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Force generation in the heart relies on the interaction of myosin and actin filaments, a tightly
regulated process where subtle changes can lead to heart disease. Mutations in 3-cardiac myosin
impact the number of available myosin molecules, their binding to actin, and their ATP utilization
rate. Understanding how this family of mutations alter heart contraction requires investigation of
myosin at the single molecule, the sub-cellular, and the physiological level. This study investigates
the mechanism of altered myosin function in two 3-myosin mutations (E525K and V606M). The
first project, presented in Chapter 2, uses molecular dynamics simulations of E525K and V606M
myosin to highlight a regulatory role for the loop 2 structure in crossbridge binding. The second
project, presented in chapter 3, involves a deep investigation of the E525K mutation using stem

cell derived cardiomyocyte. Cells and tissues with the E525K mutation showed decreased force



generation, consistent with dilated cardiomyopathy; however, single myofibril preparations
demonstrated that myofibrils containing E525K myosin can generate more force than wild type
under some conditions. These findings underscore the importance of multi-scale studies of
myosin mutations. While single-molecule biochemical assays are informative, they may not
always reflect the complete picture. As cardiac medicine moves towards personalized treatment,
in-depth understanding of how specific myosin mutations alter chemomechanics is vital for

designing tailored drugs for cardiomyopathy.
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Thesis Aim Overview

Cardiac muscle contraction is driven by the precise interplay between myosin and actin,
a process intricately regulated by the chemomechanical properties of myosin molecules. Diverse
myosin isoforms exhibit unique characteristics, enzymatic activities, and binding affinities,
enabling specialized functions across various cells and tissues. However, mutations in the MYH7
gene, which encodes B-myosin heavy chain, are a leading cause of cardiomyopathy, a condition
marked by impaired cardiac function. This thesis investigates how two specific cardiomyopathy-
linked mutations, E525K and V606M, alter myosin function and subsequent cardiac contractility.
To achieve this, we employed a multi-scale approach, combining molecular dynamics (MD)
modeling with stem cell biology techniques to study myosin function from the single molecule to
the whole tissue level.

Single-molecule simulations were used to explore how the E525K and V606M (-cardiac
myosin mutations affect myosin protein folding. Subsequently, electrostatic modeling elucidated
how these mutations alter the interaction between myosin and actin. The E525K mutation was
then further characterized at a mechanical level using human induced pluripotent stem cell
(hiPSC)-derived cardiomyocytes (hiPSC-CMs). Mechanical measurements were conducted to
assess how this mutation impacts contraction at the single myofibril, single cell, and whole tissue

levels. The findings of this investigation are summarized in the aims below.

Aim 1: Determine the Structural Dynamics of Myosin Loop 2 and its Role in
Actomyosin Interactions.

Motivation: The flexible loop 2 region of myosin is critical for regulating its interaction with actin
and facilitating cross-bridge formation. Despite its importance, high-resolution structural

information for this region is limited, hindering a complete understanding of its function. This aim
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utilized computational approaches to model loop 2 structure and evaluate its contribution to
electrostatic interactions with actin.

Specific Goal: We employed molecular dynamics (MD) simulations to model the conformational
state space of loop 2 in both wild-type and mutant (E525K or V606M) myosin. The DelphiForce
program was then used to model electrostatic interactions between myosin and actin, determining
how these cardiomyopathy-associated mutations alter these interactions. Our results indicate that
both mutations induce changes in the conformational state of loop 2, leading to an increased

affinity for actin.

Aim 2: Investigate the Functional Consequences of the E525K Mutation on Cardiac
Muscle Contractility.

Motivation: The E525K mutation in B-cardiac myosin is a clinically significant mutation
associated with dilated cardiomyopathy. Understanding how this mutation disrupts cardiac
contractility is essential for developing targeted therapeutic strategies. This aim investigated the
effects of the E525K mutation on force generation, contraction mechanics, and calcium handling
in human stem cell-derived cardiomyocytes.

Specific Goal: The effects of the E525K mutation were assayed in hiPSC-CMs by measuring
sarcomere shortening in isolated cells, force generation in engineered heart tissues (EHTs), and
contractility in isolated myofibrils. This work advances our understanding of how the E525K
mutation alters myosin function within a loaded and contracting sarcomere. Furthermore, these
findings have implications for the development and application of novel myosin-targeted drugs

for cardiomyopathy treatment.
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Chapter 1 — Introduction and Background:

Cardiovascular Disease

The average human heart will beat around three billion times in a lifetime. While the size
of that number is impressive the dynamic nature of heart contraction is perhaps even more
striking. This pacemaker of our lives not only works without ceasing but has an astonishing ability
to adapt to different situations and to overcome physiological changes. When an organism is
threatened or the body undergoes a hemorrhage sympathetic stimulation drives functional
changes in the heart increasing the hearts ability to contract and to relax—this allows a healthy
human’s heartrate to vary from 60 to 200 beats per minute (Katz 2010; Mohrman and Heller 2013).
On the other hand, chronic changes in cardiac demand due to physiological fluctuations such as
hypertension lead to remodeling of the heart where the contractile cells in the heart grow larger
in response to increased demand for force (Katz 2010). This beautiful and complex regulation of
cardiac output represents a fascinating system in which to study how perturbations to the system
are compensated for and how the buildup of perturbations can eventually overcome or hijack the
hearts adaptability leading to heart failure.

Heart failure occurs when the heart can no longer pump sufficient blood to meet the
physiological demands of the body. This can be caused by the heart failing to pump strongly
enough (systolic failure) or failing to relax fully and fill with blood (diastolic failure). Clinically these
changes in heart function are monitored using echocardiography and can be seen as changes a
patients ejection fraction (EF)—or the fraction of blood that is pumped out of the ventricles during
systolic contraction. Patients suffering from heart failure with an EF of 40% or less are diagnosed
with heart failure with reduced ejection fraction (HFrEF) while patients suffering from heart failure
with an EF of 50% or more are diagnosed with heart failure with preserved ejection fraction
(HFpEF). Patients with EF between 41% and 49% are diagnosed with mild HFrEF (Heidenreich
et al. 2022). Physiologically the manifestation of heart failure is seen as shortness of breath,
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fatigue and weakness, as well as swelling of the belly/abdomen and lower extremities
(Heidenreich et al. 2022). As the heart loses its ability to pump blood through the body the lack of
oxygen and nutrients reaching tissues increase leads to the fatigue and shortness of breath. The
swelling of the lower body is caused by a buildup of blood in the compliant venous system.
While many cases of heart failure are acquired due to lifestyle and environmental factors
heart disease can also be genetic (Ahmad, Seidman, and Seidman 2005). Gene mutation can
also lead to disease (lyama and Wilson 2013; Xu et al. 2015). The genetic mutations that underly
inherited heart disease can be in many different proteins but one of the key players in this process
is the molecular motor myosin. Myosin is an ATPase enzyme which is responsible for the
generation of force in all musicals including the heart. Mutations in myosin can cause heart
disease by changing the structure and therefore function of myosin. The following section will

introduce the myosin motor, its links to disease, and the important regulators of this protein.

Myosin—A Motor to Power the Heart

Myosin is the molecular motor responsible for force generation in the heart, but myosin
molecules can be found in all types of muscle and non-muscle myosins carry out yet more
functions in many different cell types. Each of these types of myosin molecules are tuned to task.
For example myosin molecules found in a fast twitch muscle fiber must have a faster ATPase
activity and shorter duty ratio (time spent bound to actin) than myosins found in slow twitch muscle
fibers (Geeves and Holmes 2005). This tuning allows a fast myosin to avoid creating drag during
in a quickly contracting muscle twitch. The tuning of myosin is achieved through changes in the
rate constants of the myosin crossbridge cycle depicted in (Figure 1-1 A). A deep understand of
these rates and how they can be changed is not only interesting from a biological and biophysical
perspective but important for our understanding of disease and drug interactions. Mutations in

myosin that cause cardiomyopathy are known to change these rates. Novel myosin activator or
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inhibitor drugs change these rates in ways that are not yet fully understood (Auguin et al. 2024;
Kooiker et al. 2023). The work presented here aims to investigate model myosin mutations and
understand how the rates of the crossbridge cycle are changed.

The myosin crossbridge cycle is divided into six states depicted in Figure 1-1 A and
(Childers and Regnier 2024). By moving through these six states myosin molecules harness the
energy from ATP hydrolysis to fuel the power stroke and drive muscle contraction. All known
myosin molecules move through the same chemo-mechanical crossbridge cycle, but by changing
the transition rates between these crossbridge cycle states different myosin molecules can carry
out specific functions (Sweeney and Houdusse 2010). How then do different myosin molecules
change these rates. As in all biological systems structure and function are tightly interwoven. It is
the structure of myosin (Figure 1-1 B) that changes these rates, and it is these variable rates that
allow myosin molecules to be tuned to specific tasks. The next sections will discuss the structural
domains of myosin and then the biochemistry and physiological significance of the crossbridge

states.
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Figure 1-1 The myosin crossbridge cycle and subdomains of the myosin S1 head.

(A) Schematic depiction the six-state myosin crossbridge cycle and the interacting heads motif bases of the
ON/OFF state of myosin. Adapted from Dr. Matt Childers (Childers and Regnier 2024). (B) Ribbon diagram
of pre-powerstroke human B-myosin S1. Key subdomains of the myosin motor domain are indicated.
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The Domains of Myosin
Here are summarized the main domains of the Myosin head molecule (visualized in
Figure 1-1 B). Also summarized are the main regulatory or structural function that each of these

domains play during myosin function and the crossbridge cycle.

The upper 50 kDa domain and Lower 50 kDa domain:

These two domains form the core of the motor domain, housing the ATP-binding site. This
motor caries out a storm of activity during muscle contraction. The upper 50 kDa domain is
primarily involved in nucleotide binding, while the lower 50 kDa domain contributes to actin
interaction. Together, they create the catalytic pocket where ATP hydrolysis occurs. The
interactions between these domains change based on the bound nucleotide, causing
conformational changes that are essential for the power stroke as well as the transition from a

weakly-bound state to a strongly-bound-state (Figure 1-1 A).

The actin-binding cleft:

This cleft, located on the surface of the motor domain, is where myosin interacts with actin
filaments. The precise interactions within this cleft are critical for the formation of the actomyosin
complex, which is necessary for force generation. During initial weak binding between myosin
and actin the cleft is open and myosin binds to actin mostly via the lower 50 kDa domain. As the
actomyosin complex transitions to a strongly-bound-state the upper 50 kDa domain binds to actin
and the cleft between the two domains closes (Klein et al. 2008). Changes in the conformation of
this cleft, allow for progression though the chemomechanical cycle (phosphate release) and the

power stroke (Figure 1-1).
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The flexible Loops:

Though often overlooked in schematics and hard to resolve using crystallography the
flexible loops of myosin are critical domains that regulate the function of the motor. These loops
are crucial for the communication between the ATP-binding site and the actin-binding cleft.
Specifically, loop 2 and loop 3 play a significant role in electrostatic interactions between myosin
and actin. Loop 4 is known to play a role repositioning tropomyosin on actin during muscle
activation and relaxation (Doran, Rynkiewicz, Pavadai, et al. 2023). These loops may also play
important allosteric roles that regulate the changes that the myosin head undergoes during the
power stroke—for example the closing of the actin binding cleft during transition from a weakly
bound actomyosin complex to a strongly bound actomyosin complex (Clobes and Guilford 2014;

Yengo and Sweeney 2004).

The central beta sheet:

This is a core structural element within the motor domain, providing a stable framework
for the other functional domains. It acts as a structural support and helps to transmit
conformational changes throughout the myosin head. More specifically, the central beta-sheet is
a key structural component of the myosin head, and it is found between the two 50 kDa domains.
This part of myosin is structurally linked with many of the other myosin subdomains and provides
a nexus of for structural communication within the myosin head. It can be thought of as a physical
bridge, linking the actin binding surface, to the nucleotide binding pocket, and helps to coordinate
product release in response to actin binding and cleft closure (Walklate, Ujfalusi, and Geeves
2016). This linkage is crucial for the coordinated action of myosin. Importantly this structure is
near the nucleotide binding pocket and mutations in this regain can impact the binding/release

kinetics of ATP/ADP (Lee et al. 2024).

The N-terminal domain & the converter domain:
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The N-terminal domain contributes to the overall structure of the myosin head and
participates in nucleotide binding. It works in conjunction with the upper 50 KDa domain to create
the nucleotide binding pocket. The converter domain acts as a lever, amplifying the small
conformational changes in the motor domain into larger movements of the lever arm. It is critical
for the generation of the power stroke, translating the chemical energy of ATP hydrolysis into
mechanical work. Interestingly two recently developed myosin modulating drugs bind to these

regions of myosin and modulate myosin function (Auguin et al. 2024).

The essential and regulatory light chain:

While not technically part of the myosin molecule, these proteins are critical regulators of
myosin function. The essential light chain (ELC) protein binds to the lever arm, stabilizing its
structure and contributing to the efficiency of the power stroke. It helps regulate the movement of
the lever arm and therefore regulates the force of the muscle contraction (Hernandez et al. 2007).
The regulatory light chain (RLC) can modulate the recruitment of myosin. Phosphorylation of RLC,
primarily by myosin light chain kinase (MLCK), modulates the kinetics of cross-bridge binding and

the rate of force development (Gordon, Homsher, and Regnier 2000; Zaleta-Rivera et al. 2019).
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The Myosin Crossbridge Cycle

The myosin crossbridge cycle is the fundamental unit of muscle contraction responsible
for driving the sliding filament theory and is therefore crucial for heart function. Myosin is an ATP
driven molecular motor and through its interaction with actin is the protein responsible for force
generation in all muscles. The key players in this molecular force generation are myosin
comprising the thick filament, actin comprising the thin filament, and ATP delivering chemical
energy. The interaction of these players is regulated by tropomyosin and the troponin complex
which decorate the actin thin filament allowing or blocking myosin from interacting with actin.
Through years of structural biology and biochemical analysis the 6-state crossbridge cycle has
been developed as a model for how myosin interacts with actin (Figure 1-1 A). The following
section will discuss each step in this cycle and delve into the regulatory importance of each of

these chemomechanical steps. The chemical makeup of each state is indicated in bold.

Actomyosin Complex Formation: A + M.ADP.Pi

To bind actin and begin a force generating powerstroke, ADP and inorganic phosphate
(Pi) must be bound myosin. This “pre-powerstroke” conformation of myosin first interacts with
actin to form a weakly bound complex. The initiation of this interaction is thought to be driven by
the Lower 50 kDa Domain of myosin (Klebl et al. 2025; Yengo and Sweeney 2004). Specifically,
the helix loop helix (HLH) motif on the lower 50 kDa domain as well as loop 2 and loop 3 (Figure
1-1 B) are known to initiate interaction with actin. Of particular interest here are the positive

charges on Loop 2 that form interactions with the negative charges on the N-terminus of actin.

Phosphate Release: AM.ADP.Pi

Once in the weakly bound state, myosin can form stronger interactions with actin and
release Pi. The myosin cleft separating the Upper and Lower 50 kDa Domains closes allowing

the upper 50 kDa domain to interact with actin forming a strongly bound state. This transition in
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the myosin cleft is coupled to movement of the myosin lever arm, creating strain in the complex
that can be measured as force. These changes in myosin structure are association with the
release of Pi, which is highly dependent on actin binding and is usually the rate limiting step of
the cycle under no or low resistive loads (Geeves and Holmes 2005; Sweeney and Houdusse

2010).

ADP Release: AM.ADP

The next step in the crossbridge cycle is ADP release. This rate is strain dependent and
is often limiting during force generation. During experimental load or due to afterload in the beating
heart, ADP release slows increasing the duty ratio of myosin (Moss and Fitzsimons 2002;
Sweeney and Houdusse 2010). This is an excellent example of how changes in the various rates
of the crossbridge cycle regulate the function of myosin and contribute to the physiological
flexibility of heart contraction. The fact that ADP release slows in response to afterload directly
contributes to increased cardiac output in response to physiologic demand and is one mechanism

behind the Frank Starling effect (Katz 2010).

ATP Binding and Actomyosin Complex Dissociation: AM

Once ADP is released myosin and actin remain in a strongly bound “rigor” complex.
Myosin cannot detach from actin in the absence of ATP because it is the binding of a new ATP
molecule that allows for conformational changes in myosin and the dissociation of the actomyosin
complex. Indeed, the stiffness observed in recently deceased animals known as rigor mortis is
caused by this exact phenomenon and muscle stiffness can be used to estimate time of death

(Shrestha, Kanchan, and Krishan 2024).

ATP Hydrolysis: A + M.ATP
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Once a new ATP molecule binds to a free head, the catalytic domain of myosin hydrolyzes
it to ADP.Pi. Energy from this hydrolysis is used to reset the myosin lever arm and prepare the
myosin molecule to begin the crossbridge cycle again. The period of cyclic movement of myosin
through these 5 states is known as the “myosin cycling rate,” and is the myosin ATPase activity.
However, the rate at which a pool of myosins utilizes ATP is also controlled through recruitment

of myosin molecules out of an OFF state.

The “OFF” Myosin State: M.ADP.Pi

Myosin in the ADP.Pi bound “pre-powerstroke” state has the capacity to enter an ATP
sparing/energy conserving state where its ATPase activity is reduced by an order of magnitude.
This “OFF” state of myosin is biochemically defined as an order of magnitude decrease in myosin
ATPase rate. The conformation of the two myosin heads and their arrangement relative to the
myosin backbone are hypothesized to contribute to the reduced ATPase activity (Mohran et al.
2024; Spudich 2015). The transition of myosin heads between “ON” and “OFF” states is termed
myosin recruitment and plays a critical role in modulating muscle contractility (Campbell, Janssen,

and Campbell 2018).

The Duty Ratio:

The duty ratio of myosin refers to the proportion of time a myosin head spends strongly
attached to an actin filament during its complete cycle of activity (Geeves and Holmes 2005;
Sweeney and Houdusse 2010). There is a great deal of variation depending on the specific
myosin type: skeletal and cardiac muscle myosin typically have a very low duty ratio. This means
they spend most of their time detached, allowing for rapid cycling and generation of forceful
contractions needed for muscle movement (Chin et al. 1998; Sweeney and Houdusse 2010).
Non-muscle myosins, like those involved in intracellular transport, have a much higher duty ratio,
potentially exceeding 70%. This allows for a more processive movement, where the myosin head

21



stays attached and "walks" along the actin filament for longer distances (Sweeney and Houdusse
2010; Yengo and Sweeney 2004:2). The parts of the myosin crossbridge cycle that contribute to
the duty ratio are the strong binding states to actin. By understanding the duty ratio of different
myosin types or different myosin mutations insight can be gained into how different myosin

types/mutations contribute to variation in cellular and organ level function.
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Regulation of Contraction

The regulation of contraction in cardiac muscle, and in striated muscle in general, is
exerted primarily through the effect of calcium (Ca®") on thin filament regulatory elements. The
concentration of Ca®" in muscle cells is thus tightly regulated allowing for excitation contraction
coupling (Bers 2002). Structural and biochemical studies have established that tropomyosin (Tm)
blocks the myosin binding sites on actin during resting conditions in muscle (Gordon et al. 2000).
Upon membrane depolarization Ca®" is allowed into the cell and the sarcomere. Ca?" binds to
troponin (Tn) which in turn frees Tm, allowing it to become mobile, thus uncovering the myosin
binding sites on actin and allowing for crossbridge formation. This process of thin filament
activation is regulated at two levels. The amount of Ca® released or rate of calcium release can
be altered, or the sensitivity/binding kinetics of the Tn Ca?®" interaction can be altered (Geeves,
Lehrer, and Lehman 2019; Gordon et al. 2000). In addition to this regulation at the thin filament
level muscle contraction can also be regulated at the thick filament or myosin level. This regulation
of myosin is carried out at three levels first myosin must be recruited off the thick filament
backbone, next myosin must be activated through electrostatic interactions with actin to bind and
form a crossbridge between the thick and thin filaments, finally the cycling rate or ATPase activity
of myosin can regulate the rate/extent of force generation (Childers and Regnier 2024; Gordon et
al. 2000). The next sections will explain in detail how regulation of the thick and thin filament is
modulated and how this modulation can change in the context of cardiac stress or cardiac

disease.

Thin Filament Regulation of Contraction

Regulation of the cardiac thin filament is the primary way that contraction is controlled in
cardiomyocytes. This regulation is achieved through various calcium dependent mechanisms. In
response to depolarization calcium enters the cell triggering calcium-induced calcium release.

This elevates intracellular (and intra-sarcomere) calcium levels and is followed by activation of
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the troponin complex. This activation allows tropomyosin to shift away from blocking the myosin
binding sites on actin. The sensitivity of this activation can be adjusted through phosphorylation.
Finally, the intracellular calcium concentration is reduced by transport into the sarcoplasmic
reticulum (SR) and out of the cell. Coordination at each stage of this process regulates force

generation in the heart and will be discussed in the following section.

Calcium induced calcium release

Calcium-induced calcium release (CICR) is the fundamental mechanism by which cardiac
myocytes achieve rapid and substantial increases in intracellular calcium concentration, for
excitation-contraction coupling. At rest (diastole) the intracellular calcium concentration is very
low (~1 nM or a pCa of 9.0). During an action potential, L-type calcium channels in the
sarcolemma open, allowing a small influx of extracellular calcium. This "trigger calcium" binds to
ryanodine receptors (RyRs) located on the sarcoplasmic reticulum (SR), the cell's internal calcium
store. This binding induces a conformational change in RyRs, causing them to open and release
a much larger bolus of calcium from the SR into the cytosol (Bers 2002). The magnitude of this
SR calcium release is proportional to the amount of trigger calcium and the SR calcium load,
ensuring that the force of contraction is tightly coupled to the electrical excitation of the cell. The
concentration of calcium during contraction can increase orders of magnitude up to ~6 uM or a
pCa of 5.2 (Bers 2002). It is worth noting however that this still only represents a submaximal
stimulation, in isolated myofibrils or skinned tissue constructs increasing calcium continues to
increase force beyond what is archived by systolic calcium concentrations. Maximum force
generation is (and maximum thin filament activation) is only achieved by calcium concentrations
on the order of 100 uM or a pCa of 4.0 (Gordon et al. 2000).

The CICR process is tightly regulated to prevent excessive calcium release and maintain
cellular homeostasis. Key regulatory proteins, such as calsequestrin and triadin, within the SR
lumen modulate RyR activity and calcium release. Additionally, the balance between calcium
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influx through L-type channels and calcium reuptake by SERCA pumps determines the SR
calcium load and, consequently, the magnitude of CICR. SERCA itself is regulated by
phospholamban (PLN), which inhibits SRCA activity its unphosphorylated state. Phosphorylation
of PLN reduces inhibition of SERCA and accelerates calcium reuptake in response to sympathetic
stimulation (Hagemann and Xiao 2002). Dysregulation of CICR, due to genetic mutations or
pathological conditions, can lead to abnormal calcium handling, resulting in arrhythmias, heart

failure, and other cardiac pathologies (Eisner et al. 2017).

The Troponin Complex: The Calcium-Sensitive Switch

The troponin complex, a key regulator of cardiac muscle contraction, comprises three
subunits: cardiac troponin C (cTnC), cardiac troponin | (cTnl), and cardiac troponin T (cTnT).
cTnC acts as the calcium sensor, possessing two high-affinity calcium-binding sites that are
typically occupied—even at low calcium concentrations—and one low-affinity sites that binds
calcium during systole as the intracellular calcium concentration rises (Gordon et al. 2000). When
this low-affinity site is occupied, a conformational change in cTnC is triggered. This conformational
shift propagates through the complex, influencing the position of cTnl. cTnl, the inhibitory subunit,
normally binds to actin, preventing myosin from interacting. When calcium binds to ¢cTnC, cTnl's
affinity for actin decreases, allowing myosin to bind and initiate contraction. cTnT, the
tropomyosin-binding subunit, anchors the troponin complex to tropomyosin, ensuring the
coordinated movement of tropomyosin in response to calcium binding (Tobacman 1996).
Variations in cTnT isoforms, along with post-translational modifications, can subtly modulate

calcium sensitivity and contractile properties (Gordon et al. 2000).

Tropomyosin: The Steric Gatekeeper

Tropomyosin, a coiled-coil protein, wraps around the actin filament, forming a continuous
strand that sterically blocks myosin-binding sites on actin in the relaxed state. This steric
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hindrance prevents the formation of cross-bridges and maintains the muscle in a relaxed state.
The calcium-induced conformational changes in the troponin complex, particularly the shift in
cTnl, cause tropomyosin to move away from the myosin-binding sites (Tobacman 1996). This
movement uncovers the binding sites, allowing myosin heads to interact with actin and initiate the

cross-bridge cycle.

Phosphorylation: Fine-Tuning Calcium Sensitivity

Phosphorylation of thin filament proteins, especially cTnl, plays a crucial role in modulating
calcium sensitivity. Protein kinase A (PKA) is a key enzyme that phosphorylates cTnl at specific
serine and threonine residues on its N-terminal extension. Phosphorylation of cTnl reduces the
affinity of cTnC for Ca?* at site Il (the primary Ca?* binding site), decreasing the calcium sensitivity
of the myofilaments (Gordon et al. 2000; Tobacman 1996). This effect accelerates relaxation and
contributes to the lusitropic (relaxation-enhancing) effects of beta-adrenergic stimulation. This is
a critical mechanism for rapidly adjusting cardiac function in response to physiological demands.
The degree of cTnl phosphorylation can vary depending on the balance of kinase and

phosphatase activities, allowing for fine-tuned control of calcium sensitivity.

PLN and SERCA: Regulators of Calcium Availability

While not direct components of the thin filament, phospholamban (PLN) and sarcoplasmic
reticulum Ca2+ ATPase (SERCA) significantly influence calcium availability, indirectly impacting
thin filament activation. SERCA, located in the sarcoplasmic reticulum (SR), is responsible for
pumping calcium back into the SR during diastole, lowering cytosolic calcium levels and
promoting relaxation. PLN, when dephosphorylated, inhibits SERCA activity, slowing calcium
reuptake. PKA-mediated phosphorylation of PLN relieves this inhibition, enhancing SERCA

activity and accelerating calcium removal (Hagemann and Xiao 2002). This modulation of SERCA
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activity directly affects the amount of calcium available to bind to cTnC, thereby influencing the

extent of thin filament activation and the rate of relaxation (Bers 2002).

Summary

Thin filament regulation in cardiac muscle is a finely tuned process involving a complex
interplay of protein interactions and post-translational modifications. Understanding these intricate
mechanisms is crucial for elucidating cardiac physiology and developing therapeutic strategies

for heart diseases.

Thick Filament Regulation of Contraction

While thin filament regulation is the primary way that contraction is controlled via excitation
contraction coupling the thick filament has intrinsic levels of regulation as well. Thick filament
regulation refers to the mechanisms that control the activity of myosin that are intrinsic to the
myosin molecule itself. These regulatory mechanisms determine when and how myosin finds its
binding site on actin and how it interacts with itself and actin to regulate and produce muscle
contraction. Thick filament regulation takes place at three levels recruitment, activation, and
cycling (Figure 1-2). These levels of regulation are summarized in the following section, but
briefly: (1) Recruitment of myosin refers to the transition of myosin heads from on OFF state where
they interact with the myosin backbone to an ON state where they are free to interact with actin.
(2) Activation refers to the electrostatic interaction between myosin and actin that leads to the
formation of a crossbridge between the thick and thin filaments. (3) The cycling of myosin or the
rate at which myosin moves through the chemomechanical cycle is the final level of thick filament

regulation.
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Figure 1-2: Mechanisms of Thick Filament Regulation

Regulation of the thick filament takes place at three levels. (1) Recruitment of myosin of the thick filament
backbone—a transition from the OFF state to the ON state. (2) Activation of myosin and the formation of
the actomyosin crossbridge. This is an electrostatic interaction and a cooperative process where myosin
molecules help each other bind. (3) Myosin cycling rate or ATPase rate.

Myosin Recruitment: The Biochemically Defined Super Relaxed State & The Structurally Defined

Interacting Heads Motif

Myosin heads exist in an equilibrium where some heads are free to interact with actin
while others are sequestered forming interactions with themselves and the myosin backbone. The
process of getting myosins off the backbone and ready to interact with actin is known as myosin
recruitment and is studied both through biochemistry and structural biology. The normal enzymatic
activity or ATPase activity of myosin S1 heads in isolation is often measured using a fluorescent
ATP analog (mantATP). Myosin molecules (or myofibrils, myofilaments, myocytes etc.) are mixed
with mantATP and—after homeostasis is achieved—mixed with an excess of normal or “dark”
ATP. The decay in fluorescence can then be measured as an analog for myosin ATPase rate
(Hooijman, Stewart, and Cooke 2011; Toepfer et al. 2020). These results are often fit with a double
exponential describing two rates of decay, one fast rate and one slow rate. When B-cardiac myosin
is assayed this way a fast ATPase rate of ~0.02-0.05 s™ and a slow ATPase rate of ~0.002-0.005

s are observed (Mohran et al. 2024). These two different biochemical rates are defined as the
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slow super-relaxed (SRX) state and the fast disordered-relaxed (DRX) state of myosin. The SRX
state represents a significant reduction in the basal ATPase activity of myosin, effectively
conserving cellular energy when muscle contraction is not actively required (Toepfer et al. 2020).
The SRX state is thought to be a crucial regulatory mechanism, allowing muscle fibers to remain
in a quiescent state with minimal ATP consumption. This is essential for maintaining cellular
energy homeostasis and preventing unnecessary ATP depletion. This state also acts as a reserve
pool available to increasing the contractile strength of individual muscle cells. Importantly the
disruption of the homeostasis between these two states is thought to be a key etiology in many
cases of hypertrophic and dilated cardiomyopathy (Barrick and Greenberg 2021; Duno-Miranda
et al. 2024; Toepfer et al. 2020).

Structurally, the interacting heads motif (IHM) is a key feature correlated with the SRX
state. The IHM describes a conformation where the two myosin heads fold back and interact with
each other and the myosin tail domain (as seen in Figure 1-2). This interaction is conserved
across different organism and is believed to stabilize the myosin molecule in a low-energy
conformation (Lee et al. 2018). It has been hypothesized that the IHM contributes directly to the
reduced ATPase activity characteristic of the SRX.

However, it is important to remember that the SRX state is defined biochemically while the
IHM state is defined structurally. More research is needed to fully understand the relationship
between these states. While the IHM is often correlated with the SRX, emerging evidence
suggests that the SRX state may not be exclusively dependent on the IHM conformation (Mohran
et al. 2024). Other factors, such as interactions with accessory proteins within the sarcomere and
subtle variations in myosin tail conformation, may also play a role in modulating myosin's ATPase
activity and contributing to the SRX state. This indicates a more nuanced regulatory landscape
than initially proposed. Understanding the interplay between the biochemically defined SRX and
the structurally defined IHM is crucial for elucidating the mechanisms of myosin recruitment and
their implications in muscle physiology and pathology. Further investigation is needed to fully
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characterize the structural determinants of the SRX state and how they are modulated by various

regulatory factors—some of which are discussed next.

Requlators of Myosin Recruitment

Many different chemical, structural, and physical forces and modulate the recruitment of
myosin and are therefore force generation. A few of these are relevant to the work presented here
and will be discussed. Strain and/or load on the thick filament destabilizes the folded back state
of myosin allowing for increased recruitment of myosin heads off the myosin backbone under
loaded conditions (Campbell et al. 2018; Wang et al. 2024). This represents a major limitation of
many studies that have investigated the importance of the OFF state of myosin.

Myosin-binding protein C (MyBP-C) exhibits properties of thick filament regulation. This
protein is not found in the whole thick filament; it is restricted to the C-zone or central zone. This
protein is particularly interesting because it interacts with both myosin and actin meaning it can
play roles in both regulation of the thin filament and the thick filament (Ackermann and
Kontrogianni-Konstantopoulos 2011; Mun et al. 2014). Exactly how this protein regulates myosin
recruitment is an active area of research, this investigation includes defining the regulation that
MyBP-C carries out in the C-zone but also in other regions of the sarcomere thick filament. That
being said, a lot is already known about this regulatory protein. Phosphorylation of MyBP-C—by
PKA—alters its interactions with actin and myosin, affecting the availability of myosin heads for
cross-bridge formation (Ackermann and Kontrogianni-Konstantopoulos 2011). This can influence
the number of available actin-binding sites along with the relative position of the thick and thin
filaments and thus the extent of myosin recruitment.

Finally, recently published results have shown that calcium can directly interact with
myosin and may be another regulatory of myosin recruitment. X-ray diffraction measurements
were used to show that increased calcium alone (in the presence of an inhibitor of thin filament
activation) can destabilize the interacting heads motif (IHM) state (Ma et al. 2022). It is not clear
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by what mechanism calcium affects thick filament activation and recruitment. However, this effect

may be an import way that myofilaments respond to increased calcium and initiate contraction.

Myosin Activation

Once recruited of the backbone myosin must form an electrostatic interaction with actin to
generate force. This formation of the actomyosin crossbridge is known as myosin activation. This
binding requires the actin binding surface of myosin to find its binding site on actin. The
importance of the actomyosin interaction has been established for decades (Regnier, Morris, and
Homsher 1995) but the exact portions of myosin and actin that interact to form a weakly bound
crossbridge have only been identified in crystal structures over the last decade or so (Doran,
Rynkiewicz, Rasicci, et al. 2023; Klebl et al. 2025). From these structures it can clearly be seen
that actin binding surface of myosin is made up of the helix-loop-helix (HLH) motif on the lower
50 kDa domain along with two flexible loops on either side of the HLH motif, loop 2 and loop 3.
These flexible loops are of particular interest since their dynamic (flexible) nature means they
could play regulatory roles moving their charged residues closer to or away from actin to facility
or inhibit interaction respectively. This actin binding surface of myosin is primarily positively
charged and the myosin binding site on actin is dominated by negative charges. Indeed loop 2
was originally described as “the lysine rich loop” (Gordon et al. 2000) highlighting the importance
of the positively charged residues in this loop. In a recently published structure of the weakly
bound actomyosin complex the positively charged residues in loop 2 can be seen interacting with
negatively charged residues on the N-terminus of actin (Klebl et al. 2025). This dynamic
“handshake” between a flexible loop and a flexible tail is potentially important, but no assay has
yet managed to observe the dynamics of this interaction.

Myosin activin is regulated by more than just the binding surface of myosin. Myosin heads
do not exist in isolation, through their tails they are connected in pairs and to the larger thick
filament. Because of this the activation/binding of a single myosin head moves other myosin
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heads closer to the thin filament. Additionally, recent research has shown that as myosin
transitions from the weakly bound state to the strongly bound state it can push tropomyosin further
away from the actin binding site (Doran, Rynkiewicz, Pavadai, et al. 2023:4). Since tropomyosin
molecules are connected in series this could be another mechanism by which myosin activation
is potentiated. This means that the activation of a myosin molecules is a highly cooperative event
(Wagoner and Dill 2021). This degree of cooperativity can be measure as the slope of the force
pCa relationship known as the Hill coefficient (Mijailovich et al. 2012). It is also worth noting that
myosin activation—the binding of myosin to actin—can directly influence the timing and extent of
thin filament activation. Finally, the regulatory light chain (RLC) can modulate the activation of
myosin. Phosphorylation of RLC, primarily by myosin light chain kinase (MLCK), can modulate
the kinetics of cross-bridge binding and the rate of force development (Gordon et al. 2000; Zaleta-

Rivera et al. 2019).

Myosin Cycling

The myosin molecule moves though the chemomechanical cycle or crossbridge cycle to
generate force. Yet different myosin molecules move through this cycle at different rates
(Sweeney and Houdusse 2010) these changes in rate allow different myosin molecules to carry
out different functions. The steps of the myosin cycle were reviewed in detail in a previous section,
here the regulatory importance of changes in the myosin ATPase/cycling rate will be discussed.

The ATPase rate of isolated myosin in the absence of actin and under no load is limited
by the rate of phosphate release (Yengo and Sweeney 2004). However, in the presence of actin
and under load the rate limiting step in the myosin cycle changes. At the heart of this phenomenon
lies the ability of myosin to adjust its activity in response to varying resistive forces. Under
conditions of high load, such as during strenuous muscle contraction or when transporting heavy
cargo, the release of ADP from the myosin head is significantly slowed (Doran, Rynkiewicz,
Rasicci, et al. 2023; Sweeney and Houdusse 2010). This prolongation of the strong-binding state
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to actin is crucial for maintaining force generation, ensuring that the necessary tension is
sustained to overcome the encountered resistance. Conversely, when the load is minimal, ADP
release occurs more rapidly, facilitating a faster cycling rate and enabling swift movement. This
dynamic adjustment allows myosin to adapt its performance to the specific demands of the task,

optimizing efficiency and preventing energy waste.
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Cardiomyopathy

The research presented here focuses on cardiomyopathy the most common form of heart
disease worldwide (Mozaffarian et al. 2016). Cardiomyopathy can manifest as an acquired
disease brought on by hypertension, smoking, alcohol abuse, or many other causes. In these
acquired cases of heart failure, the heart fails to compensate for the physiological demand or
abuse. Cardiomyopathy can also be an inherited disease brought on by genetic mutation. In the
inherited case there is a maladaptive response in the heart due to changes in muscle/heart
contraction caused by mutation. These mutations are found in the proteins that are responsible
for force generation in the heart or those that regulate the generation of force in the heart. All
cardiomyopathies are therefore diseases of contraction or relaxation—they alter the way in which
force is generated in the heart—but the way in which this force generation is altered changes the
disease phenotype. Inherited cardiomyopathy is a particularly interesting system to study the
progression of myopathy since the disease causing mutations are generally expressed very early
in development or adolescence (Ahmad et al. 2005). Cardiomyopathy is generally broken down
into two subgroups hypertrophic cardiomyopathy (HCM) characterized by concentric growthy or
thickening of the cardiac muscle (Maron and Maron 2013), and dilated cardiomyopathy (DCM)
characterized by eccentric growth or a thinning of the cardiac muscle (Schultheiss et al. 2019).
Both of these forms of cardiomyopathy are a disease of the heart muscle that leads to decreased
cardiac output and eventually heart failure (Saeed et al. 2023). The underlying principals
governing the way in which cardiac muscle grows are an active area of research but response to
force and mechanotransduction are key regulators (Lyon et al. 2015). An increase in the force
generated by a cardiac muscle twitch over time—the tension time integral (TTl)—is associated
with HCM while a decrease in the TTl is associated with dilated growth (Davis et al. 2016; Powers
et al. 2020). Since this set of diseases are driven by contraction, they are best understood through

the proteins that generate and regulate force in the heart.
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On the surface it should then be simple to study a given mutation in each protein,
determine if it leads to hypo- or hyper-contraction and then predict if that mutation will cause DCM
or HCM respectively. In practice however there are many different steps of force generation and
each of them can lead to increases or decreases in force. Any given mutation may impact one,
none, or many of these elements of force generation. Currently the standard of care for all genetic
cardiomyopathies is not adjusted for a patients genotype (Maron and Maron 2013; Schultheiss et
al. 2019). The work presented here aims to address this issue. By investigating deeply how
mutations lead to changes in contraction we hope to inform drug development and eventually
patient care. The next sections will discuss HCM and DCM highlighting the proteins involved in
force generation in the heart as well as the regulation of force generation in the heart. But what
protein mutations have been identified in patients? Sarcomeric proteins known to be mutated in

HCM and/or DCM are visualized in Figure 1-3.

O a-actinin (ACTN2)
Mutated In @
H C M . Troponin | (TNNla)OTroponin c 1TNNC1)O
O \ Troponin T (TNNT2) a-tropomyosin (TPM1)
DCM :

Myosin

regulatory (MYL2)
& essential (MYL3),
light chains

Thick
Filament

B-myosin
heavy chain
~ (MYH?)

Thin
Filament

Ou-actin (ACTC1)

Figure 1-3: Genetic mutations in sarcomeric proteins known to cause cardiomyopathy.

A depiction of the half sarcomere. Key structural, regulatory, and mechanical proteins are highlighted.
Almost all the proteins which make up the cardiac sarcomere are implicated in hypertrophic cardiomyopathy
(HCM), dilated cardiomyopathy (DCM), or both. Figure adapted from: Schultheiss et al. 2019 Dilated
Cardiomyopathy. Nature Reviews Disease Primers; Maron et al. Hypertrophic Cardiomyopathy. Lancet; and
Childers et al. 2024 Atomistic Simulations of Sarcomere Proteins. Methods in Molecular Biology.
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Hypertrophic Cardiomyopathy

The muscle growth associated with hypertrophic cardiomyopathy (HCM) leads to diastolic
dysfunction or an inability of the heart to relax and fill with blood between each contraction. The
myocardial thickening or concentric growth seen in HCM means that the ventricles of the heart
lose volume as the muscle hypertrophies. Notably there is little to no hyperplasia present in this
disease, the increase in heart size and weight is due primarily to the growth of individual
cardiomyocytes and not the proliferation of cardiomyocytes. This growth is dominated by the
addition of sarcomeres in parallel leading to wider rather than longer cardiomyocytes (lower
aspect ratio). Notably cardiomyocytes do not fuse together—unlike skeletal muscle myotubes
(Quinn et al. 2017). In extreme cases of HCM the myocardium of the ventricular and septal walls
can become so thick that blood outflow through the pulmonary and aortic arteries can be blocked
(Maron and Maron 2013). Finally HCM is also associated with sudden cardiac death, while this is
the most visible and unpredictable symptom of HCM it is relatively rare and occurs in less than
5% of HCM cases (Stroumpoulis, Pantazopoulos, and Xanthos 2010). Almost all mutations known
to cause HCM are found in cardiac sarcomeric proteins responsible for force generation in the
heart (Figure 1-3). A summary of these proteins follows arranged by prevalence in the HCM

population percentages represent the percent of HCM cases with a positive causal mutation.

Sarcomere mutations and HCM

B-myosin heavy chain (MYH7) ~35% of HCM cases: Myosin is the molecular motor of
force generation in the heart and the B isoform of myosin (encoded by the MYH7 gene) is the
dominant isoform expressed in the adult human ventricle (Katz 2010). It therefore makes sense
that mutations in MYH7 would account for a large percentage of HCM cases. Notably most of
these mutations are associated with an increase in contractility and ATPase activity of the myosin
molecule (Adhikari et al. 2019; Vander Roest et al. 2021; Wang et al. 2024). Though it should be

noted that an increase in ATPase activity is not equivalent to a hypercontractile phenotype.
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Myosin-binding protein C (MYBPC3) ~35% of HCM cases: This protein has both
structural and regulatory roles in the sarcomere and is responsible for at least as many if not more
cases of HCM than MYHY. Fully half of MYBPC3 mutations leading to HCM are caused by
truncations, highlighting the structural importance of this protein (Tudurachi et al. 2023). This
protein forms strong interactions with the myosin thick filament through its C-terminal domain
while its N-terminal domain can form interactions with myosin heads and the thin filament.
Through these interactions it regulates the interaction of myosin and actin. Interestingly most
disease HCM linked mutations in MYBPCS3 are truncation mutations leading to haploinsufficiency.
This, combined with the understanding that hypercontraction is associated with HCM, has led to
the hypothesis that the MYBPC3 protein may act as a “break” that slows contraction in the C-
zone of the thick filament (Pioner et al. 2023; Tudurachi et al. 2023).

a-tropomyosin (TPM1) ~5% of HCM cases: As the structural blockade that regulates
crossbridge formation tropomyosin it accounts for many HCM mutations. These mutations
generally cause an increase in the availability of actin binding sights ready to interact with myosin
(Dorsch et al. 2021).

The troponin complex ~1-5% of HMC cases each: The troponin complex in the adult
ventricle is made of Troponin C (TNNC1), Troponin T (TNNT2), Troponin | (TNNI3), and together
these complexes sense calcium levels in the sarcomere and allow for the movement of
tropomyosin during contraction. HCM mutations in these proteins generally increase the calcium
sensitivity of the thin filament (Lu, Wu, and Morimoto 2013; Watkins et al. 1995).

a-actin (ACRC1) ~1-5% of HCM cases: Actin is the main structural component of the thin
filament and HCM causing mutations in this portion are generally found in the myosin binding site
associated with changes in how actin interacts with myosin (Vang et al. 2005).

Myosin regulatory (MYL2) and essential (MYL3) light chains ~1-5% of HCM cases:
Both light chains are found at the head-rod junction of myosin and modulate myosin function and
activation. The phosphorylation of the regulatory light chain promotes the activation of myosin

37



heads (Zaleta-Rivera et al. 2019). The essential light chain on the other hand can interact directly
with actin and regulate crossbridge formation (Hernandez et al. 2007). Mutation in these proteins
associated with HCM can lead to increased myosin activation and hypercontraction.

a-actinin (ACTN2) ~1% of HCM cases: a-actinin is a structural protein of the sarcomere
that interacts with actin filaments to form the z-disk. Mutations in this gene make up a small but
not insignificant number of HCM cases however the mechanism by which these mutations cause

disease is still under investigation (Chiu et al. 2010).

Current treatments

They hypercontraction associated with HCM can be addressed in a few different ways.
Beta-blockers can be used to slow the heart rate. Calcium channel blockers can be used to
improve diastolic relaxation. In extreme cases of HCM where heart has hypertrophied enough
that outflow from the ventricles is blocked by the septum surgical intervention to remove part of
the heart muscle can help (Kindi and H. Yacoub 2018). Finally, the first myosin inhibitor drugs
have recently been approved by the FDA meaning that force generation in the heart can be
directly targeted to correct the hypercontractility associated with HCM (Bello and Pellegrini 2024;
Braunwald et al. 2023).

Despite the importance of genetics in hypertrophic cardiomyopathy a patient’s treatment
is currently not informed based on their genotype (Maron and Maron 2013). Genotype screening
is only used clinically to identify family members who may also suffer from HCM. One goal of the
work presented here is to begin to bridge this gap between genotype information patient treatment

by describing the molecular mechanisms that lead to disease.
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Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized be a weakening and eccentric
enlargement of the heart muscle, and is a key cause of heart failure and worldwide is the leading
indication for cardiac transplant (Saeed et al. 2023). The dilation of the heart muscle characteristic
of this disease means that the heart loses systolic force generation and cannot effectively contract
to push blood throughout the body. Much like in HMC the morphological changes in the heart are
not caused by cell proliferation or death but rather changes the morphology of cardiomyocytes
themselves. In DCM cardiomyocytes add sarcomeres in series leading to elongated cells with an
increased aspect ratio. DCM can be caused by a variety of etiologies and can be inherited,
acquired, or idiopathic (Schultheiss et al. 2019). Studies in the 1990s found that of idiopathic DCM
cases 20-50% can be attributed to genetic mutations (Burkett and Hershberger 2005). Unlike
HCM mutation causing DCM are found not only in the sarcomere (Figure 1-3) but also in the
sarcoplasmic reticulum, desmosome, nucleus, and gap junctions (Schultheiss et al. 2019).

This complex genetic landscape of DCM, where multiple genetic variants can contribute
to each disease phenotype, presents a significant challenge for accurate diagnosis and targeted
therapeutic interventions. Despite this some trends can be seen in the impact of mutations that
cause DCM. DCM mutations often induce a decrease in myofilament sensitivity to calcium,
leading to accelerated relaxation and necessitating a higher concentration of free cytosolic Ca*
for adequate force generation (Lu et al. 2013). Notably, neither the extent of myocyte shortening
nor the amplitude of the calcium transient alone provides a reliable predictor for distinguishing
between hypertrophic and dilated ventricular remodeling—however the integral of force
generated over time can predict disease progression and severity (Davis et al. 2016). The precise
mechanisms through which mutations associated with DCM result in disease pathogenesis
remain an active area of investigation (Schultheiss et al. 2019), to which this thesis intends to
contribute. What is known about disease causing mutations in major cell compartments and

organelles is summarized in the following section.
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The sarcomere and sarcolemma

Mutations in contractile proteins are very common in DCM and account for approximately
30% of idiopathic DCM cases (Herman et al. 2012). These mutations include truncating mutations
in titin (TTN), cardiac actin (ACTC1), myosin-binding protein C (MYBPC3), myosin heavy chains
(MYH6, MYH7), myosin light chains (MYL2, MYL3), tropomyosin (TPM1), cardiac troponin C
(TNNCH1), troponin | (TNNI3), and troponin T (TNNT2) (Lu et al. 2013; Schultheiss et al. 2019).

Mutations found in proteins that make up the sarcoplasmic reticulum (SR) are also
common in DCM including the ryanodine receptor (RYR2), which is responsible for calcium
induced calcium release, and phospholamban (PLN) which regulates calcium reuptake into the
SR through interactions with the calcium pump SERCA. Interestingly SERCA itself has not been

seen mutated in cases of DCM (Schultheiss et al. 2019).

The membrane and the nucleus

Structural proteins such as desmin (DES), dystrophin (DMD), and laminin (LAMA4) have
been linked DCM. These proteins are part of the complexes which connect a cell to its
environment. Additionally nuclear envelope proteins such as lamin A/C (LMNA) and thymopoietin
(TMPO) as well as the RBM20 (a regulator of nuclear organization) have been implicated in DCM
(McNally, Golbus, and Puckelwartz 2013). These sets of proteins don'’t directly regulate force
generation and their relationship to DCM is thus harder to explain. They do however regulate
force transduction and nuclear organization. The connection here is mechanotransduction which

is hypothesized to play a role in DCM disease progression (Barrick and Greenberg 2021).

Current treatments

The current standard of care for DCM primarily focuses on managing symptoms, slowing
disease progression, and preventing complications (Altinier et al. 2019). This involves combining
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pharmacological interventions with lifestyle modifications and, in advanced cases, device therapy
or transplantation. Medications play a crucial role, including angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers to lower blood pressure and reduce cardiac workload;
beta-blockers to slow heart rate and improve cardiac function; diuretics to alleviate fluid retention;
and in some cases, medications like digoxin or antiarrhythmics to control heart rhythm.
Additionally, lifestyle adjustments such as dietary sodium restriction, regular moderate exercise,
and abstaining from excessive alcohol consumption are essential components disease
management.

A newer area of interest involves myosin activating drugs, such as Danicamtiv (Voors et
al. 2020). These drugs work by increasing the interaction between myosin and actin, the proteins
responsible for cardiac muscle contraction. It should be noted however that these drugs have
many different effects. They not only change myosin recruitment and activation but can also
change the rate that myosin moves through the chemomechanical cycle (Kooiker et al. 2023). As
these new drugs are developed there must be a thorough investigation of how exactly they interact
with and change myosin structure and function. The goal is to improve cardiac contractility and
therefore cardiac output. While promising, these drugs have limitations. Careful patient selection
is needed, as they may not be suitable for all DCM patients—this is potentially where genetic
screening can help. Finally, side effects and long-term efficacy are still being investigated. Further
research is necessary to fully understand their role in DCM treatment and how to best integrate

them into existing therapeutic strategies.
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The Role of Loop 2 Electrostatics in Myosin Actin Interaction

Loops are flexible parts of proteins often found on the surface of proteins. Their flexible
nature and solvent accessibility mean they are uniquely well-suited sub-structures for controlling
protein dynamic action and regulating or modulating interactions between a protein and its various
ligands. The stable amino acid structures of alpha-helices and beta-sheets are the rigid bones
that make up structural supports of proteins. Flexible loops are the dynamic structures that let a
protein interact with its environment. In this way loops are the fingers and hands that proteins use
to interact with other proteins, ligands, and structures (Bartlett et al. 2002). The role that surface
loops play in regulating myosin ATPase activity has been hypothesized for decades (Onishi,
Mikhailenko, and Morales 2006), but the inability to resolve these loops via crystal structure has
limited research in this area. Moreover, even if all these flexible loops could be resolved, they are
inherently disordered and dynamic. A crystal or cryo-EM structure could never depict the
movement that makes these loops functional.

Intrinsically disordered loops are challenging to study but very important in many biological
systems. It is estimated that on average one third of protein sequences are made up of flexible
loops, however fully half of protein sequences in enzyme active sites are flexible loops (Bartlett
et al. 2002; Towel et al. 2011). Conformation changes in these flexible loops regulate enzyme
function in many key biological systems (Malabanan, Amyes, and Richard 2010). While the
movement of loop structures cannot be observed in in crystal structures, loop movements can be
observed via NMR relaxation and happen across a wide range of time scales all the way form
picoseconds to milliseconds (Gu, Li, and Brischweiler 2015). Key to understanding the mobility
of flexible loops is the concept of energy landscapes or energy state space where movement
between semi-stable states requires activation energy (Wales 2003). Some loop structures have
relatively simple on/open off/closed conformations that regulate ligand or substrate interaction

(Zinovjev et al. 2024), but others can sample many different conformations with poorly understood
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regulatory roles (Barozet, Chacén, and Cortés 2021). The stability or relative stability of the semi-
stable states and the activation energy to move between them are yet another open question in
the field of structural biology—especially when it comes to the surface loops of myosin.

Mutation studies changing the residues in myosin loop 2 have established the important
role that the positive charges on loop 2 play in initiating the weakly bound state between myosin
and actin (Murphy and Spudich 1999; Uyeda, Ruppel, and Spudich 1994; Yengo and Sweeney
2004). The positive charges on loop 2—five lysine residues in the case of beta-cardiac myosin—
are hypothesized to form electrostatic interactions with the negatively charged residues on the N-
terminus of actin facilitating the formation of the actomyosin weakly bound state (Klebl et al. 2025).
While the ephemeral weakly bound state has been challenging to observe via crystal structure,
the interactions of these charged residues can be clearly observed in crystal structures of the
strongly bound actomyosin complex (Clobes and Guilford 2014; Doran, Rynkiewicz, Pavadai, et
al. 2023). While biochemical and crystal structure studies have given insight into the role that
loop 2 plays regulating actomyosin complex formation these techniques are unable to elucidate
the dynamics of loop 2 movement during this complex biological process. Biochemical assays
give an overview of millions of chemical interactions and crystal structures give a snapshot of
structures frozen in non-physiological conditions. Molecular dynamics (MD) simulations are a
powerful tool for understating how flexible loop structures move (Barozet et al. 2021). Given the
dynamic nature of the myosin molecule the ability to understand how loop 2 changes dynamically
during the actomyosin complex formation is critical. Additionally, understating how disease-
causing mutations change this dynamics motion is an important step in developing drugs that

target the root cause of myosin diseases.
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Beta-Myosin Mutations E525K and V606M in Cardiomyopathy

The work presented in this thesis focus on two mutations associated with cardiomyopathy
E525K and V606M. These two mutations have been used here to study the development of
cardiomyopathy in general and the dynamics of the myosin loop 2 structure specifically. Both
mutations were identified through genetic screening of patents with cardiomyopathy, but they
have different disease phenotypes. The V606M mutation is associated with HCM, a
hypercontractile phenotype, has been found in multiple patients, and has been directly linked to
familial HCM (Blankenburg et al. 2014; Watkins et al. 1992). The E525K mutation on the other
hand has only been identified as a de novo mutation in a single patient suffering from DCM
(Lakdawala et al. 2012). Through that work E525K has been associated with DCM and a dilated
cardiomyopathy phenotype but this mutation is less well established as a heritable and
reproducible DCM mutation. The following sections delve into these two beta-myosin mutations,
E525K and V606M, exploring their interplay with the contractile machinery and dissecting their

potential contributions to the distinct phenotypes of HCM and DCM.

Two Mutations to Study Loop 2

While diverse etiologies contribute to cardiomyopathy pathogenesis, genetic factors are a
robust tool to study disease. The location of E525K and V606M in myosin makes them particularly
interesting for studying the loop 2 region of myosin. Neither of these mutations are in loop 2 itself
which runs between the upper and lower 50 kDa domains of myosins. Rather, these mutations
are “in the neighborhood of loop 2” and both a have clear allosteric pathways through which they
may change the dynamic motion of loop 2 (Figure 1-4). V606M is found on the upper 50 kDa
domain directly linked to the helix which leads to loop 2. E525K is found on the lower 50 kDa
domain and while not directly linked to loop 2 has a direct allosteric pathway to loop 2 through

altered salt bridges. The final reason these mutations were chosen for the loop 2 studies
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presented here is that they have both been shown to alter the affinity of myosin for actin. Both
E525K and V606M have been shown to increase binding affinity of myosin for actin (Duno-
Miranda et al. 2024; Kinnear et al. 2024). These mutations are both near loop 2—a region of
myosin important for electrostatic interaction with actin. This has led the hypothesis that these
mutations may have a similar mechanism of action by which they increase the association
between myosin and actin: they alter the dynamic motion of loop 2 and the presentation of the

positive charges on loop 2.

Upper 50 kDa

Essential
Light Chain

HLH Motif

I-terminal

Lower 50 kDa

< _
((’('/ E525 f Domain
' Loop 3

Figure 1-4 Location of the E525 and V606 residues in myosin.

Pre-powerstroke myosin S1 head ribbon diagram. The major domains of myosin are indicated. The
subdomains of the actin binding surface are also noted: the helix loop helix (HLH) motif, loop 2, and loop
3. The locations of the E525 and V606 residues are highlighted in red.

E525K Drives both Hypocontraction Hypercontraction: A Disease Paradox

As has been discussed, a hypocontractile phenotype (a decrease in wringing out) is
generally associated with DCM disease progression. However, the E525K mutation—while it was
found in a patient suffering from DCM—has been associated with both hyper- and hypocontractile

phenotypes (Rasicci et al. 2022). However, this mutation has exclusively been studied using
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isolated myosin constructs produced via viral transduction in C2C12 cells (Bodt et al. 2024; Duno-
Miranda et al. 2024; Rasicci et al. 2022), and has never been studied in contracting
cardiomyocytes or under load. For this reason, this mutation was chosen for a deeper analysis
using our stem cell derived cardiomyocyte model of disease (see Chapter 3).

The E525K mutation was originally identified and linked to DCM in a 2012 study where
DCM patients were screened for genetic mutations in various DMC linked genes including MYH7
(Lakdawala et al. 2012). In this study 264 patients were screened, and one Hispanic patient was
identified with the de novo mutation E525K. This mutation was classified as “Clinically Significant”
based on three factors: (1) this mutation was not identified in any individuals from the control (no
heart disease) data set. (2) This mutation was de novo meaning it was not found in either healthy
parent. (3) The conservation of this residue in distantly related species. While this classification
clearly points towards E525K being causal in the identified patient with DCM it should be noted
that this mutation has only ever been identified in a single patient with DCM. Neither the age of
this patient or nor the age of DCM diagnosis was reported and—given the complexity of DCM
disease progression—this study does not directly link this mutation to DCM. It is probably true
that this mutation alters myosin structure at the atomic level and alters contractility at the cell and
tissue level but the exact link between the structural changes and physiological changes remains
to be explored.

More recent work on the E525K mutation has used virally expressed and isolated myosin
constructs to paint a picture of its role in DCM pathogenesis. These studies used myosin
constructs with different tail lengths to investigate the relationship between myosin ATPase activity
and the IHM state. By using a combination of biochemical approaches (ATPase activity as
measured by mantATP turnover) and structural biology approaches (FRET and electron
microscopy) they were able to demonstrate that the E525K mutation stabilizes the "OFF" state of
myosin, where the motor heads remain inactive, significantly reducing the pool available for force
generation. This translates to weakened contractility, impaired power output, and therefore could
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contribute to DCM's characteristic hallmarks of dilated heart chambers and systolic dysfunction
(Rasicci et al. 2022). Interestingly this work also found that in isolated E525K S1 constructs
(without a tail and incapable of forming the IHM) the mutation actually led to an increase in
ATPase activity (Bodt et al. 2024; Duno-Miranda et al. 2024; Rasicci et al. 2022). This type of
increased activity could lead to a hypercontractile phenotype, but it is important to note that
increased ATPase activity is not the same thing as increased contractility. The intramolecular
mechanism by which E525K accelerates the ATPase activity of myosin is still under investigation
but the above studies have identified accelerated phosphate release as a potential mechanism
(Bodt et al. 2024). This result makes sense given the placement of the E525K mutation near the
hypothesized “phosphate back door” (Cecchini, Alexeev, and Karplus 2010), however phosphate
release is only rate limiting in myosin in the absence of actin (Sweeney and Houdusse 2010). The
presence of actin and load slow ADP release meaning that this step becomes the rate limiting
factor in contracting muscles (Geeves and Holmes 2005). To characterize this mutation, it must
be studied under load. Mechanistically, the E525K mutation appears to alter electrostatic
interactions within the lower 50 kDa domain. These changes seem to favor the inactive
conformation “OFF” conformation and hinder efficient ATP hydrolysis. This "off-state stabilization"
model could explain the contractile deficits observed in DCM hearts harboring the E525K
mutation.

One critical limitation in the fields current understanding of E525K 3-myosin biology is that
no studies have measured contraction in an intact myofilament containing E525K mutation myosin
molecules. As has been discussed isolated myosin can have very different kinetics and rate
constantans than myosin under load (Campbell et al. 2018; Sweeney and Houdusse 2010).
Isolated engineered myosin constructs are useful tools for understanding myosin biochemistry,
but myosin is a molecular motor driving force generation and to understand this mutation its
biochemical properties need to be observed in a sarcomere under load. This is especially
important for this mutation as the stability of the interacting heads motif and the rate limiting step
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of ATPase turnover are both known to be load dependent (Campbell et al. 2018; Vander Roest et

al. 2021).

The V606M Mutation

The V606M mutation has a much clearer link to disease than the E525K mutation. The
first report of this mutation in families with HCM came from a 1992 study looking specially at
mutations in the MYH7 gene in cases of familial HCM (Watkins et al. 1992). This work noted that
of the mutations studied V606M did not induce a charge change (valine and methionine are both
hydrophobic) and families with the V606M mutations seemed to have less aggressive HCM with
a later onset of disease and fewer sudden cardiac deaths. However, one child from the study with
the V606M mutation died at 13 years of age, so this mutation is far from harmless!

More recent studies have looked more closely at this mutation by generating a mouse
model of the V606M mutation (Blankenburg et al. 2014). This work was limited since it required
the B-myosin mutation be engineered into a-myosin for expression in a mouse model. However,
it was able to show that the V606M mutation created a mild HCM phenotype in mice. The
penetrance for this mutation therefore appears to be relatively low, and its presence alone cannot
definitively diagnose the condition. This is not unusual for HCM mutations, especially when
studied in mice (Feest et al. 2014; Maron and Maron 2013; Wang et al. 2012).

Since the publication of this mouse study the use of patient derived stem cells to study
cardiomyopathies has been used to gain further insight into V606M and its relationship to HCM
(Kinnear et al. 2024). This work again focused on patient (and patient stem cells) from individuals
suffering from familial HCM. The use of human stem cells removed the need to rely on an o-
myosin model as all human patients carry this mutation in B-myosin. This work also used CRISPR
to reverse the mutation and showed a reversal in disease phenotype, further codifying the V606M
mutation as causal in HCM. Interestingly the authors were also able to use a myosin inhibitor to
reverse the disease phenotype.
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None of this work has explored the mechanism by which the V606M mutation leads to
increased hypertrophy, except for an increased affinity for actin described by actomyosin pulldown
assays (Kinnear et al. 2024). While the result that disease phenotype can be reversed with a
myosin inhibitor drug is exciting, further work is needed to understand how this mutation alters
the myosin chemomechanical cycle and how drugs targeting myosin my interact with this

mutation.

Summary

The details of what has already been studied with regard to these two mutations highlights
the remarkable complexity of how seemingly subtle alterations in myosin structure can lead to
dramatic changes in contractile phenotypes. Understanding these intricate pathways not only
holds immense promise for deciphering the pathogenesis of HCM and DCM but also paves the
way for developing targeted therapeutic strategies aimed at modulating myosin function and
alleviating disease progression. Chapter 2 of this thesis will dissect the roles of E525K and V606M
in the context loop 2 and the electrostatic interactions between myosin and actin. Chapter 3 of
this thesis will focus on the E525K mutation and cardiomyopathy development, offering valuable
insights into the intricate dance between molecular perturbations and the clinical manifestations

of debilitating heart conditions.
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Abstract

The binding of myosin to actin to form crossbridges is a critical step for force generation by
sarcomeres. A recent cryo-electron microscopy structure has resolved the weakly-bound
actomyosin complex (AM.ADP.Pi); however, the structural and dynamic factors that influence
actin-myosin association are unclear. The disordered loop 2 of myosin is thought to mediate
actomyosin interactions in complex, chemomechanical state-dependent fashion; however, the
loop is usually unresolved in structural studies due to its intrinsic disorder. Here, we utilize a
combination of molecular dynamics simulations and electrostatic calculations to investigate the
dynamics of these actin binding regions of myosin. Our results show that loop 2 experiences
disordered dynamics and that specific conformations sampled by loop 2 modulate the strength of
the associative electrostatic force between actin and myosin. Variation in the actin-myosin
associative force was associated with the presentation and orientation of positively charged
residues in loop 2. We provide an in-depth analysis of the conformational state space occupied
by loop 2 during nine 500 ns molecular dynamics simulations of pre-powerstroke human p-myosin
S1, with three replicates each of wildtype and two different mutant (E525K and V606M) myosin
structures. This dataset allowed for exploration of how loop 2 conformational sampling is altered
by these two mutations which have been clinically and experimentally associated with
cardiomyopathy and altered actin binding affinity. The E525K and V606M mutations altered the
conformational ensemble sampled by loop 2 and were associated with associative actin binding
strength. These results highlight the importance of the positive charges on loop 2 for actomyosin

interactions and demonstrate how disease-causing mutations outside of loop 2 can still affect it.
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Introduction

Contractions in muscle are a product of myosins binding to actin to form crossbridges that
cycle to produce force and shorten. In cardiac muscle, identifying the residues in myosin that
interact with actin before and during the formation of the weakly-bound actomyosin complex is a
vital step towards understanding the regulation of force development and how this may be altered
by disease-causing mutations, as well as for the development of novel treatments for
cardiomyopathies. In the weakly-bound state (AM.ADP.Pi), the actin binding surface of myosin is
made up of the helix loop helix (HLH) motif of the lower 50 kDa domain, loop 3, which is also on
in the lower 50 kDa domain, and loop 2, which spans the cleft between the upper and lower 50
kDa domains (Figure 2-1A)(Childers, Geeves, and Regnier 2024; Thomas and Roopnarine
2002). Loop 4 and the cardiomyopathy loop also contribute to actin interactions in force-bearing
states of the crossbridge cycle. The positively charged lysine residues on loop 2 are known to
interact with negatively charged residues on the N-terminus and Asp-containing N-terminal hairpin
loop of actin during weak and strong (AM.ADP*) binding (Clobes and Guilford 2014:2; Klebl et al.
2025; Murphy and Spudich 1999; Nowakowski, Regnier, and Daggett 2017; Uyeda et al. 1994).
However, to date, no structures resolve the complete loop 2 structure for any myosin isoform or
in any chemomechanical state. In this study we explore the dynamics of loop 2 in the pre-
powerstroke (M.ADP.Pi) state and report on how disordered dynamics modulate the presentation
of positive charges by myosin.

To investigate the dynamics of the actin interacting myosin domains we developed an in-
silico assay for actomyosin crossbridge formation by coupling molecular dynamics (MD)
simulations with electrostatic calculations using DelPhiForce(Li, Chakravorty, and Alexov 2017).
Two cardiomyopathy associated mutations (E525K and V606M) that are near, but not in, loop 2
and increase myosin’s affinity for actin(Bodt et al. 2024; Kinnear et al. 2024; Rasicci et al. 2022)

were used to perturb myosin’s structure. Comparison of WT and mutant behavior highlighted the
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importance of loop 2 and led us to an in-depth structure-function analysis that explores the
relationship between sequence and the conformational state space occupied by loop 2.

The two mutations surround loop 2 (residues 621-646): E525K is in the lower 50 kDa
domain and V606M in the upper 50 kDa domain (Figure 2-1A). The E525K mutation involves a
charge inversion, disrupting key salt bridges that connect the E525 residue to the helix where
loop 2 is anchored in the lower 50 kDa domain. This mutation could therefore lead to allosteric
changes in the conformational ensemble sampled by loop 2. The V606M mutation extends the
hydrophobic side chain of V606 and increases the likelihood of hydrophobic interactions inside
the upper 50 kDa domain. This mutation is found on a helix in the upper 50 kDa domain which
leads to loop 2 and, again, could lead to allosteric changes in the conformation of loop 2 (Figure
2-1A). These two mutants perturb the structure of myosin in the region where loop 2 interfaces
with the upper and lower 40 kDa domains. We hypothesize that both mutations change the
dynamic presentation of the charges in loop 2.

Previous work has established the importance of loop 2 via both mutation
screening(Murphy and Spudich 1999; Uyeda et al. 1994) and MD simulations of myosin(Ma et al.
2023; Nowakowski et al. 2017). Indeed, myosin mutations that neutralize a positively charged
residues in loop 2 are associated with dilated cardiomyopathy and a decrease in myosin’s affinity
for actin(Parker and Peckham 2020). Despite the importance of loop 2 for crossbridge formation,
this study represents the first in-depth exploration of both loop 2’s dynamic movement and the
impact of that movement on electrostatic interactions between myosin and actin. We modeled the
pre-powerstroke (M.ADP.Pi) conformation of human MYH7 performing three replicate simulations
of each myosin variant (WT, E525K, V606M), to resolve an ensemble of loop 2 conformations.
The DelPhiForce tool generated by Li et al.(Li, Chakravorty, et al. 2017) was then used to
calculate the electrostatic force from actin on myosin with singe atom resolution. In depth analysis
of these results suggested that loop 2 conformation is responsible for the changed actin affinity
observed with these myosin mutations. This work provides a mechanistic groundwork for
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understanding the role of loop 2 and how mutations that influence its structure and mobility change
myosin’s affinity for actin.
Results

Electrostatic Modeling Identifies Residues That Initiate Actin Binding and Highlights the

Importances of Loop 2 in Crossbridge Formation and Cardiomyopathy

First, we performed conventional MD simulations of WT, E525K, and V606M human
cardiac 3-myosin in the pre-powerstroke (M.ADP.Pi) state. The DelPhiForce tool developed by Li
et al. was used to calculate the electrostatic forces that occurred between a model actin filament
(an unregulated pentamer) and different MD-derived conformations of myosin(Li, Chakravorty, et
al. 2017). Structures from MD simulations of pre-powerstroke human p-myosin S1 were sampled
at 1 ns resolution (500 structures per simulation) and aligned 30 A away from the central myosin
binding sight on the actin pentamer (Supplemental Figure 2-3A). DelPhiForce was then used to
calculate the electrostatic attraction felt by myosin from actin for each atom in the myosin model
for each sampled snapshot.

The calculated binding force for each timestep in replicate simulations for both WT and
mutant myosins was variable (Figure 2-1B and Supplemental Figure 2-1B), but the average
binding force calculated across all E525K and V606M timesteps and simulations replicates was
elevated compared to WT (Figure 2-1B dashed lines). Additionally, high binding energy (>25 nN)
conformations were sampled more frequently in E525K and V606M simulations compared with
WT simulations (Figure 2-1B). To investigate the electrostatic contribution of each residue to
binding force calculations, residues that resulted in > + 0.01 Kt/A binding energy during any
DelPhiForce calculation were selected for further analysis (Supplemental Figure 2-1A). The
analysis allowed us to define residues that have electrostatic interactions with actin during early
myosin binding to actin with high resolution. We identified charged residues in known actin binding

elements including the HLH motif, loop 2, and loop 3. Quantification of the binding force from each
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of these residues shows that the positively charged residues in the HLH motif and loop 2
experienced the strongest attractive force (Figure 2-1C). To predict the effects of E525K and
V606M on myosin affinity for actin, we calculated the precent change in electrostatic force
between the WT and mutant simulations. For most residues, the attractive or repulsive force on
myosin from actin was relatively unchanged between WT and mutant simulations. However, the
positively charged Lys residues in loop 2 had the greatest changes in binding force compared to
WT (Figure 2-1D and Supplemental Figure 2-1). Also, as expected, the charge inversion of the
E525K mutation led to a shift from a repulsive force to an attractive force at this location (Figure
2-1D).

Together these results indicate that isolated, static structures are not adequate to explain
the changed actin affinity seen with these mutations. Instead, conformational ensembles are
required to capture the range of electrostatic forces between actin and myosin during the early
stages of crossbridge formation. The temporal and spatial resolution provided by MD simulations
more accurately samples the relationship between structural heterogeneity and actomyosin
interaction of loop 2. The changes in actin affinity appear to be driven by conformations of loop 2
that are only seen in E525K and V606M simulations and never sampled by WT simulations. This
result prompted a deeper investigation of how these mutations alter loop 2 movement and how

this relates to myosin activation and crossbridge formation.
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Figure 2-1: Loop 2 Drives Observed Changes in E525K and V606M Myosins’ Affinity for Actin.

(A) Pre-powerstroke human 3-myosin S1. The major structural domains as well as the location of the E525K
and V606M mutations are labeled. Structures of the actin binding surface are highlighted in teal. (B)
Average binding force calculated with DelPhiForce across simulation time in three replicate simulations of
each genotype (Mean + SEM; dashed lines represent mean across all simulations of a given genotype.
High binding energy (pro-actin binding) conformations are sampled in E525K and V606M simulations
(bottom). (C) Quantification of binding force felt at the single amino acid level in residues that experienced
> 0.0 KT/A during any (WT or Mutant) DelPhiForce simulation. (D) Percent change from WT binding force
for each residue in C. The positively charged lysine residues in loop 2 can be seen driving increased actin
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affinity in E525K and V606M. The charge change due to the E525K mutation is also identified in E525K
simulations.

The Dynamics of Loop 2 are Changed by The E525K and V606M Mutations

We next investigated the hypothesis that myosin mutations near the interface of loop 2
with the upper and lower 50 kDa domains can disrupt its movement and the presentation of loop
2’s positive charges to actin. Contact pair analysis of E525K and V606M MD simulations showed
that the contacts formed by loop 2 during simulations were changed by both mutations. The
E525K mutation in the lower 50 kDa domain resulted in a charge change (negative to positive)
and disrupted salt bridges on adjacent helices (Figure 2-2A-B). One of these helices leads
directly to loop 2, and the contacts formed by loop 2 during MD simulations of E525K myosin were
significantly altered compared to WT simulations (Figure 2-2C). In MD simulations of V606M
myosin the increased hydrophobic side chain length induced a hydrophobic interaction between
the 606 reside and residue 434 on an adjacent helix in the upper 50 kDa domain (Figure 2-2D-
E). This interaction twisted the helix where residue 606 is located and led to allosteric shifts in
loop 2 as seen by altered loop 2 contacts in V606M simulations (Figure 2-2F). This analysis
showed that there are intramolecular pathways where each of these mutations changes the
allostery of and contacts formed by loop 2.

These two mutations represent a framework to study the role of not only the positive
charges in loop 2 but the dynamic movement of these charges and the conformational states
populated by the motion and coiling of loop 2. We hypothesize that the conformational ensemble
sampled by loop 2 plays a critical role in regulating actomyosin complex formation and that E525K
and V606M both alter loop sampling. In turn these changes to Loop 2 conformation may result in

changed electrostatic interaction between myosin and actin observed in both mutations.
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Figure 2-2: The allostery of myosin’s loop 2 is disrupted by the E525K and V606M mutations.

(A) Zoomed in contact pair image of residue 525 in myosin showing how the E525K charge change disrupts
key salt bridges on adjacent helices. Blue bars indicate increased contact time and black bars indicate
decreased contact time compared to WT. (B) Quantification of contact pairs involving residue 525 during
the WT (black) and E525K (blue) simulations. (C) Quantification of altered contact pairs involving loop 2
during E525K simulations compared to WT simulations. (D) Zoomed in in contact pair image of residue 606
showing how the V606M mutation forms a hydrophobic interaction with residue 434. Yellow bars indicate
increased contact time and black bars indicate decreased contact time compared to WT. (E) Quantification
of contact pairs involving residue 606 during the WT (black) and V606M (yellow) simulations. (F)
Quantification of changed loop 2 contact pairs during V606M simulations compared to WT simulations.
Contact pairs that were present for significantly (p < 0.05, two-tailed Student’s t-test) more or less time than
WT simulations are depicted. The pseudo-bond radii are proportional to the difference in contact time:
thicker pseudo-bonds correspond to greater contact populations.
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The E525K and V606M Mutations Shift Loop 2 Towards the Actin Binding Cleft

Loop 2 sampled many different conformational states during the 500 ns simulations. To
identify and compare characteristic conformations (representative states) observed for WT and
mutant myosin we performed principal component analysis (PCA), focusing on the Cartesian
coordinates of the Cq atoms for each amino acid within loop 2. This dimensionality reduction
allowed us to group similar structures along the different principal components. Principal
component 1 (PC1) explained 45% of the observed variance and separated most mutant
simulations from WT simulations, except for one V606M simulation. PC2 and PC3 did not show
separation of WT and mutant simulations but described distinct types of loop 2 movement (Figure
2-3A). The contribution of each residue’s Cartesian coordinate to each principal component helps
to explain the dynamic way in which these two mutations changed the conformational state space
occupied by loop 2. PC1 was dominated by a negative shift in the x-coordinate of loop 2 Cq
positions. This represents a movement of loop 2 parallel to the HLH motif and actin binding
surface (Figure 2-3B). Since this principal component separates most mutant from WT
simulations it appears that both mutations led to loop 2 spending more time near the tip of the 50
kDa domain and the actin binding cleft. PC2 is dominated by a positive shift in the y-coordinate
of the loop 2 Cq position associated with movement that was orthogonal to the HLH motif and
actin binding surface (Figure 2-3C). Notably V606M simulations separated from the WT and E525
structures along this axis. Finally, PC3 is made up of a negative shift in some loop 2 C, coordinates
and a positive shift in other loop 2 C, coordinates describes a twisting of the flexible loop 2
structure (Figure 2-3D).

These results demonstrate a method for quantifying the movement of loop 2 through time
during MD simulations and show how two different myosin mutations, on either side of loop 2, can
have similar allosteric impacts on its movement. They also suggest how these allosteric changes

in loop 2 impact the presentation of loop 2’s positive charges and may be important for actomyosin
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complex formation. As such, this result promoted a much deeper analysis of how loop 2 coils and

twists during simulations of pre-powerstroke myosin.

A Cartesian Coordinate PCA
0.06
0.04 0.03
wT £0.03 = 0.02 0.04
E525K 202 20.
8 ) 8 0.01 0.02
V606M 0.01 .
0.00{ =—— 0.00 0.00
» S 9 S O P P ® P S P
PC1 [45.01% variance] PC2 [17.69% variance] PC3 [8.34% variance]
B PC1 [45.01% variance] ! N
Charge " Neutl Pos BiNeg nPCl ¢ pinFCT
E X ] y | z
2
202
5 0.0 e —
2 I I I n 1]
2.0.2
8
S & & & & & & & & A
Loop 2 AA 5N Loop 3
C PC2 [17.69% variance] R Decrease
Charge | Neut I Pos ll Neg e .y in PC2
z x | y | z inpc2 4 ="~ @0 LOOP 2
=)
% 0.2
2o || I HLH
§ 0.0 - - 1 I Il I aienhn Motif
$.0.2
4
S & & & & & & & &
Loop 2 AA
PC3 [8.34% variance]

D Charge | Neutl Pos ll Neg B ecrease
= x ] y \ z () in PC3
=)

% 0.2
£ 1l
:g 0.0 I =l II I II - II - II Il
£.0.2
g
& & & & & S & & &®
Loop 2 AA

Figure 2-3: Movement of loop 2 is shifted towards the actin binding cleft by the E525K and V606M
mutations.

(A) Principal component analysis of loop 2 Cq position during 3 replicate simulations of each genotype
showing mutant vs. WT separation primarily along PC1 with some contributions from PC2 and PC3. (B-D)
Principal component weight analysis (left) with representative (min and max PC weight) structures from one
WT simulation (right). PC1 (B) describes waving of loop 2 in the x direction (left) representing movement
along the myosin head (right). PC2 (C) describes waving of loop 2 in the y direction (left) representing
movement up and down between the 50 kDa domains (right). PC3 (D) describes twisting of loop 2 in X, vy,
and z (left) describing twisting of loop 2 (right).
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Expanded Conformations of Loop 2 Favor Actin Binding

Thus far, simulations demonstrated that loop 2 was responsible for changed electrostatic
interactions with the E525K and V606M mutations and, in turn, these mutations changed the
position of loop 2 in similar ways. We next investigated how the specific conformation of loop 2
may change the presentation of positive charges in the loop. We correlated the distance between
the center of mass of positive charges in loop 2 and negative charges the N-terminus of actin
(spheres in Figure 2-4A) with the binding force calculated for the whole myosin S1 head (Figure
2-4B). This correlation showed that the position of loop 2 alone explains 62% of the calculated
binding energy for the whole myosin S1 head. Additionally, single timesteps from E525K
simulation 2 and V606M simulation 3 can be seen that occupy conformations with very low
distances and very high forces.

Loop 2 is long and flexible enough that it can form both interactions with itself and
interactions with other myosin domains. To compare more compact vs more extended
conformations of loop 2, we performed dihedral angle principal component analysis (PCA) on the
backbone (¢/y) dihedral angles along loop 2. In comparison to the C, PCA discussed earlier, this
analysis used an internal reference frame within loop 2’s structure, enabling a deeper analysis of
internal versus overall motion in the ensembles sampled by loop 2. Results of this dihedral angle
analysis showed that each simulation formed a dense cluster in PC space. Notably, E525K
simulation two and V606M simulation three formed a less dense cluster near each other and away
from all other simulations (Figure 2-4C). This indicates that these mutations may alter the
conformational state space occupied by loop 2, populating conformations that are never or seldom
seen in the WT structures.

The importance of these different conformational states can be seen by mapping the
distance and force values calculated earlier onto the dihedral angle PCA plot (Figure 2-4D & E).
Most simulations are tightly clustered with themselves and occupy high distance, low force
conformations for most of the simulation time. However, the less dense cluster formed by E525K
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simulation two and V606M simulation three contains simulation timesteps with unusually small
distances between loop 2 and actin’s N-terminus (Figure 2-4D) and unusually high electrostatic
force (Figure 2-4E).

K-means clustering was used to define four conformational states that were occupied by
loop 2 during these nine simulations (Figure 2-4F and Supplemental Figure 2-4A). The optimal
k-value for clustering was based on the elbow point in the inertia plot of within-cluster sum of
squares (Supplemental Figure 2-4B). By plotting the distance (Figure 2-4G) and force (Figure
2-4H) calculated earlier for each timestep within a cluster, we can see that cluster three stands
out with significantly lower distance and significantly higher force compared to all other clusters.
The mechanism behind this difference is elucidated by representative structures from each of the
other clusters (Figure 2-4l). Structures from cluster one and cluster two formed helical twists
where loop 2 interacted with itself. This twisting sequestered the positive charges in loop 2 away
from the actin binding cleft and the negative charges present in the N-terminus of actin. Notably,
timesteps from WT simulations made up the majority of these two “unfavorable actin-binding”
states. The representative structure from the less dense cluster three was expanded, not twisted
and shifted towards the actin binding surface and the HLH motif. This expanded state moved the
positive charges in loop 2 much closer to the negative charges in actin’s N-terminal domain and
represents a “favorable actin binding” state. Finally cluster four was also expanded but here loop
2 was not shifted directly toward the myosin binding surface and we observed only a modest
increase in binding force for this cluster (Figure 2-4H). Importantly both expanded, “favorable
actin-binding” states identified here were populated almost exclusively by mutant (E525K or
V606M) simulations.

These results collectively demonstrate that conformational states of loop 2 (defined by
dihedral angles) when combined with electrostatic modeling can predict myosin's affinity for actin.
These findings also underscore loop 2's significant role in regulating actomyosin cross-bridge
formation and clearly illustrate how mutations near loop 2 can allosterically influence its
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conformation, consequently affecting myosin's binding affinity for actin. The ability of loop 2 to
sample conformations that have variable long-range electrostatic interactions with actin may play
an important regulatory role in myosin activation, and here are demonstrated to be causal in the

increased actin affinity observed in two cardiomyopathy mutations.
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Figure 2-4: Dihedral angle analysis identifies loop 2 condensed and expanded states which regulate
electrostatic binding energy.

(A) Alignment of myosin 30 A from its binding site on actin used for DelPhiForce electrostatic calculations.
The center of mass is indicated for the negative charges on the actin N-terminus (pink sphere) and the
positive charges in loop 2 (black-WT, blue-E525K, and yellow-V606M spheres). (B) The relationship
between distance (spheres in A) and calculated force is fit with a second order exponential. (C) Principal
component analysis of loop 2 dihedral angles during 3 replicate simulations of each genotype. E525K Sim
2 and V606M Sim 3 can be seen forming a dispersed cluster distal from all other simulations. (D) Distance
and (E) force mapped onto the dihedral angle PCA clusters. The dispersed cluster of E525K Sim 2 and
V606M Sim 3 contains structures with unusually low distances and unusually high forces. (F) K-means
clustering on the dihedral angle PCA identified 4 clusters. (G) Density of distance values (spheres in A)
measured within each cluster. Cluster 3 shows a significant shift towards lower distances between loop 2
and the actin n-terminus. (H) Density of force values calculated within each cluster. Cluster 3 shows a
significant shift towards higher binding energy states—representing a shift to a pro-actin binding
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conformational state of loop 2. A Cramer Von Mises Test (CVM) was used to test for differences in the
distribution of distance and force. (I) Representative structures and genotypic make up for each cluster.
Representative structures were selected as those that most closely matched the mean force value
calculated within each cluster.
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Discussion

Loop 2 Electrostatically Mediates Actomyosin Interaction. Protein loops are often regulators
of function and enzymatic activity in biological systems,(Gu et al. 2015; Malabanan et al. 2010)
and structural disorder of a loop often imparts functional benefits(Berlow, Dyson, and Wright
2015). Spudich and coworkers established that changes in the sequence, length, and charge of
loop 2 affects actin-myosin kinetics(Goodson, Warrick, and Spudich 1999) as well as ATPase
activity(Murphy and Spudich 1999; Uyeda et al. 1994). While these vary substantially across
myosin classes, loop 2 consistently demonstrates impact on actin-myosin association for many
myosins. Yu et al. used Al-generated models and MD simulations of myosin to explore the
relationship between loop 2 length and actomyosin interaction(Yu, Park, Ryu, et al. 2024). They
report that longer loop 2 isoforms formed a more complex salt bridge network (involving actin’s
N-terminus and a hairpin turn in actin subdomain 1) than did short loop 2 isoforms (few to no
interactions with actin’s N-terminus) in strongly-bound states(Yu, Park, An, et al. 2024). Yengo
and Sweeney studied variants of the processive myosin V(Yengo and Sweeney 2004). They
observed that changing the charge on loop 2 modified the kinetics of actin-myosin binding with
fewer effects on other steps of the cycle. They also postulated that the length and charge of loop
2 is essential for the processive properties of myosin V. Elfrink et al. studied the single-headed,
processive type IX myosin that contains a >100 residue insertion in loop 2(Elfrink et al. 2014).
They found that deletion of the loop 2 insertion or increased ionic strength diminishes processive
behavior. Prior studies from this group also show that loop 2 assists with the directionality required
for processive motion in a single headed myosin(Liao, Elfrink, and Bahler 2010). Onishi et al.
tested the molecular mechanisms by which mutations in loop 2 affect actin-activated ATPase and
speculate that charged residues in loop 2 contribute to complex formation and that hydrophobic
residues contribute to the coupled process of myosin cleft closure and phosphate release(Onishi

et al. 2006). Thus, across multiple myosin isoforms, loop 2 is shown to have a net positive charge,
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a role in mediating actin-myosin association, and a substantial impact on cross-bridge cycling
kinetics.

To date, few studies have explored the relationship between loop 2 structure and actin-
myosin association(Clobes and Guilford 2014:2; Murphy and Spudich 1999). This is due to the
intrinsic structural disorder in the loop. Dynamic regions of proteins do not resolve well in X-ray
and cryoEM structures. While loop 2 is generally unresolved in X-ray structures of myosin alone,
fragments of loop 2 are frequently observed in some cryoEM structures of the actomyosin
complex. Doran et al. solved cryoEM structures of force-bearing-like conformations of human
cardiac actomyosin(Doran, Rynkiewicz, Rasicci, et al. 2023) and their structures show residues
F644-K639 interacting with the D24-D25 hairpin turn of actin. Risi et al. detail how changes in the
length of loop 2 across myosin isoforms affects its resolution in cryoEM structures, with shorter
loops being better resolved. However, N-terminal residues of actin may also not resolve in
cryoEM, leaving the possibility of a ‘fuzzy cloud’ of disordered interactions(Risi et al. 2021). In a
recent study, Klebl et al. collected cryoEM structures of the weakly-bound, primed actomyosin
complex using a myosin-V construct with mutations near the phosphate ‘back door’ and deletions
in loop 2 that slow the phosphate release step(Klebl et al. 2025). Their structure shows the C-
terminal end of loop 2 sandwiched between the negatively charged hairpin turn and N-terminus
of actin. Together these studies provide strong evidence that loop 2 interacts electrostatically with
actin in both weakly-bound and strongly bound states. However, no studies have resolved the full
structure of loop 2 and none indicate the structural mechanisms through which loop 2 mediates
actomyosin association. The formation of a weakly-bound crossbridge leads to stronger binding
that is needed for force generation and shortening in the sarcomere as interaction between
myosin and actin facilitates the lever arm swinging. The simulations performed here contain the
full structure of loop 2 and our models show that loop 2 structure interconverts among multiple
conformations on nanosecond timescales (Figure 2-3). DelphiForce measures indicate that loop
2 contributes meaningfully to the electrostatic association force between actin and myosin (Figure
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2-1) and that neutralization of loop 2 charged residues diminishes this force (Supplemental
Figure 2-3). Finally, our conformational analysis of loop 2 showed that loop 2 can sample compact
conformations with unfavorable anti-binding properties and more extended conformations that
favor actin binding (Figure 2-4). These data suggest that the conformational ensemble that loop
2 samples can regulate a key step leading to contractions by modulating initial crossbridge
formation. Our results provide a model wherein the coiling of loop 2 serves as a regulatory axis

for the number of crossbridges formed and force generation within the heart (Figure 2-5).

Links Between Conformational Shifts in Loop 2 and Cardiomyopathy. Over 1000 mutations
in human striated muscle myosis are associated with disease(Parker and Peckham 2020). This
includes several mutations within loop 2 of B-cardiac myosin (e.g. K637E(Mgller et al. 2009) and
K639E(van Waning et al. 2018) are associated with dilated cardiomyopathy; G636S(Homburger
et al. 2016) and S642L(Daehmlow et al. 2002) are associated with hypertrophic cardiomyopathy).
The E525K and V606M mutations studied here are not found in the loop 2 sequence and are
instead located on either “side” of this loop (Figure 2-1A). However, our results show that these
mutations can result in structural changes that affect the conformational ensemble sampled by
loop 2 (Figure 2-2). Our current findings represent an atomistic mechanism behind the increased
actin affinity observed in both cardiomyopathy mutations. Other cardiomyopathy mutations or
myosin binding drugs may alter the conformational sampling of loop 2. For example, we reported
similar allosteric effects on loop 2 for the small molecule 2’-doexy-ATP when it is in the nucleotide
binding pocket of myosin, resulting in enhanced binding to actin(Childers et al. 2021; Ma et al.
2023; Nowakowski et al. 2017; Teitgen et al. 2024). Thus, loop 2 coiling may represent an
important modality for understanding myosin function and we have developed methods this in the
context of cardiomyopathy linked mutations that could easily be expanded to include other

mutations and to study small molecules for drug development.
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Computational Predictions from Disordered Data. Simulation to simulation variability and
disordered dynamics are dual features and limitations of atomic scale simulations. The intrinsic
disorder of loop 2 prevents its full resolution in X-ray crystal structures and leads to high variability
within and between computational simulations. While our simulations allowed for an overview of
loop 2 movement and generated insights into how mutations may influence loop 2 dynamics, they
do not exhaustively sample the conformational space of loop 2 (i.e. the sampling problem(Childers
and Daggett 2018)). As illustrated here, even conformations of this loop that are transiently
sampled can have dramatic impacts on myosin function. Less compact, more extended
conformations of loop 2 are more structurally variable but may increase the probability of an
association event between actin and myosin via the ‘fly casting mechanism’(Shoemaker,
Portman, and Wolynes 2000) of intrinsically disordered protein regions. Despite the sampling
problem our work shows a strong correlation between the orientation of loop 2 and the associative
force between actin and myosin prior to weak binding. Our simulations suggest molecular
mechanisms by which certain disease-associated mutations affect cross-bridge cycling. Future
efforts should use longer myosin simulations or enhanced sampling strategies to better assess
loop 2 conformational space. Loop 2 is also known to have a structural role in cross-bridge cycling
kinetics. Simulations like those performed here should improve our understanding of the
functional roles of loop 2.

While our simulations are imperfect and incomplete, they are useful to serve for generating
hypotheses for future exploration. First, loop 2 may act as an electrostatic ‘tractor beam’ to guide
myosin motors toward their binding sites on the thin filament. Second, the disorder of loop 2 may
allow it to moonlight in several roles with different behaviors in unbound, strongly-bound, and
weakly-bound conformations(Berlow et al. 2015; Uversky 2016). Finally, prior simulations and
structures indicate that loop 2 can form interactions between myosin heads in the interacting
heads motif state(Childers et al. 2024) and it remains to be seen whether these interactions
meaningfully contribute to IHM stability, and consequently thick-filament regulation. As the next
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generation of myosin targeting drugs are developed, their intended or unintended allosteric effects
on myosin structures such as loop 2 should be considered. At the molecular level myosin targeted
compounds alter myosin’s function allosterically. The present study has clearly shown that
allosteric effects can propagate through myosin and alter the coiling of loop 2 to changing the
affinity of myosin for actin. Drugs that directly interact with myosin have the potential to target
heart disease at a mechanistic level of individual proteins, which is very exciting. As the
importance of loop 2 conformational dynamics is recognized, identifying the mutations and

molecules that change loop 2 kinetics through local and long-range effects is critical and the work

it

presented here defines a paradigm for this analysis.
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Figure 2-5: A model for the regulatory role of loop 2 in myosin activation.

The loop 2 structure of myosin adopts compact semi-stable conformations where the positive
charged residues in loop 2 are sequestered away from their negatively charged binding partners
on the N-terminal domain of actin. Loop 2 can adopt extended less-stable conformations where
these same positive changes are available to interact with actin. Here two cardiomyopathy
mutations that increase myosin molecules’ affinity for actin were shown to disrupt loop 2 coiling
demonstrating a mechanism for this regulatory role of loop 2 in disease progression.
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Methods

Model Preparation

Homology models of pre-powerstroke (M.ADP.P;) human cardiac myosin (gene: MYH7)
were prepared with Modeller(Eswar et al. 2006) using the a bovine cardiac myosin structure as
a template. The template structure was the 2.45 A X-ray crystal structure of bovine cardiac B-
myosin in complex with the essential light chain, ADP, vanadate, and Mg# solved by Planelles-
Herrero et al. (PDB: 5N69) (Planelles-Herrero et al. 2017). Crystallographic waters and other
molecules were removed. Trimethylated lysine residues were converted to lysine. The X-ray study
by Planelles-Herrero et al. included a complementary structure of pre-powerstroke myosin in the
absence of OM, but residues in the tail and ELC were not resolved (PDB: 5N6A), so we used the
OM-bound structure to generate our model but removed OM prior to model generation. The
bovine ELC found in 5N69 was similarly used as a template for the human ELC. HIS protonation
states at pH 7.0 were predicted using the H++ webserver (Anandakrishnan, Aguilar, and Onufriev
2012). Structures of the E525K and V606M myosin were generated by computationally
introducing mutations into the modeled structure. This yields three separate all-atom molecular
systems: WT, E525K, and V606M myosin all containing ADP.Mg?*.Pi in the active site and all in

complex with ELC.

Molecular Dynamics Simulation

The resulting systems were prepared for molecular dynamics simulation using the Amber
20(Case et al. 2023) simulation package and the ff14SB force field(Maier et al. 2015). Water
molecules were treated with the TIP3P force field(Jorgensen et al. 1983). Metal ions were
modeled using the Li and Merz parameter set(Li and Merz 2014; Li, Song, and Merz 2015a,
2015b). ADP and Pi (modeled as H,PO,)(Kiani and Fischer 2014) molecules were treated with

the GAFF2 force field(He et al. 2020). Partial charges for ADP and P; were derived from a

71



restrained electrostatic potential (resp) fit to quantum mechanics calculations performed with
ORCA(Neese et al. 2020). The SHAKE algorithm was used to constrain the motion of hydrogen-
containing bonds(Miyamoto and Kollman 1992). Long-range electrostatic interactions were
calculated using the particle mesh Ewald (PME) method. Hydrogen atoms were modeled onto
the initial structure using the /leap module of AMBER, and each protein was solvated with explicit
water molecules in a truncated octahedral box and neutralizing counterions were added. Each
system was minimized in three stages. First, hydrogen atoms were minimized for 1000 steps in
the presence of 100 kcal/mol restraints on all heavy atoms. Second, all solvent atoms were
minimized for 1,000 steps in the presence of 25 kcal/mol restraints on all protein atoms. Third, all
atoms were minimized for 8,000 steps in the presence of 25 kcal/mol restraints on all backbone
heavy atoms (N, O, C, and C, atoms). After minimization, systems were heated to 310 K using
the NVT (constant number of particles, volume, and temperature) ensemble and in the presence
of 25 kcal/mol restraints on backbone heavy atoms. Next, the systems were equilibrated over five
successive stages using the NPT (constant number of particles, pressure, and temperature)
ensemble. During the first four stages, the systems were equilibrated for 5 ns in the presence of
25 to 1 kcal/mol restraints on backbone heavy atoms. During the final equilibration stage, the
systems were equilibrated for 5 ns in the absence of restraints. A 10 A nonbonded cutoff was
used for all preparation and production simulations. Separate equilibrations were run for replicate
simulation for each genotype. The equilibrated systems were then simulated using conventional
molecular dynamics protocols in the NVT ensemble in triplicate for 500 ns each (3 systems, three
replicate simulations per system, 500 ns sampling per replicate simulation = 4.5 ps total sampling)

and coordinates were saved every 10 ps.

DelPhiForce Calculations

To assess the impact of loop 2 residue variations on electrostatic interactions, we
employed DelPhiForce(Li, Jia, et al. 2017; Li, Chakravorty, et al. 2017) to compute the
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electrostatic binding forces between representative timeframes extracted from MD simulations
and a pre-equilibrated actin pentamer derived from the 8EFH PDB structure(Doran, Rynkiewicz,
Rasicci, et al. 2023). DelPhiForce calculates electrostatic forces by numerically solving the
Poisson-Boltzmann (PB) equation, which accounts for the distribution of ions and the dielectric
properties of the solvent and protein. This approach allowed us to determine the electrostatic
contributions to the interaction energy between the loop 2 variants and the actin pentamer,
providing insights into how residue substitutions modulate binding affinity.

Alignment of myosin with actin in a pre-weakly bound sate was achieved using a reference
structure of the human cardiac actin-tropomyosin-myosin complex in complex with ADP-Mg2+
(PDB: 8EFH). All alignments were generated using the MatchMaker function in Chimera (UCSF).
An equilibrated actin pentamer was aligned to actin such that the central actin monomer was
interacting with myosin. Frames from each simulation (with a resolution of 1 frame/ns) were then
aligned to actin using the 8EFH reference. Importantly the reference structure represents a
strongly bound actomyosin complex. To generate a weakly bound conformation myosin structures
from MD simulation were only aligned to the HLH motif of the reference structure (residues 515-
550 and 530-553 respective). Myosin was then shifted 30 A away from action to simulate pre-
binding conditions. To achieve this a plane of actin and myosin interaction was defined by the list
of clashing atoms between the two molecules. Myosin was then shifted 30 A normal to this plane
away from actin. This alignment can be seen in Supplemental Figure 2-3. Protein structures
were prepared for electrostatic modeling using DelPhiPka (Wang, Zhang, and Alexov 2016) and
DelphiForce was used to calculate electrostatic binding force. Default parameters were used for
all Delphi programs.

Molecular Dynamics Analyses

Dihedral angles were calculated for every residue in loop 2 in every timestep of every
simulation using the cpptraj command multidihedral for residues 615-651. Based on resulting
Ramachandran coverage loop 2 was defined as residues 621-646 (Supplemental Figure 2-2).
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The center of mass of the positively charged Lys residues in loop 2 was calculated using the
cpptraj command vector to identify the center of mass for the Cq of residues 633, 635, 637, and
639 (Figure 2-4A). The location of the center of mass of the negatively charged N-terminal
residues in the actin molecule used was calculated using the define centroid command in Chimera
based on the C, of residues 2-5. Finally, cpptraj and the contacts command was used to calculate
the contact pairs for each residue in myosin simulations. Two residues were considered in contact
with one another if at least one pair of heavy atoms were within 5 A of one another.

Principal Component Analysis of Loop 2 C, Position and Loop 2 Dihedral Angles

Principal component analysis was used to define loop 2 position and coiling as previously
described(Childers, Towse, and Daggett 2016, 2018; Palma and Pierdominici-Sottile 2023).
Briefly, to account for movement of the myosin molecules during simulation, all myosin molecules
used for analysis (1 frame/ns from each simulation) were aligned to their 50 kDa domains
(residues 215-231, 266-453, 604-621, 645-665, 472-590). The Cq position of each residue as well
as the dihedral angels of each residue in loop 2 was then extracted from the simulations (residues
621-646). These data were then used for PCA analysis. For the dihedral angle PCA the first 100
ns (100 frames) of each simulation were omitted to allow the simulations to acclimate as they
were highly variable. Additionally, the four glycine residues in loop 2 were omitted (residues 626,
634, 636, 641) since glycine dihedral angels are extremely variable. Additionally, the dihedral
angle PCA was performed on the sin() and cos() components of the phi/psi dihedral angles to
avoid circular statistics as previously described(Altis et al. 2007). All frames/timesteps and all loop

2 residues were used for the Cartesian coordinate C, PCA analysis.
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Supplemental Figures
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Supplemental Figure 2-1: Binding force felt by each residue in the actin binding surface.

(A) Pre-powerstroke human B-myosin S1 head where residues that experienced > 0.0 kT/A during any
(WT or Mutant) DelPhiForce simulation are highlighted in yellow. Key charged residues in the actin binding
surface can be seen including the HLH motif, loop 2, loop 3, and the strut. (B) Binding force calculated with
DelphiForce across simulation time in each of three replicate simulations of each genotype. (C) Myosin S1
actin binding surface colored by average binding energy felt at that residue during three replicate
simulations. Loop 2, loop 3, and the HLH motif are depicted with a space filling model to highlight the
changes in these areas. (D) Myosin S1 actin binding surface depicted as in C but colored by percent change
in average binding force felt by that residue when compared to WT simulations. (E) Boltzmann free energy
distribution showing the distribution of WT, E525K, and V606M simulations that sample different binding
energies for the whole myosin S1 head.
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Supplemental Figure 2-2: Identification of loop 2 residues in simulation

Dihedral angles were recorded for resides in the vicinity of loop 2 for each simulation. Loop 2 was defined
for all myosin molecules in all simulations as residues 621 to 646 due to the increase in Ramachandran
plot coverage in this region.
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Supplemental Figure 2-3: Setup of DelPhiForce simulations and validation of DelPhiForce

The alignment of myosin and actin was achieved as discussed in the methods section. (A) A depiction of
the alignment of a WT myosin S1 head 30 A from its binding site on an actin 5-mer. (B) To confirm that the
DelPhiForce tool would model electrostatic interactions between myosin and actin a test simulation was
run where a WT myosin S1 head was shifted along the axis of actin and the binding force was calculated
after each 5 A shift (black in B). Additionally, to confirm this tool could identify the electrostatic force
generated by the charged lysine residues of loop 2 these residues were computationally changed to
glutamine residues (630, 632, 634, 636, and 637). A reduction in the binding force between myosin and
actin can be seen when the lysine residues of loop 2 are neutralized (gray in B).
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Supplemental Figure 2-4: K-means clustering of loop 2 dihedral angle PCA and loop 2 secondary
structure

(A) 3D depiction of the four clusters identified showing distinct grouping of clusters. (B) Inertia plot (within-
cluster sum of squares) used to determine optimal number of clusters for k-means analysis.
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Abstract

The de novo myosin mutation E525K was identified in 2012 in a single patient diagnosed
with dilated cardiomyopathy (DCM). Recent work on isolated engineered myosin constructs has
led to the hypothesis that this mutation has two main effects: (1) stabilization the interacting heads
motif (IHM) and (2) increasing myosin ATPase activity of isolated S1 heads. This ultimately leads
to hypocontractility due to impaired myosin recruitment and, perhaps, faster crossbridge cycling.
Here, we present the first force and contractility measurements from human induced pluripotent

stem cell (hiPSC)-derived cardiomyocytes (CMs) carrying the heterozygous E525K mutation.
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These cells were generated on the WTC11 background with a green fluorescent protein (GFP)
tag on a-actinin. Our data revealed a 65% reduction in sarcomere contraction in single E525K/WT
cells and a 39% decrease in maximal twitch force in engineered heart tissues (EHTS).
Paradoxically, isolated myofibrils showed a 45% increase in peak force under high calcium
stimulation (pCa 4.0). To validate these findings, we introduced the E525K mutation into a different
hiPSC genetic background (the UC2 background), generating wild-type, heterozygous, and
homozygous lines. This confirmed reduced force generation at the tissue level in a stepwise
manner (WT/WT > E525K/WT > E525K/E525K). However, myofibrils from these new lines also
showed decreased force, mirroring the EHT results. Interestingly, we observed no change in
contractile kinetics, suggesting no alteration in myosin cycling rate under loaded conditions, which
contrasts with previous findings in isolated myosin. This difference may be due to changes in
myosin function under loaded conditions. Our results highlight the critical need for comprehensive
biochemical and biophysical investigations of myosin mutations and emphasizes the importance
of understanding the interplay between the myosin chemomechanical cycle and myosin

recruitment in disease pathology and therapeutic development.
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Introduction

The heterozygous E525K mutation in MYH7 was identified in 2012 through a genetic
screen of patients with dilated cardiomyopathy (DCM). It was found in one patient diagnosed with
DCM but the mechanism though which this mutation might cause a contractile deficit and a DCM
phenotype remained unclear (Lakdawala et al. 2012). More recently studies have used isolated
myosin constructs to study the biochemical properties of myosin carrying the E525K mutation.
These studies have given the first insight into how this mutation may be changing recruitment of
myosin (Rasicci et al. 2022), as well as the activation and cycling of myosin heads (Bodt et al.
2024; Duno-Miranda et al. 2024).

So far it has been shown that the E525K mutation increases the actin dependent ATPase
activity of myosin S1 heads (which cannot form the auto-inhibited OFF state of myosin) but
decreases the ATPase activity of myosin HMM constructs (which can self-inhibit) (Duno-Miranda
et al. 2024; Rasicci et al. 2022). An increase in the auto-inhibition of myosins with the E525K
mutation could therefore be responsible for the hypocontractile phenotype associated with DCM
disease progression. The increased actin dependent ATPase activity of S1 heads has been
attributed to an increase in actin affinity and an increase in the phosphate release rate for E525K
myosin (Bodt et al. 2024). These biochemical studies have been extremely insightful but E525K
myosin has still never been studied in the myofilament and in the context of load.

Under conditions of high load, such as during strenuous muscle contraction the release of
ADP from the myosin head is significantly slowed (Doran, Rynkiewicz, Rasicci, et al. 2023;
Sweeney and Houdusse 2010). This means that load (and the presence of actin) changes the
rate limiting step in the myosin cycle from phosphate release to ADP release. Additionally, the
recruitment of myosin heads out of the auto-inhibited OFF state is also facilitated by increased

force (Campbell et al. 2018). Since product release and myosin recruitment are the mechanisms
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by which the E525K mutation has been theorized to change myosin activity, it is important to
confirm these findings in intact myofilaments and in the context of loaded contraction.

Here we build on the previous biochemistry work done with the E525K by measuring the
contractile force and kinetics of E525K myosin in human induced pluripotent stem cell (hiPSC)
derived cardiomyocytes (hiPSC-CMs). We found that the E525K mutation does alter force
generation in cells and tissues, but we saw no evidence that the kinetics or enzymatic activity of
E525K myosin was altered. This emphasizes the importance of studying myosin mutations at
multiple scales. A great deal can be learned from experiments using isolated myosin to
understand how the biochemistry of myosin is changed. However, myosin chemomechanics are
highly load dependent and regulated by the larger cellular process of EC coupling—it is therefore
critical to study myosin mutations at the cell and tissue level to understand how they contribute to

disease progression.

Results

Engineered heart tissues with the E525K mutation show hypocontractility with unchanged kinetics

Induced Pluripotent Stem Cells (iPSC) carrying the heterozygous E525K mutation as well
as wildtype (WT) controls were kindly provided by the Allen Institute for Cell Science. Cells lines
were differentiated into mature cardiomyocytes that expressed B-cardiac myosin following a
standard differentiation protocol (Supplemental Figure 3-1A-B). All experiments were carried out
at day 45 of differentiation unless otherwise indicated.

Engineered heart tissues (EHTs) were used to investigate force generation in cardiac
tissues with the E525K/WT heterozygous mutation and compared with EHTs with no mutation
(WT/WT). EHTs with the E525K mutation showed decreased force generation in isometric
twitches paced at 1 Hz (Figure 3-1A). With twitches showing both a decreased peak force and a

decreased tension time integral (Figure 3-1B-C). Interestingly the rate of force generation and
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rate of relaxation in these tissues was unchanged by the mutation as seen in the time to peak and
time to baseline measurements (Figure 3-1 D-E). While the morphology of these tissues did vary

the cross-section area (CSA) of these tissues was comparable between genotypes (Figure 3-1

F).
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Figure 3-1: Isometric twitch force is reduced in E525K engineered heart tissues (EHT).

(A) Average trace of isometric twitch contraction (Mean +/- SEM). (B) Peak isometric twitch force is reduced
with the E525K mutation. (C) The tension time integral was reduced with the E525K mutation. (D-E)
Contraction and relaxation rates were unchanged with the E525K mutation. (F) EHT cross section area
(CSA) was unchanged. Open circles represent technical replicates (individual EHTSs), filled circles represent
biological replicates (separate differentiations). All data is represented as the mean +/- SEM. All statistics
represent a student’s T-test; N = 3 differentiations and n = 9-13 EHTs per genotype.

Single cardiomyocytes with the E525K mutation show a hypocontractile phenotype

While perhaps more physiologically relevant EHTs introduce heterogeneity by including
multiple cell types. To bypass this limitation and directly measure how contraction is changed in
cells with the E525K mutation the contraction of single cells was observed using live cell imaging.

An endogenous eGFP tag on a-actinin allowed for live imaging/tracking of sarcomere movement
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in WT/WT and E525K/WT cell lines. To generate elongated and aligned myofibrils stem cell
derived cardiomyocytes were matured to day 45 of differentiation and grown on elongated
patterns for one week prior to imaging. Both WT/WT and E525K/WT cells were able to form
elongated myofibrils and contract when paced at 1 Hz (Figure 3-2 A). However, ES25K/WT cells
contracted less as measured by pixel displacement over time (Figure 3-2 B-C). Area under the
curve analysis of these displacement twitches revealed a decrease in the tension time integral
consistent with a dilated cardiomyopathy phenotype (Figure 3-2 D). This decrease in cell
contraction was driven by a decrease in sarcomere shortening as measured by percent change
in the distance between Z-disks during contraction (Figure 3-2 E). Interestingly, as in tissues,
there was no change in the rate of contraction or rate of relaxation in cells carrying this E525K
mutation (Figure 3-2 F-G).

Together these results show that at both the single cell and the tissue level there is a
decrease in contraction when cardiomyocytes carry the heterozygous E525K mutation.
Additionally, there was also no change in the rate of contraction or relaxation at either scale of
analysis. This points towards a change in the number of actively cycling myosin heads driving the
change in force generation rather than a change in the rate at which myosin moves through the

crossbridge cycle.
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Figure 3-2: Live cell contraction analysis shows decreased contraction in E525K cardiomyocytes.

(A) Patterned day 45 cardiomyocytes with endogenous a-actinin eGFP tag. Representative displacement
tracking images are shown. (B) Average traces showing displacement over time for live imaged
cardiomyocytes (Mean +/- SEM). (C) Average cell displacement decreased with the E525K mutation. (D)
The tension time integral calculated based on the displacement traces was decreased with the ES25K
mutation. (E) Sarcomere shortening measured at the Z-disks was also decreased with the E525K mutation.
(F-G) Time to 50% of peak and time from peak to 50% of baseline were unchanged with the E525K
mutation. Open circles represent technical replicates (individual cells), filled circles represent biological
replicates (separate differentiations). Students T-test, N = 3-5 differentiations n = 91-94 cells per genotype.

Myofibril mechanics show increased max force generation in fibrils with E525K myosin

To get a better picture of how the chemomechanics of activation, relaxation, and force
generation are changed myofibrils were isolated and activated at various calcium concentrations.
Both WT/WT and E525K/WT myofibrils were robustly formed enough to be isolated after 45 days
of culture and patterning, moreover myofibrils from both genotypes were able to activate and
generate force in response to elevated calcium (Figure 3-3 A). Surprisingly, unlike in cells and
tissues, myofibrils isolated from cells with the heterozygous E525K mutation generated more
force than WT/WT myofibrils when stimulated with a calcium concentration higher than

physiologically relevant (pCa 4.0). When stimulated at calcium levels more consistent with
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intracellular systolic calcium (pCa 5.6 and 5.8) E525K/WT myofibrils no longer showed a
statistically significant increase in force (Figure 3-3 B). This finding demonstrates that E525K
myofibrils are still competent to contract and, at least under some conditions, can generate more
force than WT myofibrils. Once again, the kinetics of all phases of activation and relaxation were
unchanged by the mutation—this was true at all calcium levels tested (Figure 3-3 C-E). Scaled
and zoomed in versions of these average traces can be seen in Supplemental Figure 3-2.
Finally, to investigate if the calcium sensitivity of the thin filament was altered in E525K/WT
myofibrils the percent of maximum force generated under submaximal calcium stimulation was
investigated. The fragile nature of myofibrils isolated from hiPSC-CMs made it impossible to run
these fibrils through a full force pCa curve, but two physiologically relevant, submaximal
stimulations were investigated (pCa 5.6 and pCa 5.8). There was a significant difference in
percent of max force generated between WT/WT and E525K/WT mycofibrils at pCa 5.6 (Figure 3-
3 F) but not at pCa 5.8 (Figure 3-3 G). This indicates that there may be a change in the calcium
sensitivity of myosin in E525K/WT myofibrils. Notably, as with results at the tissue and cell level,
this assay indicates that the differences in force generation are driven by differences in myosin
recruitment, and not by changes in the rate at which E525K mutant myosin moves through the

crossbridge cycle.
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Figure 3-3: Myofibril mechanics show increased force generation with the E525K mutation under
high calcium conditions.

(A) Average traces of normalized force over time (Mean +/- SEM) at maximal (pCa 4.0) and submaximal
(pCa 5.6 or pCa 5.8) stimulation. (B) Max force increased with the E525K mutation stimulated at pCa 4.0
but was not significantly elevated when stimulated at lower calcium concentrations (pCa 5.6 or 5.8). (C-E)
The kinetics of contraction and relaxation were unchanged under all conditions tested. (F) The percent of
maximum force generated at submaximal calcium stimulation (pCa 5.6) was reduced. (G) This difference
was not significant at pCa 5.8. Open circles represent technical replicates (individual myofibrils), filled
circles represent biological replicates (separate differentiations). T-test, N = 3-10 differentiations n = 8-43
myofibrils. Due the inherent variability of this assay significance was calculated based on technical
replicates.

Sarcomere formation and organization is decreased in E525K/WT cells and tissues

To investigate sarcomere formation in the absence of external morphometric cues day 45
un-patterned cardiomyocytes were fixed in blebbistatin and imaged using the a-actinin eGFP
reporter (Figure 3-4 A). Images of single cardiomyocytes were then blindly ranked based on
sarcomere formation and organization from 1-disorganzed to 5-organized. Cardiomyocytes
carrying the E525K/WT mutation formed fewer less well-organized sarcomeres (Figure 3-4 B).
WT/WT and E525K/WT patterned day 45 cardiomyocytes both formed sarcomeres and elongated
myofibrils (Figure 3-4 C). However, dispersion angle analysis on z-disks from these images
showed that myofibrils and z-disks from E525K/WT cardiomyocytes were less well aligned with

the axis of contraction/patterning (Figure 3-4 D).
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Together these results show that the formation and organization of sarcomeres is inhibited
in hiPSC-CMs carrying the E525K mutation. This result could partially explain the decrease in
force generation observed in cells and tissues (Figures 3-1 and 3-2). Notably, the isolation and
purification of myofibrils—required for the myofibril assay—may discard malformed myofibrils, and
analysis at the single myofibril level also eliminates any impact from myofibrils that are not aligned

with each other or the axis of contraction inside a patterned cardiomyocyte.
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Figure 3-4: Sarcomere formation and organization is decreased in E525K/WT patterned and un-
patterned cells.

(A) Representative day 45 un-patterned single cardiomyocytes. (B) Blind ranking of sarcomeres in single
cells demonstrates a decrease in sarcomere formation and organization (scale from 1-poorly formed
sarcomeres to 5-well formed sarcomeres). T-test, N = 3 differentiations n = 828-989 ranked cells per
genotype. (C) Representative day 45 patterned single cardiomyocytes. (D) Dispersion angle analysis on
whole patterned E525K cells shows that E525K myofibrils & Z-disks are less in register with one another
than WT controls—Kolmogorov-Smirnov Test, N = 5 differentiations.
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Calcium transients are unchanged in E525K/WT patterned cells

The results presented so far represent a kind of paradox. We see decreased force in cells
and tissues carrying the E525K mutation, but we see increased force in myofibrils isolated from
the same cells. One difference between these assays is that at the cell and tissue level calcium
is regulated by excitation contraction coupling within each cardiomyocyte or syncytium of
cardiomyocytes. In isolated myofibrils on the other hand, the amount of calcium available to
activate the thin filament is controlled exogenously by the solution bath. It is also important to note
that the pCa 4.0 condition is a higher than physiologically relevant level of calcium. Even under
systolic conditions calcium in the sarcomere is closer to pCa 5.8 (Bers 2002). To more closely
observe the intracellular concentrations of calcium in hiPSC-CMs we used Calbryte™ 590 AM (a
fluorescent calcium reporter compatible with the endogenous GFP tag in this cell line). Calcium
transients were assayed in patterned day 45 cardiomyocytes (Figure 3-5 A). The amplitude of
calcium transients was not significantly changed in E525K/WT cells (Figure 3-4 B). Additionally,
both the baseline fluorescence (Figure 3-5 C), and the kinetics of the calcium transient were
unchanged (Figure 3-5 D-E) in E525K/WT cells.

These results indicate that the calcium handling in these cells is not changed by the E525K
mutation—this is consistent with the location of this mutation in the thick filament rather than the
thin filament. If the direct calcium transient isn't altered, it also suggests that the mechanism by
which elevated calcium leads to increased force in E525K/WT myofibrils is not due to the gross
properties of the calcium transient itself. Instead, the focus should shift to how myosin responds

to thin filament activation or the sensitivity of the thin filament to calcium.
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Figure 3-5: Calcium transients are unchanged in E525K patterned cardiomyocytes.

(A) Average calcium transient from day 45 patterned cardiomyocytes paced at 1 Hz (Mean +/- SEM). (B)
Transient amplitude was not changed in E525K/WT cardiomyocytes. (C) Baseline fluorescence was not
changed in E525K/WT cardiomyocytes. (D) Time to peak was not changed in E525K/WT cardiomyocytes.
(E) The decay constant (Tau) was also not changed. T-test, N = 3 differentiation, n = 82-92 cells.

E525K myosin has an increased affinity for actin

Previous work has shown that E525K myosin S1 constructs have an increased actin
dependent ATPase activity (Duno-Miranda et al. 2024; Rasicci et al. 2022), moreover modeling
from our previous work has shown that the E525K mutation may increase myosin’s affinity for
actin through a disruption of loop 2 folding (See Chapter 2). To biochemically test the affinity of
E525K myosin for actin an ATP-induced dissociation of pyrene-actin+S1 assay was used to
determine the relative percent of myosin S1 bound to actin at various concentrations of S1 (Figure
3-6 A). These data form a hyperbolic titration curve which can be fit by the classical quadratic
equation to define the dissociation constant of S1 for actin: Kacin (Figure 3-6 B). These data show
that E525K myosin has an increased affinity for actin which could explain the increased force

generated by E525K/WT myofibrils stimulated with elevated calcium.
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Figure 3-6: E525K myosin has an increased affinity for actin

Stopped flow biochemistry was used to measure the affinity of WT and E525K myosin S1 constructs for
pyrene labeled actin. (A) The relative decrease in pyrene-actin florescent amplitude at various
concentrations of myosin S1 was fit with the standard quadratic equation. (B) Myosin Kactin value for each
replicate of the pyrene actin assay. T-test N = 2 replicates.

Phenotypic Comparison of The E525K Mutation with UC2 Background Cells

All mechanics work presented so far has used cell lines engineered on the WTC11
background. To investigate the penetrance of the E525K mutation we also engineered this
mutation into a second background. These cells underwent the same Cas9 engineering to
introduce the E525K mutation however in addition to a heterozygous clone (E525K/WT) a
homozygous clone (E525K/E525K) was also isolated. As for the WTC11 background cells myosin
isoform was assayed after differentiation (Supplemental Figure 3-1C). There was not a full
transition from a- to B-myosin in these cells following the same protocol, however most of the

myosin in all UC2 cell lines was 3-myosin by the day 45 endpoint for all EHT and myofibril assays.

Engineered heart tissues with the E525K mutation on the UC2 background show hypocontractility

with unchanged kinetics

As previously described EHTs were used to investigate force generation in cardiac tissues

with the E525K mutation. Here cells on the UC2 background with no mutation (WT/WT) were
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compared with heterozygous (E525K/WT) and homozygous (E525K/E525K) mutants. EHTs with
the E525K mutation showed a stepwise decreased force generation with heterozygous cells
generating less force than WT/WT cells and homozygous cells generating still less force (Figure
3-7 A). These isometric twitches showed both a decreased peak force and a decreased tension
time integral (Figure 3-7 B-C). The rate of force generation and rate of relaxation in these tissues
was unchanged by the mutation as seen in the time to peak and time to baseline measurements
(Figure 3-7 D-E). The morphology of these tissues did vary, but the cross-section area (CSA) of
these tissues was comparable between genotypes (Figure 3-7 F). The results of this experiment

show that UC2 background cells recapitulate findings on the WTC11 background at the EHT level.
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Figure 3-7: Isometric twitch force is reduced in E525K engineered heart tissues (EHT) on the UC2
background.

(A) Average trace of isometric twitch contraction (Mean +/- SEM). (B) Peak isometric twitch force is reduced
with the heterozygous E525K mutation and further reduced by the homozygous mutation. (C) The tension
time integral was reduced with the E525K mutation and further reduced by the homozygous mutation. (D-
E) Contraction and relaxation rates were unchanged with the E525K mutation. (F) EHT cross section area
(CSA) was unchanged. Open circles represent technical replicates (individual EHTs), filled circles represent
biological replicates (separate differentiations). All data is represented as the mean +/- SEM. All statistics
represent an ANOVA with a post hoc T-test; N = 2-3 differentiations n = 12-17 EHTs per genotype.
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Myofibrils with the E525K mutation on the UC2 background show hypocontractility with

unchanged kinetics

Surprisingly, unlike in myofibrils isolated from WTC11 background cells, UC2 background
myofibrils with the E525K mutation (heterozygous or homozygous) generated less force than
WT/WT myofibrils (Figure 3-8 A). This was true at all levels of calcium stimulation (Figure 3-8 B).
This finding—while inconsistent with the results from the WTC11 background cells—is consistent
with hypocontraction and a dilated cardiomyopathy phenotype. The kinetics of all phases of
activation and relaxation were unchanged by the mutation; this was also true at all calcium levels
tested (Figure 3-8 C-E). Scaled and zoomed in versions of these average traces can be seen in
Supplemental Figure 3-3. Finally, there was a significant difference in percent of max force
generated between WT/WT and E525K/E525K myofibrils at pCa 5.6 (Figure 3-8 F), but this was
not significant in E525K/WT cells or at pCa 5.8 (Figure 3-8 G). Notably, as with results from the
WTC11 background hiPSC-CMs, these results indicate that the differences in force generation
are driven by differences in myosin recruitment and activation—not by changes in the rate at

which E525K mutant myosin moves through the crossbridge cycle.
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Figure 3-8: Myofibril mechanics from UC2 background cells show decreased force generation with
the E525K mutation under all calcium conditions.

(A) Average traces of normalized force over time (Mean +/- SEM) at maximal (pCa 4.0) and submaximal
(pCa 5.6 or pCa 5.8) stimulation. (B) Max force decreased with the E525K mutation in a stepwise fashion
with heterozygous cells weaker than WT cells and homozygous cells weakest of all at all calcium
stimulations. (C-E) The kinetics of contraction and relaxation were unchanged under all conditions tested.
(F) The percent of maximum force generated at submaximal calcium stimulation (pCa 5.6) was reduced
only in homozygous cells compared to WT cells. (G) This difference was not significant at pCa 5.8. Open
circles represent technical replicates (individual myofibrils), filled circles represent biological replicates
(separate differentiations). ANOVA with post hoc T-test, N = 2-3 differentiations n = 5-10 myofibrils. Due the
inherent variability of this assay significance was calculated based on technical replicates.
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Discussion

The results presented here represent the first analysis of how E525K myosin impacts
cardiomyocyte and myofibril contraction. Cells and tissues with the heterozygous or homozygous
form of the E525K mutation generated significant less tension over time, consistent with a DCM
phenotype (Davis et al. 2016). Surprisingly however single myofibrils from mutant cells stimulated
with high calcium did not follow this trend—instead generating more force or less force than WT
cells depending on the background cell line of the engineered cells. This result highlights the
importance of understanding how a given mutation interacts with the greater context of the cell
line’s or patient’s genetic background. This phenomenon of variable “penetrance” of a mutation is
a major limitation of current efforts to include a patient’s relevant genetic background when
designing therapeutic intervention (McGurk et al. 2023). This work is consistent with previous
studies showing that the impact of the E525K mutation is primarily through changing the number
of myosin heads which interact with actin. Unlike previous work, we saw no evidence that the
cycling rate of individual myosin heads was changed in all kinetic measurements assay here—
from the single myofibril level to the single cell level, and even at the whole tissue level.

These findings demonstrate the complexity of trying to understand how a myosin mutation
changes myosin function at all scales of contraction. Myosin function is clearly changed by this
mutation and is consistently decreased at the cell and tissue level no matter the background of
the cells. However, the fact that we saw increased force and decreased force depending on
background means there is something more complicated going on here. The decreased
myofibrillar alignment leads to misaligned inefficient force generation. Conversely, the enhanced
actin affinity imparted by the E525K mutation may help with the cooperative activation of myosin
heads. This increased affinity could facilitate the augmented force production seen under some
myofibril conditions. Together these results present a picture of how some phenotypes are

consistently changed by the E525K mutation and some phenotypes are not (Figure 3-9).
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Previous work using isolated ES25K myosin has shown that this mutation stabilizes the
IHM state while also increasing the intrinsic ATPase activity of the myosin head. The decrease in
tension generation over time associated with DCM was attributed the stabilization of the IHM state
and a decrease in the recruitment of myosin (Duno-Miranda et al. 2024; Rasicci et al. 2022).
Notably, both myosin recruitment (Campbell et al. 2018; Vander Roest et al. 2021) and myosin
ATPase activity (Sweeney and Houdusse 2010) are load-dependent processes. The observation
that ADP release limits the crossbridge cycle under load, combined with load-induced myosin
recruitment, could explain the apparent differences between our results and previously published
work.

This underscores the need for investigating myosin mutations at various scales to fully
understand how these mutations change contraction. Since force generation at the organelle level
was variable based on cell background, the observed reduction in cellular and tissue force
generation is likely attributable to multiple factors. We observed myofibrillar disorder here, but the
established E525K-related impairment of myosin recruitment observed by others (Bodt et al.
2024; Rasicci et al. 2022) is also likely playing a role.

As new drugs are developed to specifically target cardiac myosin it is critical to understand
how specific mutations will respond to drug treatment. Novel myosin modulating drugs have been
identified using myosin ATPase assays as a screening approach (Bello and Pellegrini 2024;
Hartman et al. 2024; Planelles-Herrero et al. 2017; Voors et al. 2020). The results presented here
emphasize that the interaction between these drugs and myosin may be different under load and
that these drugs may have different or unpredictable interactions with specific myosin mutations.
Future work on the E525K mutation should investigate how this mutation interacts with myosin
activator drugs since (under some conditions) it appears that the E525K mutation can lead to both

hypocontraction and hypercontraction.
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Figure 3-9: How the E525K mutation changes or does not change contraction in cardiomyocytes

(A) Parameters not changed in E525K hiPSC-CMs: The overall rate that myosin moves through the
crossbridge cycle was not changed in any assay we measured here and the calcium transients of intact
cardiomyocytes with the E525K mutation was not changed. (B) Parameters changed in E525K hiPSC-CMs:
Force generation is depressed in cardiomyocytes and tissues with the E525K mutation, and this may be
due in part to decreased myofibrillar alignment. The increased affinity for actin demonstrated by E525K
myosin—Ileading to an increase in crossbridge formation—may help to explain the increased force
generation observed in single myofibrils under some conditions.
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Methods

Cell line generation and cardiomyocyte differentiation

All WTC11 background hiPSC were generously provided by the Allen Institute for Cell
Science. All UC2 background hiPSC were generated by the Elison Stem Cell Core at the
University of Washington. The genetic engineering approach was the same. Briefly, CRISPR
Cas9 was used to edit hiPSC cells and incorporate the E525K mutation into the MYH7 gene. Cells
that went through Cas9 editing but did not receive the E525K mutation were used as wildtype
controls for all experiment. Line validation including pluripotency testing and karyotyping.

Undifferentiated cells (6 x 10*) were seeded in Matrigel-coated 12-well dishes in mTeSR
supplemented with 10 uM Y-27632 ROCK inhibitor (day -2). After 24 hours media was change dot
mTeSR supplanted with 1 yM Chiron 99021. The following day (day 0), media was replaced with
RBA media (RPMI supplemented with 0.5 mg/ml bovine serum albumin and 0.214 mg/ml ascorbic
acid) and 5 uM Chiron 99021. On day 2, media was changed to RBA with 2 uM WNT C-59. Day
4 media was changed to RBA with no small molecule. On day 6 media was changed RPMI with
B-27 supplement. Cells were cultured in RPMI with B-27 with media changes every 2-3 days. To
purify cardiomyocytes cells were replated at day 14 and cultured in DEME with no glucose
supplemented with 4 mM sodium lactate. Cells were maintained in lactate media for 6 days with
media changes every 2 days before being returned to RPMI with B-27. Media was changed every

2-3 days until cells until cells reached the endpoint or protocol described.

Patterning, and maturation

Elongated, mature myofibrils are needed to perform myofibril kinetics experiments. To
achieve this from iPSC-CMs the cells were cultured on lined patterns of stamped Matrigel, created
using a high-fidelity photoresist double lift-off patterning method. Lined patterns for stamping (1

cm x 1 cm area and 15 um line width) were generated by pouring polydimethylsiloxane (PDMS,
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Silgard 184, Electron Microscopy Sciences) over a silicon wafer master, cured overnight and then
gently peeled off. Ethanol sterilized PDMS stamps were then coated in Matrigel overnight. This
Matrigel was then stamped onto an 18 mm cover glass, which was peeled off and then
subsequently placed facedown onto a 10 kPa polyacrylamide gel base (0.025 g/mL bis-
acrylamide and 0.5 g/mL acrylamide polymerized with 10% APS and TEMED) adhered to plasma
treated, glass-bottom 6-well culture dish wells using bind-silane. After hydrating these patterns
with phosphate buffered saline (PBS) overnight at 4°C, 300-500,000 iPSC-CMs per well (day 38)
were replated onto the patterns in replating media (RPMI, 1X B27 supplement, and 10 mM Y-
27632 ROCK inhibitor) and allowed to adhere in a concentrated, 0.4 ml bubble only on top of the
patterned area for 2 hours in a 37°C incubator. After 2 hours, each well was topped up with
replating media for overnight incubation. 24 hours after replating, media was replaced with 50:50
RPMI:DMEM minus glucose media with 1X B27 supplement to begin increasing the concentration
of Ca?* from 0.4 mM to 1.1 mM. After 2 days, Ca®" concentration was further increased from 1.1
mM to 1.45 mM by replacing media with 25:75 RPMI:DMEM minus glucose media with 1X B27
supplement. Cells were maintained in this media for 4 days with one media change after 48 hours

(for a total of 7 days on the patterned surface).

EHT Casting, culture, and force measurements

Tissue constructs were generated following established protocols (Bielawski et al. 2016;
Schaaf et al. 2014). Briefly, rectangular 2% w/v agarose/DPBS casting molds (12 mm length, 4
mm width, ~4 mm depth) were prepared in 24-well plates using 3D-printed spacers. PDMS posts
were positioned centrally, upside down, with a 0.5 mm gap between the post tip and mold bottom.
Each tissue consisted of 97 uL of a fibrinogen-media solution (87 uL RPMI with B-27 and insulin,
10 pL of 50 mg/mL bovine fibrinogen, Sigma-Aldrich) containing 5 x 10° iPSC-CMs (day 24) and
5 x 10* HS27a human bone marrow stromal cells (ATCC). Immediately before casting, 3 uL of
100 U/mL thrombin (Sigma-Aldrich) was added. The mixtures were incubated at 37 °C for 90 min
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to allow fibrin gel polymerization around the posts. Gels were then lubricated with media and
transferred to fresh EHT media (RPMI with B-27, insulin, and 5 mg/mL aminocaproic acid, Sigma-
Aldrich) in a 24-well plate. Media was replaced three times weekly (2 mL/well). Tissues were
cultured for 3 weeks and harvested for force measurements at day 45 of differentiation.

For isometric force measurements tissues were removed from posts and mounted on an
lonOptix Intact Muscle Chamber System. Tissues were bathed in DMEM/F12 supplemented with
CaCl; to a final Ca®* concentration of 1.8 mM. Tissues were field stimulate with 5-10 V and paced
at 1 Hz. Paced tissues were allowed to acclimate to the pacing protocol for 5-10 minutes before
twitches were recorded for 30 s. Average traces, max twitch force, and contraction/relaxation

parameters where calculated using the lonOptix software.

Live cell sarcomere imaging

Patterned day 45 cardiomyocytes were placed in a custom-built live cell imaging chamber
on a Nikon A1R Confocal (37°C and 5% CO3). Cells were bathed in Normal Tyrode’s buffer (1.8
mM Ca?*), stimulated with 5-10 V, and paced at 1 Hz. Live cell recordings of the a-actinin eGFP
signal were recorded for 8-10 seconds at a frame rate of 69 FPS. Sarcomere shorting was
measured in one relaxed and one contracted frame by hand using ImageJ line scans of two
myofibrils form each cell. The angular dispersion of myofibrils and Z-disks was calculated from
one relaxed frame of for each cell using the local gradient orientation plugin in Imaged.
Displacement and kinetics of contraction were calculated using the LifeAct software with default

settings (Ribeiro et al. 2017).

Myofibril isolation, and force measurements

For myofibril isolation, day 45 cells on patterned surfaces were directly treated with pCa
9.0 relaxation solution (supplemented with 50 mM Tris, 100 mM KCI, 2 mM MgClz, 1 mM EGTA,
1x protease inhibitor cocktail Sigma, and 1% Triton X-100 Acros Organics) for 10 min on ice. Cells
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were then washed twice with pCa 9.0 and 1:100 PIC without Triton X-100, gently lifted off the
plate with a cell scraper, and then collected off the plate with a pipet. After isolation, iPSC-CM
myofibrils were mounted between two glass microprobes, one microprobe was attached to a
motor arm and the other served as an optically based force probe, and into a custom-built
apparatus with rapid Ca?* solution switching (15°C) to measure myofibrillar contraction and
relaxation kinetics at the millisecond timescale. Myofibrils were maximally activated in a pCa 4.0

solution and then subsequently activated in sub-maximal pCa 5.6 and pCa 5.8 solutions.

Imunocytocemestry and immunohistochemistry

Cells and tissues were relaxed in blebbistatin (25 mM) or KCI (140 mM) respectively, then
fixed in 4% PFAfor 15 minutes. Tissues were embedded in optimal cutting temperature compound
(OCT) and sectioned at 5 um. Cells and tissues were washed with PBS stained with Hoechst
33342 (1:2000) for 10 minutes and mounted in Mowiol 4-88 (Sigma Aldrich). Images were taken

on a Nikon AX-R Confocal Microscope and analyzed using ImagedJ.

Live cell calcium transient imaging

Calcium transients were visualized as previously described (Psaras et al. 2021). The
previously described protocol was adjusted as follows. Patterned day 45 cardiomyocytes were
loaded with Calbryte™ 590 AM (AAT Bioquest) to avoid spectral overlap with a-actinin eGFP tag.
Cells were consistently loaded for 10 minutes and washed out for 10 minutes. Cells were then
placed in a custom live cell imaging chamber (37°C and 5% CO-) on a Nikon AX-R Confocal
Microscope and bathed in Normal Tyrode’s buffer (1.8 mM Ca?*). Cells were stimulated with 10-
20 V and paced at 1 Hz. Cells were paced for 30s pacing prior to imaging to allow calcium
regulation to reach to steady state. Images were acquired for 9-10 seconds using NSPARC
resonant scanning at a frame rate of 50 FPS. NSPARC detector with near 0 noise floor allowed
use of lower laser power with high Signal to Noise. ImageJ was used to select a cytosolic region
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of patterned cells for analysis avoiding the nucleus and endoplasmic/sarcoplasmic reticulum. All
cells were analyzed simultaneously using the same settings with the CalTrack automated

software in MatLab (Psaras et al. 2021).

Stopped flow actin affinity assay

Stopped-flow kinetics were performed at 20°C using a Hi-Tech ‘KinetAsyst’ stopped-flow
(SF-61DX2, TgK Scientific, UK). Measurements were performed at 120 mM KCI, 5 mM MgCl,, 20
mM MOPS, 1 mM DTT, pH 7.0. Pyrene fluorescence was measured by excitation at 365 nm and
emission through a GG 400 nm cutoff filter. Actin affinity (Kacin) Was assessed via ATP-induced
dissociation of pyrene-actin and S1 complex. Briefly, 0.25 yM actomyosin (sS1 + pyrene-actin)
was rapidly mixed with 20 uM ATP. An average trace of at least eight individual traces was
generated for each condition and fit with a double exponential. The relative amplitude of
fluorescence increase (pyrene-actin dissociation from S1) was plotted vs. S1 concentration and
fitted with the classical quadratic equation to define the dissociation constant of S1 for actin (Kactin)

as described previously (Kao and Geeves 2024).

Myosin Separation Gels

Cell pellets were flash frozen in liquid nitrogen and stored at -80°C until ready to use. Cell
pellets were resuspended in ~3x volumes myofibril lysis buffer (5% SDS, 50 mM Tris (pH 8.5),
0.75% sodium deoxycholate, and 1x protease inhibitor cocktail). Sarcomeres and proteins were
denatured by boiling samples for 10 minutes. Concentration was measured by blotting for total
protein and adjusting loading as needed. Myosin separation gels were made by combining a
stacking gel (2.95% Acrylamide with 10% glycerol at pH 8.8) and resolving gel (6% Acrylamide
with 10% glycerol at pH 8.8). Separation gels were run for 2 hours and 15 min at 32 mAin a cold

room (4°C). Gels were stained for total protein using One-Step Lumitein™ Protein Gel Stain, 1X
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following manufacturer instructions. Gels were imaged on a BioRad ChemiDoc using SYPRO

Ruby protein stain setting.
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Supplemental Figure 3-1: Differentiation and maturation of iPSC derived cardiomyocytes

(A) Protocol for the differentiation and maturation of stem cell derived cardiomyocytes from iPSCs. All cell
lines underwent the same differentiation and maturation protocol. Differentiated cardiomyocytes were
purified by lactate selection from day 14 to day 21. Engineered heart tissues (EHTs) were cast on day 24
and cultured for 21 days on posts. Patterned cells were generated by seeding cells onto patterns on day
38 and cultured for 7 days on patterns. All end point assays were carried out on day 45 of differentiation.
(B) The expression of B-myosin was confirmed in the WTC11 cell lines via myosin blotting. Day 14 (pre-
lactate selection) cardiomyocytes of both genotypes expressed a mixture of a- and B-myosin. After
purification (day 30 and day 45) all genotypes expressed only B-myosin. Animal heart tissue was used as
positive controls for a-myosin (mouse atria), a- and 3-myosin (rat left ventricle), and B-myosin (rabbit left
ventricle). (C) The same experiment was run for the UC2 cell lines and WT/WT and E525K/WT cell lines
did not show complete conversion to 3-myosin.
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Supplemental Figure 3-2: Scaled traces for WTC11 E525K myofibrils.

Whole myofibril traces scaled to max force to compare the shape of the traces for WT/WT and
E525K/WT myofibrils (A) and partial traces zoomed in to show the slow phase of relaxation (B).
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Supplemental Figure 3-3: Scaled traces for UC2 E525K myofibrils.

Whole myofibril traces scaled to max force to compare the shape of the traces for WT/WT and E525K/WT
myofibrils (A) and partial traces zoomed in to show the slow phase of relaxation (B). Increased noise can
be seen due to the extremely weak nature of these myofibrils as well as the (relatively) low N of 2-3
biological replicates.
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Future Work on the E525K Mutation

This investigation into the E525K mutation has yielded interesting results, but it has also
highlighted several key areas for future work. These open questions will form the basis of my
initial post-doctoral research, extending the current findings to develop a more comprehensive
understanding of the mutation's effects. Ultimately, comparing results between the two different
genetic backgrounds (WTC11 and UC2) presents inherent challenges. It is difficult to completely
isolate the effect of a single mutation when there are thousands of other small genetic
differences between the cell line backgrounds that could be playing a role. Furthermore, the
WTC11 background cell line used in this study has a pre-existing eGFP tag on the a-actinin
protein, a sarcomeric protein. This modification could alter the contractile properties of the cell,
making direct comparisons with the UC2 background less straightforward. For these reasons,
future work will primarily focus on comparing results within a given genetic background to
understand the impact of the E525K mutation more accurately. However, the comparison
between different genetic backgrounds remains valuable for investigating the penetrance of the
mutation—that is, the extent to which the mutation expresses its phenotype across different

genetic contexts.

The importance of mechanical load in destabilizing the autoinhibited state of E525K myosin is a

critical area for further study.

Work from others has shown that this mutation stabilizes the IHM state which is the
structural basis of the autoinhibited sate of myosin (Duno-Miranda et al. 2023, 2024; Rasicci et
al. 2022). Future experiments will focus on applying different levels of mechanical load/tension
to isolated myofibrils with the E525K mutation to determine the precise conditions under which

the inhibited sate of myosin is destabilized (see chapter 4). This will provide crucial insights into
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the mechanosensitive nature of the mutation and its potential role in the progression of heart

disease.

Transcriptomic and proteomic analysis of the E525K mutation.

A deeper understanding of the molecular consequences of the E525K mutation will be
achieved through advanced proteomics and transcriptomics. By analyzing the protein and gene
expression profiles of engineered heart tissues (EHTs) carrying the E525K mutation, we can
identify specific pathways that are altered. This approach will allow us to move beyond
observing functional changes to pinpointing the underlying molecular mechanisms. This is of
particular interest given the conflicting results in some assays depending on the background of
the cell line investigated. This analysis could find dysregulation of specific signaling pathways or
a change in the expression of structural proteins, providing a more complete picture of how the

mutation contributes to the disease phenotype.

Characterize another clonal cell line for each genotype and each background.

To enhance the rigor and reliability of these findings, we could characterize another
clone of each genotype for both genetic backgrounds used in this study. These cell lines have
already been engineered, but would need to be expanded, differentiated, and characterized. A
wild-type control and an E525K/WT mutant for the WTC11 background, and a wild-type, a
heterozygous (E525K/WT), and a homozygous (E525K/E525K) line for the UC2 background.
This replication would be a demanding but highly rigorous approach, as it would help to rule out
any potential clonal artifacts or off-target effects from the gene-editing process. While costly in
terms of time and resources, this step would ensure the reproducibility and validity of our

conclusions.

Full characterization of the UC2 background cells
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A significant portion of the future work will focus on fully characterizing the cell lines from
the UC2 genetic background. This includes several key steps. We will strive to improve the
efficiency of both differentiation and maturation, aiming for a complete switch from the fetal a-
myosin to the adult B-myosin in all cell lines by day 45 of differentiation. This is important
because the mature isoform of myosin is critical for adult cardiac function. We also need to
complete a full histologic characterization of the UC2 EHTs to confirm their cellular composition,
such as the percentage of the tissue composed of cardiomyocytes versus other cell types. This
will ensure that we are comparing tissues of similar quality and composition, which is a

prerequisite for drawing valid conclusions about the effects of the E525K mutation.

Summary

Future research will expand upon the foundational work presented in this chapter by
exploring the mechanosensitive nature of the E525K mutation, detailing its molecular
consequences through proteomics and transcriptomics, and strengthening the study's rigor by
characterizing additional cell clones. Furthermore, we will complete the full characterization of
the UC2 genetic background cell lines, ensuring the quality and validity of our model system.
While acknowledging the inherent challenges in comparing different genetic backgrounds, this
future work is designed to address the remaining questions about these cell lines. Providing a
more comprehensive and robust understanding of how the E525K mutation contributes to

cardiac dysfunction.
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Chapter 4 — Future Work: The ON/OFF State of Myosin in
Human Myofibrils

One limitation of my work PhD work (as seen in Chapter 3) is that quantifying the
ON/OFF population of myosin in intact myofibrils from humans is extremely challenging. The
Kad Lab at the University of Kent has developed an assay to measure the ATPase rate of
individual myosin molecules in a myofibril with sub-sarcomere resolution allowing for
quantification of ON/OFF populations (Pilagov et al. 2022). For my post-doctoral work, | plan to
work with the Kad Lab to establish the use of stem cell derived muscle for this assay so that any
mutation of interest engineered into stem cells and can be studied in intact myofibrils. The
following is an excerpt from my application for the Marie Sktodowska-Curie Actions (MSCA)

post-doctoral fellowship to pursue this work—this project was tited STEM MUSCLE:

STEM MUSCLE - Unlocking Myosin's Secrets: How Our Muscles’ Motor
Moves from Idle to Drive

1. Excellence
1.1 Quality and pertinence of the project’s research and innovation objectives (and the

extent to which they are ambitious, and go beyond the state of the art)

Worldwide, disorders of the heart and skeletal musculature represent a leading cause of
disability and morbidity (Cieza et al. 2020). Developing novel myosin-targeted drugs offers a
promising avenue to address these diseases at their fundamental level: muscle contraction.
However, effective targeting requires a complete understanding of how altered myosin function
contributes to disease. In all muscles myosin in the thick filament interacts with actin in the thin
filament to generate force in an ATP powered process. A key element of myosin regulation is the
dynamic transition between its OFF state (where it is sequestered away from actin) and its ON
state (where it is free to interact with actin) (Mohran et al. 2024). In all striated muscle (both

cardiac and skeletal) myosin exists in a homeostasis between these ON (ready) and OFF
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(reserve) states. The OFF-state acts as a reserve pool available to increase the contractile
strength of muscle (Figure 4-1). Disruption of the homeostasis between these two states is
strongly linked to cardiac (Barrick and Greenberg 2021; Toepfer et al. 2020) and skeletal
(Carrington et al. 2023) myopathies. Due to the difficulty in obtaining diseased human tissue,
disease-causing myosin mutations are often studied using animal models; but these models do

not fully recapitulate the disease phenotypes observed in

humans. To bridge this gap muscle tissue (cardiac and L
i ON_ /X FAST
skeletal) can be generated from human induced SN _
) ° Recruitment [\\Sr K_/ Cycling
pluripotent stem cells (hiPSCs). This offers SLOW 1\

Cycling
=

unprecedented flexibility for studying disease in a human .
OFF =

Myosin

context; augmented by the ability to use gene editing to Figure 4-1: The ON/OFF states of

. . . . . . myosin and myosin recruitment.
introduce single amino acid variants enabling the study y y

of any disease-causing mutation of interest.

My PhD work at the University of Washington used state of the art methodology to measure
contraction and muscle mechanics in hiPSC derived muscle tissue harboring disease causing
mutations. | used these mechanics measurements to investigate the molecular mechanisms of
disease-causing mutations. However, an inability to accurately quantify the ON/OFF population
of myosins in hiPSC derived muscle has been a major limitation in this field. This has recently
been resolved by the technology developed in the Kad Lab at the University of Kent that allows
for the ON/OFF population to be assayed in intact myofibrils (the organelle responsible for
muscle contraction) and has been used to study muscle tissue from animals and humans
(Pilagov et al. 2022, 2025). This approach uses single molecule super-localization microscopy,
enabling the ON/OFF population to be assayed with unparalleled spatial precision, down to that

of individual molecules within individual sarcomeres (the smallest subunit of myofibrils). | will

110



use this assay to ask questions about both the function and the incorporation of mutant myosins

in myofibrils with single molecule resolution.

Objectives: the OVERALL AIM of the STEM MUSCLE proposal it to develop an assay to
quantify ON/OFF myosin populations in intact human sarcomeres generated from induced
pluripotent stem cells. This project will achieve this objective through the following three

objectives:

Objective 1: Measure the spatially explicit ratio of ON to OFF myosin with single molecule

super-localization molecular imaging in human stem cell derived skeletal muscle myofibrils.

Sarcomeres within myofibrils are extremely well organized with fixed positions of myosins and
associated proteins; this means that super-localization microscopy can reliably report the
ON/OFF state for each myosin and how this is modulated by mutation and the local
environment. | will start with hiPSC skeletal muscle (hiPSC-SkM) since current protocols for the
generation of skeletal muscle from stem cells robustly generate long, well-organized myofibrils. |
will leverage single-fluorescent molecule super-localization microscopy with Cy3-ATP to directly
quantify the ON and OFF myosin populations in intact human myofibrils. Unlike bulk
biochemistry assays, this novel approach, developed by the Kad Lab, uniquely determines the
sub-sarcomeric localization of myosin recruitment in response to mutations, thereby elucidating
its impact on contractile properties. Importantly, the Regnier lab already possesses a catalogue
of different myosin mutant cell lines—many of which are thought to affect ON/OFF state
homeostasis—I have access to these and will investigate a subset in this study (Table 5-1). This
available resource will allow us to immediately begin characterizing the effect of these

mutations.
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Objective 2: Upgrade existing technologies for quantification of ON/OFF myosin states under

conditions where mechanical tension is applied. The super-localization microscopy assay

outlined in objective one does not currently allow for measurements in myofibrils under tension.
This is a limitation because tension on myofibrils is hypothesized to promoting the recruitment of
myosin heads out of the OFF state (Campbell et al. 2018). In this objective two
micromanipulators will be mounted on the left and on the right side of the super-localization
microscope so that individual myofibrils can be picked up and positioned in frame for imaging.
This technological improvement will allow for both the length and tension to be controlled during

quantification of ON/OFF myosin populations.

Objective 3: Optimize the maturation and morphology of stem cells derived cardiac myofibrils

for use with super-localization imaging. While | have regularly generated myofibrils from cardiac

muscle in the past, the maturity and morphology of myofibrils generated from hiPSC cardiac
muscle (hiPSC-CM) is less robust than that for hiPSC-SkM. For this reason, tissue engineering
approaches (e.g. long-term culture and patterning, or 3D culture) may be needed to generate
cardiac myofibrils with the organization and maturity required for the super-localization
microscopy approach. The ability to measure ON/OFF state populations in intact human cardiac
myofibrils would be extremely valuable in classifying cardiomyopathy-associated mutations and

developing personalized medicine for patients this class of diseases.

1.2 Soundness of the proposed methodology

1.2.1 Interdisciplinary Approach and Research Design

The Problem: To effectively address contractile abnormalities linked to disrupted myosin
ON/OFF homeostasis, a robust assay capable of measuring myosin ATPase activity within
intact human sarcomeres is crucial for achieving the European Commission’s goal of
personalized medicine. The STEM MUSCLE project tackles this by combining the expertise |
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have developed during my PhD in the Regnier Lab at the University of Washington and the

expertise of Kad Lab at the University of Kent.

My Expertise: During my PhD | regularly generated muscle tissue Table 5-1: Myosin Mutants
_ . . . ) MYH3 Predicted
and myofibrils from hiPSCs for mechanics and biochemical assays. | Lines Effect of
Mutation
This means | am uniquely placed to carry out in-depth studies of S292C Destabilize OFF
i . . ) ) T178I Unchanged
mutations impacting myosin ON/OFF homeostasis. | also have OFF
R672C Unchanged
extensive experience measuring the biomechanical properties of OFF
MYH7 Predicted
muscle at all scales, from whole organs to single myofibrils. Lines Effect of
Mutation
Additionally, my PhD Lab has developed a catalogue of myosin G256E Destabilize OFF
E525K Stabilize OFF
mutation lines, suitable for studying myosin's ON/OFF population H251N Destabilize OFF

which will be available for this project (Table 5-1).

Kad Lab Expertise: The Kad Lab has developed an assay to measure the ATPase rate of
individual myosin molecules in a myofibril with sub-sarcomere resolution (Pilagov et al. 2022).
This assay uses fluorescent Cy3-ATP in conjunction with super-localization microscopy to
monitors myosin ATPase activity in intact sarcomeres. In collaboration with the Regnier lab, they
have recently used this assay to demonstrate that 50% of cardiac myosins are in the energy

conserving OFF state (Pilagov et al. 2025).

Together, the STEM MUSCLE project will enable me, for the first time, to study the ON/OFF

populations of myosin variants associated with myopathy in human myofibrils with any

disease-causing mutation.
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1.2.2 Research Methodology for Objectives

Objective 1 Experimental Design: Measure the spatially explicit ratio of ON to OFF

myosin with super-localization molecular imaging in human stem cell derived skeletal
muscle myofibrils.

Production of Skeletal Muscle Myofibrils: During my PhD work | developed a protocol for the
robust differentiation of skeletal muscle myotubes from hiPSCs as well as the isolation of intact
myofibrils from these cells. The natural progression of myosin isoform expression in developing
skeletal muscle is MHY3 > MYH8 - MYH7, with significant isoform overlap during transitions.
To modulate the expression of myosin isoforms | treat cells with siRNA targeting MYH3, MYH?7,
or MYHS8 at the myoblast stage. After 24 hours of transfection the media is replaced, and the
cells are differentiated into myotubes via serum starvation. Figure 4-2A demonstrates that
hiPSC-SkM are predominantly MYH3 at day 3 (D3) of secondary differentiation, then MYH8
increases expression on D4-5. siRNA for MYH8 was effective in suppressing MYH8 to provide a
predominant MYH3 isoform out to D5-7. Figure 4-2B shows quantitative measure of isoforms
MYH3, 7 and 8, relative to B-actin for D3 (left) and D5 (center) with knock-down of MYH7 and
MYH8. siRNA for MYH3 causes greater expression of MYH 8 and 7 (right). Figure 4-2C shows
the elongated and mature morphology of muscle cells generated with this protocol. This
demonstrates my ability to produce pure and mixed populations of myosin isoforms in hiPSC-
SkM. This demonstrates | will be able to generate myofibrils made up from pure populations of
MYH3, MYHS8, or MYH7 for ON/OFF population analysis. This will allow for the first ever

measurements of ON/OFF homeostasis in these isoforms in their native myofibril context.
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Figure 4-2: MYH3 enriched hiPSC-SkM cells.

(A, B) siRNA knockdown of MYH7 & 8 produces myocytes with predominantly MYH3 myosin, while siRNA
knockdown of MYHS3 results (B) in a mixed MYH8/7 population. (C) Myotube fusion in culture produces
skeletal muscle cells with elongated morphologically mature myofibrils.

The ON and OFF state of myosin: | will measure the ON and OFF myosin populations using
single fluorescent molecule (Cy3-ATP) super-localization microscopy, to determine the ratio of
ON to OFF myosin in intact myofibrils. These myosin states are defined biochemically, where a
fast-cycling rate (ATPase rate) of (~0.02-0.05 s") defines the ON state and a slow-cycling rate
(~0.002-0.005 s™') defines the OFF state (2). Using the assay developed by the Kad Lab
(University of Kent, UK) | will determine the sub-sarcomeric location of ON and OFF myosins in
the P (proximal), C (central), and D (distal) zones of the sarcomere (Figure 4-3A). | will further
investigate how myosin recruitment from OFF to ON states is changed by mutations associated

with muscle disease.
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Figure 4-3: The super-localization assay.

(A) A schematic representation of a single sarcomere. P-, C-, and D-zones of the thick filament are labelled
accordingly. 233 Alexa 488 — labelled a-actinin is denoted with magenta circles, while Cy3-ATP binding to
the thick filament is 234 represented as cyan circles. (B) An enlarged section of a representative porcine
cardiac left ventricular myofibril as observed during the super-localization microscopy assay. (C) Cumulative
residence time histogram showing the distribution of ATP attachment events. The Cy3-ATP turnover rates
per zone are then used to calculate the relative population ON (Fit 1) and OFF (Fit 2) myosin heads based
on a triple exponential fit.
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Super-localization imaging: This novel approach is based on super-localization single molecule
microscopy to directly visualize the landing and subsequent release of ATP molecules within
myofibrils by using Cy3-ATP, which is highly fluorescent and does not affect myosin activity. To
measure discrete events the [Cy3-ATP] is kept at ~5 nM, with addition of 5 mM unlabeled (dark)
ATP to ensure relaxed (non-rigor) myofibrils. Each time a fluorophore lands on a myosin it can
be easily visualized (Figure 4-3A-B) and the center of its point spread function super-localized
with ~30 nm accuracy (Pilagov et al. 2022; Smith et al. 2021). Cy3-ATP molecules remain
bound until released as Cy3-ADP, providing an ATPase cycling rate. From a population of such
measurements, lifetimes within each zone of the sarcomere are plotted (Figure 4-3C), which is
subsequently fit to a multi-exponential decay to reveal two populations ON (amplitude of Fit 1)
and OFF (amplitude of Fit 2). From their amplitudes the relative populations can be derived and
assigned to the subzones of the myofibril's sarcomere (P-, C-, and D-zones; Figure 4-3A).
Importantly, hiPSC-SkMs have the mature sarcomere structure (Figure 4-4A) required for high-
resolution measures of myosin populations within the three thick filament zones (Figure 4-3A-

B).
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Figure 4-4: Example hiPSC-SkM myofibril and sarcomere overlap.

(A) Single myofibril from hiPSC-SkM suspended between two micromanipulators. (B) Schematic of
sarcomere overlap
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Objective 2 Experimental Design: Upgrade existing technologies for quantification of

ON/OFF myosin states under conditions where mechanical tension is applied.
Technology Development for Super-Localization Microscopy: Currently the super-localization
assay is performed using a microfluidic chamber with fluorescently tagged myofibrils adhered to
the surface. Buffer containing the Cy3-ATP is flowed into the chamber and then imaged. This
setup does not allow for individual myofibrils to be placed under tension. | propose to extend the
use of this single molecule assay to include tension using my experience of working with
micromanipulators to suspend individual myofibrils between glass microneedles (Figure 4-4A). |
have used this approach in the past to study the response of single myofibrils to changes in
solution conditions while maintaining known loads. The Kad lab have acquired the
micromanipulators required and together with my experience | intend to augment the Kad Lab’s
existing setup and then take the first single molecule resolution measurements of myosin
ON/OFF homeostasis in myofibrils under tension. By extending the sarcomere to different
lengths | will be ablet to investigate the impact of different regions of the thick and thin filaments
overlapping. At full overlap (low tension) | can ensure that the C and D zones are overlapped,
medium extensions will lead to only the D zone overlapping, and large extensions (high tension)
will lead to a complete loss of overlap between the actin and myosin filaments (Figure 4-4B).
This is extremely exciting because | will be able to isolate the contributions of each of these
zones to the generation of force and determine in relaxing conditions which sections control the
ON/OFF equilibrium. This approach will revolutionize our understanding of how muscle works,
providing insights into the early phases of activation that are not accessible by any other
techniques. This crucial advancement will enable the investigation of the mechano-sensing

properties of myosin and how mechanical load directly impacts its ON/OFF state transitions.
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Objective 3 Experimental Design: Optimize the maturation and morphology of stem cells

derived cardiac myofibrils for use with super-localization imaging.

a-Actinin

Production of Cardiac Muscle Myofibrils: The generation of hiPSC-CM is an
established protocol, however the myotubes generated by this protocol are
less elongated and less mature than those generated from the skeletal muscle
differentiation. | have established in multiple cell lines carrying MYH7
mutations that expression of the MYH7 myosin isoform is not altered hiPSC-
CM cells. To generate myofibrils with the high degree of organization required

for the super-localization imaging outlined in objective #1 | anticipate the need

to augment the established differentiation protocol to induce further maturation Flig?tre 4'31
atterne

of the myofibrils in hiPSC-CMs. Based on my previous experience hiPSC-CM hiPSC-CM.

can be matured in three main ways: First, long term culture: aging hiPSC-CM reproducibly
matures their myofibril morphology (Karbassi et al. 2020). Second, patterning: hiPSC-CM are
remarkably susceptible to external morphometric cues and develop mature structure when
forced into an elongated shape (Karbassi et al. 2020); my preliminary results show the high
degree of organization achieved by patterning hiPSC-CMs (Figure 4-5). Third, 3D culture and
long-term stimulation: encapsulating hiPSC-CM in 3D engineered tissues and “exercising” them
via long term electrical pacing can lead to advanced maturation (Ronaldson-Bouchard et al.
2018). The generation of morphometrically mature cardiac myofibrils is ambitious, but the
capacity to assess the ON/OFF state within intact human cardiac myofibrils would be
exceptionally beneficial in the classification and treatment of cardiomyopathy mutations. Finally,
the techniques and technologies developed in objectives #1 and #2 will be applied to measure

lengthen and tension dependence for the first time in intact human cardiac myofibrils.
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1.2.3 Gender Dimension and Diversity Aspects

Biological sex as well as racial background are important dimension of many myopathies
(Vinciguerra et al. 2023). While disorders linked directly to myosin mutation are not dependent
on biological sex or racial background these factors play an important role in disease
progression as well as disease diagnosis (Butters, Lakdawala, and Ingles 2021). For all work
proposed here stem cell lines with a diversity of biological sex/background will be selected to
ensure samples represent the patient population suffering from the muscle diseases. Findings
related to gender/race/background differences in myopathy disease progression would be an

excellent basis for future scientific publication.

1.2.4 Open Science Practices

In alignment with the European Commission open science policy all scientific papers resulting
from this work will be published in open access academic journals, pre-prints will be made
available on bioRxiv and all accepted manuscripts will be published with supporting data on the

Kent academic repository (https://kar.kent.ac.uk/). Additionally, a GitHub repository has been

established for the Kad Lab and all modelling and analysis code used in my work will be made

open source and available to other researchers and the public (https://github.com/Kad-Lab/).

2. Impact

2.2.1 The magnitude and importance of the project’s contribution to the expected
scientific, societal and economic impacts

Mutations in myosin are major contributors to genetic muscle disease. Worldwide it is
estimated that 1.7 billion people suffer from some form of heart or skeletal muscle disease

(Cieza et al. 2020). Mechanistic understanding of the relationship between mutations and

disease lags the association of the two and is an obstacle to determining the pathogenicity of
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new mutations. | will bridge this gap by utilizing biochemical and analytical approaches to

visualize how mutations alter myosin function and contribute to disease.

hiPSC derived muscle is an ideal system to study myosin variants. Studying mutant
myosin in a human model system is critical, but human cardiac muscle myosin is not amenable
to common recombinant protein expression methods. | have been at the forefront of developing
tools and maturation protocols to study myosin and sarcomere performance at the level of
isolated motor proteins and sub-cellular contractile organelles (myofibrils) from hiPSC. These
approaches when combined with the state-of-the-art biochemistry approaches developed by the
Kad Lab are essential to understand the molecular basis of altered function with disease-

causing myosin variants.

Myosin is an emerging therapeutic target for muscle disease. Multiple myosin targeted
small molecule activators and inhibitors are entering clinical care however only one has been
approved. Mavacamten was recently approved as the first in class myosin targeted drug for use
in patients with obstructive hypertrophic cardiomyopathy (in the EU and US). Subgroup analysis
of clinical trial results showed that patients with pathogenic mutations in myofibril proteins had
the most benefit, while those without a pathogenic variant showed no benefit (Olivotto et al.
2020). This demonstrates that in real world patient care it is critical to determine the patients

that can best benefit from myosin targeted drugs.

The assays and tools developed by the STEM MUSCLE project will focus on a selection of
myosin variants that impact a key aspect of myosin biochemistry: ON/OFF homeostasis.
Findings from my biochemical analysis will build the scientific community’s fundamental
understanding of this phenomenon and will directly contribute to ongoing work in the
pharmaceutical industry. The ability to select clinical trial participants based on their genetic
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background, as enabled by this research, would not only improve the likelihood of successful
clinical trial outcomes and drug approval but would also reduce the time and cost associated
with clinical development. This endeavor directly supports the European Commission's
overarching goal of advancing personalized medicine, which necessitates a deep
understanding of how a patient's unique genetic makeup and background influence disease
development. Finally, this fellowship sets the stage for a long-term collaboration between the
EU and US a connection that will contribute to muscle research for years to come after the

conclusion of the STEM MUSCLE project.

3. Implementation

3.1 Quality and effectiveness of the work plan, assessment of risks and appropriateness
of the effort assigned to work packages

3.1.1 Quality and Effectiveness of The Work Plan
The work plan for STEM MUSCLE is broken into three research phases and six work packages

(WPs) each with some overlap and flexibility. Note that significant overlap between research
WPs will allow time for the extended differentiation and maturation of stem cell derived muscle
without delaying progress. The STEM MUSCLE Gantt chart (Figure 4-6) illustrates the
organization of each of the WPs.

Research WP1 [Months 1-12]: Addresses Objective 1 (O1) and is dedicated to: (O1a) the

establishment of protocols at the University of Kent for the generation of hiPSC-SkM and (O1b)
optimization of super-localization (SL) imaging for use with stem cell derived myofibrils.

Research WP2 [Months 2-18]: Will focus on O2 where technology development (O2a), and the

mutant MYH cell lines (O2b) will be used to study mutant myofibrils under load to learn about

ON/OFF homeostats under tension and in diseased conditions.
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Research WP3 [Months 8-24]: Will pursue the ambitious objective of isolating mature

myofibrils from hiPSC-CM through: (O3a) establishing protocols for the differentiation of stem
cells into cardiac muscle, and (O3b) optimizing the advanced maturation of hiPSC-CM.

Dissemination WP4: Will ensure the dissemination of research results through continuously

sharing results via social media, peer reviewed publications for each research package (P1, P2
& P3), presentations at four international conferences (C1-4), local seminar presentations at the
University of Kent (S1-3), and international presentations at the University of Washington (S4 &
S5).

Training WPS5: Training will involve holding semi-annual progress meetings (PM) with my

international team of collaborators. Within the first six months of the project, | will compete an
ethics training (ET) on the use of human stem cells create a career development plan (CDP).
After the initial six-month research program setup, | will continue my academic development by
teaching two university classes related to my expertise. | will also work in lab continuously
mentoring undergraduate and graduate students.

Monitoring WP6: During the first two months a data monitoring plan (DMP) will be established,

and during the final two months a plan for the dissemination and exploitation of results (PDE)
will be submitted. Finally, to ensure the successful advancement of the STEM MUSCLE project,
progress will be regularly monitored via key research milestones which have been defined for

each objective.
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Figure 4-6: Gantt chart for the STEM MUSCLE project.

O Objective; BHF British Heart Foundation Fundraiser; BSF British Science Festival Lecture; P Publication;
C Conference; S Seminar; PM Progress Meeting; ET Ethics Training; CDP Career Development Plan; DMP
Data Monitoring Plan; PDE Plan for Dissemination and Exploitation. Key research milestone timepoints for
each objective are color coded and listed at the bottom.

Key Research Milestones: (See color coded time points in Figure 4-6 WP6)

Objective 1: Measure the spatially explicit ratio of ON to OFF myosin with super-localization

molecular imaging in human stem cell derived skeletal muscle myofibrils.

1. Primary differentiation of hiPSCs to the myoblast stage so that myoblasts can be banked
(stored in liquid nitrogen) for future experimentation.

2. Secondary differentiation of myoblasts into contractile hiPSC-SkM. Autonomism contraction in
the dish as well as mature myofibril morphology will indicate successful differentiation.

3. Confirm expected myosin expression (MYH3, 8, or 7) after siRNA treatment and secondary
differentiation via protein isolation and myosin blot.

4. Isolation of well-formed morphometrically mature myofibrils from hiPSC-SkM.

5. Measure ON/OFF homeostasis in hiPSC-SkM derived myofibrils expressing predominantly
MYH3, 8, or 7.

Objective 2: Upgrade existing technologies for quantification of ON/OFF myosin states under

conditions where mechanical tension is applied.

1. Install instrumentation (micromanipulators) to handle isolated single myofibrils and confirm
function of the system with myofibrils form adult animal tissue.

2. Integrate instrumentation with existing super-localization microscopy setup and existing
microfluidic flow cell.

3. Confirm expression of expected myosin isoform (MYH3, 8, or 7) in hiPSC-SkM cells carrying
MYH mutations.

4. Measure ON/OFF homeostasis in hiPSC-SkM mutant myofibrils under tension.
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Objective 3: Optimize the maturation and morphology of stem cells derived cardiac myofibrils for

use with super-localization imaging.

1. Differentiate hiPSC-CM into contractile cells showing automaticity and myofibril formation in
vitro.

2. Patterning and long-term culture (>90 days) OR 3D-culture and pacing to mature hiPSC-CM
myofibrils. Morphology will be assessed by a-actinin imaging if myofibril morphology.

3. Isolation of well-formed morphometrically mature myofibrils from hiPSC-CM.

4. Measure ON/OFF homeostasis in hiPSC-CM myofibrils carrying cardiomyopathy mutations
under tension.

3.1.2 Assessment of Risks
Work with hiPSC-SkM is expected to go smoothly since the muscle tissue generated

using this technique is nearly as well formed as adult muscle tissue. | expect the hiPSC-CM to
be a higher risk project based on the less mature morphology seen in these tissues. However,
even if hiPSC-CMs cannot be matured to a level where this assay can be run all experiments on
native and mutant myosin isoforms (MYH3 & MYH7) can be run using hiPSC-SkM cells. The
biochemistry of these myosin molecules is likely to be similar in both striated muscle types so
even with this limitation my results would still generate meaningful data for cardiomyopathy
disease. For the technological improvements proposed in objective #2 the goal is to take
measurements on myofibrils derived from hiPSCs. However, if the generation of myofibrils is
harder than expected or if optimization of muscle differentiation takes longer than expected all
technological improvements can be validated using animal tissue.

Furthermore, every key research milestone has been designated as a go/no-go point, ensuring
a deliberate and phased approach to advancing each research objective. The timeline for each
objective has been carefully constructed with inherent flexibility, facilitating necessary

adaptations and allowing for subsequent attempts to optimize results.

3.1.3 Appropriateness of The Effort Assigned to Work Packages
The effort assigned to the STEM MUSCLE Work Packages is highly appropriate,

reflecting a well-structured research plan with clear dependencies outlined as milestones. WP1

is front-loaded to establish critical foundational differentiation, tissue isolation, and imaging
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protocols within year one of the project. WP2 then builds directly on these capabilities, by
establishing new tools and investigating myosin variants. WP3, the most ambitious objective, is
appropriately allocated later in the project timeline, leveraging the advancements from the
preceding WPs and accounting for the inherent complexity of isolating mature cardiac
myofibrils. This staggered and overlapping design ensures that effort is applied efficiently as the
project progresses through each research phase. Finally, dissemination as well as training and
mentorship are aligned with each research phase to maximize the impact of these publications,

conference meetings, and community outreach efforts.
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Chapter 5 — Summary and Conclusions

This thesis embarked on an investigation into the intricate regulatory mechanisms
governing myosin function, with a particular focus on its conformational dynamics and the role of
myosin mutations cardiomyopathy. Through a multifaceted and multiscale approach this work
utilized molecular dynamics simulations, detailed biochemical, biophysical characterization, and

stem cell derived muscle models to interrogate disease pathology.

Chapter Two utilized molecular dynamics models to delve into the conformational state
space occupied by myosin's critical Loop 2 structure. This work mapped the state
conformational state of this flexible structure in both a native and diseased context, enabling the
construction of a model how this structure regulates myosin activation and the formation of the
weakly-bound state. This model posits that the extension or retraction of Loop 2 serves as a
crucial regulatory axis through which force generation in the heart can be precisely modulated.
By studying two specific mutations, E525K and V606M, both associated with cardiomyopathy
and increased actin binding, this research directly linked the observed conformational changes
of Loop 2 to disease-causing phenotypes. These findings hold substantial implications not only
for understanding the mechanisms underlying various myosin mutations but also for the
strategic development of myosin-targeted small molecule drugs. Given that both naturally
occurring mutations and therapeutic small molecules often exert their effects by allosterically
regulating myosin, it is possible that many other mutations and drugs could alter the

conformational state space occupied by Loop 2, thereby impacting myosin's functional output.

Building upon the foundation laid in Chapter Two, Chapter Three specifically focused on
the E525K mutation, providing a detailed characterization of its impact on myosin function. This

work used stem cell derived muscle to explore the importance of mechanical load on the
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regulation of myosin recruitment, activation, and cycling within the physiological context of the
sarcomere. The investigations revealed several distinct changes attributable to the E525K
mutation: notably, an increase in actin binding affinity, decreased force generation in both
cellular and tissue environments, and observable alterations in sarcomere formation and
organization. These findings collectively underscore the critical role of mechanical forces in
modulating the phenotypic expression of this mutation. Equally important were the properties
that remained unchanged: the overall cycling rate of E525K myosin under loaded conditions
was found to be remarkably like WT. Furthermore, calcium transients, the fundamental signals
for muscle contraction, were also found to be unaltered, indicating that the mutation's primary

effects are intrinsic to the myosin molecule itself rather than upstream signaling pathways.

Finally, Chapter Four outlined a roadmap for future research, designed to move past
some of the inherent physical limitations encountered during the present PhD work. This
includes leveraging advanced techniques such as super-localization imaging and sophisticated
biochemistry to comprehensively investigate the ON/OFF homeostasis of myosin in a more
physiologically relevant context. As highlighted in Chapter Three, the biochemical and
biophysical properties of myosin can exhibit considerable differences when the molecule is
integrated into the highly organized structure of a sarcomere or subjected to the varying loaded
conditions characteristic of an active muscle. Future work will therefore aim to bridge the gap
between in vitro biochemical studies and in vivo mechanical function, providing a more complete

picture of myosin's regulatory landscape.

In summary, this doctoral work advanced our understanding of myosin's relationship to
cardiac contractility and disease. By intricately detailing the role of Loop 2 dynamics in force
regulation (Chapter Two) and characterizing the specific functional consequences of the E525K
mutation within loaded systems (Chapter Three), this thesis has not only provided fundamental
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insights into myocardial function but also established a mechanistic link between molecular
changes and cardiomyopathy. The development of a model linking Loop 2 dynamics to force
regulation offers a new framework for considering myosin's allosteric regulation, with broad
implications for interpreting other disease-causing mutations and guiding the rational design of
small molecule therapeutics. The future directions outlined (Chapter Four), emphasizing super-
localization imaging and in-sarcomere biochemical assays, are poised to overcome current
experimental hurdles, promising a deeper understanding of myosin's activation states in
physiological and pathological contexts. Ultimately, this research provides a crucial foundation
for developing more targeted and effective interventions for cardiac diseases driven by myosin

dysfunction.
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Chapter 6 — Appendix

The following is an essay which has been submitted to Science’s Working Life weekly

publication.
Creativity in Research and Mentorship: How Juggling Made Me a Better

PhD Student

If | could give myself one piece of advice when | started my graduate PhD, it would be to
take up juggling. Let me explain. | worked very hard to get into graduate school, memorizing my
textbooks, volunteering my time working in labs starting in my freshman year, and constantly
applying for fellowships and scholarships. All that hard work paid off and | got into one of the
best Bioengineering PhD programs in the world, but then something interesting happened.
Suddenly | was surrounded by people who were all working just as hard as me if not even
harder. People who were so dedicated to science and the pursuit of knowledge that they quite
literally lost sleep over it. At the same time this was happening | also found that my usual
approach to success in my studies was failing me. Working through the weekend was no longer
setting me apart from the crowd and—more importantly—it also was not allowing me to
generate the ideas and insight | needed to be successful as a PhD. For a mind to be creative, it
cannot be exhausted. | was lacking was space for creativity.

Success in high school and college science classes had a lot to do with how dedicated |
was and less to do with my creativity. There was just a lot that to learn and memorize and so
spending all Sunday (or even all weekend) studying and memorizing served me well on my
midterms. It has also served me well for years to come in academia—because knowing that
“cervix” is Latin for neck will save you embarrassment in your anatomy class. However, there is

more to being a good scientist than an ability to memorize facts and figures.
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That is where my juggling balls help me. For me, juggling isn’t just a break from my work
it is a break from being in my mind. They are a physical activity that requires focus, and | cannot
think about my research or my grant deadlines while | am juggling, or | will drop the balls. | have
developed a habit of taking short juggling breaks throughout my day and they have served me
well. As a side effect of pursing this PhD, | have become an excellent juggler, and | have taught
three undergrads how to juggle. This is a time of uncertainty in academia, with funding cuts the
future of graduate education and research in general feels insecure. As we move forward
thought these times, | highly recommend juggling to keep your mind sharp and your arms
limber.

The transition between undergraduate studies and graduate studies is best summed up
by a transition from a focus on finding correct answers to a focus on finding good questions. The
synthesis of facts into new ideas for your grant proposals, the ability to combine results from
each experiment into a story—those activities take a lot of creativity. You still need to work hard
to be a successful PhD student, but you also need to give your brain some time to recover so
that you can have a few creative ideas. The students that | have mentored are brilliant—they
come up with the most complicated and sophisticated experiments. | often find that my goal
mentoring students through the transition to graduate school research is an exercise in—for
want of a better word—dumbing down their approach. The best experiments in science are
elegant. They are simple yes or no hypotheses that can be tested by an experiment. Being a
good researcher has more to do with picking the right question than it has to do with finding the
correct answer.

"It's the questions we can't answer that teach us the most. If you give a man an answer,
all he gains is a little fact. But give him a question and he'll look for his own answers."

— Kvothe, The Name of The Wind
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