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ABSTRACT
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Cardiomyopathy is a commonly inherited cardiovascular disease that affect the heart
muscle. Two types of cardiomyopathy include hypertrophic cardiomyopathy (HCM), where the
left ventricle is thickened, and dilated cardiomyopathy (DCM), where left ventricle is thinned out.
Mutations in genes that code for contractile proteins, such as α-cardiac actin (ACTC) has been
linked to HCM or DCM. This thesis investigates two ACTC variants that have never been studied
before: S271F, an HCM-linked ACTC variant and T126I, an DCM-linked ACTC variant. Both
variants are located on the backside of the traditional ribbon diagram of actin; what I call the “dark
side” of actin. Both variants were biochemically characterized. The S271F ACTC variant showed
significant changes in its intrinsic properties, while the T126I ACTC variant displayed a decrease
in calcium sensitivity. This research contributes to the understanding on disease mechanism of
these ACTC variants in the development of cardiomyopathy.
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1 Introduction
1.1

Research Overview

1.2

Cardiovascular Disease
In the 2019 update of Heart Disease and Stroke Statistics, the American Heart Association

reported cardiovascular disease (CVD) to be the number one cause of death in America. Not only
is CVD prevalent in 48.0% of adults over the age of twenty but its direct health care cost in the
United States alone is estimated to reach $748.7 billion dollars by 2035 (Benjamin et al., 2019).
Lifestyle changes are a great preventative method. Genetic mutations, however, contribute to many
familial forms and sporadic cases of CVD, such as arrhythmias and cardiomyopathies (Cirino et
al., 2017).
1.2.1

Hypertrophic Cardiomyopathy
It is estimated that 1 in 200 people in the general population will inherit hypertrophic

cardiomyopathy (HCM)(Hudson et al., 2019). Over 1400 mutations in 11 different sarcomeric
genes have been linked to HCM. HCM is a monogenic disease; therefore, any one of these
mutations can contribute to disease outcomes such as thickening of the left ventricle, inadequate
cardiomyocyte relaxation, and even fibrosis (Figure 1.1A). All these disease outcomes can
contribute to decreased efficiency of the heart, atrial fibrillation and even sudden cardiac death.
Since mutations are in the sarcomeric genes, disease onset can vary along with diverse phenotypes
(Maron and Maron, 2013). HCM is therefore known as a heterogenous disease (Roma-Rodrigues
and Fernandes, 2014).
When observed molecularly, the thickened left ventricle is not the result of increased
numbers of cardiomyocytes but rather the result of enlarged cells, distorted nuclei and disarrayed
cell arrangements. At the biochemical level, the proteins involved in the thin and thick filaments
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are essential for contractility and force transduction. Many mutations linked to HCM can be
characterized as “gain of function”, with contractile units being activated with increased frequency
and increased cross bridge turnover rate, overall adding more load onto the heart and resulting in
hypertrophy (Marston, 2011).
1.2.2

Dilated Cardiomyopathy
Another subset of CVD is dilated cardiomyopathy (DCM). 25-30% cases of DCM are the

result of genetic mutations encoding for contractile proteins (Kamisago et al., 2000). Similar, to
HCM, DCM is also a monogenic disease where mutations in any one gene can be the cause of
disease. In contrast to HCM, DCM is characterized by thinning of the left ventricles and inadequate
cardiomyocyte contraction (Figure 1.1A). Patients with DCM can suffer heart failure and even
sudden cardiac death. The only treatment for DCM is a heart transplant (Jefferies and Towbin,
2010).
The pathophysiology of DCM is complex. One cause is insufficient force transduction with
over 600 mutations identified in sarcomeric genes. Studies have shown that mutations in genes
that code for proteins in the thin filaments can results in lower cooperativity, decreased cross bridge
turnover and can lead to hypocontractility (Marston, 2011).
1.3

α-Cardiac Actin Variants
The contractile unit of the heart is the sarcomere. The sarcomere is composed of both thin and

thick filaments. α-cardiac actin (ACTC) provides the main structure for the thin filament,
assembling from monomeric molecules into filamentous actin (F-actin) (Figure 1.2). Additionally,
F-actin is regulated with cardiac tropomyosin (cTm) and cardiac troponin complex (cTn), forming
regulated thin filaments (RTFs). ACTC is coded by the ACTC1 gene and is one of the six paralogs
of actin that exist within vertebrates. All six paralogs have highly homologous protein
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Figure 1.1 Hypertrophic and dilated hearts with potential decrease mechanisms. A) Comparison
of a healthy heart with a hypertrophic heart, displaying thicken left ventricular walls, and a dilated
heart, displaying a thinned out left ventricular walls. Figure generated using BioRender. B) Venn
diagram of sarcomeric proteins linked to HCM or DCM or both, as displayed by the light blue
overlapping regions. Figure adapted from Prill and Dawson (2020).
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Figure 1.2 Actin Polymerization. A) Schematic diagram showing the three stages of actin
polymerization. Nuclei composed of two or three actin monomers are formed and will enter the
elongation phase and finally reaching an equilibrium known as the steady-state. B) Steady-state
treadmilling is when the rate of actin polymerization and actin dissociation reached equilibrium.
Figures generated using Microsoft PowerPoint
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sequences with only a few differences in amino acids near the N-termini (Dugina et al., 2019).
Since actin is so highly conserved between all isoforms and even between species, a single amino
acid substitution can have great consequences.
Interestingly, many mutations in sarcomeric genes have been linked with either HCM or DCM.
ACTC1, however, is one of the few genes linked to both HCM and DCM (Figure 1.1B). By using
genetic screening on patients with HCM or DCM, so far 18 ACTC variants have been identified
due to missense mutations in ACTC1. 13 of these variants are found independently in patients with
HCM and 5 are found independently in the patients with DCM (Despond and Dawson, 2018; Frank
et al., 2019; Yang et al., 2019)(Figure 1.3A). Within the literature, a number of these variants have
been systematically characterized in vitro, from studying their intrinsic properties to proteinprotein interactions(Bai et al., 2015; Dahari et al., 2014; Dahari and Dawson, 2015; Matsson et al.,
2008; Müller et al., 2012; Mundia et al., 2012). S271F ACTC and T126I ACTC variants have yet
to be characterized and are located on the backside of the conventional actin diagram or what I call
the “dark side” of actin.
1.3.1

S271F ACTC Variant
The S271F ACTC variant was identified in a patient with HCM by Olivotto et al. (2008).

This variant was the result of a codon change from TCT to TTT on Exon 5. The resulting amino
acid substitution was from a polar, non-charged amino acid to one with a hydrophobic side chain.
Additionally, the size of the side chain significantly changed from a hydroxyl group to an aromatic
ring. The 271st amino acid residue in the final functional protein is found within the hydrophobic
plug of the ACTC molecule that expands from residues 263-273 (Figure 1.3C). This hydrophobic
plug plays two critical roles; assistance in stabilizing F-actin and interacting with the DNAse I
binding loop (D-loop) of ACTC (Figure 1.3B).
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Figure 1.3 Biochemical structures of ACTC. A) The ACTC molecule and location of amino acid
changes resulting from mutations related to cardiomyopathy. The mutation sites labeled in orange
show the ACTC variants linked to HCM and those labeled in blue show the ACTC variants linked
to DCM. Image produced using PDB 1J6Z. B) Diagram of ACTC labelled with all four subunits
and the D-loop. C) Diagram showing the interaction between E270 of the hydrophobic plug with
the
D-loop
anotherand
subunit;
residue
R39 forms
a salt
with residue
in
R39
of theofD-loop
residueadditionally,
D286 during
three different
states
ofbridge
actomyosin
binding.D286
Notable
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During
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interacts
R39
(2018).
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T126ofinmyosin
subdomain
I of with
the ACTC
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moving the salt bridge and due to allosteric replay, residue E270 is repositioned as well (Figure
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The hydrophobic plug is involved in joining three actin molecules together that can fit into
the grove of the adjacent subunit to create a double stranded filament. Recently, an additional role
of this plug has been identified. Residue E270 of one F-actin subunit binds to residue R39 of the
D-loop of another subunit; additionally, residue R39 forms a salt bridge with residue D286 in the
same actin molecule. During actomyosin binding, the VI loop of myosin interacts with R39
moving the salt bridge and due to an allosteric relay, residue E270 is repositioned as well (Figure
1.3B). Work done by Gurel et al. (2018). showed the critical role of F-actin structural flexibility.
Interestingly, the amino acid substitution in the S217F ACTC variant is right next to this
conformational change and could potentially play a role in altering structural plasticity and
subsequently altering actomyosin interaction.
1.3.2

T126I ACTC Variant
In genetic testing on patients diagnosed with DCM by Lakdawala et al. (2012), one patient

was identified with nucleotide 383 on Exon 2 changed from cytosine to thymine, resulting in the
T126I ACTC variant. The change from a threonine to isoleucine mainly affects the polarity at this
location, changing from a polar uncharged amino acid to a non-polar amino acid. This substitution
was identified in subunit one of ACTC, which have been thought to play a role in the alteration of
protein-protein interactions (Mundia et al., 2012).
Residue 126 is part of a pathogenic helix that extends from residues K113 to T126 of the
ACTC molecule (Figure 1.3C). There have been other actin variants linked to this helix, such as
K118N γ-cytoplasmic actin (ACTG), and E117K and T120I β-actin (ACTB) variants. The K118N
ACTG variant is linked to early-onset deafness. Studies have shown that new hydrogen bonds
were formed between residue 115 and residues 11, 76 and 79 with this variant, resulting in a
twisting of the actin monomer (Jepsen et al., 2016). Additionally, the Baraitser-Winter syndrome
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linked E117K ACTB variant showed that charge reversal and mass change in a single residue
resulted in a novel interaction between the K113-T126 helix and residue 371 near the C-terminus
that alters allosteric control of actin (Johnston et al., 2013). Within the same helix, the T120I ACTB
variant was also identified in patients with the most severe cases of Baraitser-Winter syndrome
(Verloes et al., 2015). Although the T120I ACTB variant is not heavily studied, geneticists
correlated this variant with the disease and have been characterized it as pathogenic (Verloes et al.,
2015). Interestingly, not only is this ACTB variant within the same pathogenic helix, but it also
has the same amino acid substitution as the T126I ACTC variant: threonine to isoleucine.
1.4

Calcium sensitivity
Calcium handling is the key to muscle contraction. Electrical excitation via ion channels

increases the action potential in cardiac myocytes triggering the release of calcium from the
sarcoplasmic reticulum (SR) increasing free calcium in the intracellular space from 100 nM to 1
μM; this increased concentration of the calcium will reach the myofilaments (Chung et al., 2016)
(Figure 1.4A). Free Ca2+ will bind to cardiac troponin C (cTnC) and dissociate cardiac troponin I
(cTnI) from actin. Tn complex binds to cTm at a one to one ratio and Ca2+ bound Tn will move
cTm from the blocked state to the closed state, allowing weak myosin binding to actin (Campbell
et al., 2010)(Figure 1.4B). An open state for cTm is reached once myosin binds strongly to actin,
consequently revealing more strong myosin binding sites (Despond and Dawson, 2018; Gordon et
al., 2001). Due to allosteric effects during actomyosin binding, the β-myosin heads will hydrolyse
ATP, bind to actin filaments, and subsequently shorten the myofilaments resulting in contraction
(Figure 1.4C). During relaxation, Ca2+ is released from cTnC and dissociation of cTnI is reversed
(Campbell et al., 2010). Most free Ca2+ is recycled back into the SR and β-myosin heads will
release from the actin filaments, allowing the myofilaments to elongate and relax the muscle.
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Figure 1.4 Calcium regulation of cardiac muscle contraction. A) An action potential triggers the
release of Ca2+ into the cardiomyocytes where Ca2+ binds to receptors of the SR causing more
Ca2+ to be released. B) Schematic diagram showing regulatory effects of cTn and cTm. Once
Ca2+ binds to cTnC, a series of conformational changes moves cTm on the actin filament,
allowing myosin to interact with F-actin. C) Diagram of the cross-bridge cycle. From the
bottom, ATP binds and is hydrolyzed by the ATPase activity of myosin; Pi is released allowing
myosin to bind to F-actin; conformational changes propagate to the lever arm and the myosin
head pulls F-actin; ADP is then released, resulting in a strong binding of myosin to F-actin; and
lastly ATP binds to the myosin head to release myosin from F-actin and start the cycle again.
Figure generated with BioRender.
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There are many key factors that play into calcium handling in a cardiac myocyte. These
range from phosphorylation of receptors on the SR to calcium binding proteins. Calcium
sensitivity assays are used in the laboratory to control and simplify the concentration of calcium
regulating the components of the myofilaments. These assays use purified proteins or chemically
skinned muscle fibers, removing other variables and leaving only two: contractile units and Ca2+
ions. In experiments testing calcium sensitivity of the thin filament, specific concentrations of
calcium ions are used to compare the force generation and plotted to generate a pCa curve (Figure
1.5). These curves are used to compare and see if there are any differences between force
generation between WT and variants. Changes in calcium sensitivity have been linked to failing
myocardium and can help with understanding the etiology of the disease.
1.4.1

pCa curves
pCa curves are sigmoidal due to the cooperative nature of the thin filament, with the

negative log of calcium concentration (pCa) as the independent variable and myosin activity as the
dependent variable. One molecule of cTm spans 7 actin molecules and sterically blocks the myosin
binding sites on actin. At the ends of each cTm molecule, there are 8-11 amino acids that overlap
between neighbours allowing for steric end-end interactions. When one cTm molecule moves from
the blocked state to the open state, its neighboring cTm will subsequently also move to an open
state even when Ca2+ is not bound to its Tn pair (Lehrer et al., 1997). Campbell et al. modelled the
cooperation of the regulatory units in the thin filaments and showed changes that decreases the
cooperativity of cTm-cTm coupling would affect force generation. Additionally, at low
concentration of Ca2+, inhibition was also seen as being cooperative by neighboring cTm.
The Hill coefficient for a pCa curve refers to how well Ca2+ is binding to the thin filaments
and removing the inhibitory effects of cTn complex and cTm. This coefficient is from the
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Figure 1.5 pCa curves. A) pCa curve displaying the degree of steepness that is dependent on
the cooperativity of the system. Hill coefficient is represented by n, with higher the value
reflecting more cooperativity. B) pCa curve displaying the shift of the sigmoidal curves that
would result due to increased or decreased sensitivity to calcium.
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Hill-Langmuir equation that helps quantify the degree of cooperativity of cTm-cTm coupling. A
value higher than one indicates positive cooperation and the higher the value, the more cooperative
the system is (Figure 1.5A).
1.4.2

Increased Calcium Sensitivity
An increase in calcium sensitivity indicates that less calcium is required to elicit the same

contractile force and is shown by a left-ward shift on the pCa curve (Figure 1.5B). Increased
calcium sensitivity can also impair relaxation. During relaxation, -myosin heads detach from Factin and an assortment of elastic proteins brings the sarcomere back to resting baseline (Regnier
and Cheng, 2016). However, if the myosin head binding on actin is unblocked due increased
calcium sensitivity of the system, contraction can still be observed at a calcium concentration that
would normally result in no contraction. Additionally, increased contraction at a low calcium
concentration will result in more ATP hydrolysis, contributing to energetic dysfunction. From a
metabolic standpoint, it is important to maintain the ratio of ATP, ADP and Pi within in the
cardiomyocyte. A decrease in ATP will impair the thermodynamics of the whole system and this
has been observed in patients with heart failure (Tewari et al., 2016). Since the cardiomyocytes
are never at rest this can translate into impaired diastolic function.
Within the field, increased calcium sensitivity has been linked to HCM. Constant
contractions even at rest will be a constant stress on the ventricles resulting in cardiomyocyte
remodeling. Remodeling contributes to hypertrophy of the cardiomyocytes and leads to HCM.
1.4.3

Decreased Calcium Sensitivity
Contrasting increased calcium sensitivity, decreased calcium sensitivity indicates that more

calcium is required to elicit the same contractile force. A decrease in calcium sensitivity is shown
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by a right-ward shift on the pCa curve (Figure 1.5B) and is the characteristic of DCM. Often,
impaired contraction of left ventricle occurs during systole (Cai et al., 2018).
1.4.4

Drugs that effects calcium sensitivity
For decades, the treatment for HCM and DCM has included beta-blockers, calcium channel

blockers, and angiotensin converting enzyme (ACE) inhibitors (Chung et al., 2016). These drugs
target the signalling pathways which increase or decrease calcium concentration in the
myocardium and subsequently activate other calcium dependent signalling pathways that can lead
to unwanted phosphorylation of proteins (Haikala, Heimo and Pollesello, 2000).
1.4.4.1 Calcium sensitizers
“Calcium sensitizers” used to treat heart failure and were developed to increase myocardial
contractions by binding directly to the contractile proteins. These drugs prevent the activation of
the β-adrenergic pathway and avoids the increase in intracellular calcium concentrations. Prior to
the development of these molecules, there were many concerns with inotropic drugs used to alter
the force of muscular contraction. These concerns include arrhythmias and activating unwanted
cAMP related pathways. These calcium sensitizers increase cardiomyocyte contraction by
strengthening binding interaction between cTnC and Ca2+, stabilizing the conformational change
when Ca2+ is bound to cTnC, or affecting the targeting of the sarcomere beyond the binding of
Ca2+ to cTnC (Haikala, Heimo and Pollesello, 2000).
Since increasing the affinity of cTnC to Ca2+ results in altered relaxation, diastolic functions
are subsequently weakened. Compounds that stabilize cTnC when bound to Ca2+ have minimal
effects on relaxation, and therefore these compounds are more favourable as treatments. Ever since
the 1990’s, many sensitizers have been screened using reconstituted thin filaments, skinned fibers,
or isolated cardiomyocytes. Of the sensitizers tested, only levosimendan and pimobendan were
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shown to be effective in treating heart failure and are currently used clinically (Haikala, Heimo
and Pollesello, 2000).
Even though many sensitizers such as trifluropezarine (TFP) are not used to treat patients
due to side effects, these compounds are used in the laboratory to study how they can alter the
conformation of cTnC and subsequently the regulation of the thin filament. TFP is a compound
that stabilizes the open state of cTnC and delays the release of Ca2+ from the N-terminus of cTnC.
TFP has been tested on skinned fibers and results in an increase in calcium sensitivity (Tikunova
et al., 2019).
1.4.4.2 Calcium desensitizers
HCM is characterized by diastolic dysfunction, where the left ventricle is unable to relax.
Calcium desensitizers were created to reverse this effect. Similar to calcium sensitizers, the ideal
desensitizer would by-pass the calcium dependent signaling pathways and directly decrease the
calcium sensitivity of the sarcomere.
The drug W7 is a desensitizer that interferes with the binding between cTnC and cTnI. When
Ca2+ binds to cTnC, cTnC interacts with cTnI, removing its inhibitory effects. W7, however, binds
to the hydrophobic region of cTnC bound to cTnI, decreasing its affinity for cTnI. This compound
moves cTnI away from its desired position by electrostatic repulsion or steric clash. Similar to
TFP, W7 is not used for clinical practise but in the laboratory to help study the mechanism of
calcium sensitivity (Cai et al., 2018).
1.5

Research Objectives
Prior to this research, the T126I and S271F ACTC variants had yet to be characterized

biochemically. The goal of this thesis is to determine any biochemical or biophysical changes of
the two variants with the use of assays in increasing levels of biological complexity. To shine light
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on the molecular mechanisms of HCM and DCM, the T126I and S271F ACTC variants were
investigated to answer the following questions:
1. Will the S271F ACTC variant and T126I ACTC variant exhibit changes in biochemical
properties?
2. Will the S271F ACTC variant, an HCM-linked variant, show an increase in calcium
sensitivity and the T126I ACTC variant, an DCM-linked variant, show a decrease in
calcium sensitivity?
3. Can the addition of drugs reverse altered calcium sensitivity or will these variants react
differently than WTrec ACTC?
I hypothesized that the T126I and S271F ACTC variants will show altered biochemical
properties, opposite changes in calcium sensitivity, and respond to drugs similar to WTrec ACTC.
1.6

Summary
ACTC variants linked to HCM and DCM were characterized at different levels of

biological complexity beginning with assays that tested the stability of the variants in different
buffer conditions to how they interacted with other sarcomeric proteins such as myosin, cTn
complex and cTm. The aim is to understand heart abnormalities at the molecular level, providing
an understanding to develop treatments that can directly target the problematic sarcomeric protein
and move towards precision medicine.
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2

Materials and Methods

2.1

Sub-cloning
The S271F ACTC1 cDNA (1302 bp) was subcloned from pTOPO2 (3900 bp) into

pAcUW2Bmod (11933 bp) (Mundia et al., 2012b). This vector also contains an origin of
replication (ori), ampicillin resistance for transformation into E. coli cells and a multiple cloning
site behind the p10 promoter (Yates et al., 2007). The p10 protein codes for a small, abundant
baculovirus protein that accumulates to high levels in the very late stages of the infection cycle
(Graves et al., 2019). The desired ACTC1 cDNA encoding the S271F variant was cut out of
pTOPO2 using BamH1 and pAcUW2Bmod cut with BglII. Each restriction digest reaction was
run on a 1.2% agarose gel and the desired bands gel purified. ACTC1 cDNA was inserted between
the p10 promoter and polyadenylation signal using T4 DNA ligase with a 3:1 ratio of insert to
vector.
T126I ACTC1 pAcUW2Bmod plasmid was constructed by the company Mutagenex
(Columbus, Ohio, USA).
2.2

Sf9 Insect Cell Culture
All cell culture techniques were performed in a sterile condition under a biological safety

cabinet and Spodoptera frugiperda (Sf9) cells established from ovarian tissue were used (Vaughn
et al., 1977).
2.2.1

Baculovirus Expression System
Cotransfection was performed by cotransfecting a monolayer of Sf9 infect cells in a T25

flask with 500 ng of target vector (pAcUW2Bmod with S271F ACTC1 insert) and 5 μL Bsu36I
digested BacPAK6 viral DNA (Clontech, Mountain View, CA). Bsu36I removes the ORF1629
gene that is essential to viral replication. If the target vector carries out a double recombination
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between both fragments, the resulting baculovirus DNA will have a p10 promoter, the target gene
and ORF1629 gene.
The cotransfected cells were left to incubate for 5 days. The media was collected, centrifuged
and 1 mL of the supernatant was added to a monolayer of 1x106 Sf9 infect cells in a T75 flask with
15 mL of media to amplify the virus for 7 days. Then the media was collected, centrifuged and 1
mL of the supernatant was added to another monolayer of Sf9 infect cells in a T75 flask for an
additional 7 days. This process was repeated until polyhedral inclusion bodies (PIBs) were visible
in the cells, indicating the presence of viable recombinant baculovirus.
2.2.2

Continuous Culture
Sf9 cells (BD Biosciences, San Diego, CA) were cultured in I-Max media (Wisent

Bioproducts, Toronto, ON) with 1% penicillin/streptomycin (Pen/Strep) (Life Technologies,
Mississauga, ON) at 27°C. A small-scale culture was kept in T25 flasks (Fisher Scientific, Whitby,
ON) with 5 mL of media. The cells were sub-cultured every 96 hours, once the cells reached 90100% confluency.
A 500 mL suspension culture was kept in a 1L Wheaton spinner flask with a vertical impeller
(Millville, NJ) at 27°C. The stir plate was set to 30 rpm to maintain a doubling time of 24-30 hours
with good aeration and minimal cell clumping. The minimal density of the cells was kept at ~5 x
105 cells per mL and the culture was split once the density reached above 1.5 x 106 cells per mL.
2.2.3

Large Scale Infection
The cells from the suspension culture was counted using a haemocytometer following the

technique described by Mather et al. (1998). 5.0 x 108 cells were split from the suspension culture

into another autoclaved 1L Wheaton spinner flask with a final volume of 500 mL. Recombinant
baculovirus was added according to the titer results, resulting in a multiplicity of infection of one.
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The flask was kept at 27°C, and infection took between 72-96 hours, the cells were checked regular
for PIBs. The cells were harvested via centrifugation at 4000 rpm for 15 minutes when at least 90%
of the cells showed PIBs. The supernatant was removed, the pellet labelled with the virus used was
flash frozen with liquid nitrogen and stored at -80°C.
2.3
2.3.1

Protein Purification and Preparation
Myosin and Heavy Meromyosin
Full-length myosin was isolated from rabbit soleus muscle following the protocol by

Margossian et al. (1982). In brief, myosin was extracted by physically breaking up the tissue in
buffer. Myosin filaments were then precipitated from the solution by increasing the ionic strength
of the buffer. Myosin was isolated via centrifugation and the pellet was resuspended and dialyzed
into desired buffer. Following the protocol out lined by Margossian et al. (1982) full-length myosin
was further digested using α-chymotrypsin, separating into heavy meromyosin (HMM) and light
meromyosin (LMM). HMM contains the actin-binding and ATP hydrolysis sites and was stored
at -80°C for the assays, while LMM was discarded.
2.3.2

Troponin and Tropomyosin
Regulatory proteins troponin and tropomyosin were purified from bovine ventricular

muscles following the protocol adapted from Tobacman et al. (1987). In brief, an ether powder of
bovine ventricular tissue was produced and proteins were extracted into buffer overnight. cTn
complex was precipitated at 45% ammonium sulphate and cTm was subsequently precipitated at
65% ammonium sulphate. Lastly, cTn and cTm were isolated using a Mono-Q 16/10 column and
a Q-Sepharose fast flow column, respectively.
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2.3.3

Histidine-6-Tagged Gelsolin Subdomain 4-6
E. coli strain Rosetta 2 was used to express the recombinant protein histidine-6-tagged

gelsolin subdomain 4-6 (G4-6) following the protocol outlined by Ohki et al. (2009).
2.3.4

Recombinant ACTC
Recombinant ACTC was purified following the protocol found in the paper by Liu et al.

(2017). In brief, a pellet of recombinant baculovirus infected Sf 9 insect cells were lysed and G46 added, binding ACTC proteins in the presence of Ca2+. The cell lysate was circulated through a
5 mL nickel-NTA column and washed with buffers low concentration of imidazole to remove nonspecific protein. ACTC protein released from G4-6 with the addition of EGTA was eluted onto a
1 mL DEAE column to concentrate the protein. Finally, a KCl-containing buffer was washed
through the DEAE column to elute pure ACTC protein.
2.4
2.4.1

Intrinsic Property Assays
Thermal Shift Assay
Thermal shift assays were performed using the StepOnePlus™ Real Time System. 63 μL

of 0.4 mg/mL ACTC stored in G-buffer (2 mM Tris pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM
beta-mercaptoethanol, 0.002% NaN3) was mixed with 7 μL of 10x SYPRO Orange Dye, and 20
μL of the mixture was aliquoted into RT-PCR 96 Well Plates in triplicate. The StepOne Plus
Software 2.3 was used to measure fluorescence with readings starting at 4°C and ending at 100°C.
The raw data was exported as an Excel spreadsheet and the mean fluorescence at each temperature
was plotted as a first derivative plot on GraphPad Prism 6. The melting temperature was taken as
the minimum fluorescence derivative reading.
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2.4.2

Polymerization Assay
Polymerization assay was performed using Cary Eclipse Fluorescence Spectrophotometer

with 5 μM of ACTC in G-buffer, containing 85% of recombinant ACTC and 15% of pyrenelabeled α-skeletal actin. The fluorescence was measured every 5 minutes at an excitation
wavelength of 347 nm and an emission wavelength at 407 nm. The intensity was monitored for 30
minutes to establish a baseline and then for 400 minutes after the addition of 10x polymerization
buffer (final concentration 25 mM Tris, pH 8.0, 50 mM KCl, 1 mM EGTA, 2 mM MgCl2 and 0.1
mM ATP). The raw fluorescence data was exported as an Excel spreadsheet. Each data point was
subtracted by the lowest point and plotted using GraphPad Prism 6 with fluorescence intensity as
a function of time in minutes. Lastly, the total change in fluorescence was calculated by subtracting
minimum fluorescence from maximum fluorescence in the time course data.
2.5
2.5.1

Actomyosin Activity Assays
Unregulated Actin Activated Myosin ATPase Assay
Unregulated actin activated myosin ATPase assays measure the activity of myosin ATPase

with saturating concentrations of F-actin with increasing concentrations of ATP. This assay is
adapted from Trybus (2000) which is a colorimetric assay that uses molybdate to measure the
concentration of Pi release.
Five tubes of ACTC were polymerized for 45 minutes with 10X AB buffer (75 mM KCl,
10 mM imidazole (pH 8), 10 mM dithiothreitol (DTT), 1 mM EGTA, 1 mM MgCl2, and 1
mM NaN3) with a final ACTC concentration of 15 μM. Only the first tube contained Mg-ATP
with a final concentration of 1 mM and was used to perform serial dilutions with the other four
tubes. 105 μL of ACTC samples were subsequently added to a 96 well-plate in increasing
concentrations of Mg-ATP. 105 μL of 0.0625 mg/ml HMM in 1xAB buffer was added to each
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Figure 2.1 384-well plate set up. A) Diagram for the set-up of the unregulated ATPase assay
in a 384 well plate. Each ATP concentration measure at the specific time points are performed
in triplicates. Additionally, phosphate standards in wells E1-21 are to help convert absorbance
readings to concentration of Pi released. B) Diagram for the set-up of the regulated ATPase
assay in a 384 well plate for TFP testing. Figures generated with BioRender.
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well to initiate the reaction. For 10 minutes, 50 μL from each reaction well were added in 50 μL
stop solution (60 mM EDTA, pH 6.5, 6.6% SDS) every 2.5 minutes. In triplicates, 30 μL from each
reaction and stop solution mixture was added to a 384 well plate and 60 μL of colouring solution
(0.5% ferrous sulfate, 25% of 2% ammonium molybdate, 4 N H2SO4) was added to each well. The
set-up of the plate is seen as in Figure 2.1A. The rate of myosin ATPase at each ATP concentration
was determined by plotting time vs Pi released using a Microsoft Excel spreadsheet. ATP
concentration vs the myosin ATPase rate was graphed using GraphPad Prism 6 and fitted to the
Michaelis-Menten equation.
2.5.2

Unregulated In Vitro Motility Assay
In vitro motility (IVM) assay tracks the movement of single actin filaments using an

epifluorescent microscope. The deadheading process to obtain fully active HMM and the setup of
nitrocellulose flow cells for unregulated in vitro motility assays were described in Lui et al. (2017)
with the following modification. The motility buffers used ATP concentrations of 0.0625 mM,
0.125 mM, 0.25 mM, 0.5 mM and 1.0 mM in assay buffer (25 mM KCl, 25 mM imidazole (pH
7.5), 10 mM DTT, 4 mM MgCl2, and 1 mM EGTA) contained an oxygen-scavenging system (25
μg/mL glucose oxidase, 45 μg/mL catalase, and 1% glucose). The motility buffers were added to
the flow cell in increasing concentration of ATP, capturing videos of moving actin filaments at
each concentration.
The videos were captured using the upright Leica DM 5000B with the camera Hamamatsu
Orca-Flash4.0. Videos were captured with the filter Texas Red and using the software VolocityTM
at 2.5 frames per second for 30 seconds. Three videos were captured per ATP concentration on the
same flow cell and 10 filaments from each video were manually tracked between 10 frames using
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Figure 2.2 Regulated ATPase Assay. A) F-actin polymerized with 10x polymerization buffer
was incubated at room temperature with cTm and cTn complex for 30 minutes at room
temperature. B) The proteins were spun down at 95K in an ultracentrifuge for 15 minutes and
the pellet was resuspended in more cTm and cTn complex and incubated for another 30
minutes. This was done two more times to ensure complete cTn and cTm binding and the pellet
from the last spin was resuspended in 1xAB buffer. C) 90 μL of RTF was mixed with 10 μL
of 20x pCa buffer and 25 μL of the mixture was added to a well in the 96 well plate in
triplicates. D) 25 uL of HMM was added to each well to start the reaction. After 40 minutes
the reaction was stopped by the addition of stop solution and coloring solution was added. E)
Diagram for the set-up of the regulated ATPase assay. Figures generated with BioRender.
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ImageJ to obtain the velocity of each filament. Filament velocity as a function of ATP
concentration were plotted with GraphPad Prism 6 and fitted to the Michaelis-Menten equation.
2.6
2.6.1

Calcium Sensitivity Assays
Regulated Actin Activated Myosin ATPase Assay
Similar to the unregulated actin activated myosin ATPase assay, this assay also uses

colorimetric molybdate Pi release. However, regulated actin activated myosin ATPase activity
at different pCa values are measured. The protocol followed was described by Teng et al. (2019)
and briefly described in Figure 2.2.
2.6.2

Regulated In Vitro Motility Assay
A regulated IVM assay followed the procedure described by Teng et al. (2019) During the

setup of the flow cells, 300 μM of cTn complex and cTm was added after the addition of 1000x
diluted rhodamine-phalloidin-labeled F-actin to bind the actin in the flow cell. The motility buffers
all contained 2 mM ATP with increasing concentrations of calcium ranging from pCa10 to 4.5.
The same equipment and software were used to capture and analyse the videos; however, rather
than measuring the velocity filaments, the percentage of mobile filaments was plotted on GraphPad
Prism 6 and fitted to the four-parameter Hill equation to obtain a pCa50 value and Hill coefficient.
2.7
2.7.1

Testing Trifluoperazine
Regulated Actin Activated Myosin ATPase Assay
Regulated actin activated myosin ATPase assay testing TFP was adapted from the

regulated actin activated myosin ATPase assay described in section 2.6.1. To test TFP more
efficiently, the assay was modified for 384-well plates; therefore, one third of the proteins and
buffers were used in each well.
Three sets of 20x relaxing solution (pCa10) and activating solution (pCa4.5) were made.
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Each set of relaxing and activating solutions contained the same concentration of buffers described
Teng et al. (2019) with the first set including 0.5% DMSO, the second set including 0.5 mM TFP,
and the third set including 1.0 mM TFP. The relaxing and activating solution from each set was
mixed together at different ratios to produce buffers ranging from pCa8.0 to pCa5.0. 30 μL of
RTFs were mixed with 3.33 μL of pCa buffer, diluting TFP by 10x. 8 μL of each mixture was
pipetted into one well three times to ensure complete mixing, with the plate layout as seen in
Figure 2.1B. The reaction was initiated with the addition of 8 μL of 0.0625 mg/ml of HMM,
diluting TFP by 2x, and left to react at 22°C for 40 minutes. 16 μL of phosphate buffer from 0 mM
to 2 mM were added to wells in triplicate as a phosphate standard. The reactions were stopped by
the addition of 16 μL of stop solution (60 mM EDTA, pH 6.5, 6.6% SDS) and 64 μL coloring
solution (0.5% ferrous sulfate, 25% of 2% ammonium molybdate, 4 N H 2SO4) was added to each
well. The 384 plate was read at 750 nm using a Thermo Scientific Multiskan GO. Percentage
myosin ATPase activity was obtained by dividing ATPase activity at each pCa value by the
maximum activity. These values were plotted using Graph Pad 6 and fitted to the four-parameter
Hill equation to obtain a pCa50 value and Hill coefficient.
2.8

Statistical Tests
GraphPad Prism 6 was used to perform paired t-test to test the significance between the mean

difference when comparing the two ACTC variants individually to WTrec ACTC. For each assay,
three biological replicates were tested, represented as n=3, and each data point per assay were
performed in triplicates. For each graph, the error bars show standard error of the mean (SEM).
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3

Results

3.1

Protein Purification
One pellet from a 500 mL culture of Sf9 cells was used per purification, counting as one

biological replicate. Each purification yielded from 2.0 mg to 2.5 mg of ACTC, depending on the
virus used.
3.2
3.2.1

Comparing Intrinsic properties of WTrec with T126I and S271F
Thermal Shift Results
The thermal shift assay measured the melting temperature for WTrec ACTC to be 60.03 ±

0.17°C (n=3). The melting temperature for T126I ACTC variant was not statistically significantly
different than WTrec ACTC, while the melting temperature for S271F ACTC was significantly
lower (p=0.0086) (Figure 3.1A, B and E).
3.2.2

Polymerization Results
The rate of polymerization and stability at steady state was measured by the increase in

fluorescence as the local environment of pyrene bound to cysteine 374 of actin changes during
polymerization. As seen in Figure 3.1C, the rate of polymerization of the two variants T126I and
S271F were the same compared to WTrec ACTC; however, the change in fluorescence seen with
the T126I ACTC and S271F ACTC variants was significantly lower than WTrec ACTC (p=0.0022
and <0.0001, respectively) (Figure 3.1D and E)
3.3
3.3.1

Comparing Actomyosin activity of WTrec with T126I and S271F
Unregulated Actin Activated Myosin ATPase Assay Results
Unregulated actin activated myosin ATPase assays measure the enzymatic activity of

myosin ATPase and generated Michaelis–Menten curves for myosin ATPase for different ACTC
variants. By using the Michaelis–Menten equation, V max and KM for each variant were also
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Figure 3.1 Actin property assays A) Thermal shift curves comparing the two variants with
WTrec ACTC. B) Box plot showing the mean melting temperature of the ACTC samples. C)
Polymerization curves comparing the two variants with WTrec ACTC. D) Box plot showing
the mean change in fluorescence of the ACTC samples. E) Compiled values from thermal shift
and polymerization assays.
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obtained. Both of the T126I and S271F ACTC variants showed significantly lower Vmax and KM
compared to WTrec ACTC (p<0.05) (Figure 3.2A, C and E)
3.3.2

Unregulated In Vitro Motility Assay Results
Michaelis–Menten curves were also generated with unregulated IVM assays measuring

filament velocity as a function of ATP concentration (Figure 3.2B). The maximum velocity for
T126I ACTC was significantly lower than WTrec ACTC (p=0.0036), while S271F ACTC showed
a significantly higher KM compared to WTrec ACTC (p=0.0463) (Figure 3.2E).
3.4
3.4.1

Comparing Calcium Sensitivity of WTrec with T126I and S271F
Regulated Actin Activated Myosin ATPase Assay Results
Myosin ATPase activity in the presence of RTFs containing each ACTC variant regulated

with cTn complex and cTm was measured as a function of calcium concentration. T126I ACTC
had significant increase in maximum myosin ATPase activity compared to WTrec ACTC
(p=0.0042), while a decrease in maximum activity was observed with regulated S271F ACTC,
although this decrease was not statistically significant (Figure 3.3E and G).
The pCa50 is the pCa value at which 50% maximal myosin ATPase activity is reached.
There was no significant difference in pCa50 between WTrec ACTC and S271F ACTC. However,
the pCa50 of T126I ACTC was significantly lower compared to WTrec ACTC (6.74 ± 0.011 vs
6.96 ± 0.039, p<0.0001) (Figure 3.3A and C). The Hill coefficient for WTrec ACTC was-5.079,
for T126I ACTC was -2.782 and for S271F ACTC was -2.175 (Figure 3.3G).
3.4.2

Regulated In Vitro Motility Assay Results
The regulated IVM assay measures RTF velocity at different calcium concentrations. When

regulated with cTn complex and cTm, the maximum sliding velocity of T126I RTFs was similar
to that WTrec RTFs (3.88 ± 0.23 μm/s and 3.61 ± 0.27 μm/s, respectively). However, the maximum
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Figure 3.2 Unregulated ATPase and IVM assay results. A) Michaelis-Menten curves generated
from unregulated ATPase assays comparing the two variants with WTrec ACTC (n=3 for all
ACTC proteins). B) Michaelis-Menten curves generated from unregulated IVM assays
comparing the two variants with WTrec ACTC (n=3 for all ACTC proteins). C) Box plots
showing the mean KM and Vmax of the variants from unregulated ATPase assays. D) Box plots
showing the mean KM and Vmax of the variants from unregulated IVM assays. E) Compiled
data from unregulated ATPase and IVM assays.
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Figure 3.3 Regulated ATPase and IVM assay results. A) pCa curves generated from regulated
ATPase assays comparing the two variants with WTrec ACTC. B) pCa curves generated from
regulated IVM assays comparing the two variants with WTrec ACTC. C) Box plots showing
the mean pCa50 of the variants from regulated ATPase assays. D) Box plots showing the mean
pCa50 of the variants from regulated IVM assays. E) Box plots showing the mean maximum
myosin ATPase activity of the variants from regulated ATPase assays. F) Box plots showing
the mean maximum velocity of the variants from regulated IVM assays. G) Compiled data
from regulated ATPase and IVM assays.
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velocity of 2.88 ± 0.17 μm for S271F RTFs was significantly slower than WTrec ACTC (p=0.0063)
(Figure 3.3F and G). Confirming the results with myosin ATPase assays, the pCa50 value for
S271F RTFs was not statistically different than that of WTrec ACTC in IVM assays, while the
pCa50 of T126I RTFs was significantly lower than WTrec ACTC (6.48 ± 0.024 vs 6.64 ± 0.024,
respectively, (p=0.0010). The Hill slope for WTrec ACTC was -1.968, for T126I ACTC was 1.934 and for S271F ACTC was -2.774 (Figure 3.3D and G).
3.5

Effects of TFP on WTrec and T126I

3.5.1

Regulated Actin Activated Myosin ATPase Assay Results

The presence of 0.5% DMSO in the pCa buffer did not significantly alter the pCa 50 value of
WTrec ACTC compared to buffers without DMSO (6.96 ± 0.039 and 6.918 ± 0.018, respectively).
The pCa50 values for WTrec ACTC treated with 25 uM and 50 uM of the calcium sensitizer TFP
were significantly higher compared to WTrec ACTC with DMSO (p=0.0047 and p< 0.0001,
respectively). As the concentration of TFP was increased, the pCa50 also increased by about 0.1
pCa units per 25 uM, from 6.918 to 7.011 and 7.22. (Figure 3.4A, C and F).
In the presence of DMSO, the T126I ACTC pCa50 was significantly higher than in the absence
of DMSO (6.854 ± 0.044 and 6.784 ± 0.011, respectively, p=0.0132). When T126I ACTC variant
was treated with TFP, both doses showed a significant increase in pCa50 values when compared to
the DMSO control (p<0.0009), following the trend seen with WTrec of increasing pCa50 with
higher dose (Figure 3.4C, D and F).
For WTrec ACTC, the difference between pCa50 value of 25 uM TFP treatment and DMSO
control was 0.1109 ± 0.012 and the difference between 50 uM TFP treatment and DMSO control
was 0.2974 ± 0.022. Looking at T126I ACTC variant, the difference between pCa50 value of 25
uM TFP and DMSO control was 0.1919 ± 0.025 and the difference between 50 uM TFP and
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E.

Figure 3.4 Regulated ATPase and Regulated IVM assay results. A) pCa curves generated from
regulated ATPase assay with WTrec ACTC treated with different concentrations of TFP. B)
pCa curves generated from regulated ATPase assay with T126I ACTC variant treated with
different concentrations of TFP. C) Bot plots showing the mean pCa50 of the WTrec ACTC.
D) Bot plots showing the mean pCa50 of the T126I ACTC variant. E) Compiled data from
testing TFP.
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DMSO control was 0.3201 ± 0.027. There was a significant (p=0.0357) increase in the difference
at 25 uM TFP with T126I ACTC variant when compared to WTrec ACTC. However, there was
no significant increase in the difference at 50 uM TFP (Figure 3.4F).
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4

Discussion

4.1

Changes in Intrinsic Properties
Thermal shift assays were conducted to test the stability of ACTC in the monomeric state.

While T126I ACTC had a melting temperature similar to WTrec, S271F ACTC showed a decrease
in melting temperature compare to WTrec ACTC, indicating a decreased ability to properly fold
(Mundia et al., 2012).
Actin polymerizes in three different stages; nucleation, elongation and steady state (Figure
1.2A). Previous studies showed that some variants are less stable in the F-actin state with an
increased rate of polymerization suggesting an increase in breakage of filaments during elongation.
Interestingly, T126I and S271F ACTC did not show an increase in the rate of polymerization;
however, both variants showed a decrease in the change in overall fluorescence compared to
WTrec ACTC. This decrease in overall fluorescence change suggests that less filaments are
formed. Additionally, when S271F ACTC was imaged using electron microscopy (EM), fewer
filaments and more aggregates were formed compared to WTrec ACTC filaments (Figure 4.1).
These results further suggest a decrease in stability in the F-actin state. These subtle changes in
the intrinsic properties of ACTC as a result of a single amino acid substitution can be the source
of stress to cardiomyocytes.
4.2
4.2.1

Changes in Actomyosin Activity
Changes in KM
Unregulated ATPase assay measured Pi production by myosin ATPase as a function of ATP

concentration. Both T126I and S271F ACTC variants showed a decrease is KM. When compared
to IVM assays measuring gliding velocity as a function of ATP concentration, only S271F ACTC
showed a decrease in KM while the KM value of T126I was statistically insignificant (p=0.64)
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S271F

WTrec

Figure 4.1 EM image of S271F ACTC variant compared to WTrec ACTC. A) EM image of
S271F ACTC variant, polymerized with 10x polymerization buffer. B) EM image of WTrec
ACTC, polymerized with 10x polymerization buffer. Unpublished images captured by Dr.
Navneet Sidhu, former member of the Dawson Lab.
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compared to WTrec ACTC. Decreases in KM suggest greater myosin binding affinity for ATP in
the presence of the variants.
4.2.2

Changes in Duty Ratio
ATP is hydrolysed when myosin interacts with F-actin and the resulting force is known as

the ensemble force. The duty ratio of myosin (r) is variable that is directly proportional to ensemble
force. Duty ratio is defined as percentage of myosin bound to actin during the actomyosin cycle,
and is calculated using the equation: r = (δ⋅kcat)/vo. δ represents the step count of myosin and is
assumed to be constant at 5 nm (Howard, 1997). kcat represents the turnover rate of ATP by myosin
ATPase activity which is determined with unregulated ATPase assay via the equation k cat =
Vmax/[total enzyme]. Lastly, vo represents the maximum myosin motor velocity determined using
IVM assays.
Both T126I and S271F ACTC variant showed a lower maximal myosin ATPase activity
compared to WTrec ACTC, therefore resulting in a lower kcat, lower duty ratio and subsequently
lower ensemble force. When looking at IVM assays, only T126I ACTC showed a decrease in
velocity when myosin ATPase is saturated. Since vo is inversely proportional to r, decreased
velocity resulted in a higher duty ratio. However, for T126I the decrease in kcat was more
significant and resulted in an overall decrease in duty ratio.
4.3
4.3.1

Changes in Calcium Sensitivity
A New Technique to Make RTFs
For the regulated actin activated myosin ATPase assay, a problem was faced with forming

RTFs. Previous work done in the lab mixed ACTC, cTn complex and cTm in a 7:3:3 molar ratio,
and the proteins were dialysed in 1xABB buffer for 48 hours. This technique resulted in poor RTF
formation and the same level of ATPase activity regardless of pCa value. Therefore, I developed
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a new technique as outlined in my earlier paper Teng et al (2019). Briefly, a 1:1:1 molar ratio of
ACTC, cTn complex and cTm were incubated at 22º C and spun down at 95 000 RPM. The pellet
was resuspended with additional cTn and cTm at the same concentration as the first incubation.
The mixture was spun down again, resuspension of the pellet was repeated, and after the third
centrifugation the pellet was resuspended in 1xABB buffer.
This new technique follows the principle of Liang et al., (2003) which saturates the F-actin
with cTn and cTm, ensuring proper regulation. Additionally, by avoiding long dialyses, time is
saved and protein losses and changes in concentration are reduced.
4.3.2

pCa Curves
Both regulated actin activated myosin ATPase and IVM assays were performed to test if the

two variants would show altered calcium sensitivity. Out of the two variants, only T126I showed
a change in calcium sensitivity, which was consistent between both assays. Aligning with the
calcium sensitivity hypothesis of cardiomyopathy development, a decrease in calcium sensitivity
was seen with T126I ACTC, a variant liked to DCM.
When regulated with cTn complex and cTm, T126I RTF-activated myosin ATPase showed
an increase in ATPase activity. An increase in myosin ATPase activity might translate to faster
IVM gliding velocities and an increase in gliding velocity for T126I ACTC with IVM assays was
seen but was not statistically significant (p=0.21). Interestingly, unregulated ATPase assay showed
T126I ACTC variant to have a significant decrease in myosin ATPase activity and gliding velocity.
The difference observed between unregulated assays and regulated assays can be due to
compensatory effect of cTm and cTn complex. Regulatory proteins affect the cross-bridge cycle
and have been shown in other studies to also increase gliding velocity compared to unregulated Factin (Clemmens and Regnier, 2004; Homsher et al., 2000).
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While found in a patient with HCM, S271F RTFs did show significant changes in myosin
ATPase activity but not in gliding velocity, while I showed that other HCM-linked ACTC variants
such as R95C showed a decrease in both myosin ATPase activity and gliding velocity in my
previous work (Teng et al., 2019).
4.3.3

Difference in pCa50 between ATPase and IVM assays
Regulated ATPase assays resulted in a different pCa50 for all the ACTC samples when

compared to regulated IVM assay. However, the degree of change when comparing the pCa50
value of the ACTC variants to WTrec ACTC are the same. Therefore, the difference of pCa50 is
due to the difference in the nature of the assays. Regulated ATPase assays are performed in a 96
well plate while IVM assays are a single molecule study. Additionally, the pCa50 of human cardiac
myofibers range between 5.44 to 5.54, lower compared to the pCa50 of both regulated ATPase and
IVM assays (Narolska et al., 2006). Calcium sensitivity of myofibers are measured with a force
transducer, showing once again that pCa50 depends on the set up of the assays. Therefore, it is
important to compare the changes observed between WTrec ACTC and the ACTC variants of
different assays and not to compare the absolute pCa50 values between different assay formats.

4.4

Changes Hill Coefficient
Differences in Hill coefficient were not evident in IVM assays; however, ATPase assays

showed WTrec to have a greater Hill slope compared to the two variants. WTrec ACTC had a
sharper transition between the regulated state and unregulated state, with drastic differences in
myosin ATPase activity at pCa7.0 and pCa6.8 (Figure 3.4A). The decrease in cooperativity shown
by the two variants indicates an altered allosteric effect that is initiated with Ca 2+ binding to cTn
complex. Altered cooperativity can be due to altered protein-protein interactions at many points,
such as interaction between cTnI and ACTC, resulting in the slower removal of cTnI from ACTC
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or even altered interaction between cTm and ACTC, thus preventing cTm from moving between
the blocked, closed and open conformation. Another factor to consider is the activity and stability
of cTn complex used in the regulated ATPase and IVM assays. The cTn complex used was from
three separate purifications. If the activity of cTn complex was compromised, lower cooperativity
can be observed.
4.5

The Calcium Sensitizer Drug TFP with T126I
The calcium sensitizing drug TFP was tested on the T126I ACTC variant because this variant

showed a decrease in calcium sensitivity. TFP successfully increased the calcium sensitivity of
both WTrec and T126I ACTC. By plotting TFP concentration vs pCa50 value of T126I ACTC
variant at those concentrations, the concentration of TFP required to result in the same pCa50 value
as WTrec ACTC can be determined (Figure 4.2). 6.3 uM should be the dose of TFP that would
result in the same pCa50 value as WTrec ACTC treated with DMSO. Interestingly, TFP had a
greater effect on T126I ACTC variant compared to WTrec ACTC as seen with significant increase
in the difference of pCa50 treated with 25 uM TFP and DMSO.
Only two concentration of TFP were tested, 25 μM and 50 μM, because when making the
activating and relaxing solutions for a final concentration of 75 μM in the reaction, there was white
precipitate formed in the solution. This problem can be overcome by adding TFP directly into each
reaction rather than adding a higher concentration TFP into the 20X activating and relaxing
solution and further diluting the drug.
With the two concentrations of TFP studied the relationship between TFP and increasing
calcium sensitivity is linear for both WTrec ACTC and T126I ACTC variant. The DMSO control
for WTrec ACTC showed no difference in pCa50 compared to WTrec ACTC without DMSO.
However, T126I ACTC displayed an increased pCa50 when treated with DMSO. This increase can
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Figure 4.2 Line Plot of TFP Concentration vs pCa50 value. pCa50 of T126I ACTC variant
treated with DMSO, 25 μM TFP and 50 μM TFP are shown in orange. The straight-line
equation is y = 0.00682x + 6.88. Dotted arrow shows the pCa50 of WTrec ACTC treated with
DMSO. Figure generated with GraphPad Prism 6.
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be attributed to pipetting error since a 384 plate has narrower wells and a smaller volume was used.
Performing regulated IVM assays with DMSO and TFP would help determine if an increase in
pCa50 with regulated actin activated ATPase assay was the result of human error.
4.6

Potential Mechanism Causing HCM with S271F ACTC Variant
The S271F ACTC variant showed notable changes in intrinsic properties, aligning with the

findings reported by Mundia et al (2012) It was shown that other variants found within the same
subdomain as the S271F change, such as R312H, A331P and Y166C, also exhibited altered protein
stability and polymerization rates. Decreased ACTC stability could be the source of stress,
triggering compensatory remodeling of the sarcomeres and eventually leading to hypertrophy and
irregular shaped cardiomyocytes (Maron and Maron, 2013; Mundia et al., 2012).
Due to the location of the residue, it was thought that the substitution of phenylalanine would
affect the allosteric relay during actomyosin interactions. S271F ACTC did display a decreased
duty ratio, aligning with the idea that the repositioning of E270 when VI loop of myosin binds to
residue R39 if affected. Due to this reason S271F ACTC has been classified as a M-class ACTC
variant; however, my results from regulated myosin ATPase assays showed no altered calcium
sensitivity with S271F ACTC. Instead, S271F ACTC displayed decreased cooperativity compared
to WTrec ACTC was observed. Altered cTm cooperativity at low calcium concentrations was seen
with increased myosin ATPase activity at pCa7.5 and pCa7.3 (Figure 3.4A). Therefore, the data
suggest that this variant should be classified as an MT-class ACTC variants, affecting both
regulation and force development.
4.7

Potential Mechanism Causing DCM with T126I ACTC Variant
Unlike the other actin variants within the same helix as T126I, this variant displayed few

changes in its intrinsic properties but notable changes in actomyosin interaction and calcium
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sensitivity. The T126I ACTC variant displayed a decreased duty ratio that correlates to decreased
actomyosin interactions and decreased force generation. When regulated, T126I ACTC showed a
decrease in calcium sensitivity, aligning with the prevailing hypothesis for a DCM-linked variant.
For HCM-linked variants, H88Y, F90, R95C and E99K ACTC variants were classified as Mclass (Despond and Dawson, 2018). It was shown with cryo-EM that these residue are part of a
cluster around Y91 that form hydrophobic bonds with loop 3 of myosin during actomyosin
interactions (Mentes et al., 2018). Figure 4.3A shows that T126 is in close proximity of the cluster,
the change in polarity with isoleucine substitution could interfere and decrease the interaction with
loop 3 of myosin.
Figure3.3A shows T126I ACTC variant to have the same the myosin ATPase activity as
WTrec ACTC at every pCa value except pCa6.8. The decreased activity at that single point is the
reason for a lower Hill coefficient observed by T126I ACTC variant. In this case, change in Hill
coefficient might not indicate altered cTm cooperativity. Rather, the T126I ACTC variant is less
sensitive and not fully activated at pCa6.8.
4.8

Beyond Calcium Sensitivity
pCa curves serve as a good way to measure how ACTC variants alter myosin ATPase

activity at specific calcium concentrations. However, it is important to consider other parameters
such as equilibrium dissociation constants (Kd), looking at the ratio between the association rate
of calcium binding to cTnC (kon) and the rate of dissociating from cTnC (koff). Increased calcium
sensitivity can be due to a higher kon as compared to koff. In cases like S271F ACTC variant that
showed no changes in calcium sensitivity. A lack of changes in calcium sensitivity can be due to
an increase in both kon and koff. Even though the ratio between kon and koff is not altered, there is
still an absolute increase in kon and can result in increased overall force production without altering
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Figure 4.3 Important amino acid residues around T126. A) In orange are the amino acids
involved in the Y91 cluster that forms hydrophobic interactions with myosin loop 3. T126 is
shown in blue and in close proximity to the Y91 cluster. B) In yellow are the amino acids
classified as M-class variants. T126 is shown in blue and in close proximity to these residues.
Images produced using PDB 1J6Z.
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calcium sensitivity (Chung et al., 2016). Looking at additional parameters can add another level
of understanding and study mechanisms beyond calcium sensitivity for the development of
cardiomyopathy.
The benefit of working with purified proteins is the ability to directly assess the sarcomeric
units and pinpoint if the ACTC variants are the cause of altered force generation. However, this
reductionist approach does not study the impact of cytosolic signaling pathways and only provides
a prediction of the variants’ role in vivo. With the development of programing factors, human
induced pluripotent stem cells (iPS cells) provide a new ex vivo model. This new technology serves
to move further towards personalized medicine, allowing for personalized drug screening to
disease studies (Lin et al., 2019). Kim et al. (2018) developed three cardiomyocyte cell lines from
iPS cells using CRISPR/Cas 9 technology expressing TnT and myosin heavy chain 7 HCM-linked
variants (Kim et al., 2018). Similar technology can be applied to HCM-linked ACTC variants,
expanding the complexity of protein-protein interactions to involve other key organelles within
the cardiomyocyte during contraction.
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5
5.1

Conclusions and Future Work
Conclusions
This thesis was the first to biochemically characterize the S217F and T126I ACTC variants.

The S217F ACTC variant is an HCM-linked variant and was hypothesized to show altered intrinsic
properties, actomyosin interactions and increased calcium sensitivity. Both the thermal shift assay
and polymerization assay showed decreases in stability of S217F ACTC compared to WTrec
ACTC. The S217F ACTC variant displayed similar actomyosin interactions as WTrec ACTC. The
most unexpected result was that S217F RTFs did not display increased calcium sensitivity, where
other HCM-linked ACTC variants exhibit such an increase (Teng et al., 2019). The hallmark of
HCM is increased calcium sensitivity and numerous therapeutic approaches are based on this
ideology. No change in calcium sensitivity with S271F ACTC indicated that another diseasecausing mechanism might be involved and should encourage further research to move beyond
calcium sensitivity.
The T126I ACTC variant is linked to DCM. Residue 126 is located within a pathogenic helix
where residue changes have been shown to alter the intrinsic properties of other actin variants.
However, my results indicated that T126I ACTC had few changes in its intrinsic properties when
compared to WTrec ACTC. However, significant changes in actomyosin interactions and calcium
sensitivity were observed. It was observed that T126I ACTC variant displayed a significant
decrease in actomyosin interaction suggesting altered force generation. At the regulated thin
filament level, T126I ACTC showed a decrease in calcium sensitivity, aligning with the
characteristics of DCM-linked variants. Additionally, my observation that the presence of a
calcium sensitizer reversed the effect observed with this variant is the first reported use of TFP in
in vitro experiments with purified RTFs.
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5.2

Future Work
The T126I ACTC variant displayed altered actomyosin interactions and calcium sensitivity.

To further assess the importance the polarity provided by threonine during actomyosin binding
and regulation, other variants in the T126 residue, such as T126L, can be created using the Sf9
expression system and tested.
Although the S271F ACTC variant showed no change in calcium sensitivity, a calcium
sensitizer, such as W7, can be tested with this variant. The degree of the right-ward pCa curve shift
can be compared to WTrec ACTC treated with W7. It would be interesting to see if this variant
would respond differently than WTrec ACTC.
Furthermore, other assays can be used to investigate the S271F and T126I ACTC variants,
such as the addition of α-actinin to regulated IVM assay to introduce a load to the system and
allows for study of force generation by mimicking a fatigue like condition (Greenberg and Moore,
2010).
The results from these future works will all contribute to a better understanding of disease
mechanism that results in HCM and DCM.
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