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ABSTRACT
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Hypertrophic cardiomyopathy (HCM) is a common inherited cardiovascular disease linked
to sarcomere proteins. Over many years of research, a common hypothesis for this disease has
emerged: protein variants cause an increase in calcium (Ca2+) sensitivity that leads to greater
contractility, resulting in hypertrophy characteristic of HCM. Only one protein has shown to
contradict this hypothesis, the α-cardiac actin (ACTC) variant A331P. In this thesis, A331P-ACTC
was compared to wild-type recombinant- (WTrec-) ACTC and found to have a decrease in Ca2+
sensitivity, but with residual activity at low Ca2+ concentration, based on the actin-activated
myosin ATPase and in vitro motility assays. My results indicate that Ca2+ sensitivity should not
be the sole focus of research, which is supported by recent publications that raise additional
considerations regarding HCM progression besides an increase in Ca2+ sensitivity. Finally, my
research suggests that residual constitutive contraction is an additional mechanism for HCM
development.
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Introduction

1.1

Research Overview
Hypertrophic cardiomyopathy (HCM) is the most commonly inherited heart disease, with

approximately 1 in 200 people positive for an HCM-linked mutation (1). The vast majority of
identified mutations have been found in genes related to the sarcomere, including -cardiac actin
(ACTC1; 2–4). A general trend has emerged from studying sarcomeric mutations: protein variants
cause a change in calcium ion (Ca2+) regulation at the myofilament level, with an increase in Ca2+
sensitivity being most commonly observed in HCM (5, 6). Changes found in -tropomyosin,
cardiac troponin, and myosin light chain have shown increased Ca2+ sensitivity, supporting this
concept (7).
Of the numerous genes linked to HCM, mutations in ACTC1 are among the least
characterized; this gene encodes -cardiac actin (ACTC), a key protein in the cardiac thin filament.
To date, 12 mutations have been identified in ACTC1 related to HCM (8–16), with 10 of these
being characterized to some degree (reviewed in 17). While several of these mutations have been
investigated in conjunction with regulatory proteins, there is one particular variant that stands out:
A331P is the only HCM-linked ACTC variant that shows a decrease in Ca2+ sensitivity (18). The
discovery of an exception to the Ca2+ sensitivity hypothesis raises several questions regarding its
universality for HCM mutations, as it may not provide a complete picture of the molecular
mechanisms that lead to HCM.
As there has only been one published paper examining the interaction of A331P-ACTC
with regulatory proteins, gaining a more complete picture of this relationship would provide
greater insight into the importance of thin filament regulation to HCM progression.
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Global Goal:
To investigate the universality of increased Ca2+ sensitivity in HCM-linked thin filament
mutations.
To ascertain the effect of A331P-ACTC on thin filament regulation, experiments will probe
the interaction between actin and regulatory proteins and assess whether the variant causes an
increase in Ca2+ sensitivity in the presence of myosin.
Hypothesis:
The HCM-linked ACTC variant A331P will show an increase in Ca2+ sensitivity in accordance
with the overall hypothesis of the properties of HCM variants.
1.2

Cardiovascular Disease
Cardiovascular disease (CVD) is the leading cause of death worldwide, and a great burden

on global healthcare systems (19, 20). According to the World Health Organization, approximately
31% of all global deaths are attributable to CVDs, which include hypertension, myocardial
infarction, stroke, and cardiomyopathy (http://www.who.int/cardiovascular_diseases/en/). There
are many contributing factors to the development of CVD, including lifestyle choices (tobacco
use, lack of physical activity), pre-existing medical conditions (diabetes, metabolic syndromes),
and genetics (21). While there are some medical or lifestyle interventions that can be implemented
to reduce the impact of certain CVDs, not all conditions are preventable or treatable.
In a normal heart, blood is pumped from the atria into the ventricle during systole, and
from the ventricle to the pulmonary and systemic circulation during diastole (22, 23). In a disease
state, cardiac muscle cells or myocytes may undergo remodeling to attempt to compensate for the
disease; this remodeling is primarily through dilation or hypertrophy (22). Although sarcomeres
are added in both dilation and hypertrophy, the former produces thinner myocardium, while the
latter leads to thickening of the muscle. In dilation, cardiac sarcomeres are elongated and added
end to end (24), while in hypertrophy they are added side by side, thickening the muscle (25).
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When heart tissue is damaged, cardiac myocytes can increase in size by increasing protein
production, leading to greater left ventricular (LV) mass intended to maintain blood flow (26). In
addition to greater protein production, there can be a shift in isoform expression and
phosphorylation throughout a diseased heart (27, 28). Failing myocardium has been shown to have
a decrease in -adrenergic stimulation, which reduces the activity of protein kinase A; this, in turn,
limits the degree of phosphorylation for several important cardiac proteins that will be expanded
upon in section 4.6.3, impacting contraction (27). If these processes continue after normal
circulation has been restored, it is considered maladaptive and can result in greatly increased
ventricular muscle mass, scarring and fibrosis, and ultimately a decrease in cardiac function (22,
26). The underlying mechanisms for compensatory remodeling in heart failure have not been fully
elucidated and remain a topic of interest for researchers and clinicians.
Certain CVDs are not the result of tissue damage or increased load, but rather caused by
mutations in cardiac genes. Although genetics are involved in nearly every CVD, some are much
more directly influenced than others (21). These diseases can have very similar molecular or gross
anatomical features, but drastically different underlying causes. Family history is one important
determinant of genetic disease, and CVD is no exception; identification of related individuals with
a similar phenotype can aid in screening for the causative mutation(s) of a particular disease (29).
The challenges associated with genetic testing of CVDs include variable expression, penetrance
and clinical phenotype for individual patients, as even family members that share the same
mutation can have vastly different symptoms (30).
More recently, linkage analysis and genome wide association studies have been used to
identify known and novel disease markers, and allow researchers and clinicians to connect
mutations with complex CVDs (31, 32). One of the earliest discoveries of genetics causing CVD
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was in hypertrophic cardiomyopathy, where researchers linked the disease to a mutation in the myosin heavy chain gene (33). Since that discovery, many other genes have been implicated in the
pathogenesis of hypertrophic cardiomyopathy.
1.3

Hypertrophic Cardiomyopathy
The most commonly inherited heart diseases are known as cardiomyopathies and involve

changes in the heart muscle. There are three main types of cardiomyopathy: hypertrophic, dilated,
and restrictive, with the first two being more common (21, 29). In HCM, genetic mutations can
lead to a thickening of the LV, myocyte disarray, and fibrosis; these mutations often occur in genes
related to the sarcomere, and over 1,400 unique mutations have been discovered to date (4, 29,
34).
HCM is a genetically and phenotypically heterogeneous disease but is clinically diagnosed
with a physical examination, typically followed by electrocardiography or diagnostic imaging such
as 2D-echocardiography or MRI (35). Echocardiography is the primary tool for definitive HCM
diagnosis, used to assess the degree of hypertrophy that is often seen throughout the
interventricular septum and ventricle wall (Figure 1C; 36). More recently, commercial genetic
testing panels have become available for HCM-linked genes, and are used primarily for identifying
at-risk first-degree relatives of patients with HCM, or to determine if another suspected disease is
responsible for hypertrophy (37, 38). Genetic testing is becoming increasingly relevant in the
diagnosis of HCM, especially given the complex clinical presentation of the disease and relative
ease and availability of genetic testing panels.
Clinical investigation of HCM patients and pedigrees has helped identify a myriad of
disease-related genes, and more mutations. Over the past 30 years, more than 1,400 mutations have
been found related to HCM; the vast majority of these have been in either myosin binding protein-
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Figure 1: Comparison of a normal heart and one exhibiting HCM. A) Cross section of a normal
heart showing no hypertrophy of the ventricle or interventricular septum. B) Photomicrograph of
normal cardiomyocytes (stained with hematoxylin-eosin) showing regular linear arrangement. C)
Cross section of an HCM heart showing substantial ventricular wall and interventricular septal
hypertrophy, significantly reducing chamber size. D) Photomicrograph of HCM cardiomyocytes
(stained with hematoxylin-eosin) showing significant sarcomere disarray and hypertrophy. Figure
modified with permission from Dr. William D. Edwards (Department of Laboratory Medicine,
Mayo Clinic, Rochester MN).
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C (MYBPC3) or -myosin heavy chain (MYH7), together accounting for approximately threequarters of all HCM cases (39). HCM is primarily inherited as an autosomal dominant disease,
which reinforces the necessity of familial screening in the diagnosis of HCM (4). With the vast
amount of information available regarding genetic changes in HCM, the specific disease-causing
mutation can be reliably identified in approximately 50% of patients (40). However, there has been
great difficulty in establishing genotype-phenotype correlations for HCM, as even family members
positive for the same mutation may have different physiological presentations. The differential
presentation of HCM highlights the variable phenotype of the disease and suggests that additional
factors contribute to HCM progression (41).
HCM is unique among CVDs as it can present at any age, from infancy through puberty
and into adulthood (36). It is also heterogeneous in phenotype, making it a difficult disease to
diagnose in certain cases. Hypertrophy can be apical, asymmetrical or concentric, or completely
absent as in genotype-positive phenotype-negative HCM (42). Patients with severe ventricular
wall thickening, typically greater than 30 mm, have an increased risk for sudden cardiac death
(SCD) compared to those with a more mild phenotype (6). Hypertrophy is not the sole determinant
of heart performance, however, as no correlation was found between LV wall thickness and degree
of diastolic filling impairment in a heterogeneous HCM cohort (43). Myocyte disarray is another
disease hallmark (Figure 1D), with the degree of disarray and fibrosis typically much higher in
patients with HCM than other CVDs (6). Disarray is also thought to be indicative of a higher risk
of SCD, but does not always correlate with an increase in LV mass or thickness (44, 45). Overall,
the disease mechanisms that underlie HCM are not entirely understood, and the heterogeneity of
the disease makes drawing definitive conclusions difficult. In the vast majority of HCM cases,
however, variant sarcomeric proteins have been implicated in pathogenesis.
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Mutations have been identified in sarcomere genes that lead to the expression of variant
proteins, and ultimately the HCM disease state. Mutations in MYBPC3 often lead to the expression
of truncated proteins that are not incorporated into the sarcomere, resulting in haploinsufficiency
and disease progression (5). For other sarcomeric genes, including MYH7, TNNT2, TPM1, and
ACTC1, missense mutations and deletions are more common, where variant proteins are often
incorporated into the sarcomere, and have a dominant negative effect on contraction or regulation
(5, 46). The impact on the sarcomere depends on the particular protein and the nature of the amino
acid change and can be subtle or extremely pronounced. Since there is a considerable body of
evidence implicating thick and thin filament mutations in HCM, the structure, role and interactions
of sarcomeric proteins will be discussed.
1.4

Sarcomeric Proteins
A sarcomere is the fundamental unit of muscle contraction and, in the heart, is responsible

for generating force used to pump blood throughout the body (Figure 2). The main components
include myosin thick filaments and actin thin filaments, which interact via the cross-bridge cycle
to generate contractile force using ATP for energy. In addition to myosin and actin, there are
regulatory and support proteins such as the troponin complex (Tn), tropomyosin (Tm), cardiac
myosin binding protein-C (cMyBP-C), titin, and others. Figure 2 highlights many of the HCMlinked sarcomere proteins, with their relative mutation frequencies in unrelated genotype-positive
patients (41). Many of these sarcomeric proteins are outside the scope of this thesis, but important
players will be expanded upon in this section.
1.4.1

Myosin
Myosins are a large superfamily of motor proteins, separated into at least 35 classes based
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Figure 2: Diagram of thick and thin filament proteins of the cardiac sarcomere. Important
proteins are labeled with the relative frequency of mutations in each respective gene found in
unrelated patients with HCM. Figure used with permission from Maron and Maron (2013; doi:
10.1016/S0140-6736(12)60397-3).
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on phylogenetic analysis (47); the best-known are the conventional myosins of class II, which form
thick filaments in many cells (48). Myosin II consists of six individual subunits: two myosin heavy
chains (MHC) and four myosin light chains, with the latter subdivided into two essential (ELC)
and two regulatory light chains (RLC; 49). The main function of myosin in cardiac muscle is to
undergo the cross-bridge cycle and produce contractile force through the hydrolysis of ATP,
known as the ATPase activity. -MHC and -MHC are the major cardiac heavy chain isoforms,
with -MHC being predominant in humans and other large mammals (49). The most striking
difference in isoforms is in their intrinsic ATPase activity, with -MHC myosin having up to
three times the activity of -MHC (49, 50); the difference in ATPase activity is thought to be the
basis for fast- and slow-twitch muscle fibers, and plays an important role in disease progression
and hypertrophy where a shift from - to -MHC is observed (27).
1.4.2

Actin
Actin is a 42 kDa globular protein that is found in all eukaryotic cells and serves a myriad

of roles related to cellular transport, structure and muscle contraction, among others. Remarkably,
humans share 91.2% actin sequence identity with fission yeast (Saccharomyces pombe; 51). This
conservation may be due to the wide variety of actin binding proteins that cannot tolerate large
changes in actin structure (51, 52), as well as the inter-monomer interactions that are required for
polymerization of globular actin into filamentous F-actin (53). There are several different actin
isoforms in mammals, including cytoskeletal, skeletal and cardiac, which have varied functions.
The actin isoform predominantly found in the heart is known as -cardiac actin, and represents
approximately 78% of all actin protein found in the bovine heart (54) and 80% of adult human
hearts (55), although mRNA levels do not correlate with expression (56). It has been shown in
both humans and animal models of disease that heart failure and progressive overload alter the
9

Introduction
isoform balance, increasing the expression of -skeletal actin and decreasing ACTC (57). This
shift has high correlation with myocyte stretch and pressure overload in disease states and points
to functional differences between the two isoforms (58). To date, 12 mutations in ACTC1 have
been identified in patients with HCM (Figure 3, right).
1.4.3

Regulatory Proteins
Regulatory proteins serve an important function in the sarcomere, restricting myosin

binding until a specific Ca2+ concentration is reached, thereby regulating muscle contraction. The
two major regulatory proteins are the troponin complex and tropomyosin, which form regulated
thin filaments (RTFs) when complexed with actin in vitro.
1.4.3.1 Troponin
Troponin exists as a heterotrimeric complex of subunits that work cooperatively to regulate
the contraction of striated muscle. TnC is the Ca2+-binding subunit of the complex that binds to
Ca2+ ions to activate troponin, and the main isoform expressed in the heart is slow/cardiac cTnC.
TnT is the Tm-binding subunit, expressed as the alternative splice variants cTnT1 and cTnT2. TnI
is the inhibitory subunit that, through Tm, regulates myosin binding to actin, and is found in the
heart as both cTnI and slow skeletal TnI (49, 59). When Ca2+ is absent, TnI locks the Tn regulatory
unit in place on actin and holds Tm in the blocked state, sterically hindering both weak and strong
interactions with myosin heads. In the presence of Ca 2+, however, a conformational change occurs
with a decrease in TnI binding, a shift of the regulatory complex to remove inhibition, and
movement of Tm to the open state to allow myosin binding (60).
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Figure 3: Diagram of actin-Tm interactions and HCM-linked actin variants. Left, high-resolution
structure of Tm in the closed (red) and open (green) states bound to three subunits of an actin
filament. Right, location of amino acid changes in the structure of ACTC identified in HCM.
Substitutions in red are termed M-class mutations, and are proposed to disrupt actin-myosin
binding directly. Substitutions in green are termed Tm-class mutations, and are proposed to disrupt
actin-Tm regulation. Substitutions in blue are termed MT-class mutations, and are proposed to
disrupt either actin-myosin binding or actin-Tm regulation. PDB 5NOJ; figure used with
permission from Despond and Dawson (2018; doi: 10.3389/fphys.2018.00405).
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1.4.3.2 Tropomyosin
Tropomyosin is described as the archetypal coiled-coil, consisting of two seven-fold helices that associate through a “knobs into holes” packing; dimers self-associate at their ends to
form long filaments (61). Four genes encode mammalian Tm, but at least 20 isoforms are
expressed, controlled by alternative splicing and RNA processing, with the most common being
-Tm (TPM1) and -Tm (TPM2; 62). Tm does not have a particular cardiac isoform, but instead
exists as a ratio of -Tm and -Tm monomers. In the fast-beating hearts of small mammals, the
-Tm isoform is expressed almost exclusively; in large mammals, however, -Tm accounts for
approximately 20% of all tropomyosin (62). One Tm dimer coils around seven actin monomers
and acts to block myosin-binding sites on actin, preventing contraction (63).
1.5

Regulation of Cardiac Muscle Contraction
Cardiac muscle contraction is a highly regulated process, only occurring with cooperation

from several proteins and small molecule partners. Although the process of muscle contraction
and activation is very similar between skeletal and cardiac muscle, electrical conductance differs
greatly. A spontaneous action potential from the sinoatrial node propagates through gap junctions
of neighbouring cardiac muscle cells, stimulating them to contract as a syncytium and allowing
the atria to pump blood to the ventricles; the action potential then goes through the atrioventricular
node where it triggers contraction of the ventricles to pump blood throughout the body (64).
Ca2+ is a key ion in the activation of muscle fibers, with its release and binding used to
initiate contraction. Myocyte sarcolemma depolarization allows for the release of Ca2+ that binds
to high affinity ryanodine receptors, which in turn act to release more Ca 2+ from the sarcoplasmic
reticulum and increase the intracellular Ca2+ concentration (65). After contraction occurs, Ca2+ is
removed from the cytoplasm through Ca2+ ATPase pumps located in the sarcoplasmic reticulum
12
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and sarcolemma, as well as Na+/Ca2+ exchangers to restore a resting Ca2+ gradient (66). Ca2+ is
tightly controlled through rapid release and reabsorption utilizing several mechanisms, thereby
conferring great control over thin filament activation.
Ca2+ binds to TnC of the cardiac thin filament and causes a conformational shift of the Nterminal domain that exposes hydrophobic residues able to interact with TnI, changing the position
of the latter and removing inhibition of the actin thin filament. TnT assists in transferring the
conformational shift of TnC to TnI, and is also involved in altering thin filament Ca2+ sensitivity
and force generation (67, 68). Movement of Tm on actin accompanies this shift in Tn
conformation, allowing greater myosin binding and contraction. McKillop and Geeves proposed a
three-state model for the inhibition of actomyosin interactions by Tm, defining the position of Tm
on actin to be in a blocked, closed, or open conformation (Figure 3, left; 69). In their model, the
initial resting state of thin filaments occurs in the absence of both Ca2+ and weakly bound myosin
heads; Tm is in the blocked state, which completely blocks myosin binding sites on actin,
inhibiting contraction. When Ca2+ is present, there is a shift from the blocked to the closed position,
often accompanied by weak myosin binding. It is only when myosin heads bind strongly that Tm
is shifted to its final open position, and muscle contraction can occur (69). It has been proposed
that the relative equilibrium of the blocked, closed and open states is ~70:30:<5 in the absence of
Ca2+, but increases to ~<5:80:20 in its presence (70). The coordinated interactions of the troponin
complex, tropomyosin and myosin, along with Ca2+, is responsible for the regulation and activation
of cardiac muscle contraction. Given the immense importance of Ca2+ in regulation, it is reasonable
to predict that mutations that affect the sensitivity of thin filament proteins to Ca2+ have detrimental
effects on cardiac function; such is the case in HCM.
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1.6

The Role of Calcium Sensitivity in HCM
Increases in Ca2+ sensitivity have been recognized as a potential disease pathway for many

years, with the idea of hypercontractile proteins causing hypertrophy first being proposed in 1998
with a study of the -Tm variant D175N (71). Since then, studies on the Ca2+ sensitivity of HCMlinked variants have become commonplace, with a general trend emerging in most cases. Variants
with an increase in Ca2+ sensitivity have been found in every sarcomeric protein, especially in Tm, cTnT and cTnI (5). The generally accepted mechanism for HCM development for thin
filament proteins is that an increase in Ca2+ sensitivity increases the force generation of filaments,
directly leading to the growth of myocytes as well as triggering Ca2+-induced cellular processes
that lead to hypertrophy (72). There have been at least 71 studies with HCM-linked myofilament
proteins, including -MHC and cMyBP-C, that demonstrate an increase in Ca2+ sensitivity, further
reinforcing this hypothesis (7).
Mutations in MYH7 have been investigated extensively, with mixed results over the years.
Early studies of the R403Q variant (and others) showed reduced contractility, which led to the
hypothesis of hypocontractility and compensatory hypertrophy in HCM (73, 74). This gained
further support with the proposal by Marian that all HCM was caused by decreased contractility,
resulting in greater cellular stress and the release of mitotic and trophic factors that ultimately
resulted in the HCM disease state (75). More recent work, however, has shown the
hypocontractility hypothesis to be largely misleading, as MHC transgenic animals and patient
biopsies demonstrate an increase in Ca2+ sensitivity and contractility, rather than a decrease, that
is consistent with other HCM-linked variants (76). A separate mechanism for MYH7 and MYBPC3
mutations has been subsequently proposed and will be expanded upon later. Overall, despite early
evidence of a hypocontractile state and the explanation of compensatory hypertrophy, the general
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mechanism for thick filament HCM is the same as for thin filament mutations: disruption of proper
sarcomere function that leads to hypercontractile myofibers, ultimately resulting in HCM (72).
Despite being a critical component of the cardiac thin filament, ACTC has been
inadequately studied with respect to changes in Ca2+ sensitivity. Of the ten ACTC variants
examined to date, only half have had this parameter studied: R95C, E99K, A230V, A295S, and
A331P. R95C-ACTC was shown to have a significant decrease in Ca2+ sensitivity using in vitro
motility (IVM) assays of Sf21/baculovirus purified actin, but no change in ATPase activity. This
discrepancy may be due to the experimental setup used for IVM (77). E99K-ACTC has been most
extensively investigated, with the development of a transgenic mouse model being instrumental;
multiple studies have confirmed an increase in Ca2+ sensitivity for this variant (78–82). A230VACTC was shown in one experiment to increase thin filament Ca 2+ sensitivity in reconstituted
myofibers, and may significantly disrupt cross-bridge cycling (82). A295S-ACTC was shown not
only to increase Ca2+ sensitivity using IVM, but demonstrated destructive hypercontractility in a
Drosophila melanogaster model that expressed the variant ACTC protein in its heart and flight
muscle (83). The final ACTC variant studied, A331P, is the only one to demonstrate a decrease in
Ca2+ sensitivity in vitro and did not result in development of HCM in vivo. Overall, despite the
evidence that ACTC variants follow the trend of increased Ca2+ sensitivity, A331P stands as the
lone outlier and warrants further investigation.
1.7

A331P-ACTC
The A331P variant was discovered in a young individual with left ventricular hypertrophy

during a large study of 368 unrelated patients (8). The patient was initially diagnosed with
idiopathic HCM at 8 years old after suffering two bouts of near syncope; this case was considered
early onset due to the age, and sporadic as the patient’s parents had a normal phenotype and clinical
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assessment (8). A331 of ACTC interacts either directly with myosin (84) or through association
with the neighbouring P333, forming part of a hydrophobic interaction with the cardiomyopathy
loop of myosin (85). In addition, A331 lies within the blocked tropomyosin binding site (86),
suggesting that part of the regulatory action of tropomyosin is to inhibit the interaction of the
cardiomyopathy loop of myosin with actin.
Research into A331P-ACTC, to date, includes assessment of its intrinsic properties,
interactions with binding proteins, and in vivo localization and expression. Some research suggests
that the A331P change affects F-actin characteristics (87), while others find no significant impact
(88, 89), perhaps as a result of different isoforms and expression systems. The A331P-ACTC
variant has a decreased affinity for the C-terminal fragment of cMyBP-C known as C0C2 (90), but
no change in interactions with other binding partners, including myosin subfragment 1 (87, 88).
There was also no difference in the actin-activated myosin ATPase activity (91), sliding speed or
number of moving filaments compared to wild type recombinant (WTrec)-ACTC by IVM assays
(87, 91). These data suggest that the A331P change does not significantly alter local interactions
with the cardiomyopathy loop of myosin. These data are in direct contrast to the initial hypothesis
proposed by Olson et al. (2000) that stated that as domains of actin and myosin interact to generate
force, mutations in ACTC1 may cause HCM by disrupting these interactions. Therefore, the
A331P-ACTC variant may only have a significant impact in higher-order systems, such as
regulated filaments or whole organisms.
A331P RTFs showed markedly reduced Ca2+ sensitivity, contractility, and cross-bridge
force, but no change in cross-bridge kinetics (18). Decreased Ca2+ sensitivity may indicate that the
A331P change keeps tropomyosin in the blocked state and may be indicative of dilated
cardiomyopathy; therefore, it is of interest that an HCM-associated change produces the opposite
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effect on Ca2+ sensitivity. This is a particularly important fact when considering other ACTC
variants examined in regulated systems exhibit an increase in Ca2+ sensitivity, which aligns with
the general hypothesis of HCM development.
The differences between WTrec- and A331P-ACTC in RTFs do not translate to an in vivo
system, as a transgenic mouse expressing cardiac muscle A331P-ACTC failed to develop an HCM
phenotype (92), but this may be due to the presence of an epitope tag or WT-ACTC protein during
ectopic expression. There is a wealth of information regarding the A331P variant, but a lack of a
clear connection between the change and the development of HCM. Overall, there is evidence that
the properties of the A331P-ACTC variant oppose the general view of HCM-linked mutations,
contrary to other ACTC variants, and may suggest an alternate pathway for disease progression.
1.8

Research Objectives
The goal of this thesis is to determine the Ca2+ sensitivity of the HCM-linked ACTC variant

A331P, thereby testing the universality of the generally accepted hypothesis of an increase in Ca2+
sensitivity being the cause of HCM. This goal will be achieved through the following aim:
1. Determine the Ca2+ sensitivity of regulated thin filaments containing either WTrec- or A331PACTC along with tissue purified bovine cardiac Tn and Tm:
a. The ATPase activity of regulated thin filaments containing WTrec- or A331P-ACTC
will be determined using an actin-activated myosin ATPase assay at various Ca2+
concentrations to obtain a pCa50 value for each variant
b. The number of moving filaments and velocity of regulated thin filaments containing
WTrec- or A331P-ACTC will be determined using an in vitro motility assay at various
Ca2+ concentrations to obtain two pCa50 values for each variant
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1.9

Summary
For many years, the generally accepted hypothesis for the underlying cause of HCM has

been an increase in myofilament Ca2+ sensitivity, leading to the hypertrophic phenotype that
characterizes HCM. Through numerous studies on a variety of thick and thin filament proteins,
this hypothesis has held true (7). One protein in particular, however, shows contrary results and
directly opposes this general mechanism: the ACTC variant A331P has been shown to reduce Ca2+
sensitivity in reconstituted myofibers (18). Due to the overwhelming evidence in favour of
increased Ca2+ sensitivity in HCM, A331P warrants further investigation in regulated systems, to
determine whether the properties of this variant do go against the general hypothesis, and if it
represents a novel disease mechanism.
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Materials and Methods

2.1

Reagents
All reagents were ordered from Fisher Scientific (Whitby, ON) unless otherwise specified.

2.2

Basic Buffers
1x Assay base buffer (ABB) contains 20 mM imidazole (pH 8.0), 10 mM KCl, 2 mM

MgCl2, 1 mM DTT, 2 mM ATP (pH 8.0), and 1 mM EGTA (pH 8.0). 1x polymerization buffer
contains 18 mM imidazole (pH 8.0), 60 mM KCl, 3.8 mM MgCl2, 0.9 mM DTT, 1.9 mM ATP
(pH 8.0), 1.9 mM EGTA (pH 8.0), and 25 mM Tris (pH 8.0).
2.3

Basic Protocols

2.3.1

Protein Concentration Determination

2.3.1.1 Bradford Assay
Bovine α-cardiac actin concentrations were determined through a Bradford colourimetric
assay (93) using actin standards from 0.5 to 0.03125 mg/mL and a Protein Assay Dye Reagent
(Bio-Rad, Hercules, CA) following the manufacturer’s instructions. The assay was done in a 96well microplate and read on a ThermoMax microplate reader (Molecular Devices, San Jose, CA)
at 595 nm. A standard curve was generated, and the equation of the line used to determine the
unknown protein concentration.
2.3.1.2 UV Spectrophotometry
The concentration of recombinant ACTC proteins was determined using a DU800
spectrophotometer (Beckman Coulter, Brea, CA) and 200 μL microcell using absorbance at 290
nm and an extinction coefficient of E1% = 0.62 (94). The concentrations of the troponin complex,
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tropomyosin, and rabbit soleus muscle myosin were determined using absorbance at 280 nm and
extinction coefficients of E1% = 0.37, 0.33, and 5.3, respectively (94, 95).
2.3.2

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
Polyacrylamide gels were made with 10% resolving and 5% stacking gels using a 30%

acrylamide/bis 29:1 solution (Bio-Rad, Hercules, CA). Protein samples were mixed in a 1:1 ratio
with 2x Laemmli buffer (50 mM Tris (pH 6.8), 2% SDS, 10% glycerol, 1.3 M βME, and 0.1%
bromophenol blue; 96) before being loaded onto the gel. Gels were run in 1x running buffer (25
mM Tris (pH 6.8), 250 mM glycine, and 0.1% SDS) at 140 V for 75 min. Gels were then stained
using Coomassie blue (45% methanol, 10% glacial acetic acid, 2.5 g Coomassie Brilliant Blue R250 (Sigma-Aldrich, Oakville, ON)) overnight, before being de-stained for 1 h with de-staining
solution (40% methanol, 10% glacial acetic acid).
2.3.3

Cell Culture

2.3.3.1 Small-Scale Continuous Culture
T25 plug-seal flasks (Fisher Scientific, Whitby, ON) were used to seed Spodoptera
frugiperda (Sf9) cells in a 1:4 ratio with 1x Grace’s insect medium (Wisent Bioproducts, SaintJean-Baptiste, QC) supplemented with 10% fetal bovine serum and 0.5% penicillin-streptomycin
antibiotic (Gibco, Mississauga, ON). Flasks were incubated at 27°C and split to two new T25
flasks upon reaching 90-100% confluency every 96 h.
2.3.3.2 Large-Scale Infection
Sf9 cells were cultured at 27°C in a 1 L spinner flask (Wheaton, Millville, NJ) in 500 mL
1x Grace’s insect medium supplemented with 10% fetal bovine serum and 0.5% penicillinstreptomycin antibiotic, maintained at a density of 1-2x106 cells/mL for continuous growth. Cells
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were manually counted using a haemocytometer according to Mather and Roberts (1998), and used
to seed a separate 1 L spinner flask with ~5x10 8 cells in 500 mL medium. Recombinant
baculoviruses were used to infect cells at a multiplicity of infection of 1, and harvested after
approximately 96 h according to Liu (2016).
2.3.3.3 Virus Amplification
T75 flasks (Life Technologies, Burlington, ON) were seeded with ~1x10 6 cells in 15 mL
1x Grace’s insect medium supplemented with 10% fetal bovine serum and 0.5% penicillinstreptomycin antibiotic. These were allowed to adhere for approximately 24 h, before removal and
replacement of the media. Cells were infected with the virus for amplification at a multiplicity of
infection of 1 and incubated at 27°C for approximately 10-14 d, or until lysis of the cells occurred.
Virus supernatant was harvested according to Liu (2016) and stored at 4°C in a 15 mL conical tube
covered in a layer of tin foil.
2.3.3.4 Virus Titering
Amplified recombinant baculoviruses were titered using Sf9 cells according to the method
of O’Reilly et al. (1994). Titer values were in the range of 1x106-1x108 plaque forming units
(pfu)/mL as determined by endpoint dilution.
2.3.4

Protein Purification
All proteins were purified as per Liu et al. (2017). Bovine α-cardiac actin was purified from

an acetone powder made from bovine ventricular tissue, according to the method of Spudich and
Watt (1971). Recombinant α-cardiac actin variants were purified from Sf9 or Sf21 insect cells
infected with recombinant baculoviruses expressing variant ACTC proteins as per the method of
Liu et al. (2017; Figure 4). Tropomyosin and the troponin complex were purified from an ether
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powder made from bovine ventricular tissue, according to methods modified from Greaser and
Gergely (1971) and Adelstein and Tobacman (1986; Figure 5). Histidine-6-tagged gelsolin
subdomain 4-6 (his-G4-6) was purified from E. coli cells expressing recombinant his-G4-6
according to the protocol from Ohki et al. (2009; Figure 6). Full-length myosin was purified from
rabbit soleus muscle, which was subsequently used to purify heavy meromysoin (HMM) through
chymotryptic digestion (Figure 7); both proteins were purified using the methods of Margossian
and Lowey (1982).
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Figure 4: Purification of recombinant ACTC. A) Schematic representation for purification of
recombinant ACTC from insect cells. Sf9 or Sf21 cells infected with baculovirus were lysed in a
50 mL conical tube through vortexing, before addition of ~10 mg his-G4-6. After mixing
overnight, the cleared supernatant was: (1) bound to a Ni-NTA Superflow column (Qiagen,
Valencia, CA), (2) recirculated for approximately 2 hours, (3) washed with low imidazole, (4)
eluted into a HiTrap DEAE fast flow column (GE Healthcare, Piscataway, NJ) for buffer exchange,
and (5) eluted with a high salt buffer and collected in 1.5 mL microfuge tubes. his-G4-6 was eluted
and collected from the Ni-NTA column similarly. B) 10% SDS-PAGE gel for tracking the progress
of purification. Left to right: PageRuler Pre-Stained protein ladder (Fisher Scientific, Whitby, ON),
cleared supernatant after binding, binding buffer wash, binding buffer plus imidazole wash, ACTC
elution buffer wash, his-G4-6 fractions 5 and 6, and ACTC fractions 5, 6, and 7.
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Figure 5: Purification of bovine cardiac Tn and Tm using FPLC. A) Fast protein liquid
chromatography (FPLC) purification chromatogram of the troponin complex from bovine cardiac
ether powder. Ether powder extract was cut with 30% ammonium sulphate, followed by
supernatant dialysis. The cleared dialysate was loaded onto a MonoQ 16/10 column (GE
Lifesciences, Marlborough, MA) and run with a 0-1 M NaCl gradient to elute the troponin complex
components. B) 10% SDS-PAGE for FPLC fraction identification. Left to right: PageRuler PreStained protein ladder (Fisher Scientific, Whitby, ON), FPLC flowthrough, FPLC 0 M NaCl wash,
peak chromatogram fractions between 1B1 and 2A4. C) FPLC purification chromatogram of
tropomyosin from bovine cardiac ether powder. 30% ammonium sulphate ether powder extract
from purification of bovine cardiac troponin was cut with 45% ammonium sulphate, followed by
pellet solubilization and dialysis. The cleared dialysate was loaded onto a Q Sepharose Fast Flow
column (GE Lifesciences, Marlborough, MA) and run with a 0-0.6 M NaCl gradient to elute
tropomyosin. D) 10% SDS-PAGE for FPLC fraction identification. Left to right: PageRuler PreStained protein ladder, peak chromatogram fractions between 2B3 and 3D5. Upper ~95 kDa bands
were confirmed to be Tm polymers separately through heating with 5 mM DTT, which completely
eliminated higher molecular weight bands.
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Figure 6: Purification of his-G4-6 using FPLC from E. coli cells. A) FPLC purification
chromatogram of his-G4-6 from E. coli cells. Cells expressing recombinant his-G4-6 were lysed
using a French press; the cleared dialysate was circulated through a Ni-NTA Superflow column.
The column was attached to the FPLC and run with a gradient of 10-210 mM imidazole to elute
G4-6. B) 10% SDS-PAGE gel for FPLC fraction identification. Left to right: PageRuler PreStained protein ladder, cleared supernatant after binding, FPLC flowthrough, and peak
chromatogram fractions between 1A1 and 1C9.
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Figure 7: Purification of heavy meromyosin from full length rabbit soleus muscle. A) Schematic
diagram of full-length myosin, with fragments indicated below. Light meromyosin (LMM)
consists of a coiled coil tail; HMM consists of the subfragment 1 (S1) and 2 (S2) regions, with
both myosin heads attached to a small segment of the coiled coil tail. B) 10% SDS-PAGE gel with
purification of full-length myosin from rabbit soleus muscle. From left to right: PageRuler PreStained protein ladder, undiluted myosin, myosin sample 1 diluted 10-160 times, and myosin
sample 2 diluted 10-160 times. C) 10% SDS-PAGE gel with purification of HMM from rabbit
soleus muscle. A sample of full-length myosin was digested with 0.5 mg/mL α-chymotrypsin to
separate LMM from HMM, before the reaction was terminated with PMSF; the HMM sample was
dialyzed over two days in a buffer containing 10 mM potassium phosphate (pH 6.5), 20 mM KCl,
1 mM DTT, and 0.5 mM PMSF. From left to right: PageRuler Pre-Stained protein ladder, HMM
pellet, 0.25 and 3 mg/mL HMM standard (“old HMM”), and HMM samples diluted 10-640x.
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2.4

Experiments

2.4.1

Actin-Activated Myosin ATPase Assay
Actin-activated myosin ATPase assays with regulated thin filaments (RTFs) were

performed as per Liu (2016), with one major change. Buffers of varying pCa, which is the negative
logarithm of Ca2+ concentration in a given solution, were made by mixing different ratios of
activating (pCa 4.5) and relaxing (pCa 10) solutions to achieve the desired pCa. The activating
solution consisted of 23.5 mM KCl, 5 mM MgCl2, 3.2 mM ATP (pH 8.0), 20 mM EGTA (pH 7.0),
2.04 mM CaCl2, and 20 mM imidazole (pH 8.0), while the relaxing solution consisted of the same
components, but CaCl2 concentration 10.8 μM.
Briefly, RTFs were made by mixing actin, troponin and tropomyosin in a 7:3:3 molar ratio
and dialyzing in 1x ABB over 48 h with one buffer change. A sample (90 μL) of RTFs was mixed
with 10 μL of each pCa buffer, before being aliquoted into a 96-well microplate in triplicate 25 μL
samples according to Figure 8A. A standard curve of known phosphate concentrations was
established in triplicate, with 50 μL samples of 0-2 mM phosphate. 0.25 mg/mL HMM (25 μL)
was then added to each of the RTF wells and incubated for 40 min at room temperature. ATP was
hydrolyzed over the incubation period, releasing an amount of inorganic phosphate proportional
to the number of ATP molecules hydrolyzed by the myosin ATPase activity. After 40 min, a stop
solution was added to all wells, followed by a colouring solution to quantitate the amount of
inorganic phosphate released. The plate was then read on a ThermoMax microplate reader
(Molecular Devices, San Jose, CA) at 750 nm.
Data were imported into a custom Microsoft Excel spreadsheet used to analyze ATPase
results. Within the spreadsheet, phosphate standards were used to create a standard curve of
phosphate concentration vs. absorbance, and the equation used to quantitate the amount of
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Figure 8: Schematic diagram and data collection for ATPase and IVM assays, respectively. A)
Diagram for setting up a 96-well plate for the actin-activated myosin ATPase assay. Wells A1-C9
contain the indicated pCa buffer and RTFs; wells C10-C12 contain F-actin with pCa 4.5 buffer as
a positive control; wells D1-D3 contain RTFs only, with no HMM; wells D4-D6 contain HMM
only, with no RTFs; wells G1-H9 contain the indicated concentration of inorganic phosphate used
to establish a standard curve. B) Screenshot of several filaments chosen for IVM method A analysis
for A331P-ACTC RTFs; image zoomed in for clarity. C) Screenshot of frame 1 for one filament
chosen for IVM method B analysis for A331P-ACTC RTFs. Yellow circle indicates the filament
starting position. D) Screenshot of frame 11 for the same filament in C). Yellow line (V) indicates
the linear vector taken by the selected filament; blue circle indicates the filament ending position.
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inorganic phosphate released per well. The absolute phosphate level was then converted to the
amount of inorganic phosphate released per minute, normalized to the myosin-alone control wells,
and finally baselined to the pCa value with the lowest myosin ATPase activity in a particular assay;
final values were expressed as a percentage of the highest activity. Data was then plotted as pCa
value vs. percent myosin ATPase activity using GraphPad Prism 6 (GraphPad Software, San
Diego, CA), and the experimental curve fit to the four parameter Hill equation (104) to obtain the
pCa50 value, which is the pCa value that elicits half-maximal activity in a given experiment, and
the Hill slope, which quantifies the cooperativity of the protein system.
2.4.2

In vitro Motility Assay
The IVM assay was performed as per Liang et al. (2003) and Viswanathan et al. (2017),

with some modifications. Zeeshan Shaikh performed the technical experiments, while Evan
Despond performed the data analysis.
Briefly, flow cells were created by adhering nitrocellulose-coated glass coverslips to
microscope slides with double sided tape. HMM was “deadheaded” prior to use to remove any
inactive myosin heads by incubating HMM with F-actin, followed by centrifugation and addition
of ATP to release active HMM; this process was repeated three times to obtain active HMM. IVM
was performed by binding active HMM to the nitrocellulose flow cell, followed by addition of
10,000x diluted rhodamine-phalloidin-labeled F-actin, 300 nM each of Tn and Tm, and finally a
motility buffer of a particular pCa (from 10 to 4.5). Videos were captured for 45 s each using a
digital video camera mounted on a Zeiss Axiovert A.1 inverted microscope (Carl Zeiss AG,
Oberkochen, Germany) using a Texas red filter. Three videos were typically collected for each of
the 11 pCa values, for a total of 33 videos per IVM assay. These were downloaded from a
University of Guelph server to a hard drive and analyzed on a personal MacBook Pro computer.
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Method A analysis was performed to quantitate the number of moving and static filaments
at each pCa value. Videos were imported into ImageJ (National Institutes of Health, Bethesda,
MD) and contrast corrected to 0.4% if contrast was low. Ten medium-sized filaments per video
were chosen at random using the multi-point tool, and a screenshot of chosen filaments saved prior
to analysis (Figure 8B). Filaments were monitored over the course of the video for movement,
defined as directed movement rather than Brownian motion or twitching. The number of moving
and static filaments was recorded on a custom Microsoft Excel spreadsheet, and totaled as a
percentage of motile filaments at each pCa value. These data were imported into GraphPad Prism
6, plotted as pCa vs. percent motile filaments, and fit using the four-parameter Hill equation to
obtain a pCa50 value and Hill slope.
Method B analysis was performed to quantitate the velocity of motile filaments at each
pCa value. Videos were imported into ImageJ and contrast corrected to 0.4% if contrast was low.
Up to ten medium-sized filaments were chosen based on directed movement; if fewer than ten
filaments were motile in a given video, only those that showed movement were chosen. The
distance traveled by a single filament was assessed by measuring the start and end point of a
filament using the line tool, over a period of ten frames (Figure 8, C and D). These data were
recorded using the “Measure” command in ImageJ and saved as .xls files before being imported
into a custom Microsoft Excel spreadsheet. Velocity data was obtained using Equation 1 below:
𝑉 (

𝜇𝑚
𝑠

𝐷

)=

𝑛𝑚

(𝐹 −𝐹 ) × 89.46 𝑝𝑖𝑥𝑒𝑙 × 2.48
𝐸 𝑠
𝑛𝑚

𝑓𝑟𝑎𝑚𝑒𝑠
𝑠

1000 𝜇𝑚

(1)

where D is the distance traveled in pixels, F E is the end frame number and FS is the start frame
number. These data were imported into GraphPad Prism 6, plotted as pCa vs. average filament
velocity, and fit using the four-parameter Hill equation to obtain a pCa50 value and Hill slope.
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2.4.3

Data Management Plan
All data obtained from experiments and side experiments were saved from a 64 GB USB

key onto a personal MacBook Pro and periodically backed up onto both a personal portable hard
drive and the Dawson Lab Backup portable hard drive in the support room of SSC 2203A. Data
was also uploaded to a cloud-based Confluence account under the relevant pages.
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3

Results

3.1

Comparison of Bovine and WTrec-ACTC RTFs
Previous work in the Dawson lab has shown bovine and WTrec-ACTC RTFs to be

statistically different. My actin-activated myosin ATPase results have also shown this to be the
case, with bovine ACTC RTFs having a pCa50 of 6.63±0.075 (n=3), compared with 7.21±0.11
(n=3) for WTrec-ACTC RTFs (Figure 9A), which is a significant difference (p=0.050). Mass
spectrometry was used to determine differences between the two proteins. Bovine ACTC had
proper post-translational modifications, while WTrec-ACTC showed several deviations including
altered N-terminal processing, additional acetylation and incomplete methylation (Figure 9C);
this will be expanded upon in section 4.2. Due to the significant difference in ATPase results and
the mass spectrometry data, WTrec-ACTC results alone were used to compare with A331P-ACTC.
3.2

Comparison of A331P- and WTrec-ACTC RTFs

3.2.1

Actin-Activated Myosin ATPase Assay
The actin-activated myosin ATPase assay was used to assess the myosin activity rate with

different ACTC variants, as a function of the Ca2+ concentration. When comparing absolute
activity (Figure 10A), A331P-ACTC RTFs had a slight but not significant (p=0.083) decrease in
pCa50 6.84±0.036 (n=2) compared to 7.21±0.11 (n=3) for WTrec-ACTC. A331P-ACTC had a
maximal activity of 14.22±0.39 µM/min compared to 10.90±0.55 µM/min for WTrec-ACTC. The
Hill slopes were -2.31 for A331P-ACTC RTFs, and -1.26 for WTrec-ACTC (Table 1).
For the percent maximal activity curve (Figure 10B), A331P-ACTC RTFs had a pCa50
value that was slightly lower than WTrec-ACTC, with values of 6.84±0.03 (n=2) and 7.23±0.11
(n=3), respectively. Hill slopes were -2.33 for A331P-ACTC compared to -1.30 for WTrec-ACTC.
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Figure 9. Comparison of bovine and WTrec-ACTC. A) Curve comparing the absolute myosin
ATPase activity for bovine and WTrec-ACTC RTFs at varying pCa values (significant difference
in pCa50 (p=0.050)). B) Curve comparing the percent maximal myosin ATPase activity for bovine
and WTrec-ACTC RTFs. Data for all curves were plotted using GraphPad Prism 6 and fit to the
four-parameter Hill equation. C) Schematic of precursor human, bovine and WTrec-ACTC
sequences annotated with post-translational modifications as identified by mass spectrometry; Ac
= acetylation, CH3 = methylation.
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Figure 10. Comparison of A331P- and WTrec-ACTC RTFs. A) Curve comparing absolute myosin
ATPase activity for A331P- and WTrec-ACTC RTFs at varying pCa values. B) Curve comparing
percent maximal myosin ATPase activity for A331P- and WTrec-ACTC. C) Raw curve of percent
motile filaments for A331P- and WTrec-ACTC. D) Curve of normalized percent motile filaments
for A331P- and WTrec-ACTC RTFs using IVM. E) Curve of absolute filament velocity for
A331P- and WTrec-ACTC RTFs using IVM. F) Curve of percent maximal filament velocity for
A331P- and WTrec-ACTC RTFs using IVM. Data for all curves were plotted using GraphPad
Prism 6 and fit to the four-parameter Hill equation.
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Table 1. Compiled values from regulated thin filament assays with A331P- and WTrec-ACTC,
with all values obtained from fitting the data to the four-parameter Hill equation.
Assay
Parameter
Variant
A331P-ACTC
WTrec-ACTC
ATPase
pCa50
6.84±0.036
7.21±0.11
Assay
Min. Activity
0.44±0.47 µM/min
-0.29±0.91 µM/min*
Max. Activity
14.22±0.39 µM/min
10.90±0.54 µM/min
Span
13.78±0.64 µM/min
11.19±1.12 µM/min
Hill Slope
-2.31
-1.26
IVM
pCa50
6.50±0.044
6.69±0.064
(Method A)
Min. Activity
5.25±3.33%
0.018±3.89%
Max. Activity
91.53±3.59%
98.30±3.40%
Span
86.29±5.10%
98.29±5.67%
Hill Slope
-3.34
-1.20
IVM
pCa50
6.58±0.24
6.93±0.17
(Method B)
Min. Activity
0.55±0.41 µm/sec
-0.060±0.30 µm/sec*
Max. Activity
3.47±0.39 µm/sec
2.85±0.23 µm/sec
Span
2.92±0.62 µm/sec
2.91±0.41 µm/sec
Hill Slope
-1.32
-0.94
* Values are negative due to curve fitting of the data; negative activity/velocity values are not
possible, and are used for comparison alone
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3.2.2

In vitro Motility Assay
All WTrec-ACTC in vitro motility data was obtained from Zeeshan Shaikh and used to

compare with A331P-ACTC data obtained by Evan Despond.
For method A analysis (Figure 10D), the normalized A331P- and WTrec-ACTC RTF
curves were not significantly different (p=0.297). The pCa50 values for A331P- and WTrec-ACTC
were 6.50±0.044 (n=3) and 6.69±0.064 (n=5), respectively. The Hill slope was -3.34 for A331PACTC and -1.20 for WTrec-ACTC RTFs. The dynamic range of the A331P-ACTC method A
curve was smaller than that of WTrec-ACTC, with values of 86.29±5.10% and 98.29±5.67%,
respectively (Table 1). Raw method A (Figure 10C) and normalized curves were similar.
For method B analysis, the absolute activity curves were not statistically different
(p=0.289; Figure 10E). The pCa50 for A331P-ACTC was 6.58±0.24 (n=3) compared to 6.93±0.17
(n=4) for WTrec-ACTC. A331P-ACTC RTFs had a higher basal velocity at pCa 10 than WTrecACTC RTFs (0.55±0.41 µm/s and -0.060±0.30 µm/s, respectively), but a somewhat lower
maximum velocity for WTrec (3.47±0.39 µm/s and 2.85±0.23 µm/sec, respectively). The Hill
slope was -1.32 for A331P-ACTC, compared to -0.94 for WTrec-ACTC (Table 1).
The percent maximal velocity curves yielded similar results to the absolute velocity curves
(Figure 10F). The pCa50 values were 6.53±0.11 and 6.96±0.10 for A331P- and WTrec-ACTC
RTFs, respectively. The basal activity of A331P-ACTC was again higher than WTrec-ACTC,
which resulted in a smaller span for the A331P-ACTC curve (73.69±6.96) compared to WTrecACTC (89.73±7.41). Finally, the Hill slope was -1.40 for A331P-ACTC and -1.02 for WTrecACTC. The filament velocities were variable between IVM experiments, but generally conformed
to a sigmoidal shape. As shown in Figure 11, filament velocities are much lower at pCa 8 and 10
compared to pCa 4.5 and 5. The variability is higher for WTrec-ACTC than for A331P-ACTC.
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Figure 11. Scatter plots of filament velocity distribution in IVM. A) Scatter plot showing the
dispersion of filament velocities at each pCa value for A331P-ACTC RTFs (n=3; 990 total
filaments). The black points indicate individual filaments, while the red ponts indicate the average
velocity at each pCa value. B) Scatter plot showing the dispersion of filament velocities at each
pCa value for WTrec-ACTC RTFs (n=4; 1,361 total filaments).
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4

Discussion
The global goal of this thesis was to investigate the universality of the increased Ca2+

sensitivity hypothesis for HCM-linked variant proteins, specifically pertaining to ACTC. Previous
research has identified the properties of A331P-ACTC as inconsistent with this belief and is the
first HCM-linked variant to show a significant decrease in Ca2+ sensitivity. The results of this
thesis have supported the notion that A331P-ACTC is inconsistent with the global hypothesis of
HCM and reinforces that Ca2+ sensitivity should not be the point of comparison for all HCMlinked proteins.
4.1

Purification of A331P-ACTC
The yield of purified A331P-ACTC protein was substantially lower than with other

variants, including WTrec and the variants purified by Zeeshan Shaikh in the Dawson lab. The
yield was routinely around 1 mg protein from a single insect cell pellet, while yields for WTrecACTC were around 2-3 mg. The reason for this discrepancy is not known but could be a lower
viral load when infecting cell cultures, reduced virus virulence or simply less recombinant protein
produced. This low yield presented challenges in performing the actin-activated myosin ATPase
assay, which requires a large amount of protein. This challenge was overcome by concentrating
A331P-ACTC through polymerization and ultracentrifugation prior to use.
4.2

Comparing Bovine and WTrec-ACTC
As briefly mentioned in section 3.1, previous work from Haidun Liu in the Dawson lab

showed a significant difference between RTFs containing bovine or WTrec-ACTC. This
difference was observed in current actin-activated myosin ATPase assays, with a significant
difference (p=0.050) in the pCa50 values for each protein (Figure 9). This significant difference
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could be due to the method of purification, slight changes in post-translational modifications, or
as-yet unidentified factors.
Mass spectrometry was used to investigate bovine and WTrec-ACTC proteins to account
for the difference in ATPase results. Samples of each purified protein were sent to the Hospital for
Sick Children in Toronto, ON for analysis (Figure 9C). The results indicated that bovine ACTC
had proper removal of the first two N-terminal residues, methionine and cysteine. It also showed
important post-translational modifications, including acetylation of D1 and methylation of H73.
In contrast, WTrec-ACTC only showed removal of the initiator methionine; it also showed
acetylation of several cysteine residues, including the one removed in bovine ACTC, that are
different from tissue-purified ACTC. Finally, it showed methylation of H73, but this may not be
100% as it is in bovine ACTC; this is in contrast to findings from Müller et al. (2012) that showed
no such methylation (106). For these reasons, A331P-ACTC results are compared to those
for WTrec-ACTC alone, as this eliminates the differences seen between bovine and WTrecACTC. Future work should compare A331P- to WTrec-ACTC using mass spectrometry to confirm
that the proteins are identical except for the intended alanine to proline substitution.
4.3

Comparing A331P- and WTrec-ACTC

4.3.1

Actin-Activated Myosin ATPase Assay
The actin-activated myosin ATPase assay was used to assess the myosin activity rate with

different ACTC variants as a function of the Ca2+ concentration. As seen in Figure 10A, the
A331P- and WTrec-ACTC curves are different, with A331P-ACTC exhibiting higher activation
and a shift to the right compared to WTrec-ACTC. This rightward shift, while not statistically
significant (p=0.083), shows a trend toward a decrease in the Ca2+ sensitivity of RTFs made with
A331P-ACTC. The lack of statistical significance may be due, in part, to the small number of
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replicates (n=2 for A331P-ACTC, n=3 for WTrec-ACTC); with further replicates of this
experiment, the difference may become more pronounced. Additionally, the Hill slope of each
curve is different, with A331P-ACTC exhibiting a much steeper slope and a more abrupt transition
from low to high activation. This decrease in Ca2+ sensitivity and increase in slope may indicate
functional defects in the protein, as A331P-ACTC in a cardiac sarcomere could require more Ca2+
to activate but contract more completely within a smaller range than native ACTC. Taken together,
these data suggest that not only do the RTFs made with A331P-ACTC have a decrease in Ca2+
sensitivity, but also a more abrupt switch from low to high activity.
4.3.2

In vitro Motility Assay
For method A analysis, the normalized A331P- and WTrec-ACTC RTF curves (Figure

10C) were only slightly different. Even so, the lower pCa50 value for A331P-ACTC RTFs indicates
that this variant may cause a decrease in Ca2+ sensitivity when compared to WTrec-ACTC. While
this is not statistically significant (p=0.297), additional IVM trials may help to strengthen this
association and more definitively illustrate the decrease in Ca2+ sensitivity. Additionally, the
difference in Hill slope again indicates that A331P-ACTC has a much sharper transition between
a relaxed and activated state, compared to the transition seen for WTrec-ACTC. It is worth noting
that along with the pCa50 and Hill slope differences, the A331P-ACTC RTFs generated a curve
that had a ~16% smaller span than the WTrec-ACTC curve, indicating a smaller functional range
for this variant. The results for method A analysis are less statistically significant than the ATPase
data, but suggest a similar trend.
For method B analysis, the absolute activity and percent maximal activity curves (Figure
10, E and F) were similar for each protein, and not statistically different from each other
(p=0.289). In both curves, the A331P-ACTC RTFs had a higher basal velocity at lower Ca2+
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concentration, such as at pCa 10 and 8, but a lower maximum velocity than WTrec-ACTC RTFs.
This higher basal activity could indicate a poor degree of regulation at the higher pCa values, with
lower amounts of Ca2+ still able to elicit movement and could be due to a proportion of A331PACTC filaments already in the closed state, regardless of Ca2+ being present. As seen with the
method A data, there was a difference in Hill slope; in both the absolute and percent maximal
activity curves, A331P-ACTC RTFs showed a steeper transition between the relaxed and activated
state. Among all the pCa data presented here, the method B data is the most similar between the
two proteins, with pCa50 values of 6.59±0.24 and 6.83±0.19 for A331P- and WTrec-ACTC,
respectively. This lack of significance may be due in part to the high variability of the data,
evidenced by large standard errors; again, further trials may help to determine if there is an
appreciable difference between the two proteins.
As demonstrated using the ATPase and IVM assays, A331P-ACTC exhibits a slight
decrease in Ca2+ sensitivity when compared to WTrec-ACTC, seen as a rightward shift of the pCa
curve and a decrease in the pCa50 value. This shift means that a higher concentration of Ca2+ is
required to elicit the same activity as WTrec-ACTC RTFs, the opposite of what is expected for
HCM development. A331P-ACTC RTFs exhibit residual activity at higher pCa values using IVM,
whereas WTrec-ACTC RTFs showed no activity under the same conditions. The residual activity
of A331P-ACTC RTFs suggests a model for HCM development in the presence of a lower pCa50
value. The residual activity results in a low level of constitutive contraction in cardiomyocytes
that, over time, results in hypertrophy. This model suggests a new mechanism of HCM
development for A331P-ACTC based on low level constitutive contraction in the heart rather than
increased Ca2+ sensitivity; this will be expanded upon in section 4.5.
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4.4

Comparison of Results with Previous A331P Research
Previous work concerning A331P-ACTC has generally focused on unregulated filaments

and the intrinsic properties of the variant, with the exception of one paper. The results obtained by
Bai et al. (2014) were novel, and indicated that A331P-ACTC was significantly different from
WT-ACTC in several parameters.
Firstly, cardiac myofibers reconstituted with A331P-ACTC showed a significant decrease
in tension generated at pCa 4.66 and pCa 8.0 both in the presence and absence of Tm/Tn compared
to WT-ACTC reconstituted fibers. Fiber stiffness was also shown to be significantly decreased, as
measured with naked filaments, during rigor and under high and low Ca2+ activation with Tm/Tn
(18). A pCa-tension relationship was also established for A331P- and WT-ACTC reconstituted
myofibers, with the former exhibiting a significant rightward shift indicative of reduced Ca2+
sensitivity. There was no change in the Hill coefficient, however, which suggests no difference in
cooperativity between the two proteins (18). Additionally, sinusoidal analysis was used to
determine kinetics and rate constants of the cross-bridge cycle. A331P-ACTC caused a significant
decrease in the fast rate constant but had no effect on the medium rate. Finally, A331P-ACTC
decreased the force generated per cross-bridge without altering the number of strong cross-bridge
interactions (18). Overall, A331P-ACTC decreased the tension and stiffness at high and low pCa
values, exhibited a decrease in Ca2+ sensitivity and reduced the force generated per cross-bridge.
Except for a decrease in Ca2+ sensitivity, the results of this thesis and those in Bai et al.
(2014) seem to oppose one another; these differences may be resolved by considering the nature
of the experimental systems used. The major difference between the two sets of experiments is in
load: even though the proteins were essentially identical, Bai et al. (2014) performed all
measurements under isometric tension, while this thesis used unloaded assays. As muscle proteins
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normally function under a load, the in vitro motility assays may have yielded different results if
they were performed under loaded conditions, potentially recapitulating the findings from Bai et
al. (2014). This fact does not negate the findings of this thesis, however. Initially, it may seem
counterintuitive that a single variant can lead to both a decrease in force and an increase in sliding
velocity in vitro, as both parameters are based upon myosin binding. The A331P-ACTC variant
may cause an increase in myosin head detachment during force generation of the cross-bridge
cycle, simultaneously causing faster sliding velocity and reduced tension. Increased velocity may
only be seen under unloaded conditions, which still provides useful information about the myosin
cross-bridge cycle. Finally, the residual activation seen in the IVM results may be more evident in
an unloaded system but would still be detrimental over time for an individual expressing this
variant.
My thesis results support the overall findings made by Bai et al. (2014). As shown primarily
through the ATPase results, and supported through the IVM experiments, A331P-ACTC exhibits
a reduction in Ca2+ sensitivity compared to WTrec-ACTC. Further experiments and additional
trials are needed to strengthen this association, but the evidence supports the idea that A331PACTC is the first identified HCM-linked variant to exhibit a decrease in Ca2+ sensitivity and goes
against the global hypothesis of HCM progression.
4.5

Potential Mechanism for HCM Caused by A331P-ACTC
The A331P-ACTC variant is located within a highly conserved loop region of ACTC that

spans residues 326-336 and is involved in myosin and Tm interactions (84). Residue A331 either
interacts directly with myosin, or through P333 that is in proximity (85); it is also surrounded by
K326, K328 and R147, which directly interact with Tm (107). In a low Ca2+ state, Tm is bound to
the three aforementioned residues through electrostatic contacts; upon transitioning to a high Ca 2+
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state, Tm must move over P333 that lies on the boundary between subdomain 1 and 3 of an actin
monomer (107, 108). In A331P-ACTC, the substitution of alanine for the bulkier, more rigid
proline may introduce an additional kink and extend P333 further from the actin surface, as
proposed by Bai et al. (2014). If this is the case, then it may inhibit movement of Tm over this
residue, resulting in an apparent decrease in Ca2+ sensitivity seen in experiments with A331PACTC. The change in topology may also explain the sharp transition from a relaxed to activated
state seen in the ATPase and in vitro motility assays in this thesis. If the additional proline is
causing a larger bulge around P333, then it is reasonable to imagine a more binary state for Tm,
either before or after moving over the bulge. This is in contrast to WTrec-ACTC, where Tm would
have a less hindered path and therefore more fluid movement over P333, leading to the gradual
transition from a relaxed to activated state that is observed.
The residual basal activity seen in the IVM assay may also be a result of the P333 topology
change. Filaments expressing A331P-ACTC may not allow Tm to overcome the energy barrier
once Ca2+ is removed from the system, as they would require greater energy input to return Tm to
the closed state. This would shift the balance from the typical ~70:30:<5 for the blocked, closed
and open states to favouring the closed and open states, leading to a larger population of filaments
able to bind and interact with myosin. This would cause hypertrophy over time, as chronic basal
contraction would trigger hypertrophy within the sarcomere, eventually resulting in HCM.
Overall, it seems that the A331P-ACTC variant disrupts actomyosin interactions,
potentially leading to altered function in cardiac sarcomeres, and interferes with Tm regulation
through the introduction of an additional proline residue near P333. Taken together, this may cause
the decrease in Ca2+ sensitivity, increased sliding velocity in vitro and sharp transition from a
relaxed to an activated state, all of which were seen in these experiments.
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4.6

Beyond Calcium Sensitivity
Ca2+ sensitivity has been used as a measure of the effect of HCM-linked variant proteins

for many years and is one of the parameters most frequently cited in research. The reason Ca2+
sensitivity is used is mainly due to the ease of measurement, as relatively simple experiments can
provide these data, and the ability to infer potential changes in regulation from these tests (72).
The issue with using Ca2+ sensitivity is that it is non-specific and can be caused by numerous
underlying changes in both regulatory and motor proteins of the sarcomere (76). Additionally,
other explanations for HCM development have been proposed such as altered actomyosin
interactions and inefficient energy utilization that are not directly related to Ca 2+ sensitivity (40,
109, 110). Protein phosphorylation has also been shown to influence Ca2+ sensitivity, further
complicating the issue (111–113). Therefore, Ca2+ sensitivity is not an ideal standard to compare
HCM-linked variants, as any observed changes are potentially caused by a myriad of interacting
factors.
4.6.1

Altered Actomyosin Interactions
Recent studies on -MHC have suggested altered actomyosin interactions as an underlying

cause for hypercontraction with these variants. It has been proposed that mutations, particularly in
a crucial binding surface called the myosin mesa, cause a disruption in an important sequence
known as the interacting-heads motif (IHM) that normally facilitates binding to the thick filament
backbone or cMyBP-C. Mutations that alter this structure shift the equilibrium of myosin heads
away from the preferred super-relaxed state that uses very little ATP to a more disordered-relaxed
state, which consumes higher amounts of ATP and exhibits greater contraction with reduced
relaxation (2, 110, 114). This, in turn, causes more myosin heads to be in a position to bind actin
filaments, which may give the appearance of increased Ca2+ sensitivity while having nothing to do
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with changes in regulation. Further evidence of the importance of this motif comes from the
myosin light chains, as RLCs and ELCs stabilize the IHM. All four light-chain mutations identified
in patients with HCM have been shown to destabilize the IHM (76, 110).
Finally, studies of cMyBP-C have shown that both missense and truncating MYBPC3
mutations cause a reduction in the lifetime of the super-relaxed state as well as an increase in ATP
turnover (115). These data suggest that cMyBP-C variants reduce the number of myosin heads in
a super-relaxed state, leading to similar results seen with HCM-linked -MHC variants. Evidence
suggests that thick filament mutations that disrupt the myosin IHM shift the equilibrium of myosin
heads toward a hypercontractile state that consumes more ATP, which may show an increase in
Ca2+ sensitivity as a secondary effect.
4.6.2

Energy Depletion Hypothesis
An additional consideration is the energy depletion hypothesis, first proposed by Ashrafian

et al. (2003), that suggests the underlying cause of HCM is actually inefficient ATP use. Variant
proteins that disrupt the coordinated contraction and relaxation of sarcomeres, or alter cross-bridge
force or kinetics, may cause certain myosin heads to bind but not others; this, in turn, may cause
heads to hydrolyze ATP without contracting (109). Additionally, mutations that result in an
increase in the force production cost will cause an increase in ATP demand that may not be met,
contributing to hypertrophy and disease progression (46).
In both human patients and animal models, efficient ATP use is significantly reduced with
different sarcomeric variants even before hypertrophy development. Inefficient use is indicated by
a decrease in the ratio of phosphocreatine to ATP, and has been shown in human patients with MHC, cMyBP-C and cTnT mutations (116), as well as mouse models of -MHC (117) and cTnT
(118), among others (119). Further evidence in support of the energy depletion hypothesis comes
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from a randomized clinical trial with the metabolic modulator perhexiline. This drug enhances
myocardial use of carbohydrates by suppressing free fatty acid metabolism. In the trial, patients
with HCM-linked sarcomere mutations given perhexiline had an increase in the
phosphocreatine/ATP ratio, normalized diastolic function, and increased exercise capacity that
was indicative of improved heart function (120). Together, this body of evidence gives credence
to an underlying energy dysfunction in the progression of HCM and provides a basis for further
investigation of energetic parameters in all research with HCM-linked variant proteins.
4.6.3

Protein Phosphorylation
Phosphorylation of different proteins has been recognized as a contributing factor to Ca2+

sensitivity of the myofilament, with cTnI as a prime target for phosphorylation by protein kinase
A (111). Phosphorylation of cTnI in vitro has a lusitropic effect, which increases the relaxation
rate and decreases Ca2+ sensitivity of thin filaments (111). Uncoupling of Ca2+ sensitivity from
cTnI phosphorylation has been proposed as a major disease contributor in both HCM and DCM,
where there is often no observed change in pCa50 value between phosphorylated and
dephosphorylated proteins (5, 81, 111). The confounding issue here is with native or WT controls:
although the variant protein would not be affected by the phosphorylation state, two studies could
arrive at different conclusions if one group uses phosphorylated proteins and another does not.
This may drastically alter the Ca2+ sensitivity of the control and lead to different conclusions about
variant Ca2+ sensitivity, possibly accounting for opposing conclusions regarding the same variant,
which occurs fairly often in the field of HCM research.
Additionally, three-dimensional studies of myosin filaments have revealed both intra- and
intermolecular interactions of the myosin heavy and light chains that are influenced by
phosphorylation. Phosphorylation can change the conformation of the RLC, leading to the release
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of myosin heads and activation of the thick filament (112). Dephosphorylation of the RLC was
shown to stabilize the super-relaxed state of the thick filament, further reinforcing this notion
(115). Protein phosphorylation is not generally investigated when conducting in vitro HCM
research, so the phosphorylation of important proteins such as cTnI and myosin is not always
known; this may have confounding effects on observed Ca2+ sensitivity changes. Finally,
phosphorylation of other non-sarcomeric proteins such as the ryanodine receptor or
sarco/endoplasmic reticulum Ca2+-ATPase can affect the amount of Ca2+ delivered to or removed
from the thin filament during contraction (113); this of greater concern for studies on animal
models or human patients with HCM, as in vitro experiments do not generally include these
additional proteins.
The major techniques for studying endogenous protein phosphorylation include twodimensional gel electrophoresis (121, 122) and mass spectrometry (123). Determining the
phosphorylation of native proteins can be extremely complex and may not provide any greater
insight into experiments investigating Ca2+ sensitivity. Two additional methods could be employed
to ensure a homogeneous population of proteins when performing HCM experiments. Introduction
of kinases would completely phosphorylate the proteins used, while phosphatase treatment would
remove any endogenous phosphorylation prior to use. Both of these techniques would create a
more homogeneous protein sample and allow for better interpretation of the data. This would
ensure that Ca2+ sensitivity measurements would not be complicated by uncertain degrees of
phosphorylation.
Overall, the global hypothesis that all forms of HCM are caused by an increase in Ca2+
sensitivity of the thin filament is too sweeping and does not account for particular subsets of HCMlinked mutations or newer evidence. My research suggests that residual constitutive contraction is
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an additional mechanism for the development of HCM. There is an interplay between a global
increase in Ca2+ sensitivity, disruption of the IHM in thick filaments, altered energy efficiency and
protein phosphorylation in HCM, depending on the particular mutation. Therefore, Ca2+ sensitivity
should be considered one aspect of HCM research, rather than the absolute point of comparison
for all variant proteins.
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5.1

Characterization of A331P-ACTC
The Ca2+ sensitivity of A331P-ACTC was assessed through experiments with regulated

thin filaments containing the variant protein. The actin-activated myosin ATPase assay results
showed a decrease in Ca2+ sensitivity for A331P-ACTC compared to WTrec-ACTC, with an
increase in the pCa50 value. These results were generally supported by results of the in vitro
motility assay, which showed a slight but not statistically significant decrease in Ca 2+ sensitivity.
Overall, more trials of these experiments are needed to strengthen the association and elucidate the
mechanism. These results are in agreement with those from Bai et al. (2014), who showed a
significant decrease in Ca2+ sensitivity, cross-bridge force and tension generated by reconstituted
myofibers containing A331P-ACTC. Together, these data suggest that A331P-ACTC is a variant
that causes decreased Ca2+ sensitivity and impairs contraction in cardiac sarcomeres.
5.2

Calcium Sensitivity in HCM Research
For many years, increased Ca2+ sensitivity has been a hallmark of HCM research; there

have been numerous instances of proteins adhering to this view, but only one that goes against it.
As shown in previous research, as well as this thesis, A331P-ACTC is an HCM-linked variant that
exhibits decreased Ca2+ sensitivity. Although it has been identified as an HCM variant, it
demonstrates the exact opposite shift in Ca2+ sensitivity as expected. Recently, there has been
increasing evidence that other factors such as disruption of myosin interacting-heads motifs,
inefficient ATP use and phosphorylation of various proteins are important in the development and
progression of HCM. Together with the results of A331P-ACTC, these factors suggest that a
different measure of comparison should be used, depending on the protein. There may be no
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unifying cause of HCM, so proteins should be grouped and considered based on some of the
considerations outlined in this thesis. This would provide clarity within the field and allow research
to move beyond the focus on Ca2+ sensitivity.
5.3

Future Directions
Although there is some preliminary evidence of a mechanism for how A331P-ACTC

disrupts regulation and actomyosin interactions, further experiments are needed to fully elucidate
it. Determining the specific impact A331P-ACTC has on Tm regulation is of principle importance,
as the additional proline has been proposed to extend the bulge of P333 of ACTC, impeding the
sliding of Tm from the blocked- to closed-state. This should be investigated through actin-Tm
binding experiments, as well as experiments that include the troponin complex. Additionally,
crystallography or cryo-electron microscopy can be used to obtain a high-resolution structure of
the A331P-ACTC variant in order to confirm the proposed topology change. Together, the results
from these and previous experiments can be used to guide the development of therapeutics to treat
HCM caused by A331P-ACTC, as it has been shown to deviate from the typical Ca2+ sensitivity
change of the disease. This variant demonstrates the need for a focus on individualized medicine,
rather than one-size-fits-all therapy.
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Appendix

Appendix
1.1 Development of a Co-Sedimentation Assay
1.1.1

Introduction

In addition to determining the Ca2+ sensitivity of A331P-ACTC, I also attempted to
develop an experiment to measure direct binding of ACTC variants with Tm through a cosedimentation assay. These experiments are the standard in the field for determining Tm binding,
and used by various different groups (124–127). Briefly, a set concentration of 10 M F-actin was
incubated with various concentrations of Tm from 10-0.156 M at room temperature for 30 min;
a total sample was removed before the reactions were spun down at 95,000 RPM in a TLA.100
rotor to pellet actin and associated Tm. The supernatant was removed, and the pellet resuspended
in buffer. Total and pellet samples from each reaction were then separated by SDS-PAGE, stained
with Coomassie blue, scanned and used for densitometric analysis using ImageJ (Figure A1A).
1.1.2

Results

The results obtained were variable, with no consistency between different experiments or
technical replicates from the same assay. Before the final protocol was established, 15 separate
experiments using two different methods were attempted. These did not yield consistent results,
and a new method was sought. Seven subsequent experiments with bovine and two with WTrecACTC did not provide consistent results, and the experiment was abandoned. The results that were
obtained for the final protocol using bovine ACTC are plotted in Figure A1D, highlighting the
variability of the experiments performed.
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Figure A1: A) 10% SDS-PAGE used to separate ACTC and Tm in both Total and Pellet samples,
after staining with Coomassie blue; this image was used for densitometric analysis to generate the
graphs in B) and C). B) Standard curve of Tm mass vs. band intensity generated from the Total
samples in A), normalized to the ACTC band intensity. C) Pellet curve of free Tm vs. bound
Tm/ACTC ratio generated using the standard curve in B) to quantitate the Tm pulled down. D)
Compiled data from five independent experiments with bovine ACTC; note the variability and
lack of consistent pattern in the results.
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1.1.3

Conclusion

After a great deal of troubleshooting, the experiment did not yield usable results. It is
unknown at this time whether a lack of consistent results was a consequence of the experimental
setup, proteins or reagents used in the assay, or technical errors. The experiment may still provide
a promising avenue to determine the binding of Tm and ACTC variants to establish a link between
thin filament dysregulation and the development of HCM.
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