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Mutations in genes encoding sarcomeric proteins are linked to changes in the 

myocardium which can manifest as hypertrophic cardiomyopathy (HCM).  Three α-
cardiac actin (ACTC) gene mutations (R95C, F90Δ, and H88Y) associated with HCM, 
are located in subdomain 1 of actin at the actomyosin interface. Cyclic interactions 
between actin and myosin result in contraction. The duty ratio, r, is the fraction of time 
spent by actin and myosin interacting. My hypothesis is that mutations in subdomain 1 of 
actin increase the duty ratio allowing for HCM development. The duty ratio for the R95C 
ACTC variant was found to be higher than bovine actin while F90Δ and H88Y were 
lower. Further investigation revealed that the DNase-I purification affected the activity of 
the ACTC variants. Therefore, the r for the ACTC variants may be unreliable; hence, I 
cannot confidently determine the mechanism used by the ACTC variants leading HCM 
development. 
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Chapter 1 – Introduction  

1.1 Cardiovascular disease 

Cardiovascular disease (CVD) has evolved into a prominent global burden 

encompassing irregularities in the cardiovascular system, which includes the heart and 

associated blood vessels. Previously thought to be primarily a Western disease, CVD is 

now a worldwide problem with markedly increased prevalence and mortality in 

developing countries (Gaziano, 2005; Sakata and Shimokawa, 2013). Globally, CVD 

accounts for an estimated 17.3 million deaths per year with an expected increase by 2030 

to about 23.6 million (Alwan et al., 2011). The widespread effect of CVD is owed to its 

nondiscriminatory nature, with its direct and indirect costs amounting to $836 billion 

globally per year (Bloom et al., 2011).  

 If left unchecked, progression of CVD to heart failure (HF) is highly probable, a 

condition where the heart is unable to sufficiently sustain the delivery of blood-bearing 

nutrients to the tissues (Morita et al., 2005; Tendera, 2004). To prevent HF, the heart may 

undergo structural – and thereby functional – changes to the cardiovascular system 

(Morita et al., 2005). Consequently, such changes may lead to disease of the myocardium 

called cardiomyopathies, which manifest as hypertrophy, dilation, or restrictive filling 

(Fatkin and Graham, 2002). Restrictive cardiomyopathy (RCM) is characterized by 

impaired ventricular filling and while it is an important type of cardiomyopathy more 

focus will be placed on the more commonly observed hypertrophic and dilated 

cardiomyopathies (Fatkin and Graham, 2002). Interestingly, hypertrophy or dilation of 

the myocardium may arise without pre-existing CVD, in which case they are called 
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primary cardiomyopathies. One known cause of primary cardiomyopathies is genetic 

mutations with disease progression leading to HF (Morita et al., 2005). Therefore, future 

studies investigating the causes of HF may lead to a decline in global disease incidence.  

1.2 Hypertrophic cardiomyopathy  

 There are two major types of primary cardiomyopathies: dilated cardiomyopathy 

(DCM) and hypertrophic cardiomyopathy (HCM), each with distinct structural and 

functional characteristics. In DCM, the left ventricle is dilated with an associated wall 

thickness that may present as normal or thinner than usual leading to systolic dysfunction 

(Jefferies and Towbin, 2010; Kärkkäinen and Peuhkurinen, 2007). As the disease 

progresses, the heart may appear more spherical, with >2.7 cm/m2 left ventricular 

diameter (Jefferies and Towbin, 2010; Marian, 2008). Overall, this primary 

cardiomyopathy accounts for 60% of all cases, making it the third leading cause of HF 

(Khoo et al., 2010; Osterziel and Perrot, 2005). Although DCM is relevant to HF 

development, the focus of this thesis will be HCM disease development. 

 In HCM, a thickened left ventricle (>12mm) with an accompanied thickness in 

the interventricular septum is observed, causing a profound decrease in the ventricular 

chamber capacity (Seidman and Seidman, 2001). People living with HCM can be 

asymptomatic with some even exhibiting normal or enhanced systolic function  (Jacoby 

and McKenna, 2012; Marian et al., 2001). The recognition of characteristic left 

ventricular hypertrophy (LVH) in HCM is attained from imaging analysis, which 

includes magnetic resonance imaging (MRI) and two-dimensional echocardiography 

(ECG) (Jacoby and McKenna, 2012). Histological samples may also reveal further 
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evidence of  abnormalities caused by HCM, where myocyte hypertrophy, disarray, and 

cardiac fibrosis is rampant (Figure 1B) (Tardiff, 2005).  

The familial form of HCM follows an autosomal dominant mode of inheritance 

(Alcalai et al., 2008; Watkins et al., 2011) and is estimated to affect 1:500 individuals 

(Jacoby and McKenna, 2012; Maron et al., 1995). This value was derived using 

ventricular wall thickness of ≥15 mm as an indicator of hypertrophy (Marian, 2010; 

Maron et al., 1995). Due to genetic testing the true penetrance of the disease may 

increase as more people are classified as gene-positive, phenotype-negative individuals 

capable of developing HCM (Maron and Maron, 2015). Current estimates reveal that as 

many as 1 in every 200 individuals may be living with HCM (Maron and Maron, 2015).  

 As previously mentioned, people with HCM are often asymptomatic for many 

years and when symptoms arise, the most common are dyspnea and angina (Marian, 

2010). In 25-36% of individuals with HCM, more serious effects are presented as 

diastolic dysfunction, ischemia, and arrhythmias, which may lead to HF (Maron, 2003).  

One of the more devastating consequences of HCM is sudden cardiac death (SCD), 

commonly seen in people <35 years of age (Alcalai et al., 2008; Tardiff, 2005) and in 

seemingly healthy athletes (Moak and Kaski, 2012; Patel and Elliott, 2012). Hypertrophy 

of the ventricular wall to ≥30 mm is a risk factor for SCD (Chan and Veinot, 2011). 

Unfortunately, there are cases where the HCM pathology is not revealed until the 

individual has succumbed to SCD. 

 Due to the assortment of clinical symptoms associated with HCM, disease 

diagnosis and treatment have been challenging. The concept of treating a patient’s 

symptoms and not the disease as a whole within the population may be an avenue 
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through which cardiovascular diseases such as cardiomyopathies can be treated. 

Therefore, continued efforts to determine the pathways involved in the development of 

the disease states are of paramount importance for the pursuit of possible specific 

treatments using drug therapies.  

Thus far, the precise molecular mechanisms involved in the development of HCM 

have not been determined. Previous studies of HCM pathology have led to the belief that 

changes in the contraction of the sarcomeres, the contractile unit of muscles, allow for the 

development of a hypertrophied heart (Harvey and Leinwand, 2011; Seidman and 

Seidman, 2001). Particularly, these changes arise from genetic mutations of the 

sarcomeric proteins responsible for fluid muscle contraction. Such genetic modifications 

may affect the vital protein-protein interactions within the force generating actomyosin 

complex.  

To gain a deeper understanding of how possible changes in muscular contraction 

develops to HCM, I will discuss sarcomeric proteins involved in contraction particularly, 

actin and myosin. Specific focus will be put on mutations in subdomain 1 of actin and 

how such alterations affect the binding of myosin vital for force generation in 

contraction. It is believed that a high duty ratio between actin and myosin corresponds to 

elevated muscle contraction (Farman et al., 2014). Therefore, data from ATPase and in-

vitro motility (IVM) assays, which test actomyosin interactions, will be used to calculate 

the duty ratio of the actomyosin interaction. With these data, I hope to clarify the 

molecular mechanisms of HCM development. The importance of such findings should 

progress knowledge on possible drug therapies to reduce HCM disease penetrance and 

possibly decrease incidence of sudden cardiac death.  
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1.3 Genetic mutations resulting in primary cardiomyopathies 

 Genetic modifications have been identified in the development of primary 

cardiomyopathies. Specifically, those of interest are the genetic mutations that lead to 

modifications of sarcomeric proteins in the myocardium. Sarcomeres are the basic 

contractile units of muscle cells. Within the sarcomeres are thick and thin filaments called 

myosin and actin, respectively, bound on either side by the Z discs (Frazier et al., 2011). 

Surrounding the actin and myosin myofilaments are regulatory proteins that guard the 

contraction of muscles. Contraction is made possible by the arrangements of 

myofilaments within the sarcomere allowing crossbridges to form between actin and 

myosin, so that in the presence of Ca2+, the myofilaments can slide past one another at the 

expense of ATP (Campbell and McCulloch, 2011). The shortening of the sarcomeres as 

they slide past each other generates the contractile force in muscle cells (Campbell and 

McCulloch, 2011). Any alterations to this complex contractile system in the heart may 

lead to pathologies, such as HCM or DCM.  

 In 1990, a mutation in the β-myosin heavy chain (MYH7) gene provided the first 

link between HCM and sarcomeric gene mutations (Jarcho et al., 1989). Meanwhile, a 

mutation in the α-cardiac actin gene (ACTC) was the first link found between DCM and 

genes encoding sarcomeric proteins (Olson et al., 1998). Formerly, the assumptions were 

that mutations leading to HCM were sarcomeric in origin, while those for DCM were 

cytoskeletal derived (Osterziel and Perrot, 2005; Perrot et al., 2007). However, 

discoveries of additional genetic mutations leading to primary cardiomyopathies have led 

to a change in the prevailing paradigm. Findings have shown that the genetic causes of 
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primary cardiomyopathies are not exclusive to each type. There are several genes 

encoding sarcomeric proteins involved in the development of both HCM and DCM.  

 Currently, 60% of HCM cases originate from sarcomeric gene mutations with a 

total of 1400 sarcomeric gene mutations associated with the HCM pathology (Maron, 

2013). The majority involve the myosin thick filament, the most common being the 

MYH7 and the cardiac myosin-binding protein C (MYBPC3) (Maron, 2013). The rest are 

attributed to genes encoding sarcomeric proteins such as cardiac troponin I (TNNI3), 

cardiac troponin T (TNNT2), α-tropomyosin (TPM1), and ACTC (Marian, 2008). Before 

discussing the focus of my research, mutations in the ACTC gene, I will describe the 

impact of mutations in other major genes encoding sarcomeric proteins found in patients 

with HCM.  

 

1.4 Sarcomeric gene mutations causing HCM  

	    One of the isoforms of the cardiac myosin heavy chain (MyHC)	  is	  the	  MYH7 

(Fatkin and Graham, 2002). In adult humans, β-myosin heavy chain proteins are found 

primarily in ventricles and account for 167 HCM-related mutations, making it one of the 

principal causes of the HCM pathology (Morimoto, 2008). The majority of the mutations 

found in the MYH7 gene linked to HCM have been found mainly in the head domain of 

MyHC, influencing actin and nucleotide binding (Rayment et al., 1993). For example, 

mutation of a residue (R403) near the binding site of actin on myosin has been 

documented to cause HCM. This mutation (R403Q) eliminates the charge on the residue, 

thereby disrupting the interactions between actin and myosin, as seen from decreased 

filament velocities from in-vitro motility assays (IVM) (Tardiff, 2005).  
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 Mutations in the MYBPC3 gene encoding cardiac myosin binding protein C 

(cMyBP-C) also contribute extensively to the development of HCM with upwards of 197 

mutations (Harris et al., 2011). Although most mutations related to HCM are caused by 

missense mutations, those originating from a mutation in the MYBPC3 gene manifest 

mostly as frameshift mutations causing truncated protein products (Alcalai et al., 2008; 

Luther and Vydyanath, 2011; Marian, 2010). A mouse knockout model of cMyBP-C 

presented hypertrophy and cardiac dysfunction similar to the characteristics of HCM 

(Harris et al., 2002). Deficiencies of cMyBP-C proteins are associated with increased 

Ca2+ sensitivity (van Dijk et al., 2009), which has also been observed for other HCM-

related mutations (Marston, 2011). The increased sensitivity, which seems to be common 

between different genes causing HCM, may be a pathway through which the phenotype is 

achieved.  

 Thin filaments of the sarcomere account for a smaller percentage of HCM cases, 

of which troponin (Tn) is a part. The isoform of troponin T (TnT) found in hearts has a 

C-terminal domain that interacts with tropomyosin, troponin C, and troponin I, while the 

N-terminus interacts with tropomyosin (Fatkin and Graham, 2002). At least 15% of HCM 

causing mutations were linked to TnT (Gomes et al., 2004). As with other genetic 

mutations linked to HCM from sarcomeric proteins, those originating from TnT 

displayed variable phenotypic expression in patients. So far, several functional tests 

performed on transgenic mice and reconstituted filaments showed increased Ca2+ 

sensitivity, which may provide a method for HCM development (Bai et al., 2014; 

Morimoto, 2008).   



8 

 Another thin filament sarcomeric protein linked to HCM is α-tropomyosin, which 

contributes 11 missense mutations to the phenotype (Bai et al., 2011). The D175N 

mutation in the TPM1 gene manifested in several families with varying degrees of 

hypertrophy, implying genetic and environmental factors affect the phenotype (Chung et 

al., 2003). Increases in Ca2+ sensitivity were observed for the D175N and E108G 

tropomyosin variant proteins (Bottinelli et al., 1998; Michele et al., 1999) as well as a 

decrease in the affinity of tropomyosin to both troponin and actin (Mathur et al., 2011).   

 As mentioned above, sarcomeric mutations cause HCM with varying levels of 

penetrance. However, their effects commonly cause dysfunction in the important 

mechanism of muscle contraction. To understand the focus of my research, how changes 

in the ACTC gene may alter contraction, I will first discuss the structure and function of 

the actin protein and how it interacts with myosin to produce force and contraction.  

 

1.5 Actin thin filaments 

Force within the heart originates from the interactions between thin and thick 

filaments, allowing for uniform muscle contractions to occur. Actin, a component of thin 

filaments, is one of the most abundant proteins found in biological systems, particularly 

in muscle cells. In vertebrates there are three known actin isoforms named α, β, and γ. 

The α-isoform is found in skeletal, cardiac, and smooth muscle cells and is involved in 

the contractile apparatus of the cell. The β- and γ-isoforms are found in both muscle and 

non-muscle cells with main functions ranging from cell motility to cytoskeletal 

components (Dominguez and Holmes, 2011). Both the cardiac and skeletal actin isoforms 
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can be found in the heart, with cardiac actin being the predominant type (Chung et al., 

2003). 

 

1.5.1 Monomeric G-actin  

Actin has two principal forms: the G-actin monomer and the F-actin filament. The 

42 kDa actin monomer is made up of 375 amino acid residues (Kabsch et al., 1990) and 

folds into two domains (Dominguez and Holmes, 2011; Kabsch et al., 1990). Actin can 

also be viewed as a structure composed of 4 subdomains, with subdomains 2 and 4 

attached to the structurally associated subdomains 1 and 3 (Gordon et al., 2000). The 

configuration forms two distinct fissures: one upper and one lower. The upper fissure 

binds nucleotides and single divalent cations (Pollard, 1990). ATP, ADP�Pi, and ADP are 

the varying nucleotides, which may be bound to monomeric actin (Kabsch et al., 1990). 

Meanwhile, the divalent cation bound to actin in vitro is mainly Ca2+ owing to the high 

concentration of CaCl2 present in the buffers utilized to purify actin, although the cation 

bound in vivo is Mg2+ for its abundance in the cell (Gershman et al., 1986). 

The lower fissure of an actin monomer houses the attachment sites for actin-

binding proteins (ABPs) and provides an important site for the longitudinal interactions 

between actin subunits in F-actin (Dominguez and Holmes, 2011). Certain ABPs do not 

bind to actin through the lower fissure, preferring instead to bind actin at another site. 

One such protein is DNase-I. The DNase-I protein attaches with high affinity (Kd = 5 x 

108 M-1) to actin (Mannherz et al., 1980) via the DNase-I binding loop in subdomain 2 of 

actin (Dominguez and Holmes, 2011; Kabsch et al., 1990). Such an increased binding 
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affinity of DNase-I for actin has been exploited as a method for actin protein purifications 

(Andersland et al., 1992; Kron et al., 1992; Schafer et al., 1998).  

 

1.5.2 Actin polymerization  

G-actin monomers are the natural substrate for the formation of filamentous actin 

structures. In a process known as polymerization, G-actin monomers bind to one another 

resulting in an F-actin filament. Polymerization consists of a multi-step process involving 

activation, nucleation, and elongation eventually leading to a steady-state condition 

(Pollard, 1990; Wegner, 1976). The activation step requires the attachment of a divalent 

cation to actin monomers, which allows nucleation to occur (Cooper et al., 1983). 

Though activated monomers may associate to form dimers, this process is 

thermodynamically unfavourable. Only when a trimer, a nuclei for polymerization, has 

been formed does actin polymerization become manageable (Pollard, 1990). 

Actin monomers will polymerize into filaments when the critical concentration 

(Cc), which is the concentration of monomers at which an equilibrium exists between 

monomers and filaments is overcome (Morimatsu et al., 2012; Remedios et al., 2003). 

This Cc is influenced by several factors such as temperature and salt concentration; 

polymerization is achieved when the surroundings mimic physiological conditions 

(Remedios et al., 2003). The elongation of filaments occur when G-actin-ATP monomers 

associate with the trimer nuclei to create long actin polymers (Pollard, 1990). This 

process creates filaments with two distinct ends: the barbed (+) end and the pointed (-) 

end. The Cc of the barbed end is lower (0.1-0.12 µM G-actin-ATP) than the Cc of the 

pointed end (0.7 µM G-actin-ATP) (Kudryashov and Reisler, 2013; Wegner and 
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Isenberg, 1983). This allows for the uneven addition of G-actin-ATP monomers at the + 

end of the filament compared to the - end of the filament.  

Steady state is reached when there is no net change in the filament length (Lodish 

et al., 2000). During steady-state, treadmilling may occur where the addition of G-actin-

ATP to the barbed end occurs simultaneously with equivalent removal of G-actin-ADP 

from the pointed end (Wegner, 1976). Upon the addition of G-actin-ATP to the filament, 

ATP hydrolysis occurs, in which the γ-phosphate of the nucleotide is cleaved. A slow 

dissociation of Pi follows (Carlier et al., 1986).  The G-actin-ADP, which dissociates 

from the filament, undergoes an exchange nucleotide to ATP, allowing the monomer to 

bind again at the barbed end (Neidl and Engel, 1979).  

 

1.5.3 Filamentous F-actin 

The change in configuration from G- to F-actin provides a platform for various 

cellular functions, which can be mediated by actin-binding proteins. To date, an atomic 

resolution F-actin structure has not been elucidated. Advances in this front will clarify the 

key molecular interactions within actin subunits and its binding partners, allowing for a 

better understanding of disease states brought on by mutations in the actin gene.  

 In 1990, Kabsch et al., generated a model F-actin structure using crystal structures 

of G-actin bound to DNase-I. Since then, the pursuit of higher resolution models has been 

ongoing, which build upon this proposed model. Based on increased electron microcopy 

technological advancements, a 6.6 Å resolution model of F-actin was proposed by Fujii et 

al., 2010 followed by a 3.7 Å resolution model by von der Ecken et al., 2014, providing 

much-needed insight into actin interactions within subunits as well as ABPs.  
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F-actin polymer is made up of 2 strands, which wrap around each other (Hanson 

and Lowy, 1963) to create a right-handed helix with 166° turn per subunit (Oda et al., 

2009). Within a single filament strand there exists 13 actin subunits per 6 turns of the 

helix (Oda et al., 2009). Originally, the structures of G-actin and F-actin were thought to 

be quite similar. However, recent data has shown that there is a change in the monomeric 

actin once it is added to the more stable actin filament. According to Oda et al., 2009, a 

monomer undergoes a 20° rotation of its actin domains once it is introduced into a 

filament, leading to a flatter F-actin filament. In a flatter F-actin polymer, a 5° rotation 

brings the Glu137 residue of actin closer to the γ-phosphate in the nucleotide binding 

cleft, supporting the ATP hydrolysis mechanism which occurs in F-actin (Fujii et al., 

2010).  

 

1.6 Myosin thick filaments  

The main complement to F-actin in sarcomeres are thick filaments made up of 

myosin, a 520 kDa protein complex composed of 3 domains: a motor head responsible 

for actin binding and ATPase activity, a neck domain with regulatory and essential light 

chains, and coiled-coil tails that associate with other myosin proteins (Gordon et al., 

2000). The myosin catalytic head or subfragment 1 (S1) is made up of upper and lower 

50 kDa domains and is an important component of the actin-myosin cross-bridge cycle 

(Syamaladevi et al., 2012). Myosin on its own has a low ATPase activity, which can be 

stimulated by binding to actin filaments. This ATPase activity is the basis of force 

production and therefore contraction within the heart (Rayment et al., 1993). The ability 
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of actin to stimulate myosin ATPase activity will be explored further as an indicator of 

actomyosin interactions. 

 

1.7 Actin-myosin interactions 

 The cyclic interaction between actin and myosin, known as the crossbridge cycle, 

allows for energy to be created and transmitted for contraction (Figure 1). This 

interaction between the myofilaments alternate between unbound and bound states. In the 

crossbridge cycle, a portion of the cycle is spent attached to the filament during which the 

powerstroke occurs, and another portion is spent recovering for the next attachment  

 (Howard, 2001). The cycling between bound and unbound states allows for the myosin 

heads to progress down the actin filaments, making sarcomeric shortening possible. 

A closer look at the cycle places myosin S1 and two adjacent F-actin subunits at 

the interface (Rayment et al., 1993). In the stable rigor state, myosin is attached to actin 

in the absence of a nucleotide. Upon the binding of ATP in the myosin nucleotide 

domain, myosin dissociates from F-actin and hydrolyzes the ATP to ADP-Pi (Behrmann, 

2012; Spudich, 2001). F-actin readily binds this myosin complex and initially forms weak 

actomyosin bonds, followed by a cleft closure between the upper and lower myosin S1 

domains and a subsequent release of the ADP-Pi leading back to the rigor state and the 

start of a new crossbridge cycle (Rayment et al., 1993).  
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Figure 1. The crossbridge cycle. The attachment and force exertion by myosin (red) on 
actin filaments (blue) forms the basis of contraction. The cycling of ATP to ADP- Pi is 
shown, which starts with the binding of ATP to myosin causing the detachment of the 
myosin head from the actin filament, and followed by subsequent hydrolysis and weak 
myosin attachment to actin. In the presence of Ca2+, the interaction between troponin C 
and troponin I (not shown) is enhanced, which allows tropomyosin (not shown) to slide 
over the actin filaments to expose the strong myosin binding sites on actin. The change 
from weak to strong attachment between actin and myosin allows for the release of Pi and 
the extension of the neck of myosin, which generates the powerstroke. Thereafter, the 
ADP is released forming the actin-myosin rigor state where ATP can again bind to begin 
another cycle. The proportion of time spent by the myofilaments interacting (work) is 
referred to as the duty ratio. Adapted from Spudich, 2001 and Gordon et al., 2001. 
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1.7.1 Duty ratios 

 Within the sarcomere, numerous myosin heads may bind actin filaments and 

undergo the crossbridge cycle to produce contractile force. The force of the ensemble of 

myosin heads may be described by FEn = f �r�NT, where f is the force produced by each 

myosin head, r is the duty ratio of myosin, and NT is the total number of myosin heads 

able to form an interaction with actin. An increase in any one of the variables will lead to 

a higher ensemble force within the sarcomere, which may contribute to the development 

of the HCM phenotype (Sommese et al., 2013).  

 As previously mentioned, the duty ratio, r, is a biophysical characteristic of the 

actomyosin interaction, defined as the fraction of time in the ATPase cycle spent by 

myosin interacting with actin filaments (Figure 1) (Howard, 2001). This duty ratio can be 

calculated using the formula: r = δ�kcat/vo, where δ is the stepsize of myosin, kcat is the 

turnover number for the ATP hydrolysis by myosin, and vo is the myosin motor velocity 

(Howard, 2001). Assuming a constant step size for myosin of 5 nm (Molloy et al., 1995) 

the duty ratio may be determined for the actomyosin interaction in the presence of 

filaments composed of wildtype (WT) or variant actin proteins. ATPase assays may be 

used to determine kcat values, while IVM assays can provide vo values. The calculated 

duty ratio in the presence of ACTC variants will elucidate the effects that alterations in 

actin protein have on contraction. My hypothesis is that mutations in ACTC located in 

the actomyosin binding site increase the duty ratio of the actomyosin, thereby leading to 

increased contraction as the primary cause of HCM. To understand the mutations I will 

be studying, I will next describe the proposed binding interactions between actin and 

myosin.  
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1.7.2 Actin and myosin contacts at the actomyosin interface 

 Contacts between actin and myosin are vital for the crossbridge cycle and 

therefore the process of contraction. Thus far, studies of the actomyosin interface have 

tried to explain which components of both proteins are specifically responsible for the 

interactions during muscle shortening. Studies have revealed that the contacts between 

actin and myosin involve several loops in myosin S1 and subdomains 1 and 3 of an actin 

subunit along with subdomain 1 of an actin subunit directly below within the helix 

(Behrmann, 2012; Bookwalter and Trybus, 2006). Specifically, R95 and Y91 on actin 

subdomain 1 are believed to form hydrogen bonds with residues in loop 3 of the myosin 

domain (Lorenz and Holmes, 2010). Electrostatic interactions are also thought to exist 

between residues on subdomain 1 of actin (R95 and E99) and myosin S1 (D500 and 

K494) (Figure 2; Table 1) (Behrmann, 2012). Such interactions, if altered, may change 

the binding between actin and myosin filaments thus affecting the duty ratio of myosin 

and the overall force produced by the sarcomere.  

 

1.8 Cardiac actin (ACTC) gene mutations leading to HCM 

Mutations in the cardiac actin (ACTC) gene contribute to HCM. To date, there are 

16 α-cardiac actin gene (ACTC) mutations found in patients within known primary 

cardiomyopathies (Figure 3) with 12 correlated with HCM: E99K, P164A, Y166C, 

A230V, A295S, M305L, S271F, A331P,  H88Y, R95C, F90del, and R312C. DCM 

accounts for 4: E361G, R312H, T126I, and I250M (Van Driest et al., 2003; Kaski et al., 

2009; Lakdawala et al., 2012; Mogensen et al., 1999, 2004; Morita et al., 2008; Olivotto 

et al., 2008; Olson et al., 1998, 2000).  
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Figure 2. ACTC missense mutations in subdomain 1 of actin at the actomyosin 
interface. The Berhmann et al., 2012 model was used to generate the interaction at the 
actomyosin interface. This model utilized myosin purified from Dictyostelium 
discoideum cells. The ACTC protein variants (red) in subdomain 1 associated with 
(HCM) and their direct or indirect interactions (cyan) with the myosin head group. The 
myosin head (magenta) is proposed to bind to two actin subunits, an upper actin subunit 
(green) and a lower actin subunit (yellow). The ACTC protein variants seen here are in 
direct interface with the myosin actin-binding domain, suggesting that a malfunctioning 
actomyosin interaction due to ACTC missense mutations may be a precursor to HCM. 
The figure was made using PyMOL Viewer (PBD: 4A7L). The PyMOL Molecular 
Graphics System, Version 1.2r3pre, Schrödinger, LLC. 
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Table 1. The proposed residues at the actomyosin interface. Summary of the possible 
electrostatic and H bond interactions formed between actin subdomain 1and myosin S1 
interface, which may be disturbed in the HCM pathology. The bolded residues represent 
those that have mutations known to cause HCM. Adapted from both Behrmann et al. 
2012, which purified myosin from Dictyostelium discoideum cells and Lorenz and 
Holmes, 2010, which purified myosin from chicken muscle. Protein sequence alignment 
revealed that the myosin region proposed by Behrmann et al., 2012, to be the binding site 
of actin is the same region proposed by Lorenz and Holmes, 2010.  
 

 

Missense mutations within ACTC can manifest anywhere on the protein’s four 

subdomains affecting either the internal properties of actin or its interactions with actin-

binding proteins. This can lead to problems with force generation or transmission. 

Several studies have elucidated the properties of ACTC mutations and their contributions 

to HCM. Müller et al. (2012) focused on the characterization of ACTC mutations 

encoding the M305L and Y166C substitutions. The two ACTC variants were expressed 

utilizing a baculovirus/Sf9-cell expression system and subsequently purified using 

gelsolin G4-6 affinity chromatography (Müller et al., 2012). Both variant ACTC proteins 

reduced the ability of actin to stimulate myosin ATPase activity by about 50%. M305L-

ACTC protein showed reduced polymerization rates compared to wildtype (WT). 

Meanwhile, the successful expression of Y166C-ACTC protein in neonatal rat 

cardiomyocytes (NRCs) resulted in shortened sarcomere length (Müller et al., 2012).  

Paper Possible Electrostatic 
Bonds 

Possible H  
Bonds 

Behrmann et al., 2012 R95 – D500 
E99 – K494 

 

Lorenz and Holmes, 2010 R95 – E576 
E99 – K569 
K50 – E576 

R95 – P570 
R95 – A575 
R95 – K272 
G44 – K553 
G48 – K553 
Q49 – S549 
Y91 – A571 



19 

 

Figure 3. The locations of the 16 ACTC gene mutations linked to cardiomyopathies. 
Represented in red are the 14 residues on actin with known mutations that contribute to 
HCM, while those in black are the 4 residues with mutations linked to DCM. ATP is 
represented in blue. The figure was made using PyMOL Viewer (PBD: 1ATN). The 
PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC. 
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Overall, the findings showed the ability of ACTC mutations to hinder actin-actin 

interactions or actin-myosin interactions.  

 

1.8.1 E99K ACTC gene mutation 

Of all the ACTC mutations, the properties of the E99K substitution have been the 

most documented using a variety of in vitro and in vivo assays. The E99K substitution is 

located in subdomain 1 of actin, the area proposed to be in the interface with the S1 head 

of myosin. The glutamine to lysine substitution leads to a charge reversal of negative to 

positive, which may account for the abnormalities found in the interaction between actin 

and myosin. An ill-formed actin and myosin interaction may create a domino effect 

leading to abnormal muscle contractions exacerbating to HCM.  

The Trybus group in Vermont studied the biochemical properties of E99K-ACTC 

protein to determine how it behaves intrinsically and with other proteins to result in 

HCM. A study of actin-activated ATPase activity of myosin in the presence of the E99K-

ACTC variant filament showed an increased KM compared to WT with no variation in 

Vmax. An IVM assay was used to shed light on the effects of the mutation on actomyosin 

contacts, where coverslip-bound myosin is allowed to interact with ACTC protein in the 

presence of ATP. The study revealed a slower movement of the E99K variant protein on 

myosin heads. The group also determined no significant changes in the intrinsic stability 

of the variant ACTC protein (Bookwalter and Trybus, 2006). Overall, the results support 

the hypothesis that a mutation on subdomain 1 of actin affects actin interactions with 

myosin but not the inherent properties of the actin protein itself.  
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Another study of E99K-ACTC protein by Debold et al. (2010) used IVM and 

laser trap assays to elucidate the effects of the E99K substitution on regulated filaments:  

the IVM results showed a decreased filament velocity and ADP release rates for the 

E99K variant compared to WT. A reduction in binding of the variant actin protein to 

myosin was seen when troponin and tropomyosin regulatory proteins were involved 

using optical trapping (Debold et al., 2010).  

Lastly, to bridge the gap between in vitro and in vivo studies, Song et al. (2011) 

studied the effects of the E99K ACTC mutation on contractile function with the use of 

mouse models in comparison to patients with the same mutation. The results showed that 

the thin filaments had a higher Ca2+ sensitivity. Among the E99K-transgenic mice, 

increased mortality was observed. For those that survived, disease progressed to mirror 

the phenotype of their human counterparts showing fibrosis and hypertrophy (Song et al., 

2011).  Increased Ca2+ sensitivity leading to hypercontraction of the sarcomeres was the 

proposed mechanism for HCM development.   

 

1.9 ACTC gene mutations in subdomain 1 of actin     

 In addition to E99K, three other ACTC mutations (R95C, H88Y, and F90Δ) have 

been found within subdomain 1 of actin proteins at the proposed actomyosin interface 

(Figure 3). If R95C, H88Y, and F90Δ ACTC mutations in subdomain 1 are manifested, 

then the actomyosin electrostatic interactions may be disrupted by weakened contacts 

leading to poor crossbridge cycling. Alternatively, actin intrinsic properties may be 

compromised, indirectly affecting the actin-myosin interaction and thereby, contraction. 

According to the Behrmann model of actomyosin (2012), the R95 residue was modeled 
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to be in a direct electrostatic interaction with the D500 residue on the myosin S1 head.  

The R95C charge deletion might weaken the electrostatic interaction between actin and 

myosin leading to decreased sliding of actin filaments on myosin heads as seen with the 

E99K substitution.  

The H88 residue on actin is part of an α-helix near the actomyosin interface. The 

H88Y ACTC mutation might compromise the stability of the helix with the substitution 

of an aromatic ring, indirectly affecting the actomyosin interface. One of the models 

proposed by Behrmann et al., 2012, showed the H88 residue near the D500 myosin S1 

residue, suggesting some interaction may occur. Therefore, the introduction of a 

substitution to the H88 residue may disrupt the electrostatic interaction within the 

actomyosin interface thereby affecting the sliding of actin and myosin filaments.  

Lastly, the hydrophobic F90 residue was modeled on a loop at the end of the α-

helix containing the H88 residue. The F90Δ ACTC mutation might disrupt the 

configuration of the α-helix, possibly leading to protein instability. Moreover, the 

deletion of a large nonpolar amino acid might lead to a shortened loop causing disorder 

upstream or downstream from the residue. This may disrupt normal interactions along 

with the proposed actomyosin interactions, such as those involving the R95 residue or the 

Y91 residue, which may be involved in H-bonds according to the model proposed by 

Lorenz and Holmes, 2010.  

Changes in any of the residues within the actomyosin interface can hamper the 

fundamental process of contraction. To date, the prevailing hypothesis is that enhanced 

force is a consequence of increased power generation or rate of crossbridge cycling, 

which may allow for a hypercontractile state within the ventricular muscle which may 



23 

develop to the HCM phenotype (Moore et al., 2012). Therefore, I plan to investigate the 

inherent characteristics and binding properties of the uncharacterized ACTC variant 

protein and elucidate the vital molecular interactions that may be affected to allow for 

hypercontraction to develop.  

 

1.10 Research objectives 

CVD affects millions of people. Primary cardiomyopathies are a type of CVD 

termed as diseases of the myocardium, which manifest as either hypertrophy (HCM), 

dilation (DCM), or restrictive filling (RCM). Convincing evidence has linked genetic 

mutations in sarcomeric proteins to HCM. The 16 mutations of ACTC gene encoding the 

α-cardiac actin protein have been linked to cardiomyopathies, 14 of which develop into 

HCM. Of particular interest are the mutations located in subdomain 1 of actin (R95C, 

F90Δ, and H88Y) at the proposed actomyosin interface. I hypothesize that the ACTC 

gene mutations in subdomain 1 known to cause HCM will lead to a higher actomyosin 

duty ratio. This higher duty ratio may cause increased force production from higher 

power generated or increased rate of crossbridge cycling, which may be the molecular 

mechanism allowing for the development of a hypertrophic heart. After expression of the 

ACTC variant proteins using the baculovirus/Sf21-cell expression system and purification 

using the DNase-I affinity chromatography, assays will be utilized to:  
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Aim 1: Characterize the intrinsic properties of the ACTC variants in subdomain 1 

of actin. This will be achieved using circular dichroism for melting temperature (Tm) 

determination and the use of light-scattering assays to determine ACTC variant protein 

polymerization activity.  

 

Aim 2: Determination of the effects of the ACTC variants in subdomain 1 of actin 

on actomyosin interactions. These determinations will be achieved using myosin 

ATPase assays in the presence of ACTC variants. IVM assays will also be utilized to 

determine the filament velocities of the ACTC variants. Information gathered from these 

two assays will be used to calculate a duty ratio for that ACTC-myosin interaction, which 

will provide insight into the effects that the ACTC variants may have on the force 

generating actomyosin complex governing contraction.
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Chapter 2 – Materials and Methods  

2.1 Reagents  

DNase-I (Worthington Biochemical, Lakewood, NJ ) was bound to Affigel-10 

resin (Biorad, Hercules, CA). HiTrap DEAE fast flow columns were obtained from 

Amersham (GE Healthcare, Piscataway, NJ). Concentrators with a 10,000 MWCO were 

obtained from Amicon (Millipore, Etobicoke, ON). SDS-PAGE gels were made using a 

29:1 bisacrylamide solution obtained from Bio-Rad (Hercules, CA). Supplemented 

Grace’s Insect Medium (1X), Fetal Bovine Serum (FBS), and Penicillin/Streptomyocin 

(PenStrep) mix were obtained from Gibco (Life Technologies, Mississauga, ON). 

Routinely used reagents were obtained from Sigma-Aldrich (Oakville, ON) or Fisher 

Scientific (Whitby, ON). 

 

2.2 Basic protocols  

2.2.1 Protein concentration quantification 

 The concentration of myosin from rabbit soleus muscle (Abate Rabbit Packers) 

was determined by A280 using a Fisher Scientific NanoDrop 2000 (Mississauga, ON) 

with an extinction coefficient of E1% 5.3 (Margossian and Lowey, 1982). The 

concentrations of the purified α-cardiac actin tissue and ACTC protein variants were 

determined using actin standards of known concentration with a Bio-Rad Protein Assay 

dye reagent (Hercules, CA) and protocol outlined by the manufacturer. The protein 

concentrations were read at A595.  
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2.2.2 Polyacrylamide gel electrophoresis 
	  
 SDS-PAGE gels were made with a 10% polyacrylamide resolving gel and a 5% 

polyacrylamide stacking gel. All protein samples were mixed in a 1:3 ratio with 2x 

Laemmli buffer (50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 1.3 M βME and 0.1% 

bromophenol blue) (Laemmli, 1970) and loaded into the gels. The gels were run using 1x 

running buffer (25 mM Tris, 250 mM glycine, and 0.1% SDS) at 180V for 40 min. The 

gels were stained with Coomasie brilliant blue dye (R-250) for 40 min and destained for 

40 min with destaining buffer (40% methanol and 10% acetic acid).  

 

2.2.3 Cell culture 

 T25 monolayer flasks (Corning, NY) were used to maintain Spodoptera 

frugiperda (Sf21) insect cells. The cells were kept in a 27°C incubator and passaged 

every 3 days using supplemented 1x Grace’s Insect Medium with 10% FBS and 1% 

PenStrep. Suspension cultures in 1 L Wheaton spinner flasks (Millville, NJ) were used to 

maintain larger cell densities meant for large-scale protein expression. A hemocytometer 

was used to count cells as described by Mather et al., 1998. The viability of the cells was 

monitored using a trypan blue stain.  

 

2.3 Production of ACTC recombinant baculoviruses 
	  

2.3.1 Molecular cloning of α-cardiac actin protein variants 

 Mutagenex (Piscataway, NJ) performed site-directed mutagenesis on the 

pAcUW2Bmod-ACTC (WT) transfer vector to create the ACTC mutants (R95C, F90Δ, 
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and H88Y). Verification of sequences for the pAcUW2Bmod-ACTC (mutants) were 

provided by the same company.  

 

2.3.2. Generation of ACTC recombinant baculoviruses 

 The pACUW2Bmod transfer vector containing the R95C, F90Δ, and H88Y ACTC 

mutant inserts were co-transfected with Bsu36 I-digested linearized BacPAK6 

baculovirus DNA into Sf21 cells (Clontech, Mountain View, CA) to generate 

recombinant ACTC baculovirus. The digestion of the BacPAK6 viral DNA removes part 

of an essential gene rendering the baculovirus DNA incapable of replicating within insect 

cells.  Recombination transfers the mutated ACTC gene of interest from the 

pAcUW2Bmod transfer vector to the viral genome while also rescuing the integrity of the 

essential gene. (Kitts and Possee, 1993; Clontech, Mountain View, CA). This BacPAK 

system utilizes the occlusion body positive (occ+) Autographa californica multiple 

nucleopolyhedrovirus (AcMNPV), which expresses occlusion bodies or polyhedral 

inclusion bodies (PIBs). These PIBs are readily visible in the late infection phase 

allowing for easy visual recognition of viral infection. These PIBs were used as a marker 

for viral amplification, titering, and viral infection cultures.   

	  

2.3.3 Amplification and titering of baculovirus.  

 ACTC recombinant viruses were amplified by seeding T75 monolayer flasks with 

~ 1 x 106 cell/ml with a total of 20 ml of Grace’s Insect supplemented media. A total of 5 

µl of ACTC recombinant virus was mixed evenly with the cells by gently rocking the 

flask. The flask was kept in a 27°C incubator until cell lysis was evident for the majority 
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of the cells in a Nikon TMS microscope field of view at 10x magnification (Nikon, 

Japan), which took anywhere from 1-2 weeks. The amplified ACTC recombinant viruses 

were harvested via centrifugation at 4000 rpm for 10 min using an Eppendorf Centrifuge 

5416 (Sigma-Aldrich, Oakville, ON) and the supernatant containing the viral particles 

was stored in a 50 ml conical tube (Corning, NY) at 4°C, and shielded from light using 

tin foil.   

 To determine the infectivity of the harvested ACTC recombinant viruses, the 

viruses were titered using end point dilution (TCID50) methods outlined by O’Reilly et 

al., 1994. Ideally, titer values of at least 2 x 107-1 x 108 pfu/ml are acceptable to use for 

infections; therefore, three rounds of amplification were required to reach the ideal titer 

values.  

 

2.3.4 Confirmation of ACTC variant protein expression 

 T75 monolayer flasks were seeded with Sf21 cells at a cell density of ~ 1x106 

cells/ml and infected with titered ACTC recombinant virus at a multiplicity of infection 

(MOI) of 1, meaning there was on average 1 viral particle per cell. The infected cells 

were kept in a 27°C incubator and harvested after 72 h post infection (p.i.) via 

centrifugation at 4000 rpm for 10 min using an Eppendorf Centrifuge 5416 (Sigma-

Aldrich, Oakville, ON). The harvested cell pellet was lysed using 1% NP-40 lysis buffer 

(1% NP-40, 150 mM sodium chloride, and 50mM Tris, pH 8.0) for 10 min. The cell 

lysate was then mixed in a 1:1 ratio with 2x Laemmli buffer, incubated in boiling water 

for 5 min, and run on a 10% SDS-PAGE gel. The protein in the gel was transferred onto 

PVDF membrane at 200 mA for 1 h at 4°C. The membrane was blocked using 5% skim 
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milk powder dissolved in TBST (1x Tris-buffer saline, pH 7.4 with 0.1% Tween-20) for 

1 h at room temperature. The membrane was incubated with mild shaking in a 1:1000 

dilution of an α-actin (5C5) mouse monoclonal primary antibody (Santa Cruz 

Biotechnology, Dallas, TX) overnight at 4°C. The membrane was washed 3 times for 5 

min each with 1x TBST and probed with a 1:8000 dilution of a donkey anti-mouse 

secondary antibody (Applied Biological Materials Inc., Richmond, BC) for 50 min at 

room temperature. The membrane was washed 5 times for 5 min each with 1 x TBST and 

detected using ECL™ Western Blotting Detection reagents (Amersham, GE Healthcare, 

Piscataway, NJ). The film processor used to develop the film image was Konika Minolta 

SRX-101A (Konika Minolta Medical Imaging USA, Inc., Wayne, NJ).  

 

2.4 Purification of proteins 
	  

2.4.1.Purification of myosin protein from soleus muscle 

 The purification of myosin from rabbit soleus muscle was performed following 

the methods outlined by Margossian and Lowey, 1982, using a freshly-killed New 

Zealand rabbit obtained from Abate Rabbit Packers (Arthur, ON). While at the abbatoire, 

we ground the excised muscle and performed the first extraction. During the ~40 min 

drive back to Guelph, the first precipitation step occurred on ice in the vehicle. The rest 

of the protocol was completed at the University of Guelph. Full-length myosin was stored 

in 50% glycerol and kept at -80°C. The myosin obtained from the soleus muscle of 

rabbits is a combination of  >90% Type I (slow myosin; low ATPase activity) and <10% 

Type II (fast myosin; high ATPase activity) (Billeter et al., 1980; Lutz et al., 1978; 

Reiser et al., 1985). This is comparable to the myosin found in human cardiac ventricles 
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which is a combination of <10% α-myosin heavy chain (high ATPase activity) and >90% 

β-myosin heavy chain (low ATPase activity) (Narolska et al., 2005; Reiser et al., 2001; 

Saez et al., 1987; Schiaffino and Gorza, 1986). 

 

2.4.2 Purification of bovine α-cardiac actin protein 

 α-cardiac actin protein was prepared from the left ventricular muscle of bovine 

hearts obtained from the Animal and Poultry Science Department (Guelph, ON) using the 

protocol outlined by Spudich and Watt, 1971. Bovine α-cardiac actin was used as a 

control for all the assays performed as it shares 100% sequence identity to human α-

cardiac actin protein (Figure 4).  

 

2.4.3 Purification of ACTC variant proteins  

 Sf21 cells at a cell density of ~1 x 106 cells/ml were infected with recombinant 

viruses at an MOI of 1 and harvested at 72 hr post-infection (p.i.) via centrifugation at 

4000 rpm for 15 min using the JLA 16.250 rotor (Beckman Coulter, Mississauga, ON). 

The cell pellets were lysed using a high molar Tris-buffer (1 M Tris-HCl, pH 7.5, 0.6 M 

KCl, 0.5 mM ATP, 0.5 mM MgCl2, 1 mM DTT, 1 mg/ml Tween-20, 4% Triton X-100) 

containing protease inhibitors (benzamidine, leupeptin, and PMSF at 0.5 mM each) 

(Yates et al., 2007) and vortexed with 0.5 mM glass beads. The cell lysate was clarified 

by centrifugation at 45,000 rpm for 35 min at 4°C using the TLA 110 rotor (Beckman 

Coulter, Mississauga, ON). The cell lysate was passed through a 60 ml syringe (BD 

Biosciences, San Diego, CA) containing glass wool (Costar, Corning Inc., NY) 

equilibrated with GPi-buffer  at 4°C (10 mM Tris-HCl, pH 8.0, 0.2 mM ATP, 0.2 mM  
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Figure 4. Protein sequence alignment comparing human cardiac actin and bovine 
cardiac actin. The α-cardiac actin of bovine (ACTC_BOVIN) and humans 
(ACTC_HUMAN) share 100% sequence identity.  
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CaCl2, 0.2 mM βME, and protease inhibitors benzamidine, leupeptin, and PMSF at 0.5 

mg/mL each) to remove unwanted cellular components.  

An adapted DNase-I affinity chromatography method was used to purify the 

ACTC proteins (Rutkevich et al., 2006). The DNase-I resin formerly encased in a glass 

column was, instead, kept in a 50 ml conical tube and a batch purification method was 

utilized due to thick cell lysates. Soluble components of the cell lysate was bound to the 

resin at 4°C using a nutator. All subsequent steps were performed at 4°C. Spin-downs of 

3,000 rpm for 3 min were used to wash the beads following the buffer order: once with 

70 ml GPi-buffer, twice with 70 ml 0.4 M NaCl in GPi-buffer, and twice with 70 ml GPi-

buffer (Rutkevich et al., 2006). After the resin was spun down in 40 ml 50% formamide 

in GPi-buffer, the supernatant was collected and quickly transferred to a solution of 0.01 

M ATP in GPi-buffer in a 1:1 v/v ratio with 50% formamide in GPi-buffer and 

subsequently loaded onto a 5 ml HiTrap DEAE fast flow column. Actin variants were 

eluted with 0.3 M KCl in GPi-buffer and 1 ml fractions were collected. The presence of 

protein in the collected fractions was checked using Bradford dye. The fractions 

containing protein were pooled and dialyzed overnight against 2 L GPi-buffer followed 

by protein concentration using a 10,000 MWCO concentrator. The purified ACTC 

variant proteins were kept on ice and stored in 4°C. Progress of purification gels were run 

to assess the purity of the ACTC variants purified. 

 

2.5 Circular dichroism 
	  
  ACTC variant proteins were dialyzed overnight in HEPES G-buffer (2 mM 

HEPES, pH 8.0, 0.2 mM ATP, 0.2 mM βME, and 0.2 mM CaCl2) with at least 3 buffer 
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exchanges. After dialysis, the concentrations of the variant proteins were determined by 

Bradford assay. The variant proteins were diluted to 0.16 mg/ml using HEPES G-buffer. 

HEPES was used because Tris-HCl, which is a common component of the G-buffer used 

for protein work, may influence protein folding as thermal gradient is applied. Circular 

dichroism spectroscopy was performed using a JASCO J-815 CD spectrophotometer 

(JASCO, Easton, MD). The proteins were placed in three quartz cuvettes with 1 mm-

pathlength. AutoIT CD_runner.au3, a custom program, was used to control the increasing 

temperature gradient with the help of a JASCO PTC-424S Peltier temperature control 

unit (JASCO, Easton, MD). The loss of negative ellipticity of the ACTC variants was 

monitored at 222 nm wavelength as temperature was increased at a rate of 1°C/min from 

20-85°C. 

 The rate of change of negative ellipticity of each ACTC variant in percent was 

plotted against temperature and a Weibull fit was applied to each curve using SigmaPlot 

11 (Systat Software, San Jose, CA) as outlined in Perieteanu et al., 2008. The midpoint of 

the Weibull fit curve represents the Tm of the ACTC variant protein.   

 

2.6 Light-scattering assay 
	  
 The polymerization of ACTC variant proteins was investigated using a light-

scattering assay (Rutkevich et al., 2006) using WT bovine actin as a control. ACTC 

variant proteins were diluted to 5.5 µM using G-buffer and preincubated in 

ultramicrocuvettes with 3 mm-pathlength (Helma Inc., Concord, ON) at room 

temperature for 30 min. The reactions in the cuvettes were monitored for 4 min in a Cary 

Eclipse fluorescence spectrophotometer (Varian Canada, Mississsauga, ON). Within the 
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ultramicrocuvettes, the concentration of actin in G-buffer was brought to a final 

concentration of 5 µM after the addition of preincubated 10x polymerization buffer. The 

polymerization of the ACTC proteins was continually monitored by measuring the 90° 

light scattering signal of the ACTC protein at 360 nm excitation and emission 

wavelengths. The average of the light-scattering signal triplicates achieved by the ACTC 

variants were compared and expressed as a percentage to the maximum light-scattering 

signal achieved by the bovine actin control for that day. For each ACTC variant the 

percentages normalized against WT bovine actin was graphed with respect to the elapsed 

time.  

 

2.7 Actin-activated myosin ATPase assay 
	  
 The interactions between the purified ACTC variant proteins and full-length 

myosin were investigated using an actin-activated myosin ATPase assay (Trybus, 2000). 

This assay measures the amount of inorganic phosphate (Pi) released from the ATPase 

activity of myosin stimulated by the presence of actin. The Pi released interacts with the 

molybdate in the colour developing solution creating phosphomolybdate. The reduction 

of phosphomolybdate by ferrous sulfate creates a blue product, which can be measured 

colorimetrically.  

Actin was mixed in a 1000:1 mol/mol ratio with gelsolin and incubated at room 

temperature for 10 min to control actin filament length. Polymerization was induced 

using a 10 x Assay Buffer (10 x AB: 750 mM KCl, 100 mM imidazole, pH 7, 10 mM 

DTT, 10 mM EGTA, 10 mM MgCl2, and 10 mM NaN3) and incubated at room 

temperature for 30 min. A 2x F-actin stock for each actin concentration was made by 
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diluting the original F-actin stock in 1 x AB and Mg�ATP (2mM) mix. A 2x myosin 

working solution was made using 1x AB to 0.25 mg/ml myosin.  

Two 96-well plates were utilized, one for the reaction and phosphate standards 

(Figure 5A) and another containing 45 µl of stop solution (60 mM EDTA, pH 6.5, 6.6% 

SDS). A schematic of the reaction and phosphate standard plate is shown on Figure 6A 

where the bottom two rows contain the phosphate standards ranging from 0.05 mM – 2 

mM KH2PO4. These standards are required to create a standard curve for each assay 

performed. The top two rows contain the reaction wells set up in triplicate for each actin 

concentration. In these reaction wells, 100 µl of F-actin was mixed with 100 µl myosin, 

giving a final actin concentration in each triplicate well ranging from 0-20 µM, 

respectively. The reaction started after the addition of 100 µl of myosin to the wells 

containing actin. Every 10 min after the start of the reaction, 45 µl of solution was 

removed from the reaction plate and mixed with 45 µl of stop solution (60 mM EDTA, 

pH 6.5, 6.6% SDS) in the stop plate to prevent further Pi production. To visualize the 

colour, each well received 200 µl of colour-developing solution (0.5% ferrous sulfate, 

25% of 2% ammonium molybydate in 4 N H2SO4, and 75% of H2O). Pi product appeared 

blue upon the addition of the colour-developing solution, which was measured 

colorimetrically at 750 nm wavelength for quantification.  

To determine the ATPase rate of myosin stimulated by the ACTC variants, the 

average background absorbance from the wells containing water (W) was subtracted 

from the average absorbance recorded for each phosphate standard concentration. 

Plotting the average absorbances determined from 1 against the phosphate standard 

concentrations generated a standard curve (Figure 5B). The Pi released was calculated at  
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            B 

                    
Figure 5. ATPase assay 96-well plate schematic accompanied with a standard curve 
template. A. The 96-well plate setup for the ATPase assay consists of reaction wells at 
the top two rows, with 100 µl of F-actin at concentrations varying from 20 µM – 0 µM 
actin. The reaction starts upon the addition of 100 µl of myosin diluted to a final 
concentration of 0.125 mg/ml into each well. At 10 min intervals, 45 µl of solution is 
removed from the reaction and mixed into a stop solution in a separate 96-well plate. The 
bottom two rows of the 96-well above contain water (W) and phosphate standards, with 
concentrations ranging from 2 mM – 0.05 mM, which is utilized to create a standard 
curve for the ATPase assay. B. The standard curve generated is used to determine the 
amount of Pi released at varying actin concentrations as an indicator of the ability of the 
ACTC variants to stimulate the ATPase activity of myosin (N=3; error bars indicate 
SEM).  
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each 10 min interval by subtracting the average absorbance of the wells containing only 

myosin from the absorbance for each well containing varying actin concentration at each 

time point. Plotting the Pi released against time and performing a linear regression 

determined rates of Pi release per actin concentration (Figure 6). The average rates were 

graphed against actin concentration and the curve was fitted to a Michaelis-Menten 

equation to determine a Vmax and KM value. 

 

2.8 Fluorescence microscopy: in-vitro motility assay 
	  

The interactions of ACTC variants were tested against full-length myosin using 

an in-vitro motility (IVM) assay. The actin variant proteins were visualized at 100x oil-

immersed magnification using the Texas Red (510 nm) filter of an inverted Zeiss 

Axiovert 200M (Zeiss, Jena, Germany) microscope. The microscope slides consisted of 

nitrocellulose-coated coverslips, creating flow cells where proteins in solution were 

allowed to bind for 2 min each. Full-length myosin diluted in assay buffer (AB: 25 mM 

KCl, 25 mM imidazole•HCl, pH 7.5, 10 mM DTT, 4 mM MgCl2, and 1 mM EGTA) to at 

least 1 mg/ml was flowed first into the flow cells. Bovine serum albumin (BSA) was 

flowed next at a concentration of 1 mg/ml, to cover areas on the nitrocellulose coverslip 

where myosin did not bind. Prior to binding, the ACTC protein variants were 

polymerized overnight at 4°C using 10x polymerization buffer (250 mM Tris, 500 mM 

KCl, 20 mM MgCl2, and 10 mM EGTA) and rhodamine-phalloidin at a 1:1 molar ratio 

with the actin protein. The fluorescently-labelled actin filaments were diluted to ~0.1 µM 

and bound to the myosin. The flow cell was then washed with 1x AB twice prior to the 

addition of motility buffer (25 mM KCl, 25 mM imidazole•HCl, pH 7.5, 4 mM MgCl2,  
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Figure 6. Pi release for each actin concentration over time. The Pi released for each 
actin concentration is plotted as a function of time. A linear regression of the plot 
determines the Pi release rate for the varying actin concentrations. The average rates 
determined for the triplicate of each actin concentration are then plotted against an 
increasing actin concentration. The generated curves are fitted to a Michealis-Menten 
equation to determine a Vmax and KM values (Figure 12).  
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10 mM DTT, 1 mM EGTA, and 2 mM ATP). An oxygen-scavenging system (25 µg/mL 

glucose oxidase, 45 µg/mL catalase, and 1% glucose) was used to prevent photobleaching 

of fluorescently-labelled ACTC variant filaments. Varying concentrations of ATP (0, 

0.125, 0.25, 0.5, and 2 mM) were used for the IVM assays. Despite the functional 

differences between the buffers used for the ATPase and IVM assays, the comparisons 

within each assay and of the calculated duty ratios remain relevant.  

 The movement of filaments upon addition of motility buffer was captured using a 

Digital CCD ORCA-R2 C10600 camera (Hamamatsu, Middlesex, NJ) controlled by 

Volocity 6.3 software (PerkinElmer, Woodbridge, ON) at a frame rate of 0.498 

frames/second. ACTC variant filaments moving in a linear pattern for at least 6 frames 

were selected and the total length moved by individual filaments were determined using 

ImageJ 1.47v (National Institute of Health, USA) (Figure 7). The calibration 5.75 

pixels/µm was used to determine the total distance moved by each filament. For each 

ACTC variant protein and ATP condition performed, at least 50 individual filaments 

were tracked from two different protein purifications. A Michealis-Menten curve was 

generated for each ACTC variant protein where increasing ATP concentration (mM) was 

plotted against velocity (vo) of the filament in µm/sec to determine the Vmax and KM 

values for the variant proteins using GraphPad Prism 6 (GraphPad Software, Inc., San 

Diego, CA).  
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Figure 7. Actin filament tracking using ImageJ. Movement of fluorescently-labelled 
ACTC filaments were tracked using ImageJ. 45-60 filaments moving in a straight line for 
at least 6 frames were chosen and their length of movement was recorded. The recorded 
lengths were converted to distance using the calibration of 5.75 pixels/μm and along with 
the frame rate of 0.498 frames/sec, the velocities of the filaments were determined. The 
filaments tracked above were from a WT bovine actin video in 25 mM KCl and 2 mM 
ATP.   
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2.9 Statistical analysis 
	  
  The statistical significance of the values obtained for the ACTC variant proteins 

was determined by performing a one-way ANOVA followed by a post hoc Dunnett’s 

multiple comparisons test with WT bovine actin as a control using GraphPad Prism 6. 

(GraphPad Software Inc., San Diego, CA). 
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Chapter 3 – Results  
 

3.1 Generation of ACTC recombinant baculoviruses  
	  
 The recombinant baculoviruses expressing ACTC variant proteins (R95C, F90Δ, 

and H88Y) were generated using the baculovirus/Sf21-cell expression system.  After 

amplification of the viruses to a P3 ACTC recombinant viral stock, the virus titers were 

determined using end point dilution outlined by O’Reilly et al., 1994.  The viral titers 

obtained for each P3 ACTC viral stocks were 6.9 x 109, 6.17 x 108, and 2.85 x 109 pfu/ml 

for R95C, F90Δ, and H88Y, respectively (Figure 8C).   

 

3.1.2 Verification of ACTC variant protein expression  

 Healthy Sf21 cells (Figure 8A) were infected at an MOI of 1 with ACTC 

recombinant viruses and harvested 72 h p.i. when cells exhibited signs of infection, such 

as PIBs (Figure 8B). Western blotting was used to determine ACTC variant protein 

expression in the infected and lysed Sf21 cells. A mouse monoclonal α-cardiac primary 

antibody and an anti-mouse secondary antibody were used for detection. The blot showed 

a band at 42 kDa for the positive control, tissue-purified bovine cardiac actin, and the 

cell-purified ACTC variants: R94C, F90Δ, and H88Y (Figure 9A). No band was seen for 

uninfected cells, representing the negative control, Sf21 endogenous actin. 
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 A 

 

 

B	  

 
 
Figure 8. Generation of ACTC recombinant viruses located in subdomain 1 of actin. 
pACUW2Bmod vectors containing either R95C, F90Δ, or H88Y ACTC mutations were 
co-transfected with linearized baculovirus DNA in Sf21 cells. Recombinant ACTC 
viruses were harvested after 7 days and amplified for several rounds. Successful ACTC 
viral infection is indicated by the presence of PIBs (arrow) within Sf21 cells (B). The 
Sf21 cells also become slightly enlarged when infected making them more 
distinguishable from uninfected cells (A). C. After 3 rounds of amplification, the virus 
titer of each ACTC recombinant virus was determined using end point dilution outlined 
by O’Reilly et al., 1994

ACTC 
Recombinant 

Virus 

TCID50 

R95C P3 6.9 X 109 
 

F90Δ P3 6.17 X 108 
 

H88Y P3 2.85 X 109 

 
WTrec 8.95 x 108 

C	  
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Figure 9. Protein expression and purification of ACTC recombinant cardiac actin 
variants. A. ACTC variant protein expression was confirmed through Western blots 
using an α-cardiac actin monoclonal primary antibody. Bovine cardiac actin and 
uninfected cells were used as positive and negative controls, respectively. B. The 
progress of purification gel stained with Coomassie Blue for an R95C, F90Δ, and H88Y 
showed the actin protein as whole cell lysate (L), soluble fraction after clarification by 
centrifugation (S), and lysate after glass wool filter (AF). The flow through fraction (FT) 
showed the successful binding of the ACTC variant protein to DNase-I resin. This gel 
was run the day after the purification to prove successful ACTC protein binding to 
DNase-I resin, the pooled fractions were not included in the gel because a separate 
Coomasie-stained protein gel was run the day of the purification for the collected 
fractions to determine which fractions contained protein; the fractions were then pooled 
and dialyzed overnight. 

	  
	  
	  

3.1.3 Purification of ACTC variant proteins 

 DNase-I affinity chromatography was used to purify the ACTC variant proteins 

using batch purification. Samples at each step of the purification were obtained and run 

on a progress of purification gel, which is a gel that includes the crude cell lysate and 

buffer washes throughout the purification (Figure 9B). The Coomassie-stained protein gel 

for R95C, F90Δ, and H88Y showed bands at 42 kDa for the lanes representing the whole 

cell lysate, soluble fraction after centrifugation, and lysate after glass wool filtration. The 

successful binding of the ACTC variants to the DNase-I resin was observed via the lack 

of an actin band in the flow through fraction after incubation of actin protein with the 

DNase-I resin (Figure 9B; R95C lane 5, F90Δ lane 5, H88Y lane 6). Successive buffer 

washes further purified the ACTC variants (Figure 9B; R95C and F90Δ lanes 6-8, H88Y 

lane 7-9). The peak R95C fraction was run on a separate 10% SDS-PAGE gel (Figure 

9B, lane PF). Similar peak fraction results were gathered for F90Δ and H88Y variant 

proteins. The total protein yield of the purification was approximately 2-3 mg of ACTC 

variant protein per 5 x 108 cells. 
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3.2 Intrinsic protein properties 
 
 

Actin proteins exhibit greatly conserved protein structures and functions. 

Therefore, point mutations or deletions of actin residues may result in effects that are 

detrimental to protein properties. In particular, missense mutations may arise in any of 

the 4 subdomains of actin, all with varying degrees of outcomes. A331P and A230V, 

mutations located in subdomains 3 and 4 of actin possess intrinsic problems while 

exhibiting no actomyosin interaction defects (Mundia et al., 2012). Owing to the location, 

ACTC mutations found in subdomain 1 such as R95C, F90Δ, and H88Y are believed to 

impact actin interaction with a vital partner, myosin. However, the intrinsic stabilities of 

the actin variants still need to be assessed to determine the full breadth of effects that 

ACTC mutations may induce.   

 

3.2.1 Determination of ACTC variant protein stability 

 The intrinsic protein folding stabilities of the ACTC protein variants were 

investigated using circular dichroism. The midpoint of the Weibull-fitted curve was 

considered to be the melting temperature (Tm) of the protein (Perieteanu et al., 2008), at 

which 50% of the protein is denatured (Figure 10).  

The melting temperature of bovine cardiac actin was determined to be 56.9 ± 

0.26°C while, the R95C and F90Δ variant proteins exhibited very similar Tm values to 

that of the WT bovine cardiac actin at 56.7 and 56.9 °C, respectively (Figure 10). An 

ANOVA followed by a Dunnett’s test revealed p = 0.9860 and p > 0.9999 for R95C and 

F90Δ variants, respectively, indicating no statistical significance from WT bovine actin. 
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A	  

 
B 

Actin Tm (°C) 
Bovine 56.9 ± 0.26 
R95C 56.7 ± 0.28 
F90Δ 56.9 ± 0.24 
H88Y 60.4 ± 0.40**** 

 

****p<0.0001 
	  
Figure 10. Characterization of the ACTC variant protein folding and stability. The 
change in negative ellipticity of the ACTC protein variants were monitored at 222 nm as 
the temperature was increased at a rate of 1°C/min from 20°C-85°C. The average 
temperature of triplicates and standard error was graphed against the percent change in 
ellipticity. The curve was fitted using a Weibull fit. The midpoint of each curve was 
taken as the melting temperature of each ACTC protein variant. Every second data point 
was plotted on the graph above with an N=2 biological replicates each consisting of 3 
internal replicates for each ACTC variant. 
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However, the H88Y variant protein exhibited an increased Tm value of 60.4°C, with a p < 

0.0001 using a Dunnett’s test, indicating a statistically significant difference from WT 

bovine actin.  

 

3.2.2 Determination of ACTC variant polymerization defects  

 ACTC variant polymerization was assessed using light-scattering assays with 

freshly purified proteins (Figure 11). Each assay performed was accompanied with a WT 

bovine cardiac actin control. The light-scattering signals of the variant proteins were 

normalized to the bovine WT actin control from the same assay. 

The polymerization graphs for the F90Δ variant protein (N=3) displayed rapid 

elongation phases and reached the same maximum steady state levels as the WT actin 

controls (Figure 11). For all the biological replicates of F90Δ, the signal decreased 

slightly over the 60 min assay duration once the maximum steady state was reached. 

The polymerization graphs for the R95C variant protein (N=2) showed rapid elongation 

phase after the addition of polymerization buffer, reaching a steady state maximum 5% 

less than that of bovine actin control (Figure 11). Like the F90Δ and H88Y variant 

protein polymerizations, once the steady state maximum was reached, a slight decrease in 

signal was seen over the 60 min assay duration. In addition, similar to one biological 

replicate for H88Y, one R95C assay displayed a slower elongation with a maximum 

steady state reaching 10% less than the bovine actin control. These results suggested that 

the ACTC variant proteins were active enough to polymerize; therefore, they could be 

used in myosin interaction assays.   
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Figure 11. Characterization of the ACTC variant protein polymerization. 
Investigation of polymerization capabilities of ACTC variant proteins was performed 
using light-scattering assays. Each assay was performed with an internal WT bovine actin 
control. The nucleation phase of each ACTC variant was normalized to the WT bovine 
actin control nucleation phase allowing comparison into the maximum steady state 
reached by each ACTC variant protein. The figure above shows a representative graph 
for the WT bovine actin control and the ACTC variant proteins from 3 biological 
replicates.  
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3.3 Effects of ACTC mutations on actomyosin interactions 
	  
	   The effects of the ACTC mutations on the interaction between myofilaments were 

also investigated using myosin ATPase assays and in-vitro motility assays.  

 

3.3.1 Actin-activated myosin ATPase activity  

At the core of muscle contraction, the interaction between actin and myosin 

allows for the conversion of chemical energy to mechanical energy. To determine if 

mutations found in subdomain 1 of actin (R95C, F90Δ, and H88Y) alter the interaction 

between actin and myosin, the actin-activated myosin ATPase activities in the presence 

of varying ACTC concentrations were measured (Figure 12A).  

The myosin ATPase Vmax values in the presence of R95C, F90Δ, and H88Y were 

found to be 20.4 ± 0.97, 11.1 ± 0.44, and 7.28 ± 0.15 μM/min, respectively. All ACTC 

variant proteins displayed a significant decrease in Vmax (F90Δ and H88Y: p<0.0001; 

R95C: p = 0.0067, ANOVA followed by a Dunnett’s test) compared to the WT bovine 

actin, which exhibited a Vmax of 22.74 ± 0.40 μM/min (Figure 12B). The maximal myosin 

ATPase rates in the presence ACTC variants show that these variant proteins did not 

stimulate similar motor activity from myosin compared to WT bovine actin control.  

The KM value for WT bovine actin was 2.26 ± 0.12 μM. R95C variant protein displayed a 

KM of 4.25 ± 0.53 μM (p < 0.0001, ANOVA followed by a Dunnett’s test). This means 

that the R95C variant protein was unable to stimulate the same Vmax from myosin and that 

additional actin was required to achieve this lesser ATPase rate.  
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A

 
B  

Actin ATPase Activity 
(µM/min) 

KM (µM) 

Bovine 22.7 ± 0.40 2.26 ± 0.12 
R95C 20.4 ± 0.97** 4.25 ± 0.53**** 
H88Y 7.28 ± 0.15**** 1.36 ± 0.10* 
F90Δ 11.1 ± 0.44**** 2.01 ± 0.25 

 
****p<0.0001 
**p<0.0067 
* p=0.0379 
 
Figure 12. The actin-activated ATPase activity of myosin was decreased for all the 
ACTC variant proteins. A. The actin-activated ATPase activities of the ACTC variants 
were determined and compared to WT bovine actin through ATPase assays in 96-well 
plates. B. Summary of Vmax and KM values from the ATPase assays from N=3 replicates. 
The statistical significance for all the ACTC values was determined from WT using 
ANOVA followed by a post hoc Dunnett’s test. The ATPase values for the H88Y and 
F90Δ ACTC variants were found to be significantly lower (p < 0.0001) than WT bovine 
actin. The R95C ACTC variant was significant but to a lesser extent at p < 0.0067. The 
KM values for R95C and H88Y were statistically significant at p < 0.0001 and p = 
0.0379, respectively. The F90Δ variant was not statistically lower at p = 0.9078.  
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The KM values for F90Δ and H88Y variant proteins were lower than WT bovine 

actin at 2.01 ± 0.25 and 1.36 ± 0.10 μM , respectively. The p-values for F90Δ and H88Y 

are p = 0.9078 and p = 0.0379 (ANOVA followed by a Dunnett’s test), respectively. 

Statistical significance from WT bovine actin was seen for H88Y and but not the F90Δ 

ACTC variant. As a whole, the KM values for the R95C and H88Y ACTC variants in 

subdomain 1 suggest altered actomyosin binding.  

3.3.2 In-vitro motility assay  

 The effects of point mutations in subdomain 1 of actin were also investigated 

using in-vitro motility assays. As the ATP concentration increased, the velocities for each 

of the ACTC variant increased in a hyperbolic fashion and this data was fitted on 

GraphPad using a Michealis-Menten fit (Figure 13A). From these graphs, the maximal 

velocities (Vmax) and Michealis-Menten constants (KM) were obtained (Figure 13B). 

Wildtype bovine actin produced a Vmax of 3.38 ± 0.21 μm/sec. In comparison, the F90Δ, 

R95C, and H88Y ACTC variants all exhibited decreased Vmax values of 2.55 ± 0.24, 1.86 

± 0.07, and 2.70 ± 0.04 μm/sec, respectively (F90Δ: p=0.0018; H88Y: p=0.0124; R95C: 

p<0.0001, ANOVA followed by a Dunnett’s test). An increase in KM was also exhibited 

by all the ACTC variants compared to the WT bovine actin KM of 0.14 ± 0.03 mM. The 

R95C variant displayed a KM value that was statistically significant from WT bovine 

actin at 0.27 ± 0.03 (p=0.0364, ANOVA followed by a Dunnett’s test). F90Δ and H88Y 

variants were found to have KM values of 0.17 ± 0.06 mM and 0.26 ± 0.01, respectively 

which were not statistically significant from WT bovine actin (p=0.9674 and p=0.0714, 

ANOVA followed by a Dunnett’s test).  
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A	  

 

B 
Actin Vmax (µm/sec) KM (mM) 

Bovine 3.38 ± 0.21 0.14 ± 0.03 
R95C 1.86 ± 0.07**** 0.27 ± 0.03** 
H88Y 2.70 ± 0.04** 0.26 ± 0.01 
F90Δ 2.55 ± 0.24*** 0.17 ± 0.06 

 
****p<0.0001 
***p=0.0018 
**p<0.04 
 

Figure 13. ACTC variant proteins exhibited decreased filament velocities at varying 
ATP concentrations compared to WT bovine actin. A. In-vitro motility (IVM) assays 
were performed to test the effects of varying ATP concentrations on actomyosin 
interaction at standard ionic conditions (25 mM KCl). The average velocities of at least 
60 ACTC filaments per ATP concentration were graphed with standard error and the data 
points were fitted to a Michealis-Menten equation to determine the maximal velocities 
(Vmax) and Michaelis-Menten constants (KM). B. Summary of Vmax and KM values from 
the IVM assays. All the ACTC variant proteins exhibited decreased Vmax compared to 
WT bovine actin. An ANOVA followed by a post hoc Dunnett’s test were used to obtain 
p < 0.0001, p = 0.0018, and p = 0.0124 for R95C, F90Δ, and H88Y, respectively. 
Increased KM values were obtained compared to WT bovine actin. Dunnett’s test was 
used to obtain p = 0.0714, p < 0.0364, and p = 0.9674 for H88Y, R95C, and F90Δ, 
respectively. Data obtained from N = 2, biological replicates for all ACTC variant 
proteins.  
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Notably, the R95C Vmax was around half the Vmax found for the wildtype bovine actin, a 

phenomenon observed for E99K, which is also located in subdomain 1 of actin (Dahari, 

2012). In addition, the KM values found for E99K (0.086 ± 0.02) were higher than WT 

actin (Dahari, 2012) as was indicated by the KM values found for R95C, F90Δ, and 

H88Y. This trend similarity could suggest a pattern of altered actomyosin affinity 

interactions with mutations whose locations are in subdomain 1 of actin.  

3.3.3 Tissue-purified WT bovine actin versus WTrec actin  

 The hypothesis that mutations in subdomain 1 of actin utilize the same process of 

hypercontractility to induce HCM was investigated using the assays above. The expected 

results were an impaired ATPase rate for all the ACTC variants as well as a decreased 

filament velocity. However, the ATPase rates observed for F90Δ and H88Y ACTC 

variants were much lower than anticipated; therefore, I decided to determine whether the 

purification process affected the ability of the ACTC to stimulate myosin ATPase 

activity. WTrec was expressed using the baculovirus/Sf21-cell expression system and 

purified using DNase-I affinity resin. The myosin ATPase rate and KM values exhibited 

by the WTrec were significantly lower (p<0.0001 and p=0.0331, ANOVA and Dunnett’s 

test) than the WT bovine actin at 3.93 ± 0.20 µM/min and 0.97 ± 0.20 µM, respectively 

(Figure 14A). These results suggest that the DNase-I purification process affected the 

ability of the ACTC variants to stimulate the ATPase activity of myosin. Therefore, our 

confidence for the accuracy of the ATPase activities obtained for the ACTC variants are 

diminished.  

 
 
 
 



55 

A 

                         
B 

                      
C 

 ATPase assay IVM assay 
Actin ATPase 

Activity 
(µM/min) 

KM (µM) Vmax (µm/sec) KM (mM) 

WT Bovine 22.7 ± 0.40 2.26 ± 0.12 3.38 ± 0.21 0.14 ± 0.03 
WTrec 3.93 ± 0.20** 0.97 ± 0.20* 3.56 ± 0.19 0.15 ± 0.03 

 
**p<0.0001 
*p=0.0331 
 
Figure 14. Comparison of myosin ATPase rates and IVM velocities for tissue-
purified WT bovine actin and WTrec. A. The ATPase rate of  WTrec was statistically 
lower than tissue-purified WT bovine actin (p<0.0001, ANOVA followed by a Dunnett’s 
test) suggesting that the DNase-I purification process may have affected the ATPase rates 
of the WTrec as well as the ACTC variants. B. The filament velocities of tissue-purified 
WT bovine actin vs. WTrec are not significantly different (p=0.9988, ANOVA followed 
by a Dunnett’s test), which gives confidence to the filament velocity comparisons for the 
ACTC variants and bovine actin. C. Table summary of the comparison of ATPase 
activity, IVM velocities, and KM values for bovine actin (6 replicates from N=1 biological 
replicate) and WTrec (3 replicates from N=1 biological replicate). Error bars represent 
standard error.  
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The newly obtained data of WTrec differing from the bovine actin prompted 

further investigation into possible effects of the purification process on the filament  

velocities in the IVM assays. The same batch of WTrec protein used for the ATPase 

assay was utilized to perform IVM assays. The filament velocity displayed by the WTrec 

protein (3.56 ± 0.19 µm/sec) was not significantly different (p=0.8887, ANOVA and a 

Dunnett’s test) from the bovine actin velocity suggesting that the purification process had 

no effect on the IVM assay data (Figure 14B). Therefore, we are more confident about 

the reliability of the data presented from the IVM assays mentioned above.  

3.3.4 Duty ratios 

Since actin and myosin interactions are required for muscle contraction, it is 

important to determine the efficiency with which such interactions are taking place. Duty  

ratios are indicators of the amount of time spent by the crossbridge cycle performing 

work (Sommese et al., 2013). In Table 2, the relative duty ratios for the ACTC variant 

proteins localized in subdomain 1 and WTrec were calculated in relation to WT bovine 

actin. The data revealed that R95C had an increased relative duty ratio (rrel) of 1.60, while 

F90Δ and H88Y were found to have lower duty ratios of 0.66 and 0.37, respectively, in 

comparison to WT bovine actin. The rrel less than bovine actin for F90Δ and H88Y 

suggest that both ACTC variants utilize a different pathway than R95C to cause the HCM 

phenotype. However, in light of the reduced ATPase activity obtained for WTrec 

compared to bovine actin, the low kcat values calculated from the ATPase rates may be 

misleading, making the duty ratios calculated for the ACTC variants unreliable.  
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Table 2. Data summary for the ACTC variants. Melting temperatures, actin-activated 
myosin ATPase rates, IVM velocity data and relative duty ratios of WT bovine cardiac 
actin and ACTC variant proteins from subdomain 1 of actin. 

 

1Since the actin-activated myosin ATPase activity for E99K was determined from one actin concentration 
the ATPase rate and the kcat values are apparent values. The E99K ATPase rate was determined using 
myosin-S1. 
2The values for Vmax and KM were found under standard ionic conditions of 25 mM KCl. 
The kcat values were determined using the myosin heavy chain MW of 486 kDa. 
The duty ratios were determined using 5 nm as the step size (δ) value of myosin. 

ACTC ATPase 
rate 

(µM/min) 

kcat 
(min-1) 

Vo 
(µm/sec)2 

KM 
(µM)2 

Duty ratio 
r 

Relative 
duty ratio 

rrel 
Bovine 22.7 ± 

0.40 
88.41 3.38 ± 

0.21 
0.14 ± 
0.03 

2.18 x 10-3 1 

R95C 20.4 ± 
0.97 

79.47 1.86 ± 
0.07 

0.27 ± 
0.03 

3.56 x 10-3 1.63 

F90Δ 11.1 ± 
0.44 

43.12 2.55 ± 
0.24 

0.17 ± 
0.06 

1.41 x 10-3 0.65 

H88Y 7.28 ± 
0.15 

28.29 2.70 ± 
0.04 

0.26 ± 
0.01 

8.74 x 10-4 0.40 

E99K 20.1 ± 
1.461 

32.161 1.93 ± 
0.10 

0.086 ± 
0.02 

8.9 x 10-2 2.26 

WTrec 3.93 ± 
0.20 

15.26 3.56 ± 
0.19 

0.15 ± 
0.03 

3.57 x 10-4 0.16 
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Chapter 4 – Discussion 
 

4.1 Generation and production of recombinant ACTC baculoviruses 
 

The ACTC variant proteins (R95C, F90Δ, and H88Y) were successfully 

expressed using the baculovirus/Sf21-cell expression system as verified by Western blots. 

The DNase-I affinity chromatography used to purify the ACTC variant proteins from the 

Sf21 cells yielded 2-3 mg of protein for 5 x 108 cells/ml. This protein yield was 

comparable to previous DNase-I protein purifications performed in the Dawson Lab 

(Mundia et al., 2012; Yates et al., 2007). The progress of purification gels were 

reproducible for all the ACTC variant proteins purified.  

 

4.2 Effects of ACTC mutations on actin protein intrinsic properties  
 

The effects of ACTC mutations on protein properties can be varied and may not 

be limited to one particular effect. The location of the ACTC mutations within the actin 

protein may shed insight on possible consequences of the mutations on protein properties. 

ACTC mutations found in subdomain 3 of actin (Y166C and R312H) have been 

demonstrated to produce deficiencies in protein stability and/or polymerization (Mundia 

et al., 2012). The Y166C ACTC variant located near the hydrophobic cleft of actin 

exhibited polymerization defects observed by an increased critical concentration (Cc) and 

atypical filaments causing a decreased Pi release rate. Meanwhile, the R312H ACTC 
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variant demonstrated compromised protein stability, increased Cc, Pi, and nucleotide 

release rates (Mundia et al., 2012). 

Mutations in subdomain 1 of actin are in the proposed actomyosin interaction 

region. Therefore, I predict that the intrinsic properties of the variant proteins will not be 

affected; instead, the molecular effects of the variants leading to disease development 

will be noticeable in actin-myosin protein interactions.  

 

4.2.1 Effects to ACTC mutations on protein stability 

Circular dichroism was used to examine intrinsic protein folding as an indicator of 

protein stability. The Tm for the R95C and F90Δ variant proteins of 56.7 ± 0.28 and 56.9 

± 0.24°C, respectively, were not significantly different from the WT bovine actin Tm of 

56.9 ± 0.26°C. This demonstrated that the ACTC variant proteins were capable of proper 

protein folding, equating to variant protein stability. Taken together, the data supports the 

prediction that mutations located in subdomain 1 of actin do not affect protein stability.  

The Tm of 60.4 ± 0.4°C for H88Y was significantly higher than bovine actin. A 

higher Tm of 68.8 ± 0.35°C, was previously seen for the E99K variant protein (Mundia et 

al., 2012). This increased value for E99K was comparable to the Tm of 67°C for F-actin.  

Further studies revealed that the E99K variant protein mimicked F-actin-like interactions 

in a condition optimized for monomeric actin (Mundia et al., 2012). The α-helix 

containing H88 also contains the E99 residue; therefore, the H88Y substitution may 

allow for a similar phenomenon to occur as seen with E99K but to a lesser degree.  
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Alternatively, the Tm obtained for the H88Y variant protein could mean that the 

substitution from a histidine to a tyrosine residue causes a shift in the α-helix where the 

residue is located, slightly affecting protein folding.  

 

4.2.2 Effects of ACTC mutations on polymerization  

The effects of the ACTC variants on actin polymerization were investigated using 

light-scattering assays as indicators of ACTC variant activity after purification. The 

polymerization profile for the F90Δ ACTC variant protein (Figure 11) displayed a similar 

nucleation, elongation, and steady-state maximum as WT bovine actin suggesting active 

variant protein after purification.  

Alternatively, the polymerization profiles of H88Y and R95C ACTC variant 

proteins exhibited similar nucleation as WT bovine actin but a more rapid elongation 

allowing for their steady-state maximum to be reached faster than WT bovine actin 

(Figure 11). In addition, the H88Y and R95C variant proteins reached steady-state 

maximums that were respectively 85% and 95% that observed from WT bovine actin. 

Both variants also exhibited a slight decrease in steady-state maximum over the duration 

of the assay, which was not observed for WT actin. The rapid elongation compared to 

WT bovine actin suggests that H88Y and R95C variant proteins self-associated at a faster 

rate than WT actin to reach their maximum steady-state. A possible explanation for these 

increased elongation rates is the formation of nuclei (dimers and trimers) in the solution 

before polymerization salts were added. This quicker elongation may have caused the 

steady-state maximum to be exceeded, explaining the slight decrease in the light-

scattering signal over the duration of the assay for the variants, as the signal levels off to 
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the proper steady state maximum. The presence of aggregates may have also affected the 

readings manifesting as faster filament elongation phase. 

Notably, two replicates, one from each H88Y and R95C, showed slower 

elongation similar to that of WT actin with steady-state maximums reaching similar 

maximums as other replicates from the same ACTC variant. These data suggest that the 

purification may have affected the purified variants, causing early self-association of the 

monomers, instead of a problem brought on by the mutations.  

As previously mentioned, a lower polymerization steady-state maximum was 

observed for the H88Y and R95C ACTC variants, which is the point at which there is no 

net change in the filament. This lower maximum may be indicative of a lack of ATP-

monomers available for addition to the already-formed filaments. Alternatively, the 

mutants may have exceeded their steady state maximums due to a more rapid elongation 

phase than WT actin. The mutant data is normalized to the WT actin data; therefore a 

more rapid elongation for the mutants, which may have exceeded the actual maximum 

steady state, could have caused a lower steady state for the mutants compared to WT 

actin. Mutant actin self-association and elongation comparable to WT actin, may allow 

for maximum steady states to be reached similar to WT actin. For our purposes, the light-

scattering profiles of the variants were taken as an indicator of purified ACTC variant 

protein activity. Therefore, the ability of the ACTC variant proteins to nucleate, elongate, 

and reach steady-state allowed us to declare active protein from purification, which may 

be used in subsequent protein-protein assays. 
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4.3 Determination of the effects of ACTC variants on binding properties  
 

 I hypothesize that the mutations in subdomain 1 of actin act through the same 

mechanism of enhanced power generation or rate of cycling due to an increased duty 

ratio of myosin, which may lead to the development of HCM. ATPase and IVM assays 

were utilized to test this hypothesis. 

 

4.3.1 Effects of ACTC variants on myosin interaction.  

The WT bovine actin Vmax was found to be 22.7 ± 0.40 μM/min with a KM value 

of 2.26 ± 0.12 μM. The R95C ACTC variant was found to have a slightly decreased Vmax 

of 20.4 ± 0.97 μM/min with an increased KM value of 4.25 ± 0.53 μM, suggesting an 

impaired actomyosin interaction. The H88Y and F90Δ ACTC variants had Vmax values of 

7.28 ± 0.15 and 11.1 ± 0.44 μM/min respectively, with associated KM values of 1.36 ± 

0.10 and 2.01 ± 0.25 μM. The observed Vmax and KM values were both lower than the 

bovine actin control values.  

The ATPase assay data showed that the ACTC variants were unable to stimulate 

the same myosin ATPase activity compared to WT. The ATPase activities were used to 

determine the Vmax value for each ACTC variant, which, along with the total myosin 

enzyme concentration, can be used to determine the kcat value, the maximum turnover rate 

of ATP hydrolysis by myosin (Sommese et al., 2013). For all the ACTC variants, a lower 

kcat value was determined compared to bovine actin (Table 2). The kcat values determined 

were used to calculate the duty ratios of myosin in the presence of the ACTC variants, 

which will be discussed later.  
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Beyond protein stability problems due to the purification method, there are two 

possibilities explaining the decrease in ATPase activity. First, the disruption in 

subdomain 1 caused by the mutations may not allow for proper ionic interactions 

between actin and myosin to form, thus preventing the proper release of Pi. Second, the 

disruptions may have caused a change in the ACTC variant binding to myosin, 

prolonging the release of ADP and delaying another ATPase cycle. Moreover, the inverse 

of kcat is the total time spent performing the ATPase cycle, tc, (Sommese et al., 2013), 

which is higher for all the ACTC variants in subdomain 1. Taken together, the changes in 

the residues in subdomain 1 of actin lead to an increased time spent undergoing the 

ATPase cycle. However, how much time of that total ATPase cycle is actually spent 

performing work requires additional information, obtainable from the IVM assays.   

 

4.3.2 Effects of varying ATP concentrations on ACTC variant filament velocities 

In IVM assays performed at standard conditions (25 mM KCl), Vmax values of 

1.86 ± 0.07, 2.70 ± 0.04, and 2.55 ± 0.24 μm/sec were determined for R95C, H88Y, and 

F90Δ, respectively. These velocities were significantly lower than WT actin (3.38 ± 0.21 

μm/sec), particularly the velocity for the R95C variant. The KM values determined for 

R95C, H88Y, and F90Δ variants were 0.27 ± 0.03, 0.26 ± 0.01, and 0.17 ± 0.06 mM, 

which are higher than the WT actin value of 0.14 ± 0.03 mM. The increased KM values 

were indicative of impaired use of substrate by myosin leading to impaired actomyosin 

interactions evident from the observed decrease in velocity.  

Additional data for the E99K variant in subdomain 1 of actin displayed a decrease 

in Vmax to nearly half that of WT actin (Dahari, 2012; Debold et al., 2010). An increase in 
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the KM value was also seen for the same ACTC mutant (Dahari, 2012). This similarity 

could suggest a pattern of incomplete catalysis of reaction leading to decreased filament 

velocity for mutations whose location is in subdomain 1 of actin.  

To determine if enhanced power generation or crossbridge cycle is the molecular 

pathway through which ACTC variants in subdomain 1 cause HCM, the Vmax values from 

the IVM assays for each ACTC variant were used to calculate the duty ratio.  

The data presented in this thesis are the first to characterize the intrinsic and 

actomyosin properties of ACTC mutations in subdomain 1 of actin. The novel findings 

show that ACTC mutations affect the interaction between actin and myosin as seen from 

the decreased ATPase activity and IVM velocities causing an increased duty ratio for 

R95C and decreased duty ratios for F90Δ and H88Y (Table 2), compared to WT bovine 

actin. 

 

4.4 Duty ratios of ACTC variants as an indicator of hypercontractility 
	  

It is thought that the genetic mutations associated with HCM allow for the 

sarcomeres to adopt a state of increased power generation or rate of crossbridge cycling 

from an increased duty ratio, which may allow for the development of the clinically 

observed hypertrophy in cardiac ventricular walls (Moore et al., 2012).  

The duty ratio of myosin, r, is the proportion of the ATPase cycle spent by 

myosin performing work. It is defined as r = δ�kcat/vo, where δ is the step size of myosin, 

kcat is the turnover number for the ATP hydrolysis by myosin, and vo is the Vmax of the 

ACTC filaments (Sommese et al., 2013). The kcat values were obtained using the Vmax and 

total enzyme concentration from the ATPase assays, while the vo values were obtained 
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from the Vmax of the ACTC filaments in the IVM assays. Knowing these values, the 

relative duty ratios for myosin when interacting with the ACTC variants were determined 

assuming a constant step size of 5 nm (Table 2).  

The duty ratio calculated for R95C was higher than WT actin while those for 

H88Y and F90Δ were lower. Similar to that of the R95C variant, previous data displayed 

a higher relative duty ratio of 2.26 for the E99K variant (Table 2) (Dahari, 2012). A high 

duty ratio for myosin when interacting with the ACTC variants compared to WT bovine 

actin is indicative of increased actomyosin interaction. Thus, both E99K and R95C spend 

more time doing work in the crossbridge cycle, while F90Δ and H88Y spend less. The 

relative duty ratios for F90Δ and H88Y are lower due to the especially low kcat from the 

ATPase assays; assuming a kcat similar to bovine actin, the decreased velocity from the 

IVM assays would have resulted in a higher duty ratio than calculated. 

 As previously mentioned, increased duty ratio may be the mechanism by which 

the ACTC variants enhance force generation, eventually leading to HCM (Sommese et 

al., 2013). I hypothesized that the ACTC variants in subdomain 1 act through the same 

mechanism of increased duty ratio. Data for the R95C and E99K ACTC mutations 

support my hypothesis, while the F90Δ and H88Y ACTC data do not. However, these 

conclusions are confounded by the impact of the ACTC purification technique on the 

myosin ATPase assay.  
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4.5 Effects of purification on protein function 
	  

Further investigation was warranted after lower than expected ATPase rates were 

observed for the F90Δ and H88Y ACTC variants. Initially, it was thought that these 

mutations resulted in unstable and/or inactive protein. Protein instability has been 

observed for other ACTC variants linked with cardiomyopathies. Using standard 

purification technique of DNase-I affinity chromatography, Mundia et al., 2012, found 

that the R312H ACTC variant was unstable, exhibiting a decreased Tm and increased Cc, 

nucleotide, and Pi release rates. The instability observed with the R312H ACTC variant 

was due to the altered residue and not due to the process used to acquire the variant 

protein. This type of mutation-induced protein instability was thought to be influencing 

the observed low myosin ATPase rates induced by F90Δ and H88Y ACTC variants. At 

the same time, light-scattering polymerization assays showed that both of these variants 

polymerized, suggesting proper folding and function.  

I thought the new batch method of DNase-I affinity purification might have 

affected the ACTC protein stability. Therefore, I decided to purify wildtype recombinant 

actin (WTrec) using the batch DNase-I affinity method and compare ATPase and IVM 

assays utilizing the recombinantly-expressed wildtype actin to tissue-purified bovine 

actin. The data obtained for the ATPase assay revealed a significantly lower ATPase rate 

for the WTrec (3.93 ± 0.20 μM/min) compared to bovine actin (22.7 ± 0.40 μM/min) 

(Figure 14A). However, the filament velocities observed for the WTrec (3.56 ± 0.19 

μm/sec) and the bovine actin (3.38 ± 0.21 μm/sec) were the same (Figure 14B). 

Therefore, I am more confident about the reliability of the data for the IVM assay but not 

for the ATPase assay.  
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A possible explanation about the observed change in the ATPase rate of the cell-

purified actin with no observed difference in the IVM filament velocities lies in the basis 

of the assays. In IVM assays, only active actin monomers will self-associate into 

polymers incorporating rhodamine-phalloidin as they polymerize thus becoming 

fluorescently labeled. In the ATPase assay, a total actin concentration is determined and 

used in the assay. Therefore, there is no method utilized to distinguish between active and 

inactive proteins, which means that the ATPase rates determined for the cell-purified 

actin proteins may have been influenced by the inactive proteins incorporated into the 

assay.  

Only properly folded actin monomers bind DNase-I resin. After washing, the 

strong binding between actin and DNase-I is weakened using formamide to partially 

denature the actin protein so it can detach from DNase-I. The actin proteins are then 

separated from the resin via centrifugation and mixed with a solution containing ATP to 

maintain protein folding. This solution of actin with ATP is loaded onto a DEAE column 

for fraction collection. I believe that the prolonged exposure of the cell-purified actin 

proteins to formamide may contribute to the production of inactive proteins that are 

incapable of proper refolding after partial denaturation. I propose that for future ACTC 

variant purifications, other purification methods should be utilized.  

To decrease the time spent of the actin proteins in the presence of formamide, a 

hybrid of the new batch and traditional column methods can be used. The resin with actin 

proteins bound can be loaded onto a column connected to a DEAE column pre-treated 

with ATP where the actin monomers eluting from the formamide treatment may re-fold 

properly in the presence of ATP, without considerable delay. This method would 
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overcome problems with the viscosity of the cell lysate while maintaining the tested 

method of on-column refolding of actin.  

Another method is G4-6 affinity chromatography, which requires no protein 

denaturation to elute actin proteins. Ohki et al., 2009, utilized the G4-6 C-terminal 

portion of gelsolin, an actin binding protein, to bind the actin proteins to be purified. The 

binding between actin and G4-6 is Ca2+ dependent, and with the use of a Ca2+-chelating 

agent, EGTA, actin proteins may be purified without use of harsh chemicals denaturants.  

 

4.6 Effects of protein purification on the calculated duty ratio 
	  

As we found that the IVM assay filament velocities were unaffected by the 

purification process, this part of the duty ratio equation remains unchanged. However, 

since the ATPase rates obtained for the ACTC variants may be inaccurate due to the 

purification process, this leads me to question the kcat values determined, along with their 

corresponding duty ratios. The duty ratio of the variant actomyosin interaction may be 

higher relative to WT bovine if the kcat values determined for the WTrec were similar to 

that of WT bovine actin. Once a different purification method is utilized, the quality of 

the purified ACTC variants will be improved providing more accurate ATPase activity 

data, which may yet change the kcat values for the ACTC variants along with the variant 

actomyosin duty ratios. 
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Chapter 5 – Conclusions and Future Directions 

5.1 Conclusions 

 Cardiovascular disease is detrimental not only to the individual but society as a 

whole. Diseases of the cardiovascular system such as primary cardiomyopathies have 

been hard to treat, however, there may be drug therapies, which may be utilized to 

alleviate the pathology. To properly treat the symptoms, increased knowledge on the 

molecular mechanisms through which the disease develops is imperative. At the 

sarcomeric level, interactions between actin and myosin allow for contraction to occur.  

Mutations in subdomain 1 of actin (R95C, F90Δ, and H88Y) proposed to interact 

with myosin have been linked to the development of HCM. This thesis is aimed at 

characterizing the intrinsic and extrinsic effects of such mutations on actin itself as well 

as its binding partners. Here it was found that ACTC proteins with mutations at the 

actomyosin interface are stable and are active upon purification to allow for 

polymerization to occur.  

The ATPase and IVM data revealed decreased actin-activated myosin ATPase 

activity as well as filament velocities for all ACTC variants. As a marker for actomyosin 

interaction, the duty ratio of myosin was determined from data obtained from both the 

ATPase and IVM data. The duty ratios revealed a higher duty ratio for R95C compared to 

WT bovine actin but lower values for the F90Δ and H88Y ACTC variants. Further 

investigation revealed that the DNase-I purification process may have affected the 

activity of the purified ACTC variant proteins, particularly when it comes to the ATPase 

activity data. Therefore, despite an accurate assessment for the ACTC variant filament 
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velocities, the duty ratio calculated for the ACTC variants may be unreliable due to 

inaccurate data obtained from the ATPase assays. Therefore, I could not confidently test 

my hypothesis.  

 

5.2 Future Directions 
	  
 Future considerations involve a less harsh purification method, such as G4-6 

affinity chromatography, to ensure active proteins are being purified. In addition, actin 

and myosin are not solitary when performing contraction. Within sarcomeres are 

myofilaments whose interactions are regulated by sarcomeric proteins, namely troponin 

and tropomyosin (Tn/Tm). To accurately determine the effects of the ACTC mutations on 

muscle contraction, the next set of assessments should involve the addition of troponin 

and tropomyosin to regulate actin and myosin interactions, as they would be in 

physiological conditions. Studies have already revealed that the detrimental effects seen 

from unregulated studies seem to be rescued upon the addition of regulatory proteins (Bai 

et al., 2014).   

Moreover, the heart is a muscle that continuously experiences load. In the IVM 

assays performed, no load was introduced which limits the information we may gather 

from the results. The addition of α-actinin mimics components of the heart that act as 

load within the sarcomeres, which myosin must overcome to move actin filaments. This 

will provide insight into the isometric force produced by the actomyosin complex in the 

presence of protein variants (Greenberg and Moore, 2010; Malmqvist et al., 2004). In the 

end, these studies are aimed to determine the molecular mechanisms affected by the 
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HCM-linked mutations so that, one day, drug therapies may alleviate the shortcomings 

that allow for the development of HCM in the population.



72 

References 
	  
Alcalai, R., Seidman, J.G., and Seidman, C.E. (2008). Genetic basis of hypertrophic 
cardiomyopathy: from bench to the clinics. J. Cardiovasc. Electrophysiol. 19, 104–110. 
 
Alwan, A.D., Galea, G., and Stuckler, D. (2011). Development at risk: addressing 
noncommunicable diseases at the United Nations high-level meeting. Bull. World Health 
Organ. 89, 546–546A. 
 
Andersland, J.M., Jagendorf, A.T., and Parthasarathy, M.V. (1992). The isolation of actin 
from pea roots by DNase I affinity chromatography. Plant Physiol. 100, 1716–1723. 
 
Bai, F., Weis, A., Takeda, A.K., Chase, P.B., and Kawai, M. (2011). Enhanced active 
cross-bridges during diastole: molecular pathogenesis of tropomyosin’s HCM mutations. 
Biophys. J. 100, 1014–1023. 
 
Bai, F., Caster, H.M., Rubenstein, P.A., Dawson, J.F., and Kawai, M. (2014). Using 
baculovirus/insect cell expressed recombinant actin to study the molecular pathogenesis 
of HCM caused by actin mutation A331P. J. Mol. Cell. Cardiol. 74, 64–75. 
 
Behrmann, E. (2012). Structure of the rigor actin-tropomyosin-myosin complex. Cell 
150, 327–338. 
 
Billeter, R., Weber, H., Lutz, H., Howald, H., Eppenberger, H.M., and Jenny, E. (1980). 
Myosin types in human skeletal muscle fibers. Histochemistry 65, 249–259. 

Bloom, D.E., Cafiero, E.T., Jané-Llopis, E., Abrahams-Gessel, S., Bloom, L.R., Fathima, 
S., Feigl, A.B., Gaziano, T., Mowafi, M., Pandya, A., et al. (2011). The global economic 
burden of noncommunicable diseases. Geneva: World Economic Forum.  

Bookwalter, C.S., and Trybus, K.M. (2006). Functional consequences of a mutation in an 
expressed human α-Cardiac actin at a site implicated in familial hypertrophic 
cardiomyopathy. J. Biol. Chem. 281, 16777–16784. 
 
Bottinelli, R., Coviello, D.A., Redwood, C.S., Pellegrino, M.A., Maron, B.J., Spirito, P., 
Watkins, H., and Reggiani, C. (1998). A mutant tropomyosin that causes hypertrophic 
cardiomyopathy is expressed in vivo and associated with an increased calcium sensitivity. 
Circ. Res. 82, 106–115. 
 
Campbell, S.G., and McCulloch, A.D. (2011). Multi-scale computational models of 
familial hypertrophic cardiomyopathy: genotype to phenotype. J. R. Soc. Interface 8, 
1550–1561. 
 



73 

Carlier, M.F., Pantaloni, D., and Korn, E.D. (1986). The effects of Mg2+ at the high-
affinity and low-affinity sites on the polymerization of actin and associated ATP 
hydrolysis. J. Biol. Chem. 261, 10785–10792. 
 
Chan, D.K.L., and Veinot, D.J.P. (2011). Cardiomyopathies. In anatomic basis of 
echocardiographic diagnosis, (Springer London), pp. 145–172. 
 
Chung, M.-W., Tsoutsman, T., and Semsarian, C. (2003). Hypertrophic cardiomyopathy: 
from gene defect to clinical disease. Cell Res. 13, 9–20. 
 
Cooper, J.A., Buhle, E.L., Jr, Walker, S.B., Tsong, T.Y., and Pollard, T.D. (1983). 
Kinetic evidence for a monomer activation step in actin polymerization. Biochemistry 22, 
2193–2202. 
 
Dahari, M. (2012). Effects of cardiomyopathy-related mutations in the alpha-cardiac 
actin on the actomyosin complex. Retrived from University of Guelph Library.  
 
Debold, E.P., Saber, W., Cheema, Y., Bookwalter, C.S., Trybus, K.M., Warshaw, D.M., 
and VanBuren, P. (2010). Human actin mutations associated with hypertrophic and 
dilated cardiomyopathies demonstrate distinct thin filament regulatory properties in vitro. 
J. Mol. Cell. Cardiol. 48, 286. 
 
Van Dijk, S.J., Dooijes, D., dos Remedios, C., Michels, M., Lamers, J.M.J., Winegrad, 
S., Schlossarek, S., Carrier, L., ten Cate, F.J., Stienen, G.J.M., et al. (2009). Cardiac 
myosin-binding protein C mutations and hypertrophic cardiomyopathy: 
haploinsufficiency, deranged phosphorylation, and cardiomyocyte dysfunction. 
Circulation 119, 1473–1483. 
 
Von der Ecken, J., Müller, M., Lehman, W., Manstein, D.J., Penczek, P.A., and Raunser, 
S. (2014). Structure of the F-actin-tropomyosin complex. Nature advance online 
publication. 
	  
Dominguez, R., and Holmes, K.C. (2011). Actin structure and function. Annu. Rev. 
Biophys. 40, 169–186. 
 
Van Driest, S.L., Ellsworth, E.G., Ommen, S.R., Tajik, A.J., Gersh, B.J., and Ackerman, 
M.J. (2003). Prevalence and spectrum of thin filament mutations in an outpatient referral 
population with hypertrophic cardiomyopathy. Circulation 108, 445–451. 
	  
Farman, G.P., Muthu, P., Kazmierczak, K., Szczesna-Cordary, D., and Moore, J.R. 
(2014). Impact of familial hypertrophic cardiomyopathy-linked mutations in the NH2 
terminus of the RLC on β-myosin cross-bridge mechanics. J. Appl. Physiol. 117, 1471–
1477. 
 
Fatkin, D., and Graham, R.M. (2002). Molecular mechanisms of inherited 
cardiomyopathies. Physiol. Rev. 82, 945–980. 



74 

 
Frazier, A.H., Ramirez-Correa, G.A., and Murphy, A.M. (2011). Molecular mechanisms 
of sarcomere dysfunction in dilated and hypertrophic cardiomyopathy. Prog. Pediatr. 
Cardiol. 31, 29–33. 
 
Fujii, T., Iwane, A.H., Yanagida, T., and Namba, K. (2010). Direct visualization of 
secondary structures of F-actin by electron cryomicroscopy. Nature 467, 724–728. 
 
Gaziano, T.A. (2005). Cardiovascular disease in the developing world and its cost-
effective management. Circulation 112, 3547–3553. 
 
Gershman, L.C., Selden, L.A., and Estes, J.E. (1986). High affinity binding of divalent 
cation to actin monomer is much stronger than previously reported. Biochem. Biophys. 
Res. Commun. 135, 607–614. 
 
Gomes, A.V., Venkatraman, G., Davis, J.P., Tikunova, S.B., Engel, P., Solaro, R.J., and 
Potter, J.D. (2004). Cardiac troponin T isoforms affect the Ca2+ sensitivity of force 
development in the presence of slow skeletal troponin I: insights into the role of troponin 
T isoforms in the fetal heart. J. Biol. Chem. 279, 49579–49587. 
 
Gordon, A.M., Regnier, M., and Homsher, E. (2001). Skeletal and cardiac muscle 
contractile activation: tropomyosin “rocks and rolls.” News Physiol. Sci. 16, 49–55. 
 
Gordon, A.M., Homsher, E., and Regnier, M. (2000). Regulation of contraction in 
striated muscle. Physiol. Rev. 80, 853–924. 
 
Greenberg, M.J., and Moore, J.R. (2010). The molecular basis of frictional loads in the in 
vitro motility assay with applications to the study of the loaded mechanochemistry of 
molecular motors. Cytoskelet. 67, 273–285. 
 
Hanson, J., and Lowy, J. (1963). The structure of F-actin and of actin filaments isolated 
from muscle. J. Mol. Biol. 6, 46–IN5. 
 
Harris, S.P., Bartley, C.R., Hacker, T.A., McDonald, K.S., Douglas, P.S., Greaser, M.L., 
Powers, P.A., and Moss, R.L. (2002). Hypertrophic cardiomyopathy in cardiac myosin 
binding protein-C knockout mice. Circ. Res. 90, 594–601. 
 
Harris, S.P., Lyons, R.G., and Bezold, K.L. (2011). In the thick of it: HCM-causing 
mutations in myosin binding proteins of the thick filament. Circ. Res. 108, 751–764. 
 
Harvey, P.A., and Leinwand, L.A. (2011). Cellular mechanisms of cardiomyopathy. J. 
Cell Biol. 194, 355–365. 
 
Jacoby, D., and McKenna, W.J. (2012). Genetics of inherited cardiomyopathy. Eur. Heart 
J. 33, 296–304. 
 



75 

Jarcho, J.A., McKenna, W., Pare, J.A., Solomon, S.D., Holcombe, R.F., Dickie, S., Levi, 
T., Donis-Keller, H., Seidman, J.G., and Seidman, C.E. (1989). Mapping a gene for 
familial hypertrophic cardiomyopathy to chromosome 14q1. N. Engl. J. Med. 321, 1372–
1378. 
 
Jefferies, J.L., and Towbin, J.A. (2010). Dilated cardiomyopathy. The Lancet 375, 752–
762. 
 
Kabsch, W., Mannherz, H.G., Suck, D., Pai, E.F., and Holmes, K.C. (1990). Atomic 
structure of the actin:DNase I complex. Nature 347, 37–44. 
 
Kärkkäinen, S., and Peuhkurinen, K. (2007). Genetics of dilated cardiomyopathy. Ann. 
Med. 39, 91–107. 
 
Kaski, J.P., Syrris, P., Esteban, M.T.T., Jenkins, S., Pantazis, A., Deanfield, J.E., 
McKenna, W.J., and Elliott, P.M. (2009). Prevalence of sarcomere protein gene 
mutations in preadolescent children with hypertrophic cardiomyopathy. Clinical 
Perspective. Circ. Cardiovasc. Genet. 2, 436–441. 
 
Khoo, M.S.C., Mestroni, L., and Taylor, M.R.G. (2010). Dilated cardiomyopathy. In 
clinical approach to sudden cardiac death syndromes, R. Brugada, ed. (Springer London), 
pp. 179–190. 
 
Kitts, P.A., and Possee, R.D. (1993). A method for producing recombinant baculovirus 
expression vectors at high frequency. BioTechniques 14, 810–817. 
 
Kron, S.J., Drubin, D.G., Botstein, D., and Spudich, J.A. (1992). Yeast actin filaments 
display ATP-dependent sliding movement over surfaces coated with rabbit muscle 
myosin. Proc. Natl. Acad. Sci. 89, 4466–4470. 
 
Kudryashov, D.S., and Reisler, E. (2013). ATP and ADP actin states. Biopolymers 99, 
245–256. 
 
Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227, 680–685. 
 
Lakdawala, N.K., Funke, B.H., Baxter, S., Cirino, A.L., Roberts, A.E., Judge, D.P., 
Johnson, N., Mendelsohn, N.J., Morel, C., Care, M., et al. (2012). Genetic testing for 
dilated cardiomyopathy in clinical practice. J. Card. Fail. 18, 296–303. 
 
Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D., and Darnell, J. 
(2000). The Dynamics of Actin Assembly. 
 
Lorenz, M., and Holmes, K.C. (2010). The actin-myosin interface. Proc. Natl. Acad. Sci. 
107, 12529–12534. 
 



76 

Luther, P.K., and Vydyanath, A. (2011). Myosin binding protein-C: an essential protein 
in skeletal and cardiac muscle. J. Muscle Res. Cell Motil. 31, 303–305. 
 
Lutz, H., Ermini, M., Jenny, E., and Joris, F. (1978). The influence of aging on the 
myosin type of the rabbit soleus and longissimus dorsi muscles. Aktuelle Gerontol. 8, 
667–673. 
	  
Malmqvist, U.P., Aronshtam, A., and Lowey, S. (2004). Cardiac myosin isoforms from 
different species have unique enzymatic and mechanical properties. Biochemistry 43, 
15058–15065. 
 
Mannherz, H.G., Goody, R.S., Konrad, M., and Nowak, E. (1980). The interaction of 
bovine pancreatic deoxyribonuclease I and skeletal muscle actin. Eur. J. Biochem. 104, 
367–379. 
 
Margossian, S.S., and Lowey, S. (1982). Preparation of myosin and its subfragments 
from rabbit skeletal muscle. Methods Enzymol. 85, 55–71. 
 
Marian, A.J. (2008). The genetic basis of cardiomyopathy. Curr. Cardiovasc. Risk Rep. 2, 
468–475. 
 
Marian, A.J. (2010). Hypertrophic cardiomyopathy: from genetics to treatment. Eur. J. 
Clin. Invest. 40, 360–369. 
 
Maron, B.J. (2003). Contemporary considerations for risk stratification, sudden death and 
prevention in hypertrophic cardiomyopathy. Heart 89, 977–978. 
 
Maron, M.S. (2013). A paradigm shift in our understanding of the development of the 
hypertrophic cardiomyopathy phenotype? Not so fast! Circulation 127, 10–12. 
 
Maron, B.J., and Maron, M.S. (2015). The 20 advances that have defined contemporary 
hypertrophic cardiomyopathy. Trends Cardiovasc. Med. 25, 54–64. 
 
Maron, B.J., Gardin, J.M., Flack, J.M., Gidding, S.S., Kurosaki, T.T., and Bild, D.E. 
(1995). Prevalence of hypertrophic cardiomyopathy in a general population of young 
adults. Echocardiographic analysis of 4111 subjects in the CARDIA Study. Coronary 
Artery Risk Development in (Young) Adults. Circulation 92, 785–789. 
 
Marston, S.B. (2011). How do mutations in contractile proteins cause the primary 
familial cardiomyopathies? J Cardiovasc. Transl. Res. 4, 245–255. 
 
Mather, J. and Roberts, P. (1998). Introduction to cell and tissue culture: theory and 
technique. New York: Springer US 
 



77 

Mathur, M.C., Chase, P.B., and Chalovich, J.M. (2011). Several cardiomyopathy causing 
mutations on tropomyosin either destabilize the active state of actomyosin or alter the 
binding properties of tropomyosin. Biochem. Biophys. Res. Commun. 406, 74–78. 
 
Michele, D.E., Albayya, F.P., and Metzger, J.M. (1999). Direct, convergent 
hypersensitivity of calcium-activated force generation produced by hypertrophic 
cardiomyopathy mutant α-tropomyosins in adult cardiac myocytes. Nat. Med. 5, 1413–
1417. 
 
Moak, J.P., and Kaski, J.P. (2012). Hypertrophic cardiomyopathy in children. Heart Br. 
Card. Soc. 98, 1044–1054. 
 
Mogensen, J., Klausen, I.C., Pedersen, A.K., Egeblad, H., Bross, P., Kruse, T.A., 
Gregersen, N., Hansen, P.S., Baandrup, U., and Børglum, A.D. (1999). α-cardiac actin is 
a novel disease gene in familial hypertrophic cardiomyopathy. J. Clin. Invest. 103, R39–
R43. 
 
Mogensen, J., Perrot, A., Andersen, P., Havndrup, O., Klausen, I., Christiansen, M., 
Bross, P., Egeblad, H., Bundgaard, H., Osterziel, K., et al. (2004). Clinical and genetic 
characteristics of α cardiac actin gene mutations in hypertrophic cardiomyopathy. J. Med. 
Genet. 41, e10. 
 
Molloy, J.E., Burns, J.E., Kendrick-Jones, J., Tregear, R.T., and White, D.C.S. (1995). 
Movement and force produced by a single myosin head. Nature 378, 209–212. 
 
Moore, J.R., Leinwand, L., and Warshaw, D.M. (2012). Understanding cardiomyopathy 
phenotypes based on the functional impact of mutations in the myosin motor. Circ. Res. 
111, 375–385. 
 
Morimatsu, M., Togashi, Y., Nishikawa, S., Sugawa, M., Iwane, A.H., and Yanagida, T. 
(2012). Spontaneous structural changes in actin regulate G-F transformation. PLoS ONE 
7, e45864. 
 
Morimoto, S. (2008). Sarcomeric proteins and inherited cardiomyopathies. Cardiovasc. 
Res. 77, 659–666. 
 
Morita, H., Seidman, J., and Seidman, C.E. (2005). Genetic causes of human heart 
failure. J. Clin. Invest. 115, 518–526. 
 
Morita, H., Rehm, H.L., Menesses, A., McDonough, B., Roberts, A.E., Kucherlapati, R., 
Towbin, J.A., Seidman, J.G., and Seidman, C.E. (2008). Shared genetic causes of cardiac 
hypertrophy in children and adults. N. Engl. J. Med. 358, 1899–1908. 
 
Müller, M., Mazur, A.J., Behrmann, E., Diensthuber, R.P., Radke, M.B., Qu, Z., Littwitz, 
C., Raunser, S., Schoenenberger, C.A., Manstein, D.J., et al. (2012). Functional 



78 

characterization of the human α-cardiac actin mutations Y166C and M305L involved in 
hypertrophic cardiomyopathy. Cell. Mol. Life Sci. 69, 3457–3479. 
 
Mundia, M.M., Demers, R.W., Chow, M.L., Perieteanu, A.A., and Dawson, J.F. (2012). 
Subdomain location of mutations in cardiac actin correlate with type of functional 
change. PLoS ONE 7, e36821. 
 
Narolska, N.A., van Loon, R.B., Boontje, N.M., Zaremba, R., Penas, S.E., Russell, J., 
Spiegelenberg, S.R., Huybregts, M. a. J.M., Visser, F.C., de Jong, J.W., et al. (2005). 
Myocardial contraction is 5-fold more economical in ventricular than in atrial human 
tissue. Cardiovasc. Res. 65, 221–229. 
 
Neidl, C., and Engel, J. (1979). Exchange of ADP, ATP and 1: N6-ethenoadenosine 5’-
triphosphate at G-actin. Equilibrium and kinetics. Eur. J. Biochem. 101, 163–169. 
 
O’Reilly, D.R., Miller, L.K., and Luckow, V.A. (1994). Baculovirus expression 
vectors:A laboratory manual. New York: Oxford University Press, Inc. 
Oda, T., Iwasa, M., Aihara, T., Maéda, Y., and Narita, A. (2009). The nature of the 
globular- to fibrous-actin transition. Nature 457, 441–445. 
 
Ohki, T., Ohno, C., Oyama, K., Mikhailenko, S.V., and Ishiwata, S. (2009). Purification 
of cytoplasmic actin by affinity chromatography using the C-terminal half of gelsolin. 
Biochem. Biophys. Res. Commun. 383, 146–150. 
 
Olivotto, I., Girolami, F., Ackerman, M.J., Nistri, S., Bos, J.M., Zachara, E., Ommen, 
S.R., Theis, J.L., Vaubel, R.A., Re, F., et al. (2008). Myofilament protein gene mutation 
screening and outcome of patients with hypertrophic cardiomyopathy. Mayo Clin. Proc. 
83, 630–638. 
 
Olson, T.M., Michels, V.V., Thibodeau, S.N., Tai, Y.S., and Keating, M.T. (1998). Actin 
mutations in dilated cardiomyopathy, a heritable form of heart failure. Science 280, 750–
752. 
 
Olson, T.M., Doan, T.P., Kishimoto, N.Y., Whitby, F.G., Ackerman, M.J., and 
Fananapazir, L. (2000). Inherited and de novo mutations in the cardiac actin gene cause 
hypertrophic cardiomyopathy. J. Mol. Cell. Cardiol. 32, 1687–1694. 
 
Osterziel, K.J., and Perrot, A. (2005). Dilated cardiomyopathy: more genes means more 
phenotypes. Eur. Heart J. 26, 751–754. 
 
Patel, V., and Elliott, P. (2012). Sudden death in athletes. Clin. Med. 12, 253–256. 
 
Perieteanu, A.A., Sweeting, B., and Dawson, J.F. (2008). The real-time monitoring of the 
thermal unfolding of tetramethylrhodamine-labeled actin. Biochemistry 47, 9688–9696. 
 



79 

Perrot, A., Dietz, R., and Osterziel, K.J. (2007). Is there a common genetic basis for all 
familial cardiomyopathies? Eur. J. Heart Fail. 9, 4–6. 
 
Pollard, T.D. (1990). Actin. Curr. Opin. Cell Biol. 2, 33–40. 
 
Rayment, I., Holden, H.M., Whittaker, M., Yohn, C.B., Lorenz, M., Holmes, K.C., and 
Milligan, R.A. (1993). Structure of the actin-myosin complex and its implications for 
muscle contraction. Science 261, 58(8). 
 
Reiser, P.J., Moss, R.L., Giulian, G.G., and Greaser, M.L. (1985). Shortening velocity in 
single fibers from adult rabbit soleus muscles is correlated with myosin heavy chain 
composition. J. Biol. Chem. 260, 9077–9080. 
 
Reiser, P.J., Portman, M.A., Ning, X.H., and Schomisch Moravec, C. (2001). Human 
cardiac myosin heavy chain isoforms in fetal and failing adult atria and ventricles. Am. J. 
Physiol. Heart Circ. Physiol. 280, H1814–H1820. 
 
Remedios, C.G.D., Chhabra, D., Kekic, M., Dedova, I.V., Tsubakihara, M., Berry, D.A., 
and Nosworthy, N.J. (2003). Actin binding proteins: regulation of cytoskeletal 
microfilaments. Physiol. Rev. 83, 433–473. 
 
Rutkevich, L.A., Teal, D.J., and Dawson, J.F. (2006). Expression of actin mutants to 
study their roles in cardiomyopathy. Can. J. Physiol. Pharmacol. 84, 111–119. 
 
Saez, L.J., Gianola, K.M., McNally, E.M., Feghali, R., Eddy, R., Shows, T.B., and 
Leinwand, L.A. (1987). Human cardiac myosin heavy chain genes and their linkage in 
the genome. Nucleic Acids Res. 15, 5443–5459. 
 
Sakata, Y., and Shimokawa, H. (2013). Epidemiology of heart failure in Asia. Circ. J. 
Off. J. Jpn. Circ. Soc. 77, 2209–2217. 
 
Schafer, D.A., Jennings, P.B., and Cooper, J.A. (1998). Rapid and efficient purification 
of actin from nonmuscle sources. Cell Motil. Cytoskeleton 39, 166–171. 
 
Schiaffino, S., and Gorza, L. (1986). Cardiac myosins and myocardial contraction. G. 
Ital. Cardiol. 16, 680–695. 
 
Seidman, J.G., and Seidman, C. (2001). The genetic basis for cardiomyopathy: from 
mutation identification to mechanistic paradigms. Cell 104, 557–567. 
 
Sommese, R.F., Sung, J., Nag, S., Sutton, S., Deacon, J.C., Choe, E., Leinwand, L.A., 
Ruppel, K., and Spudich, J.A. (2013). Molecular consequences of the R453C 
hypertrophic cardiomyopathy mutation on human β-cardiac myosin motor function. Proc. 
Natl. Acad. Sci. 110, 12607–12612. 
 



80 

Song, W., Dyer, E., Stuckey, D.J., Copeland, O., Leung, M.C., Bayliss, C., Messer, A., 
Wilkinson, R., Tremoleda, J.L., Schneider, M.D., et al. (2011). Molecular mechanism of 
the E99K mutation in cardiac actin (ACTC gene) that causes apical hypertrophy in man 
and mouse. J. Biol. Chem. 286, 27582–27593. 
 
Spudich, J.A. (2001). The myosin swinging cross-bridge model. Nat. Rev. Mol. Cell 
Biol. 2, 387–392. 
 
Spudich, J.A., and Watt, S. (1971). The regulation of rabbit skeletal muscle contraction I. 
Biochemical studies of the interaction of the tropomyosin-troponin complex with actin 
and the proteolytic fragments of myosin. J. Biol. Chem. 246, 4866–4871. 
 
Syamaladevi, D.P., Spudich, J.A., and Sowdhamini, R. (2012). Structural and functional 
insights on the myosin superfamily. Bioinforma. Biol. Insights 6, 11–21. 
 
Tardiff, J.C. (2005). Sarcomeric proteins and familial hypertrophic cardiomyopathy: 
linking mutations in structural proteins to complex cardiovascular phenotypes. Heart Fail. 
Rev. 10, 237–248. 
 
Tendera, M. (2004). The epidemiology of heart failure. J. Renin Angiotensin Aldosterone 
Syst. 5, S2–S6. 
 
Trybus, K.M. (2000). Biochemical studies of myosin. Methods 22, 327–335. 
 
Watkins, H., Ashrafian, H., and Redwood, C. (2011). Inherited cardiomyopathies. N. 
Engl. J. Med. 364, 1643–1656. 
 
Wegner, A. (1976). Head to tail polymerization of actin. J. Mol. Biol. 108, 139–150. 
 
Wegner, A., and Isenberg, G. (1983). 12-fold difference between the critical monomer 
concentrations of the two ends of actin filaments in physiological salt conditions. Proc. 
Natl. Acad. Sci. U. S. A. 80, 4922–4925. 
 
Yates, S.P., Otley, M.D., and Dawson, J.F. (2007). Overexpression of cardiac actin with 
baculovirus is promoter dependent. Arch. Biochem. Biophys. 466, 58–65. 
 
 
 
 
	  
 


