in the thin and thick filaments.  

1.5.1 Contractile Regulation via The Thin Filament  

 Thin filament regulation is characterized by the modulation of access 

to actin binding sites via the regulatory proteins  tropomyosin (Tm) and 

troponin (Tn) that decorate the thin filament , shown in Figure 6.  Tm is a 

Figure 5 .  Sarcomere  contraction.  Schemat ic  diagram of  the sarcomere shorten ing 

during con trac tion  as a  resu lt  of  the cross -br idge  cycle and  s l id ing f i lament model.  (A) 

Relaxed  sarcomere  (B)  Cross-br idge cyc le  (C) Contrac t  sarcomere.  
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double-stranded helical protein existing along the length of the actin 

filament blocking the actin-binding sites. Tn, a small globular protein, has 

three subunits : troponin C (Tn-C) which houses the calcium-binding sites, 

troponin I (Tn-I),  inhibiting actomyosin binding when the muscle is  in a 

relaxed state and troponin T (Tn -T) which binds Tn to Tm. This Tn complex 

collectively regulates the position of Tm. During an influx of intracellular 

calcium, calcium binds to Tn-C resulting in the conformational change shown 

in Figure 6, which, due to the binding of Tn to Tm, triggers Tm to move, 

exposing the actin-binding si tes now available for actomyosin interactions  

(Yamada, Namba and Fujii,  2020) .  

 

Figure 6 .  Thin f i lament regulation.  Schemat ic  d isplay ing  the  freeing of  b locked  

binding si tes in  the presence of  ca lc ium. In  the calcium -free s tate  (A )  binding si tes  

(grey)  are  blocked by  Tm ( l ight  blue)  which  i s  anchored in  place  by the Tn  complex  

(Green ,  dark blue and red) .  In  the calcium -bound state  (B)  the  Tn complex undergoes a  

conformat ional  change releas ing  Tm which exposes the bind ing si tes (pink) .  Adapted  

from Yamada,  Namba and Fuj i i ,  2020 .  
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1.5.2  Contractile Regulation via The Thick Filament  

The Super Relaxed State of Myosin  

    The calcium/thin filament mediated pathway described in  section 1.5.1 

is considered to provide the ‘start’ signal for contraction . On the other hand,  

the thick fi lament is  understood to regulate contractile force  and metabolic 

cost  and governs adaptations to external load through systems that affect 

myosin and its availability to bind with the thin filament  (Kampourakis, Sun 

and Irving, 2016).   

 For actomyosin binding, the head domain of myosin needs to be in 

close proximity to the thin filament, however,  myosin can transition between 

three states:  active,  disordered relaxed (DRX) and super-relaxed (SRX), each 

of which have different affinit ies for actin  as shown in Figure 7.  

When in the active state, the myosin is bound with actin and executes  

the power stroke (Figure 5B).  Myosins in the DRX state are available for 

actin binding with the S1 regions existing in various conformations and 

proximities to the thin filament  (hence ‘disordered’) and are waiting for 

binding sites to become available .  Myosin in this state are measured to have 

an ATP turnover of ~ 0.05 s -1 .  On the other hand, SRX myosins have an ATP 

Figure 7 .  Comparison of  the three  myosin energy states.  Active myosin  (green)  are 

those interac ting  with  the th in  f i lament.  DRX myosin  (ye llow) are  awai t ing an  available 

binding si te  and SRX myosin (red)  are in  a  sequestered s tate ,  prevent ed from interac ting  

with  the  th in  f i lament .  



19 
 

turnover rate up to ~10 times slower than DRX myosin.  These myosins are 

suggested to interact  with one another at  their S1 regions and with the thick 

filament backbone. These interactions  result  in a sequestered state ,  

preventing the myosin head from binding with actin,  essentially rendering 

these myosins dormant and unable to contribute to muscle contraction  

(Hooijman, Stewart  and Cooke, 2011; Heissler et al. ,  2021; Walklate et al. ,  

2022).   

Originally discovered in rabbit  skeletal muscle, it  was observed that 

SRX myosin were recruited into the DRX state upon muscle activation  

(Stewart  et al . ,  2010). However,  in cardiac muscle this  release upon muscle 

activation was not replicated  (Hooijman, Stewart  and Cooke, 2011) .  Instead, 

the proportion of SRX myosin in the relaxed vs active muscle remained 

constant.  This sustained proportion of SRX myosin suggests the potential for 

a cardioprotective property of this state whereby a more ordered recruitment 

of myosin for force production is considered  (Myburgh, Franks-Skiba and 

Cooke, 1995; Schmid and Toepfer, 2021)  

Each active head acts as a force generator, with the total force 

produced by the sarcomere being the force generated by each head multiplied 

by the number of total force-generating (active) heads.  

Equat ion 1.   

𝐹𝑡𝑜𝑡𝑎𝑙 =  𝐹ℎ𝑒𝑎𝑑  × 𝑁 

where F t o t a l  is the total force produced by the sarcomere, F h ead  is the 

force produced by one active head and N is the total number of active heads. 

Considering this and the functionality of cardiac muscle in comparison to 

skeletal ,  it  is  expected that these additional regulatory properties exist to 
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prevent force overload (Hooijman, Stewart  and Cooke, 2011; McNamara, 

Singh and Sadayappan, 2019; Toepfer et al. ,  2020; Nelson et al . ,  2023).  

Myosin Binding Protein C 

  Myosin binding protein C (MyBP-C) is a sarcomere accessory protein 

located at the thick filament and has three paralogs, slow skeletal (ssMyBP -

C), fast  skeletal (fsMyBp-C) and cardiac (cMyBP-C). Regardless of the 

paralog, MyBP-C exists only in the C zones of the thic k filament in 7-9 

regular stripes approximately 430 Å apart, resulting in a MyBP -C: myosin 

ratio of 1:3 (Heling, Geeves and Kad, 2020) .  This accessory protein is 

anchored to the thick filament via interactions with the LMM and titin 

(Tonino et al. ,  2019).  Although the mechanism by which cMyBP-C functions 

is not fully understood, it  has been shown on multiple occasions to play an 

essential  role in anchoring myosin in the SRX state  and therefore an essential  

aspect of contractile regulation . (Stelzer, Fitzsimons and Moss,  2006; 

Kensler and Harris, 2008; Zoghbi et al. ,  2008; McNamara et al. ,  2016).  
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1.5 Contractile Dysregulation – Hypertrophic Cardiomyopathy 

 Hypertrophic cardiomyopathy (HCM)  is an autosomal dominant 

disease with ~40% of causative mutations found in ϐ-cardiac myosin 

(Adhikari  et  al. ,  2019) . As seen in Figure 8,  manifestation of HCM is 

asymmetrical , with the greatest hypertrophy occurring in the left  ventricle's 

wall.  

Clinical  symptoms of HCM include hypercontracti lity resulting from 

diastolic dysfunction yet  preserved systole function. Given that  increased 

force production results from an increase in force-generating heads 

(Equation 1.), it  is assumed that HCM is the manifestation of dysregulation 

of the proportion of myosin in the SRX state (Woo et al . ,  2003; Towbin, 

2009; Vander Roest et al. ,  2021).  

Figure 8.  Comparison of  normal and HCM heart .  (A)  Normal hear t  showing normal 

chamber  capac it ies and  no th ickening  of  wall .  HCM heart  (B)  showing ex treme 

thickening of  lef t  ven t r icular  walls  and reduction in  chamber  size.  Figure from 

Amer ican Heart  Associa t ion,  2016 .  
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1.6 Single-Molecule Imaging of ATP Turnover 

1.6.1 Oblique Angle Fluorescence Microscopy  

 Standard imaging techniques such as epifluorescence and confocal 

microscopy are prevalent for their ability to provide comprehensive 

visualization of biological  samples, with epifluorescence enabling rapid 

imaging of large areas and confocal offering enhanced resolution and optical  

sectioning of 3D structures (Fordham, Amos and White, 1987; Webb and 

Brown, 2012) . However, as shown in Figure 9A and B, these techniques 

excite fluorophores through the  entire sample depth resulting in a low signal-

to-noise ratio (SNR) incompatible for single-molecule imaging. Total 

internal reflection fluorescence (TIRF) and Oblique angle fluorescence 

(OAF) microscopy are both single-molecule imaging techniques that  provide 

high spatial resolution and SNR by altering the angle of il lumination (Figure 

9C & D). TIRF employs a critical angle of illumination to achieve total  

internal reflection at the interface of  two media that have different refractive 

indices (a cover glass and immersion oil)  to create an evanescent field  that  

excites fluorophores .  As the energy of the evanescent field decreases with 

distance from the media interface ,  only fluorophores near the coverslip are 

excited. OAF implements a similar approach to TIRF however uses a 

subcritical angle of illumination therefore allowing for excitation to 

penetrate deeper into the sample.   
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With excitation confined to < 0.4 µm beyond the coverslip surface, TIRF 

is beneficial for imaging surface-bound interactions such as membrane 

protein dynamics . In contrast , OAF can penetrate up to ~5 µm into the sample 

Figure 9 .  Il luminat ion pathway used in microscopy techniques .  A) 

Epif luorescence i l luminates the en tire  sample depth by using a laser  path that  

passes d irec t ly  upwards  through the sample.  B)  Confocal  microscopy i l luminates  

a  spec if ic  poin t  in  the sample  and then  spat ia l  p inholes are  used to  b lock out -of-

focus  emiss ion l igh t  f rom en ter ing the  detec tor.  C)  Total  In terna l  Reflect ion 

Fluorescence (TIRF) uses a  cr i t ica l  ang le to  produce an  evanescence i l luminat ion  

f ield  to  exci te  f luorophores ~0.2 -0 .4  µm from the surface .  D)  Oblique Angle  

Fluorescence (OAF)  uses  an  i l lumination  beam a t  a  subcr i t ica l  angle to  exci te  

f luorophores deeper  in  the sample than TIRF.  
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therefore offering more flexibility to image interactions occurring beyond 

the surface such as ATP binding (Desai,  Geeves and Kad, 2015; Fish,  2022) .     

1.5.3  Cy3-ATP 

The use of fluorescent probes enables the visualization of biomolecular 

processes with high spatial  and temporal  resolution.  Cyanine 3 (Cy3) is  a 

widely used photostable probe with  excitation/emission peaks at 550 nm and 

570 nm respectively.  This probe can be conjugated with ATP to yield Cy3-

edaATP (Cy3-ATP) without perturbing the nucleotide's  biochemical 

properties , allowing for the direct  visualization of ATP-dependent processes  

(Toseland and Webb, 2011) .  

Coupling the technique of OAF microscopy with the use of Cy3-ATP 

provides the ability to directly monitor the  ATP consumption of myosins  at  

a spatial  resolution high enough that  they can be mapped within the thick 

Figure 10.  Chemical structure of  ATP and the f luorescent  analogue.  A) ATP 

structure.  B)  Cy3-edaATP (Cy3-ATP).  F igure adapted f rom Toseland and Webb,  2011. 
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filament zones.  The photostabil ity of the Cy3 also means that  the entire 

binding events of the ATP can be imaged , therefore providing the ATP 

turnover time of each myosin  and as a result, the energy state that  the myosin 

is in.  

Similar single-molecule imaging techniques have previously been used 

for the successful  monitoring of the ATP turnover activities of myosin in 

striated muscle  using BODIPY-ATP (Nelson et al. ,  2020) and Cy3-ATP 

(Pilagov et al. ,  2023). Both studies revealed exponentials  representative of 

the DRX and SRX populations in relaxed muscle and were able to provide  

zonal distributions of these populations (Figure 11).   

Figure 11.  Spat ial  loca lizat ion of  f luorescent nucleotide binding events in relaxed 

skeletal  muscle.  Both studies show three surv ival  decays loca lized to  the P - ,  C-  and D-

zones  of  the th ick f i lament.   A)  Surv iva l  decay of  ATP b inding events  for  each thick  

f i lament zone f i t ted to  three exponentia ls .  Histogram disp lays the  % populat ion 

breakdown for  each myosin energy sta te  in  the thick f i lament zones .  Adapted from  

Pi lagov e t  al . ,  2023 .  B)  Dashed l ines represen t  theoret ica l  curves if  on ly  DRX (green)  or  

SRX (red)  events were observed in  the zone .  Bar  char t  shows the proport ions of  SRX 

(grey)  and  DRX (whi te )  even ts .  Error  bars are s tandard errors  for  exponential  f i ts .  

Adapted from Nelson  et  al . ,  2020 .  
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1.7 Aims of this Thesis 

 Myosin II transitions between three energetic states ;  Active, DRX and 

SRX, characterised by different ATP hydrolysis rates.  Active myosins,  

occurring in active muscle in the presence of calcium,  have a rapid ATP 

turnover of < 10 seconds (~0.8 s -1). Myosin in the DRX state  are present in 

active and relaxed muscle and hydrolyse ATP at ~0.05 s -1 .  SRX myosins have 

a significantly reduced rate of ~0.005 s -1 .  In healthy cardiac muscle,  the SRX 

population is preserved in relaxed and active conditions,  acting as a reserve 

pool and recruited only under extreme stress. However, ablation or 

dysregulation of this SRX population may be the cause of  cardiomyopathies 

such as HCM.  

This project aims to optimise the imaging of ATP consumption in 

relaxed cardiac muscle,  allowing for the measurement of ATP turnover rates 

and determination of  the zonal distribution of the DRX and SRX populations. 

Furthermore, this project will  also focus on developing a novel high-

resolution imaging technique to facilitate the mapping of myosin activity 

across the thick filament at a  <50 nm spatial resolution. This technique will  

allow for understanding  the regulation of myosin activity and recruitment 

into the higher/lower energy states  in more spatial  detail than just at the level 

of the thick fi lament zones. It will also help to determine if/how myosins 

cooperatively interact to recruit neighbouring myosins and where precisely 

these interactions occur along the filament . These techniques can then be 

employed to understand the role, if any, that sarcomere accessory proteins 

contribute to regulating myosin recruitment and the implications that 

mutations have on th is regulation.    
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2.  Materials and Methods 

2.1 Buffers 

Cardioplegic solution:  5.5 mM Glucose, 0.5 mM MgSO 4 ,  24 mM KCl, 20 

mM NaHCO3 ,  109 mM NaCl, 0.9 mM H 2NaO4P, 1.8 mM CaCl 2 ,  0.01% NaN3 ,  

pH 7.4.  

Permeabilization buffer:  20 mM MOPS, 132 mM NaCl, 5 mM KCl, 4 mM 

MgCl2 ,  5 mM EGTA, 10 mM NaN 3 ,  5 mM DTT, 20 mM BDM, EGTA-free 

Protease inhibitor cocktail  (A32965; Thermo Scientific) , 0.5% Triton X-100, 

pH 7.1 at  room temperature (RT) 

BDM buffer:  20 mM MOPS, 132 mM NaCl, 5  mM KCl, 4 mM MgCl 2 ,  5 mM 

EGTA, 10 mM NaN3 ,  5 mM DTT, 20 mM BDM, EGTA-free Protease inhibitor 

cocktail  (A32965; Thermo Scientific) , pH 7.1 at RT 

No BDM buffer:  20 mM MOPS, 132 mM NaCl, 5  mM KCl, 4 mM MgCl 2 ,  5 

mM EGTA, 10 mM NaN3 ,  5 mM DTT, EGTA-free Protease cocktail  (A32965; 

Thermo Scientific) ,  pH 7.1 at  RT 

Imaging buffer: 20 mM MOPS, 132 mM NaCl, 5  mM KCl, 4 mM MgCl2 ,  5 

mM EGTA, 10 mM NaN3 ,  5 mM DTT, 3.25 mM ATP, 3 nM Cy3-ATP, 2 mM 

Trolox. pH 7.1 at RT.  

Cy3-ATP was synthesized and kindly provided by Dr C.P. Toseland 

(University of Sheffield, Sheffield, UK) (Toseland and Webb, 2011)  
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Myofibrils  used in this study were porcine cardiac  left ventricle trabeculae 

and were isolated on-site using the following procedures.  

2.2 Imaging Chamber Construction  

All single-molecule experiments were carried out using imaging flow 

chambers  (Figure 12).  For the base of the structure , a standard microscope 

slide with two 3 mm holes, dril led in the centre 15 mm apart , for the in- and 

outflow of sample,  was used. Borosilicate coverslips (Menzel Gläser,  24 x 

40 mm, 1.5 thickness) and drilled sl ides were soaked in 100 % ethanol 

overnight then plasma cleaned (Plasma cleaner PDC -32G-2, Harrick Plasma) 

to ensure surfaces were free of organic contaminants and to increase 

hydrophilic properties. Following this, 15  µg/ml Poly-L-Lysine (PLL) was 

spread across the surface of a plasma-cleaned coverslip and left to dry for 

30 minutes.  To assemble the flow chamber, a 10 mm x 20 mm x 0.18 mm 

gasket was cut from double -sided tape using a Cricut  Explore Air 2 and 

sandwiched between the dril led slide and PLL -coated coverslip (Figure 12). 

The assembled chamber had a capacity of ~30 µl.  

Figure 12.  Imaging f low chamber.  Plasma-c leaned and PLL-coated  borosi l icate  

coversl ip  (24  x 40  mm) is  adhered  to  a  plasma -c leaned  microscope  s l ide (with  in-  and  

outf low holes)  using  a 180 µm thick gasket  result ing in  an imaging chamber  with  a  

f luid  capaci ty  of  30 µl .  Figure i s  no t  to  scale.  
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2.3 Dissection and Storage of Porcine Heart  

Immediately following excision, the heart  of a freshly euthanized adult  

farm pig was submerged in ice -cold cardioplegic solution.  

Whilst  in solution, left  ventricular (LV) trabeculae samples were 

extracted from the heart  and cut down into pieces of approx. 5 mm diameter 

and no thicker than approx. 3 mm, flash frozen and kept at -80 C for long-

term storage.  

2.4 Sample Preparation and Image Acquisition  for Imaging ATP 

Turnover 

2.4.1 Permeabilization of Porcine Cardiac Tissue  

A single LV sample was rapidly thawed in permeabilization buffer on 

ice and cut into approximately 2 -3 mm thick strips ,  following the direction 

of muscle fibres using 9 mm Vannas scissors (Duckworth & Kent) .  The strips 

were secured to a si licon-based plate with tungsten rods at either end to 

prevent them from moving across the plate and to apply sl ight tension, aiding 

the penetration of Triton  X-100. These were left  overnight at 4  °C on a rotary 

shaker.  After permeabilization, samples were rinsed  with BDM buffer three 

times to remove Triton X-100. 

2.4.2 Homogenization of Permeabilized Tissue 

For myofibril isolation, the rinsed permeabilized tissue was cut into 1 

mm thick strips and transferred to a 2 ml microcentrifuge tube with 500 µl 

BDM buffer.  The samples were then homogenized using a Tissue Ruptor II 

at medium-low speed for 10 seconds twice , with a 1-minute break on ice in  

between. The homogenizer probe  was first primed with 500 µl BDM buffer 

alone to prevent myofibrils  from sticking . 
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2.4.3 Fluorescent Labelling of Isolated Myofibrils  

 To prepare myofibri ls for imaging, the Z -discs of the sarcomere were 

fluorescently labelled with 5.5 nM Alexa488 Goat anti -Mouse IgG 

(conjugated with 11 nM Monoclonal anti -α-actinin) in 30 µl of myofibril  

suspension for 1.5 hours, at 4  C on a rotator with 1 mg/ml BSA.  

To maintain a consistent myofibri l/antibody ratio across sample 

preparations, the optical density (OD) of myofibril suspension s were 

maintained in a range of OD6 0 0  0.39 – 0.42 by either diluting or concentrating 

the suspension (prior to fluorescent labelling) where necessary, with either 

the addition of BDM buffer or by allowing myofibrils to settle then removing 

the necessary volume of BDM buffer from the surface.  

2.4.4 Preparation of Imaging Chamber with Labelled 

Myofibrils for Imaging 

For imaging, labelled myofibrils were injected into the previously 

assembled imaging chamber (Section 2.2). 100 µl BDM buffer followed by 

the tagged myofibril  suspension was flushed into the assembled microfluidic 

imaging chamber. Filling the chamber with the BDM buffer before the 

myofibril  suspension facil itated the diffusion of myofibri ls across the 

chamber, rather than them collecting at  the entrance  (Laurens Heling, 2019) .  

The chamber was incubated coverslip side down at 4  °C for 30 minutes to 

allow myofibrils  to adhere to the coverslip surface.  

Excess non-adherent myofibrils  and BDM were flushed out of the 

chamber with two washes of 100 µl No BDM buffer,  with a 1-minute break 

at 4 °C in between washes. Finally, 100 µl of Imaging buffer was flushed 



31 
 

into the chamber and the dri lled holes were sealed with tape to minimize 

airflow through the chamber.  

All solutions were flushed into the chamber at a flow rate of ~100 

µl/min to ensure myofibrils were not dislodged  from the surface.  

2.4.5 Image Acquisition 

All single molecule data was collected using a custom Oblique Angle 

Fluorescent (OAF) microscope  detailed in Desai et  al.,  2015. Briefly,  the 

system, built into an Olympus IX50 frame, contains a long focal length anti -

reflection coated plano-convex lens (250 mm, Thorlabs) which focuses the 

incident laser beam onto the back focal plane of an Olympus PlanApo 100x 

1.45 numerical aperture objective lens .  The resulting collimated beam is 

translated using a gimbal -mounted mirror (Thorlabs) to produce an obliquely 

angled beam (Desai,  Geeves and Kad, 2015) .  This results in a subcritical  

angle of illumination which limits background illumination resulting in an 

increased SNR (Section 1.6.1, Figure 9 D). 

For excitation of Cy3, a 561 nm diode OBIS LS laser (Coherent, USA) 

was used at 20 mW and a 488 nm diode Oxxius laser at 18 mW was used for 

excitation of Alexa488. Lasers were controlled via Coherent connection and 

Oxxius micromanager  respectively.  

To locate myofibri ls,  a brightfield camera (Swann, C500 CCD Colour 

Camera) was used to prevent photobleaching of the sample . The system was 

then switched to the Orca Flash 4.2 camera (Hamamatsu, pixel size 6.5 µm 

equivalent to 63.2 nm for the image) and the lasers were switched on  for data 

collection. 
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Data was collected as 1000-frame videos,  with every six-frame repeat 

being made up of five Cy3-ATP frames and one Z disc frame (Figure 13).  

The images were taken through a central channel in which the emission s of 

both fluorophores  could be detected.  This frame sequence was essential  as 

having the frequent Z-disc frames in between the Cy3-ATP frames allowed 

for accurate tracking and correction of any myofibril  drift  detailed later in 

section 2.6.2.  

To maintain this frame sequence  and to extend the lifetime of the 

fluorophores  before they were photobleached, stroboscopic il lumination of 

the sample was used. The lasers and camera were connected to an Arduino 

board allowing for a custom-written Arduino script  to be used to control 

them. With this script, the 561 nm laser and camera were switched on to 

capture one frame of the Cy3-ATP. The laser and camera were then switched 

off for 2 seconds before the script  looped back to take a total of five Cy3-

ATP frames before moving onto the one Z-disc frame. The script followed 

the same procedure for the Z-disc frame except now, the 488 nm laser was 

turned on and only one frame was taken before looping back to take the next 

series of frames.  Figure 13 provides a simplified flowchart  to illustrate the 

imaging sequence described here.  
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Figure 13.  Simpl if ied  f lowchart  to  i l lustrate  the imaging sequence  used for 

collect ion of  ATP turnover data .  (A)  Flow char t  showing a  simplif ied  overview of  

the  Arduino scr ipt  used  to  con trol  the 488  nm d iode Oxxius  laser,  the 561 nm diode 

OBIS LS laser  and the Orca Flash  4.2  camera  to  main tain  the f rame sequence .  (B)  

Example of  one frame sequence taken of  a  porc ine card iac LV myof ibr i l  wi th  f ive  

Cy3-ATP frames and one Z disc f rame.  Contras t  of  images were increased for  ease 

of  viewing.  
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2.5 Sample Preparation and Image Acquisition for High-Resolution 

Imaging of the Spatial Distribution of Myosin Activity  

 Sample preparation for the high-resolution imaging approach is similar 

to that used for the imaging of the ATP turnover  rates (Section 2.4).  However, 

a few alterations were introduced at  this stage to facili tate faster sample 

preparation i .e.,  eliminating the need to permeabilize the sample overnight.  

These modifications were adapted from Nelson et al. ,  2023 .  

Briefly,  f rozen porcine LV samples were rapidly thawed in  BDM buffer 

and cut down to strips of approximately 1 mm thickness.  Tissue strips were 

homogenized as described in section 2.4.2. For permeabilization, tissue was 

collected by centrifugation at 1000 RCF for 4 minutes at 4  °C, then 

resuspended and permeabilized in 1% Triton X-100 permeabilisation buffer 

for 30 minutes at  4  °C, rotating. Permeabilized tissue was  collected by 

centrifugation at  1000 RCF for 4 minutes  at  4 C and washed with BDM 

buffer 3 times to remove Triton  X-100. Isolated myofibrils were 

fluorescently labelled and prepared for imaging in imaging chambers as 

described in section 2.4.3 and section 2.4.4.  

2.5.2 High-Resolution Imaging 

As stated, all  single molecule data was collected using a custom OAF 

microscope (Section 2.4.5).  This imaging approach  was largely similar to 

that  described in section 2.4.5 however some alterations were introduced so 

Cy3-ATP could be photobleached in between each frame.  

The power for the 561 nm diode OBIS LS laser (Coherent,  USA) was 

increased from 20 mW to 40 mW (as indicated in the Oxxius micromanager  

software) and was set to continuously emit rather than stroboscopically.  
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Additionally,  the frame gap between each Cy3-ATP frame was increased from 

2 seconds to 5 seconds and the imaging period remained at 30 minutes,  

resulting in the total  number of frames collected per video to be halved to 

500, compared to the 1000 frames used for collecting ATP turnover rates .  

2.6 Data Analysis  

2.6.1 Single-molecule tracking 

Due to the oblique angle of i llumination used;  the excitation light only 

excites fluorophores that  are within the myofibril rather tha n also exciting 

those that are around the outside  (Section 1.6.1).  Additionally, the absence 

of movement of Cy3-ATP molecules during the 200 ms frame capture 

indicates their binding to myosin, as any unbound molecules would appear 

blurred.  Therefore,  we can assume that all  observed Cy3-ATP fluorescence 

is of those molecules  that  are bound with a myosin.  From hereafter Cy3-ATP 

fluorescence observed within a myofibril will be referred to as an ATP 

binding event.  

To extract  the spatiotemporal data of each ATP binding event and the 

Z-disc positions, the ImageJ plugin Trackmate  was used as i t  provides an 

unbiased automated approach to detect spots from images and track them 

over time (Schindelin et al. ,  2012; Tinevez et al . ,  2017). To prevent spurious 

objects from being tracked, the  minimum intensity threshold for the tracks 

was manually adjusted.  This intensity threshold was amended on a sample-

to-sample basis  as this was affected by the SNR of each video. Parameters 

that  remained constant were the linking distance, gap max closing distance, 

max frame gap and the estimated object diameter for the Laplacian of 

Gaussian (LoG) detection (set to 360 nm). The linking distance (set to 100 

nm) is the maximum distance a single track could have shifted in the 
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subsequent frame before being recorded as two separate events.  The gap max 

closing distance (set  to 100 nm) works in conjunction with the max frame 

gap (set  to 5 frames).  With these two parameters,  if  a Cy3-ATP binding event  

appeared within 100 nm of another binding event  less than 6 frames before,  

these would have been recorded as a single event .  

The x and y coordinates and duration of each track from all  frames were 

extracted into a Microsoft Excel file  and plotted to show the Z-disc and ATP 

binding event positions (Figure 14).  

Figure 14.  Z-disc  and ATP binding event  posit ions  extracted using  Trackmate.  Blue  

diamonds represen t  the track spots for  the Z -disc posi t ions and red crosses are  ATP-

binding  even t  tracks.  Spot posi t ions  are  ex trac ted us ing Trackmate,  prevent ing b ias  

and errors.  Figures for  Z -disc and  Cy3-ATP frames are  inver ted for  ease of  v iewing.  
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2.6.2 Drift Correction 

Samples would occasionally drift  through x and/or y planes  over the 

course of the imaging period . Correction of erroneous sample movement  was 

performed using a drift correction ImageJ plugin (mpicbg-scicomp, 2017).  

This plugin works by calculating the drift  of user -selected landmarks that  

are present throughout the entire video , in this case,  the Z-disc positions 

were used. The plugin then shifts successive frames using linear 

interpolation to calculate the required shift . Drift correction is performed 

prior to Trackmate, where necessary.  

2.6.3 Tilt Correction 

For ATP binding positions to be localized relative to the sarcomere  

their x positions had to be related to those of the Z-discs.  However,  on 

occasion, the Z discs would not be perpendicular to the axis and to extract  

accurate event positions this ti lt  had to be corrected  (Figure 15).  To do this, 

the x coordinates of the left - and rightmost tracks of the Z-disc were used as 

minimum and maximum parameters for a search of all Z-disc tracks that lay 

within these points. All positional data for this sarcomere were then 

corrected by calculating the rotation  of each point about the left-most Z-disc 

track using the slope of the til ted Z-disc to determine the angle of rotation.  

This adjustment was carried out in Microsoft Excel  for each sarcomere 

individually.   
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2.6.4 Sub-sarcomeric Zone Boundaries & Zoning the Cy3-

ATP binding events. 

Assigning sub-sarcomeric zone boundaries was a crucial  step in 

localizing Cy3-ATP events to zones. The central M-line was determined for 

each sarcomere by binning the coordinates of the t ilt -corrected tracks of the 

left and right  Z-disc of the sarcomere and then fit ting these bins to a Gaussian 

distribution. The accuracy of this user-free determination of the sarcomere 

centres is 31.8 nm, calculated from the average SD of 1,318 Z-disc Gaussian 

Figure 15.  Ti lt  correct ion of  sarcomere Z -disc and ATP binding event 

posit ions.  (A)  Z-d iscs  and ATP b inding  even t  posi t ions p r ior  to  t i l t  cor rect ion.  

(B)  Posi t ions  of  Z -discs  and ATP bind ing posi t ions af te r  t i l t  correc tion .  Ti l t  i s  

correc ted and the binding event  posit ions in  re lat ion to  the Z -discs no t  a l tered.  

Figures  are a  representa t ion and  not  actual  data.  

 



39 
 

fits.  With the midpoint of the sarcomeres, the coordinates for each sub-

sarcomeric zone boundary  were also determined .  

 Cy3-ATP binding event x coordinates were cross -referenced with 

those of the sub-sarcomeric zones for the spatial  distribution of events.    

2.6.5 Kinetics 

The following analysis is  only applied to the data for the investigation 

of myosin ATP turnover rates.  

In addition to the location, we recorded the time that each ATP binding 

event was visible for. This lifetime indicates how long the myosin took to 

turnover this molecule of ATP because once released, the molecule leaves 

the myofibril  (i .e., the excitation field). These lifet imes of each binding 

event were binned at  the frame interval (2 seconds) , i .e.,  binning all  events 

with lifetimes within 2 seconds of one another together.  These binned 

lifetimes were fit  to three exponentials , fittings to more exponentials were 

also tested however three exponentials provided the best  fit ,  determined by 

examination of the residuals.  Rates were calculated according to  

Equat ion 2.  

𝐴𝑡 =  𝐴0  ∙  𝑒(−𝑘 ∙ 𝑡)
 

where A t  is  the amplitude of Cy3-ATP tracks at time t,  A0  is the amplitude of 

Cy3-ATP tracks at  time 0s, e is  the exponential  and k is  the rate.  The survival 

frequency was fi t to the sum of the three exponentials , providing a triple 

exponential  fit .  However,  repeated data in the survival frequency were 

excluded to prevent overweighting of fits .  Furthermore, the Microsoft Excel 

tool ‘Solver ’ was used for the fitt ing , to reduce user interference,  correcting 

the fit  for the minimum SSD or SSDln.   
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3. Investigating β-cardiac Myosin’s ATP turnover in 

Porcine Myofibrils 

3.1 Introduction 

 The primary task for this project  was the optimization of this single-

molecule imaging technique for use with cardiac myofibril samples. The 

following section describes the optimizations that the baseline protocol, 

which was originally developed for skeletal myofibrils  and described in 

Pilagov et al .,  2023 underwent.   

 With successful  optimizations of the protocol,  it  was possible to move 

forward with collecting the ATP turnover data for WT porcine cardiac left 

ventricle (LV) myofibrils .  The LV was selected for use in these experiments 

as ϐ-cardiac myosin is the dominant isoform present .  This isoform is where 

40% of all HCM-causing mutations occur (Adhikari et al. ,  2019).  

3.2 Results 

3.2.1 Improving the Quality of Myofibrils for Single Molecule 

Imaging  

Initially,  an already optimized skeletal  myofibril preparation protocol 

(Pilagov et al . ,  2023) was used for cardiac muscle as this provided a starting 

point  from which optimizations could be carried out .   

Inadequate fluorescent staining of the Z-discs and myofibril fragments 

that  were too small  were the initial  issues that  required optimizations.  Z-

discs act  as the fiducial  markers for ATP binding events,  therefore poor 

staining results in an inability to accurately localize ATP binding events to 

sub-sarcomeric regions.   
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Initially, fluorescent staining of Z-discs was carried out after the 

myofibrils had been introduced to the imaging chamber.  This approach led 

to a reduced antibody binding susceptibil ity in areas of myofibrils  that  were 

in contact  with the cover glass,  resulting in  these regions having lower 

fluorescence intensity (Figure 16A). To overcome this, the labelling was 

performed in solution prior to the myofibrils  being injected into the chamber,  

with no changes made to the antibody concentration or the OD 6 0 0  of myofibril 

suspension. This resulted in more fluorophores  being able to attach to the Z-

discs, therefore a more even labelling across the myofibril  and a higher 

fluorescent intensity.  Figure 16 compares the labelling of porcine cardiac LV 

myofibrils under both conditions.   

 

 

Figure 16.  F luorescent  label l ing of  Z-discs in so lution vs in f low chambers  

result s in improved label l ing .  Samples A and  B are both  porc ine  cardiac  LV 

myofibri l s  with 11 nM Monoclonal  an ti -α-ac tin in and 5.5 nM Alexa488  Goat ant i -

mouse  IgG. (A)  Incubat ion of  myofibr i l s  with  f luorescen t  ant ibodies  was  carr ied  

out  af ter  the myof ibr i ls  were introduced into  the imaging chamber.  (B)  Myofibr i l  

and ant ibody incubat ion  was carr ied out  in  so lu tion pr io r  to  the myofibr i l s  be ing 

injected into  the imaging chamber.  Images were taken on the OAF microscope wi th  

the Orca Flash  4.2  camera and wi th  the 488 nm diode Oxxius laser  se t  to  18 mW.  
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 Furthermore, to collect sufficient  quantit ies of data, myofibri ls need 

to have area large enough to accommodate high numbers of ATP binding 

events.  To ensure myofibrils  were large enough  for this, the total  

homogenization time was reduced from 40 to 20 seconds .  Subsequently,  the 

average myofibril  length was increased to ~27 µm (Figure 17).  

Due to varied sizes of tissue from which myofibrils were isolated, the 

concentration of myofibrils in imaging chambers was inconsistent across 

preparations. These inconsistencies resulted in varied fluorescent antibody-

to-myofibril  ratios resulting in sample-to-sample variation of the fluorescent 

labelling quality. To address this,  a strict criterion for which the OD 6 0 0  of 

Figure 17.  Decreasing  homogenizat ion t ime result s in  signif icant  increase  in  

myofibril  length.  To combat the  short  myofibr i l s ,  the  t issue was homogenized  for  

half  the in i t ial  t ime used .  The decrease from 40 seconds to  20 resul t s  in  a  sign if icant  

and consistent  increase in  the leng th of  myofibr i l s  produced (P <  0.5) .  Errors bars  are  

standard deviat ions .  40  second s;  11.7  µm (+  4.9  µm),  n  = 30  myofibr i l s .  20 second s;  

26.6 µm (+ 5.5 µm),  n  = 10 myofibr i l s .  S ta t i st ica l  ana lysis performed was a two-

ta i led t - tes t ,  P =  5 x10 - 6 .  *  denotes  P < 0.05.   
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the myofibril suspension had to fall within the range of 0.39 – 0.42 was 

introduced. With this, the concentration of myofibrils and their staining 

across sample preparations was more consistent than before.  

3.2.2 Low Ionic Buffer Concentrations Resulted in Short 

Sarcomeres  

 Whole myofibril and individual sarcomere lengths were measured 

using the ImageJ plugin SarcOptiM (Pasqualin et al . ,  2016) during the 

optimizations of myofibril preparations (Section 3.2.1).  The average 

sarcomere length (SL) measured was ~24% shorter than the literature average  

(Figure 18; 1.44 µm + 0.046 µm, n = 125 sarcomeres).  

Figure 18.  Cardiac  sarcomeres  are  s ignif icantly  shorted in this  study  than the  

l iterature average.  Lengths of  card iac sarcomeres f rom th is s tudy (1.44 ± 0.05 µm) ar e  

compared to  the l i tera ture average (1 .83 ± 0.04 µm).  A s ignif ican t  shortening  of  

approximate ly 0 .43 µm is observed  in  this s tudy’s  myofibr i l s .  Errors are standard  

devia t ions.  Two-tai led t - test  resu lt s  in  a  P -value  of  0 .0017.  *  denotes P <  0.05.   
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To combat the short  sarcomeres,  small alterations were made to the 

existing protocol (Pilagov et al . ,  2023).   These included the addit ion of  

ATPase inhibitors , fluorescent labelling at room temperature (rather than 4 

°C) and the removal of poly-l-lysine (PLL) from the imaging chamber  (Belus 

et al. ,  2008; Vikhorev, Ferenczi and Marston, 2016; Nelson et al. ,  2023). 

None of these approaches resulted in a significant increase in sarcomere 

lengths (Figure 19; average SL of 1.5 µm ± 0.15 µm, n = 149 sarcomeres).  

 Comparison of the preparation buffers  used in the existing literature  

(Table 1) revealed that the buffers used for sample preparation had an ionic 

concentration 50 – 122 mM higher than what was being used in this study. 

This indicated the sarcomere shortening observed was potentially due to the 

low ionic strength (Brenner, Yu and Podolsky, 1984; Powers et al. ,  2019). In 

Figure 19.  Effect  of  Exper imental  Modif icat ions to  Increase  Porcine Cardiac  

Sarcomere  Length s.  Comparison of  the average sarcomere  lengths  f rom the experimenta l  

modif icat ion s;  add it ion of  5  µM Blebbistat in ,  RT f luorescent  labe ll ing,  no PLL in  the  

imaging  chamber  and  addit ion  of  20 mM DAM. PLL = po ly - l - lysine,  DAM = d iace tyl  

monoxime.  Error  bars  are standard dev ia t ions .  Data  col lec t ion  supported in  part  by  

Matvey Pi lagov and Sonette  Steczina.  
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addition, it  was also observed that freshly permeabilized tissue was used for 

myofibril  isolation rather than tissue that had been permeabilized and then 

stored at -80 °C, as was done in this study.  

Table 1 .  Comparison of  ionic concentrat ions  of  sample preparat ion  buffers  

Study Ionic concentration (mM) 
Piroddi et al., 2006 200 

Vikhorev et al., 2016 148 
Nelson et al., 2023 129 

This study 78 

 

 The implementation of a  high ionic concentration buffer,  modified 

from  (Vikhorev, Ferenczi and Marston, 2016)  and the use of freshly 

permeabilized tissue,  resulted in a significant increase in sarcomere length s 

to those that are physiologically relevant and comparable to literature 

(Figure 20; 1.9 µm ± 0.09 µm, n = 98 sarcomeres).  To ensure the length 

increase was a result  of the higher ionic concentration, the previous buffer 

was flushed into the imaging chamber,  this resulted in an immediate and 

significant length reduction (Figure 20; 1.35 µm ± 0.018 µm, n = 31 

sarcomeres).  

A comparison  of  sample  preparat ion  buffers revealed tha t  the ion ic concentrat ion in  

prepara t ion buffer s used  in  th is study i s  lower than tha t  used across the  l i terature.      
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Preliminary data confirming the effect of the high ionic concentration 

buffer was carried out with Tris  in buffer solutions  (Figure 20).  However,  

replacing this with MOPS resulted in a more stable pH, therefore data 

collected from here onwards was done so with MOPS (Figure 21).    

 

Figure 20.  High ionic  concentration result s  in physio logical ly  re levant porcine 

cardiac sarcomere lengths.  Compar ison of  the sarcomere lengths  prepared wi th  high  

ionic concentra t ion buffer  (modif ied from Vikhorev et  a l . ,  2016 )  wi th  f resh and frozen 

permeabil ized t i ssue and the or ig ina l  buffer  f lown in  af t er  incubation  in  the imaging  

chamber.  Sta t i s t ical  ana lys is performed was a  two-ta i led t - tes t .  *  denotes  P =  0.008,  ** 

denotes P =  0 .0003 ,  *** denotes  P =  0.000004 .  Errors are  s tandard devia t ions.  Data 

collect ion supported  in  part  by Matvey Pi lagov and Sonette  Steczina .  
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3.2.3 Imaging the Binding of Single ATP Molecules in Cardiac 

Myofibrils Reveals Two Rates of ATP turnover.  

The Cy3-ATP attachment durations were measured to determine the 

ATP turnover rates  of individual myosins. These lifetimes were plotted as a 

cumulative residence time histogram (Figure 22) and best fit  to three  

populations.  The exponentials of these fits reveal rate constants of ~0.81 s -

1 ,  ~0.098 s -1  and ~0.0064 s -1 ,  the first  being consistent with non-specific 

binding (Amrute-Nayak et al . ,  2014; Ušaj et al. ,  2021),  and the second and 

third being consistent with DRX and SRX myosin ATP turnover rates 

respectively (Hooijman, Stewart and Cooke, 2011; Nelson et al . ,  2023; 

Pilagov et al. ,  2023).  

 

Figure 21.  Sarcomere length distribut ion with opt imized experimenta l  condit ions.  

Gaussian  distr ibut ion  of  cardiac myof ibr i l  sarcomere  leng ths fol lowing al l  

experimental  opt imiza tions.  Optimized condi t ions inc lude h igh ion ic concent rat ion  

buffer  with  MOPS (see  sec tion 2.1) ,  t i ssue permeabil iza t ion on the  day of  data  

collect ion and addi t ion  of  20 mM BDM in sample preparat ions.  Data presen ted i s  f rom 

three  bio logical  rep licates.  Data col lec t ion  supported in  part  by  Matvey  Pi lagov  and  

Sonette  Steczina.  
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Figure 22.  Cumulat ive  residence  t ime histogram showing  al l  Cy3 -ATP binding  

event  durations.  Lifet imes  of  al l  Cy3-ATP b inding events  were found  to  bes t  f i t  to  

three  exponentials  (each shown in  red)  revea ling the  non -spec if ic  b inding of  Cy3 -

ATP (f ir st  exponentia l)  and the two dist inc t  ra tes of  ATP turnover  indica tive o f  DRX 

and SRX myosin.  Black  l i ne is  the sum of  a l l  three exponent ia ls .  Y axis is  on a 

logari thmic scale.  N =  3 fa rm p igs,  n  =  3638 bind ing events.  Data  col lec t ion 

supported  in  part  by Matvey  Pi lagov and  Sonet te  Stecz ina.  
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4. Investigating the Spatial Distribution of SRX Myosin 

at High Resolution 

4.1 Introduction 

 Determining the distribution of SRX myosin along the thick fi lament 

will  provide data essential  for understanding the regulatory processes of the 

sarcomere. The technique used for this study focused solely on the locations 

of binding events and not the event durations as was done in Chapter 3.  

 The ATP turnover rate of SRX myosin is slower than that of DRX 

myosin, therefore over the 30-minute imaging period, SRX myosin would 

turn over fewer Cy3-ATP molecules. Considering this, on cross -referencing 

the positions of binding events with the thick fi lament zones,  regions with 

the lowest frequency of events would be indicative of those dominated by 

SRX myosin.  

 To observe only the initial location of the binding event and not the 

duration of the event, the Cy3-ATP molecule would have to become invisible 

to the camera while still  being bound to myosin.  Fortunately, fluorescent 

molecules undergo a phenomenon known as photobleaching  in which the 

fluorophores lose their ability to fluoresce.  The main pathway for 

photobleaching to occur is through photosensitized singlet oxygen react ing 

with the fluorophore’s polymethine chain (Figure 10) causing i t to break into 

smaller carbonyl products.  Additional  pathways include light-driven 

nucleophilic attacks on the polymethine chain resulting in reversible 

fluorescence decrease (Zheng and Lavis, 2017) .  

Under most circumstances, photobleaching is a limiting factor,  for instance ,  

when recording the ATP turnover rates (Chapter 3). Oxygen scavengers and 
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stroboscopic illumination  (used in Chapter 3) slow the photobleaching of the 

molecule, preventing them from going dark prior to ATP turnover being 

completed. By utilizing photobleaching to the advantage of this novel 

technique, this phenomenon is no longer a limiting factor.  

The strategy for determining which method was best suited to facilitate 

photobleaching is described in the following section of this chapter.   

4.2 Results 

Optimizations described from here onwards are in comparison to 

experimental conditions used for the investigation of myosin’s ATP turnover 

rates (see Chapter 3).  

4.2.1 Increasing Cy3-ATP Concentration for Increased Visible 

Binding Events Per Sample  

Isolated cardiac myofibrils were to be fluorescently imaged with Cy3 -

ATP concentrations greater than that  used in the investigation into the ATP 

cycling rates of myosin (see Chapter 3) to achieve a higher ratio of Cy3-ATP 

to ATP, therefore increasing the quantity of visible binding events per 

sample.  

With raising the Cy3-ATP concentration approximately 7-fold, a 

significant ~28% shortening of the sarcomere lengths was observed (Figure 

23; 1.32 µm ± 0.18 µm, n = 77 sarcomeres).  A regeneration system of 

phosphoenolpyruvate  (PEP) and pyruvate kinase (PK) was introduced to a 

Cy3-ATP stock prior to dilution in the final  imaging buffer.  At the same 7-

fold concentration increase, the freshly regenerated Cy3-ATP showed to 

cause no significant decrease in sarcomere length (P > 0.5).   
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These results suggest the observed shortening of the sarcomeres were 

a result of ADP build-up, which was alleviated upon the introduction of the 

PK-PEP regeneration system. This system prevents ADP build-up by 

facili tat ing the continuous regeneration of ATP, whereby PK catalyses the 

transfer of the phosphate group from PEP (a high energy phosphate donor ) 

to ADP, resulting in production of ATP (and pyruvate as a byproduct) .     

The increased Cy3-ATP concentration (20 nM) resulted in a Cy3-

ATP/ATP binding events ratio of 1: ~163,000. Although an improvement from 

Figure 23.  Impact  of  increasing  Cy3 -ATP concentration on sarcomere  lengths.  

Compar ison of  sarcomere leng ths  fo l lowing 7 -fold  increase  of  Cy3 -ATP 

concent rat ion pre -  and  post -addi t ion of  f resh  PK-PEP regeneration  system.  Two 

tai led t - tes t  showed that  the sarcomere lengths co llected with  20 nM Cy3-ATP 

without the  fresh PK-PEP regenerat ion system were sign if ican tly  shor ter  than  those  

collected before the increase in  Cy3 -ATP concentrat ion ,  or  those col lec ted wi th  the  

20 nM Cy3-ATP p lus the PK-PEP,  (P = 0.00037  and P = 0 .00024 respec tive ly ) .  The  

addit ion of  a  f resh PK-PEP regenera tion system was able  to  rec t ify  the i ssue and  

sarcomere  leng ths were res tored to  an average length of  1 .82  µm (P > 0 .05) .  Error s  

are standard dev ia t ions .  Sta t i s t ical  ana lys is performed was  a  two ta i led t - test .   
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the 1:  ~1,000,000 when the Cy3-ATP concentration was at  3 nM, it was 

possible to further optimize this ratio by decreasing the  ATP concentration. 

Reducing the concentration ~ 20-fold to 150 µM ATP (Warshaw et al . ,  1990) 

resulted in a final Cy3-ATP/ATP binding events ratio of 1:7500  (20 nM Cy3-

ATP: 150 µM ATP). These adjustments in concentration  resulted in an 

average of 22 trackable events per 100 frames (n = 12),  a ~ 75% increase 

compared to the 13 events per 100 frames (n = 9) observed under the previous 

imaging conditions  (3 nM Cy3-ATP: 3.25 mM ATP).  

4.2.2 Complete Photobleaching of Cy3-ATP Molecules 

Required Optimisations to the Imaging Approach 

For the high-resolution mapping of binding events,  photobleaching of 

the fluorescent Cy3-ATP molecules after the acquisition of each frame was 

necessary (Figure 24).   This was achieved by increasing the intensity of the 

561 nm laser to 40 mW and keeping the laser on continuously rather than 

utilizing stroboscopic illumination. Furthermore, the time between each 

frame was increased to 5 seconds, al lowing more time in between frame 

acquisition to ensure that all fluorescent molecules imaged in the previous 

frame were photobleached. Oxygen scavengers  (Trolox), used for 

preservation of fluorescence  in Chapter 3, were omitted from the imaging 

buffer.  
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4.2.3 High-Resolution Spatial Distribution of SRX Myosin  

Cy3-ATP binding event positions  extracted using Trackmate  (Figure 

14), were binned into sarcomere zones (Figure 25A). The central M-line 

position was determined by the midpoint between each sarcomere’s Z-discs.  

The coordinates for the zone boundaries were determined by relating zone 

sizes to the central M-line. The P-zone, 80-160 nm from the M-line contains 

18 myosin crowns. The C-zone is the largest , spanning from the P -zone to 

500 nm away from the M-line.  This zone is comprised of 26 myosin crowns 

and contains the cMyBP-C. The D-zone expands from the C-zone to ~800 nm 

from the M line and contains 5 myosin crowns . Finally, the bare zone, is  the 

region closest to M-line and neighbours the P-zone and is absent of myosin 

crowns and cMyBP-C (Tonino et al. ,  2019; Tamborrini et al. ,  2023).   

Figure 24.  Cont inuous i l luminat ion and increased laser power ensures complete  

photobleach of  imaged Cy3-ATP binding events.  Red c irc les show the posi t ions of  

events tracked f rom frame 1,  these  same t racks are d isp layed on  fr ame 2 ,  showing  that  

no events appear  in  the  same posit ion  and therefore comple te photobleaching  was  

achieved .  This is  al so shown for  t racked even ts in  f rame 2 no t  be ing imaged in  f rame 

3 (yel low circ les) .  Image contras t  was increased  here for  ease of  viewing.  
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With zonal boundaries calculated, the x coordinates for each tracked 

binding event were binned into their respective sarcomeric zones and this is  

presented as the number of observed binding events per myosin crown in 

each zone. Doing so revealed a drop in activity in the C -zone in comparison 

to the neighbouring zones (Figure 25A). This high-resolution imaging 

approach resulted in the abili ty for highly specific localization of binding 

events within the sarcomere zone, with a positional accuracy of ~ 30 nm 

(Pilagov et al .,  2023).  Therefore, i t  was possible to localize the binding 

events to 30 nm regions (Figure 25B).  This high-resolution map revealed a 

spike in activity at the borders of the sub-sarcomere zones.  

Figure 25.  Spatia l  Distribut ion of  Observed ATP -Binding Events  Across the  

Thick Fi lament.  A)  Myosin  ATP turnover  ac t iv i ty  as represen ted  by the  number o f  

Cy3-ATP b inding events per  myosin crown per  sarcomere zone .  Sarcomere zones are  

not  equal  in  size and so do not  con ta in  the same amount of  myosin crowns.  

Therefore ,  to  descr ibe the re la t ive  act ivi ty  levels wi thin  each zone,  the da ta  are  

presented  as the  number  of  Cy3 -ATP bind ing events per  myosin  crown rather  than  a  

tota l  number  of  events per  zone .  B)  Mapping o f  Cy3-ATP bind ing across the thick  

f i lament  A-band .   Binding event  f requencies are b inned at  30 nm. P-  C-  and D- zones  

are high ligh ted,  N = 3 pigs,  149 sarcomeres,  n  = 1099 tracked event s.  For  da ta  

process ing see  Figure 14.  
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5. Discussion 

Cardiac contractility is  tightly regulated through finely tuned 

interactions between the thick and thin filaments of the sarcomere. These 

regulatory processes primarily influence the binding affinity of the motor 

protein,  myosin with actin of the thin fila ment.  This binding is regulated by 

the blocking of binding sites on actin by accessory proteins,  troponin and 

tropomyosin in the absence of calcium. The mechanisms behind how these 

regulatory proteins function is well-researched and understood (Yamada, 

Namba and Fujii,  2020) . On the other hand, regulation of the thick filament 

occurs through myosin populations that  adopt distinct biochemical states 

influencing their rates of ATP turnover; the disordered relaxed (DRX) and 

super relaxed (SRX) states. The DRX population of myosin exhibit  an ATP 

turnover rate of ~ 0.03 s -1  whereas for the SRX population, this is up to 10-

fold slower (Hooijman, Stewart  and Cooke, 2011; Nelson et al. ,  2023; 

Pilagov et al. ,  2023). Specifically in cardiac muscle, both populations exist  

in the presence and absence of calcium activation, potentiating a 

cardioprotective mechanism to preserve energy. However, the  regulation and 

spatial distribution of these myosin populations across the thick filament is  

yet to be fully understood. Furthermore, there are currently no measurements  

of these rates in ϐ-HCM cardiac myofibri ls , the dominant  isoform in human 

left ventricular cardiac t issue,  and the isoform in which  ~40% of HCM-

causing mutations occur.  

The aim of this thesis was the optimization of the single molecule 

tracking of Cy3-ATP in cardiac tissue to enable the measurement of DRX and 

SRX myosin populations and ATP hydrolysis rates in porcine cardiac left 

ventricular tissue. Previous studies have reported rates for cardiac tissue 
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however this is  the first  study in which spatiotemporal measurements  were 

carried out in ϐ-MHC cardiac tissue. We also aimed to develop a novel high -

resolution imaging technique to facilitate the precise localization of SRX 

myosin-dominated regions across the thick filament . With this ,  we also open 

the possibility of uncovering  any cooperativity at the interface of sub -

sarcomeric zones.  

The major findings of this study are the two distinct  ATP turnover rates 

measured in porcine cardiac left  ventricular tissue which align with the 

reported DRX and SRX rates, confirming the validity of this imaging 

technique. We also were able to successfully develop a novel imaging 

technique to facilitate spatial mapping of myosin activity across the thick 

filament at a spatial resolution of ~30 nm . 

5.1 Two Biochemically Distinct Relaxed Myosin Populations  

The single-molecule tracking of Cy3-ATP binding event  l ifet imes in 

porcine cardiac left ventricle myofibri ls  revealed ATP turnover rates that 

align with those expected for  DRX and SRX myosin (Figure 22).  We report 

a DRX lifetime of 10.2 - 30 s and ~156.3 s for SRX, this  approximately 10-

fold increase in SRX lifetime is consistent with previous ly reported rates 

measured for skeletal  and cardiac myosin (Figure 11) (Nelson et al. ,  2020, 

2023; Walklate et al . ,  2022; Pilagov et al. ,  2023). These results and their 

consistency with the literature provide evidence that  this imaging technique 

and optimised experimental conditions are a robust  and reliable approach for 

the measurement  of myosin ATP turnover kinetics in cardiac m yofibrils.   
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5.2 High-resolution spatial mapping reveals potential crosstalk at 

the interface of sub-sarcomere zones 

The regulatory protein, cardiac myosin binding protein -C (cMyBP-C), 

localised to the thick filament C -zone, is  shown to sequester myosin into the 

SRX state (McNamara, Singh and Sadayappan, 2019; Heling, Geeves and 

Kad, 2020; Nelson et al. ,  2023) . This suggests that  SRX myosin density is 

expected to peak in the cMyBP-C containing C-zone region, hence the 

potential for the spatially defined regions of the filament having unique 

regulation and ATP consumption. Furthermore, neighbouring myosins at the 

interface between sub-sarcomeric zones may exhibit cooperative 

interactions, suggesting the possibility of ‘ crosstalk’.     

 High-resolution, spatial mapping of ATP consumption across the 

porcine cardiac ϐ-myosin dominated thick filament highlights a clear 

reduction in activity in the C-zone region (Figure 25A). This reduction in 

activity indicates slower ATP turnover throughout the whole zone, hence a 

larger population of SRX myosin in comparison to the P - and D-zones. This 

finding is consistent with reports of the C-zone localized cMyBP-C 

sequestering these myosins in to the SRX state (McNamara et al. ,  2016; 

McNamara, Singh and Sadayappan, 2019; Huang et al. ,  2023; Nelson et al. ,  

2023).  

 Closer examination of the ATP consumption reveals a spike in activity 

at the zonal borders  between the P- and C-zones and the C- and D-zones 

(Figure 25B). This may be an indicator of cooperativity between myosins at 

the interface between the sub-sarcomeric zones.  

 However,  it  is important to note that the data presented here allows for 

confirmation of the validity of this technique  but, any conclusions made are 
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preliminary and a higher n (Figure 25) is required to fully understand this 

potential cooperativity. 

6. Conclusions and Future Work 

 The successful development of a high-resolution, spatial mapping 

imaging technique designed to determine the distribution of myosins in the 

SRX state along the thick fi lament at a nm level , has opened the possibility 

of developing a much more nuanced understanding of thick filament 

regulation. This imaging technique makes it possible , for the first time,  to 

visualise potential crosstalk at  the borders of sub-sarcomere zones  through 

monitoring ATP turnover. Utilization of this technique to image  myosin 

activity in cMyBP-C knockout mice cardiac myofibrils  (Harris et al. ,  2002) 

would provide further understanding  of the role cMyBP-C plays in thick 

filament regulation. In addition, by labelling phosphorylated versus non -

phosphorylated cMyBP-C we might even be able to observe the precise 

effects on nearby myosin activity.  

As this technique is still  evolving, continued refinement is essential  to  

improve i ts performance.  Such improvements include finetuning laser power 

and exposure time to maximise the SNR and st abilizing samples in imaging 

chambers to mitigate myofibri l drift.  To achieve higher spatial resolution 

such as that used to localise fluorophore centroids  in Fluorescence Imaging 

with One-Nanometre Accuracy (FIONA)  will  require precise computational  

analysis (Wang et al. ,  2014).  Adopting such improvements and adapting 

methodologies from establish high -resolution imaging techniques could 

enable spatial resolution at  the level of individual myosin crowns  (43 nm 

separation).  By firstly optimizing this combined approach using untreated 
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porcine cardiac myofibrils  will enable this technique to be employed to 

investigate ATP turnover in a variety of samples;  for example,  samples with 

HCM-causing mutations and those treated with drugs such as Mavacamten, a 

cardiac myosin inhibitor used for the treatment of HCM  (Kawas et al. ,  2017).  

To conclude, the work presented in this thesis provides the foundation for a 

multitude of studies to contribute to the complete understanding of thick 

filament regulation in cardiac myofibrils.  
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