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ABSTRACT

AKHIL GARGEY. Role of Intramolecular Electrostatic Interactions on the Kinetics of
Human Cardiac Myosin § -Isoform. (Under the direction of DR. YURI. E
NESMELOV)

Human cardiac myosin has two isoforms, a and 3, sharing significant sequence sim-
ilarity, but different in kinetics. Small differences in the sequence are responsible for
distinct local inter-residue interactions within « and /3 isoforms, leading to such a dra-
matic difference in the rate of ADP release. Our analysis of structural kinetics of o and
B isoforms using molecular dynamics simulations revealed distinct dynamics in SH1:SH2
helix region, loop 1 region, and loop 1289-D324 region of myosin head. We identified
permanent salt bridges in these regions on [S-isoform, which are not present in the « -
isoform. We hypothesized that the isoform-specific electrostatic interactions play a role
in the difference of kinetic properties of myosin isoforms. We prepared R694N, E45Q),
[303V:1313V,and D208Q:K450L mutants in the S-isoform background to destabilize elec-
trostatic interactions in the proposed regions of the myosin head. We recombinantly ex-
pressed Wild type (WT) and the mutants of the human cardiac myosin head construct
(1-843 amino acid residues) in differentiated CoCis cells. Using the transient kinetics
assays, we measured the kinetics of ADP release from actomyosin in the WT and mu-
tant constructs of human cardiac myosin S-isoform. Mutant R694N showed faster rate
of ADP release from actomyosin, compared to the wild type and other mutants, thus
confirming that electrostatic interactions within the force-generating region of human
cardiac myosin regulate ADP release and the duration of the strongly bound state of

actomyosin.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Overview of Myosin Protein

Myosin is a nano-scale motor protein that interacts with actin and ATP; transduces
chemical energy into mechanical work. Multiple molecules of myosin form thick filaments
in sarcomeres of muscle cells. Thick filament-forming myosin proteins are found in
virtually every muscle cell: skeletal, smooth, and cardiac cells. Myosins are a superfamily
of genes; ubiquitous and perform a wide range of motile functions in eukaryotes from
cargo transport to cell division. Force production is ATP-dependent, myosin hydrolyzes
ATP into mono-phosphate and ADP to generate power for force transduction. Myosin
is conferred with an inherent ATPase enzymatic activity. Myosin motors are responsible
for muscle contraction based on actin motility. Although, myosins are present in muscle

" unconventional myosins", that carry cargo and walk on actin filaments, with

cells,
ATPase activity were first discovered in Acanthamoeba castellanii [1, 2]. The kinetics
vary with different classes of myosin. Evolution has shaped different myosins to adapt a
divergent processing speed and force generation to perform a myriad of functions from
cell division to muscle contraction. A list of myosin classes and associated functions
is listed in TabldI.1l Over 35 classes of myosin isoforms were discovered in genomics

studies [3]. All members of the myosin superfamily share several key features - namely,

ATP hydrolysis enzymatic activity, actin-binding, and force generation [4].



Table 1.1: Myosin classes and functions.

Myosin Class Functions

| Adaptation response in the inner ear|5]

II Muscle contraction

11 Photo transduction

\Y% Cargo transportation [6]

\Y% Endocytic vesicular transportation [7]

VI Phagocytosis [§]

VII Plant specific cell division [9]
VIII Regulation of cytoplasmic flow between the cells [10]

Localization of vesicles to the phragmoplast [11]
Plant specific cell division [9]

IX Single headed motor protein

X Walks on actin bundles rather than single filaments [12]
XIV Involved in cell invasion process [13]




1.2 Cross-bridge model of ATPase cycle

Cardiac myosin is responsible for heart muscle contraction in all animals. FigurdI.]]
depicts the "cross-bridge cycle" of ATP hydrolysis by actomyosin [14]. Numerous myosin
molecules in the sarcomere, participate in muscle contraction using the energy generated
from ATP hydrolysis. ATPase cycle follows the steps: i) Rigor state of myosin where
myosin is strongly bound to the filamentous actin (F-actin), ii) Binding of ATP molecule
on the ATP-binding site of S1 domain release myosin from actin, iii) Hydrolysis of ATP
on the catalytic motor domain into ADP and mono-phosphate (Pi) followed by priming
the lever arm, (iv) Attachment of motor domain with ADP and Pi in the ATP binding
domain, to actin; weak to strong interaction transition between actin and myosin motor
domain; and finally initiating actin filament sliding by lever arm rotation known as
power stroke, followed by Pi release, (v) Release of ADP molecule and attain rigor state
in step (i).

Actin

000D ——» 00000

ATP\/‘ Mycymp "%DP Pi \
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Figure 1.1: ATPase cycle of myosin



1.3 Structure of Actomyosin

Crystal structures and EM images of actomyosin and actomyosin.nucleotide complexes
helped propose detailed molecular mechanisms of actomyosin interaction (Figure .
High resolution EM images [15] assisted molecular dynamic simulations to generate the
plausible models of structural transition states of actomyosin complex in the ATPase
cycle[16, 17, [I8]. The temporal order of strong to weak actomyosin transition, detach-
ment of SI.ADP.Pi, Pi release, and ADP release from S1 are strongly debated. Some
schematics show all these events in one single step to avoid confusion and display a lack
of experimental evidence for these events. The experimental evidence is hard to generate
is partly because of the short-lived lifetimes of these states. Unstable mechanical forces
and technological advances also contribute to the lack of knowledge. Three-dimensional
reconstructions of cryo-electron microscopic images of myosin head domain decorated
with actin filaments revealed actomyosin interactions in distinct conformations. Helix-
loop-helix (HLH) motif and surface loops on myosin interact with actin [19]. Surface
loops namely- Cardiomyopathy loop (CM loop, (Figure [I.3), loop 2 (Figure [1.4)), loop
3 (Figure [1.4)), loop 4 (Figure [1.3)), and activation loop) on myosin S1 are identified
to interact with actin at the interface of actomyosin|[15, 20]. Surface loops and HLH
motif of myosin interact with subdomain 1 (SD1) of one actin subunit and subdomain
(SD2) of adjacent actin subunit[2I]. Site-directed mutagenesis of myosin surface loops
coupled with actin-activated ATPase and in vitro motility studies discovered their role
in actin interaction and actin-activated nucleotide release from myosin S1. Interactions
with the surface loops and actin transmit conformational changes along with lower and
upper 50K sub-domains of myosin head domain. The Cardiomyopathy loop (CM loop,
residues 401-411 of HC (-isoform), has a conserved arginine (Arg) residue. Mutation of
the conserved Arg residue on f-isoform is related to familial hypertrophic cardiomyopa-

thy pathophysiologic condition. Point mutations on R397 of (S-isoform are correlated



to cardiomyopathy in humans. Besides, numerous disease-causing mutations are found
on the CM loop, underscoring its role in the actomyosin interaction of human cardiac
myosin. A conserved proline-rich, actin-binding domain called "activation loop" that
interacts with the N-terminal of actin, is responsible for the conformational changes
rippled across (-isoform when interacted with actin. The activation loop is located
on the upper helix of the relay region, which is linked to converter and lever arm re-
gions. Activation loop is connected to the switch II (interacts with nucleotide) via the
relay helix and central 7-stranded [-sheet [I8] 22]. Interaction of myosin’s activation
loop with actin propels a conformational change across the head domain via converter
domain-lever arm-relay helix-nucleotide binding site. The effect of ensemble myosin
heads’ activation loops with actin, eventually generates a force in muscle. 50-20K sur-
face loop of [-isoform, referred to as "loop 2" is found at the actin-binding site. Several
studies on the role of loop-2 on interaction with actin showed that it is essential for initial
interaction and binding with F-actin [23] 24 25]. The HLH motif is located in the lower
50K of [-isoform plays an essential role in the weak to the strong binding transition
of actomyosin. The HLH motif along with other surface loops interacting with F-actin
is part of the communication network between actomyosin interface-nucleotide binding

site on myosin-relay helix-converter domain-lever arm domain.
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Figure 1.2: Cryo-EM reconstruction of human cytoplasmic actomyosin complex
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1.4  Structure of muscle myosin S1

The ATPase cycle underlies dynamic conformational changes of myosin S1 in every
step. The whole process is orchestrated by communication between ATP binding site,
actin-binding site, and lever arm domain of myosin. The globular head /motor domain
(S1) of cardiac myosin [-isoform consists of 845 amino acids. S1 hosts the ATPase
enzymatic functional domain [27]. Proteolysis studies on S1 revealed three sub structure
sub-units namely - 25KDa (N-terminal), 50KDa (middle), and 20KDa (C-terminal) [2§].
The 50KDa subunit is further classified into two domains called 50K upper domain and
50K lower domain (Figure . The 50K lower domain is identified as an actin-binding
domain on S1 [29]. The core of the motor domain is a central 7-stranded [-sheet that
contributes to all three subunits and is linked to a C-terminal tail. The N-terminal
begins at the tip of the tail, first 80 residues form an SH3-g-barrel [30]. The rest of
the 25K N-terminal domain coupled with 50K upper domain (residues 81-486, chicken
skeletal muscle myosin [19]) forms 6 out of 7 5 sheets in the core of S1. ATP-binding site
is at the boundary between 25K-50K fragments, contains a characteristic P-loop that
interacts with the nucleotide, found in some other ATPases [31]. Actin-binding site is a
part of the lower 50k domain (residues 487-600). A positively charged loop (residues 625-
647) is also identified to interact with actin. The 20K domain contains a long-running
helix from the actin-binding site to the seventh strand of the § sheet. Helix is continued
into a turn (SH1), a broken helix (SH2), and into a compact converter domain (residues
711-781). Converter domain functions as a linker between the C-terminal-helical tail
and two light chains (ELC and RLC). This entire region is termed as "neck region" or
regulatory domain of S1[32]. During the ATP hydrolysis, the neck domain amplifies the

rotation movements by the converter domain.



1.5 Domains of Myosin

All myosin molecules (all classes and isoforms) are composed of head/motor, neck,
and tail domains. The motor domain is also known as the catalytic domain which
hosts ATP and actin-binding sites. The neck domain acts as a linker and lever arm
between the tail and motor domains (Figure 1.2). Rotation of lever arm domain delivers
force to the motor domain and thereby induces actin filament sliding. Amino acid
sequence analysis studies revealed great variation among tail domains and motor domains
between various classes of myosin in different species. Class II myosins share similar
structural and functional properties. The general structure of full-length myosin II as
a dimer is shown in Figure [[.5/S1 hosts motor domain and two light chains: Essential
light chain (ELC) and Regulatory light chain (RLC) . The Coiled-coil tail domain is
referred to as S2. Proteolysis of full-length myosin with trypsin or chymotrypsin enzyme
yields two domains of S1 and S2 together, referred as Heavy Mero Myosin (HMM). The
C-terminal tails from numerous myosin heads form thick filaments in the sarcomere.
Myosin motor domain or S1 is obtained from chymotrypsin digestion, retains ATPase
and actin-binding capability [33]. We are interested in characterizing the structure-
function relationship of muscle myosin. To investigate the role of the myosin motor
environment on its interaction dynamics with its ligands, we used rabbit skeletal myosin
as a model system. Our goal is to understand the role of electrostatic interactions
within the motor domain of human cardiac myosin [-isoform (HC-f) on its kinetic
performance. Cardiovascular diseases like Hypertrophic Cardiomyopathy and Dilated
Cardiomyopathy are caused due to the mutations on sarcomere proteins- tropomyosin,

troponin, and predominantly human cardiac myosin S-isoform (HC-/).
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Figure 1.5: Domains of myosin

1.6 ATP interaction with myosin

The myosin ATPase cycle involves three main components of myosin. (i) The central
core of myosin motor domain with 50K lower domain. P-loop which plays a key role in
nucleotide interaction with myosin is a part of this domain. (ii) The upper 50K domain
and switch 1 (SW1). (iii) Switch 2 (SW2), converter domain, relay loop, and the lever
arm domain. The nucleotide pocket is made up of P-loop, SW1, and SW2. The ATPase
cycle of myosin has been outlined 40 years ago, but the mechanism of certain intermediate
steps like catalytic hydrolysis of substrate, within the cycle, remains elusive today. The
nucleotide-binding site of myosin is located between upper and lower 50K domains on
S1 (Figure [1.4). Mg.ATP is the physiological substrate for myosin ATPase enzymatic
activity. A high concentration of M g™ inhibits the reaction rate of catalytic hydrolysis
of ATP [34]. A high turnover rate of ATP hydrolysis is observed in the absence of Mg*2.
Following the hydrolysis of ATP, myosin undergoes a cascade of conformational changes
that allows myosin to generate force and pull actin filaments. In vitro experiments on
myosin S1 and ATP in the absence of F-actin filaments, show a rapid irreversible binding

step of S1 to Mg.ATP and rapidly reversible hydrolysis of Mg.ATP to Mg.ADP.Pi. In the
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absence of actin, Mg.ADP.Pi is tightly bound to S1. ADP release step is slow and only
occurs after Pi release step. The mechanism of Mg.ADP release is elusive and varies
depending on different myosin isoforms. ATP and ADP.Pi bound S1 states are well
studied from the crystal structures of analogs, ADP.AlFx, ADP.BeFx, and ADP.Vi|35].
Various analogs, inhibitors, and transition state complexes made it possible to study
the conformational states of S1 throughout the ATPase cycle. From a thermodynamic
perspective, the binding energy of SI.ATP complex in conjunction with the hydrolysis
step primes myosin to bind actin and generate force for muscle contraction.

ATP binding to actomyosin step: In the A.M rigor actomyosin state, the upper 50K
domain cleft is in a closed state. This allows actin-binding 50K cleft on S1 to interact
strongly with actin. With both SW1 and SW2 open, the nucleotide-binding site is
open during the rigor state. ATP binding to the nucleotide site on S1 closes SW1 onto
the nucleotide. This interaction triggers a rotation of the 50k domain and disrupts
actomyosin interaction.

ATP hydrolysis: SW2 interaction with ATP triggers a rotation of lever arm via relay
helix that connects SW2 and converter domain. S1 detaches from actin and assumes a
primed-up conformation called recovery stroke. Closure of SW1 and SW2 follows ATP
hydrolysis and the formation of a stable S1.ADP.Pi complex.

Actin binding and Power Stroke: After ATP hydrolysis, the affinity of Sl-actin in-
creases, the lower 50K domain interacts with actin, and the cleft between upper and
lower 50K domains closes and S1 binds to actin. This interaction triggers converter
domain distortion, rotation of force-generating region (SH1-SH2) helix, and generates
force. Force generation provided in this step assists in actin filament sliding called power
stoke. The temporal order of events of Pi release and power stroke is debated. After the
power stroke, the converter domain re-organizes, opens up a nucleotide pocket to allow
ADP release and a new ATPase cycle to begin [36].

Actin contact with the activation loop on Sl-actin interacting surface initiates Pi re-



12

lease from S1.ADP.Pi complex in Dictyostelium myosin II|37]. It is not clear whether
the Pi release occurs before or after the cleft closure and formation actomyosin complex.
A popular view called "Back door mechanism" proposes that ADP blocks the exit of
Pi from the nucleotide pocket of S1. Pi is thought to be escaping from the 50kDa-cleft
opening. So, the release of Pi from the AMD complex depends on the cleft opening (back
door)[35]. Site-directed mutational constructs of S1 that block the opening of cleft /back
door, support the inhibition of Pi release, and provide some evidence for the back-door
mechanistic model[38]. Alternative counter view proposes an opening of SW1 aided Pi
release[34]. Pi release is linked to force generation and power stroke, and the hypoth-
esis of Pi release from cleft before the strong actomyosin interaction raises questions
against the back door exit hypothesis. Pi release during the weak interaction state of
actomyosin.ADP.Pi may cause mechanical failure. FRET and optical trap experiments
on myosin V show a very dynamic myosin in the absence of actin, presence of actin
traps S1 in post power stroke conformation that precedes Pi release[39 40, 41]. The
mystery surrounding the Pi release step is not resolved and needs further experimenta-
tion to change the strongly-held opinions by different research groups. One surprising
revelation is the reversible binding of Pi to the nucleotide-binding site and cycles back
to form tightly bound ATP.S1 complex|42] 43]. The energy is dissipated only after the
power stroke and irreversible release of Pi occurs[42]. The presence of load promotes the
irreversible release of Pi and ADP release from M.ADP complex|34]. When compared
to Pi release, the ADP release step is well studied and much better understood. ADP

remains within the nucleotide pocket of S1 until the power stroke step is complete.
1.7 Role of SW1 and SW2 in ATP hydrolysis

Crystal structures of myosin with ATP and ADP.Pi analogs revealed the significance
of two loops (SW1 and SW2) with ATP interaction and hydrolysis. The nucleotide-

binding site is mainly formed by a make-shift cleft created by SW1, SW2, and P-loop.
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Rapid kinetic studies combined with crystal structures provided contemporary transition
state conformations of myosin.nucleotide interaction. Based on these studies, on a wide
range of myosin types, molecular dynamic simulations[44], [45], the ATPase mechanism is
proposed to follow the listed steps. Mg.ATP interacts with the nucleotide pocket on S1
by three loops (SW1, SW2, and P-loop), the 7-Pi of ATP is stabilized by the H-bonds
peptide interaction[44] [46] with the P-loop. Crystal structures of Dictyostelium myosin
I, with Mg.ADP.Vanadate, that supposedly mimics, S1.ADP.Pi interaction shows a
stable interaction of Mg.y -Pi group with P-loop. SW2 forms a salt-bridge with SW1 to
stabilize SW1 interaction with Mg*2[44]. ATP hydrolysis is proposed to be catalyzed
by the Glu459 residue on SW2. Glu459 residue on SW2 forms a salt bridge interaction
with Arg238 on SW1. Glud59 participates in proton transfer reaction from the two water
molecules found in the nucleotide-binding site of S1. Based on computational molecular
dynamics simulations, Glu459 is hypothesized to transfer proton from water molecule
to the v-Pi of the Mg.ATP[44], [47]. Following the proton transfer, a meta-phosphate is
created by breaking the $-Pi bond between the v-Pi and bridging oxygen atom. P-loop,
SW1, and SW2 stabilize this interaction and support the formation of an intermediate
metaphosphate group. The steps involved in the ATPase catalytic mechanism are being
debated for over 20 years, and the most accepted model of mechanism is presented here,

needs further experimental verification.
1.8  Theoretical Understanding behind ATPase cycle mechanism

The model mechanism of actomyosin interaction with ATP is built on kinetic exper-
imentation that satisfies the fundamental thermodynamic laws of nature. Binding and
hydrolysis energy associated with ATP interaction with S1 and ATP hydrolysis step,
dictate the efficiency and timing of the events in the ATPase cycle. Actin, in rigor
state has a very high affinity to myosin (K4 approz 10nM)[34]. The binding of ATP to

the nucleotide-binding site on myosin S1 displaces actin from myosin. This association
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promotes the opening and closing of the nucleotide-binding pocket mediated by SW1.
Recovery stroke and ~-Pi stabilization within the pocket with SW1, SW2, and P-loop
interaction follow. Reversible interactions of the Pi group on ATP with amino acids on
nucleotide pocket loops are associated with small free energy changes. The free energy
change associated with the first conformational change of myosin, that is actomyosin
dissociation step and recovery stroke is provided by the binding energy of ATP interac-
tion with S1. The hydrolysis step is reversible [48], the degree of reversibility governs
actomyosin interaction dynamics. The rate of ATP hydrolysis step drives the whole
ATPase cycle forward and partially dictates the turnover rate of each myosin motor.
Actin plays a key role in the lifetime of S1-ATP interaction. In the presence of actin,
S1 motors exhibit a very high turnover rate[49]. The regulation of turnover rate by the
lifetime of S1-ATP interaction of a single ATPase cycle is quantified by a parameter
called "DutyRatio"(DR). The energy associated with ATP hydrolysis, is translated into
a working power stroke, only then, Pi interaction with S1.ADP becomes irreversible.
The details of how the energy is used by the S1 molecule are not clearly understood. It
could be vibration energy between the atoms of the S1 molecule, or elastic-mechanical
transduction by bending or stretching of S1. Mechanical coupling of the central S-sheet
and lever-arm domains play a role in chemical to mechanical energy transduction. In a
muscle cell, tiny contractile units-sarcomeres contract by the motion of millions of myosin
heads. Load-dependent mechanical stress on several myosin heads results in sarcomere
shortening. How individual motors share load-bearing conformational behavior com-
pared to single motors without any load needs further investigation. ADP release step is
the most divergent step, in terms of thermodynamic perspective that varies in different
classes of myosin[50]. The rate of ADP release dictates the free energy change associated
with a specific myosin. A faster ADP release rate, involves a significant negative free
energy change [34], whereas, a slow ADP release, is associated with a zero-minimal free

energy change. Motors with a fast ADP release characteristic, generate a fast movement
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of the motor under load, for example, fast skeletal muscle myosin. Motors with a slow
ADP release characteristic, generate a slow and long-lasting force on the actin filaments,
for example, smooth muscle myosin. The rate of ADP release is encoded within the gene
of a particular myosin. HC fS-isoform is coded by gene MYHT7, show a slow ADP release
rate. ADP release with a positive free energy change is not observed in myosin II, but

observed in processive motors, such as myosin V [51].
1.9  Role of Human cardiac myosin isoforms in pathophysiology of Heart Failure

Heart failure is one of the cardiovascular diseases that is affecting millions of peo-
ple in the USA and worldwide. A recent statistic from American Heart Association
(AHA) predicts a dramatic increase of HF patients by 46 percent by 2030[52]. Weak-
ened cardiac performance is a major hallmark of HF. Power output decline is improved
by loading heart muscle with inotropic agents and Cat? ions. Excess Ca™? inside the
cytoplasm increases the actomyosin interactions, as a result, excess myosin heads are ac-
tivated. This leads to excess consumption of oxygen, which eventually leads to ischemic
and arrhythmic conditions in the heart. Recently, a new paradigm of drugs Omecam-
tiv Mecarbil (OM), Mavacamten, and Levosimendan shown to regulate proteins on a
sarcomere level. Levosimendan sensitizes thin filaments, OM and Mavacamten directly
act on cardiac myosin motors and thereby increase the efficiency of the heart. Never-
theless, the potential side effects that cause arrhythmias are still under investigation.
Novel therapeutic approaches are required to improve cardiac performance without caus-
ing side effects. In this study, we are looking for regulatory sites in cardiac myosin to
regulate the myosin performance at existing Ca™ levels. In the left ventricle of the
human heart, cardiac myocytes express two myosin isoforms « isoform (10% composi-
tion, kinetically fast) and (3 isoform (90% composition, kinetically slow), homogeneously
distributed[53], B4, 65, (56l 57, 58]. A decline in « isoform content is a sign of a decrease

in power output of the muscle [59]. Increased « isoform count inferred cardioprotec-
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tion in rat and rabbit animal models [60, 58]. Discovering the underlying differences
between both the isoforms will potentially lead to drug target sites that can improve the

performance of a failing heart.
1.10  Structural differences between isoforms of Human cardiac myosin

Our analysis on amino acid sequences of a and [ isoforms revealed 80 differences
between them. They share a 93 % sequence similarity. ADP release from actomyosin
is an order of magnitude faster in the alpha myosin isoform [6I]. Small differences in
the sequence are responsible for distinct local inter-residue interactions within o and
isoforms, leading to a dramatic difference in the rate of ADP release. Our analysis of
structural kinetics of v and S isoforms using molecular dynamics simulations revealed
distinct dynamics within the force-generation region of the myosin head. The simulations
identified some permanent salt bridges in the [S-isoform, which are not present in the
a-isoform [62]. These isoform-specific electrostatic interactions might play a role in the
difference in kinetic properties of myosin isoforms. In this section, apparent structural

differences in the motor domain of both isoforms are discussed.
1.10.1  Structural Variation of Loop 1

Loop 1 is a flexible surface loop, part of the transducer region, is located near the
nucleotide-binding site on the myosin motor domain. Loop 1, also known as 25/50-kDa
loop is located near the active site on S1. Loop 1 is believed to be involved in the
actin-activated ATPase function of myosin. Loop 1 is one of the major determinants
in the kinetic tuning of various motors in the myosin II family [63]. Single-molecule
studies show regulation of force and velocity of actin filament sliding is governed by
predominantly two surface loops (loop 1 and 2) on the myosin motor domain. Loop 1
studies of myosin II have shown its effect on actomyosin interaction with ADP [63] 64
69, [66), 67]. Truncated loop 1 studies on mammalian myosin I (Myolb), have shown to

affect, actomyosin affinity to ATP binding, actin-myosin Ib affinity, ADP release from
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actomyosin, and actin dissociation from Myolb [68]. Similar studies carried out on Myolc
which functions as an adaptation motor in the hair cells of the inner ear show that loop
1 affects nucleotide-binding properties of Myolc [69]. Alternative splicing within the
myosin II family gene sequence generates a range of splice variants with varying loop
1 lengths and sequences. Force measured by micro-cantilevers on myosin II of mollusk,
skeletal, and smooth muscle filaments, discovered a close correlation between loop 1
sequence, length on the sliding velocity of thin filaments [70]. Studies carried out by
cleavage of loops 1 and 2 on skeletal muscle HMM, report a decreased ATPase activity
and lower load-dependent actin sliding velocity [71]. Chimera construct studies on loop
1 derived from various myosins including o and S isoforms show that the sequence of
loop 1 affects the rate of ADP release [72], 66, 73], [74]. The majority of loop 1 studies were
carried out on Dictyostelium myosin but not on cardiac myosin. Figure [.6] shows the
structural differences within loop 1 region between both isoforms. Different sequences
produce structural differences. Loopl in a myosin more helical, that effectively decreases
loopl length and removes the loopl 7-stranded [ sheet interaction. R204:E217(218) is
the permanent salt bridge, maintaining Loopl structure. Residues 198:216 of Loopl
gain helical content in « myosin (Figure right), due to the sequence difference in
its flanking residues. As the result of this, Loopl in f myosin does not maintain the
contact with the central 7-stranded [ sheet via the salt bridge D208:K451 (« isoform
sequence, D208:K450 in 3 myosin), as in § myosin (Figure[L.6] left). Loopl in o myosin
is shorter, differently oriented, and loopl is connected to the nucleotide-binding site (P-
loop and loop Switchl) via two flanking helices. Uncoupling of loopl and 7-stranded
B sheet might affect myosin-nucleotide interaction and may modulate the rate of ATP
hydrolysis and ADP release. The modulation of time when the bridge is ON may regulate
the mechanism of myosin kinetics, residues D and K, which are conserved across different
myosins may play a part in this regulation. Then, the modulation should depend on

the loopl sequence and length, as was proposed before |75 [72]. Another salt bridge
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within the loopl, R204:E218 in # myosin, R204:E217 in  myosin, is in both isoforms,
preserves Loopl structure (Figure . The uncoupling of the R204:E217 bridge in
myosin may have the same effect as uncoupling of D208:K450 and potentially modulate

[ myosin kinetics, due to resulting increased flexibility of loopl.

T-stranded
f=sheet_ RZ04

B T-stranded
pesheet

Gelsoform{(1I8FW 1AAI GDRSKKDQSPGKGT LE:EH"II
pesform(18FS 1A A I GDRGKKDNANANHKGSTLE218)

laap

hedix halix hlix

Figure 1.6: Variation of Loop 1 in cardiac myosin isoforms
*Loopl (left, cyan, 8 myosin, and right, green, a myosin) and the 7-stranded /3 sheet
(gray) are coupled in 8 myosin and uncoupled in o myosin.
*Red and blue spheres are the positive and negative charged residues. Red-blue sticks
represent the salt bridges.
*The uncoupling of the R204:E217 bridge in 5 myosin may have the same effect as
uncoupling of D208:K450 and potentially modulate 8 myosin kinetics, due to resulting

increased flexibility of loopl.
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1.10.2  Structural Variation in Loop 1289-D324

Figure [1.7 shows the structural differences within loop 1289-D324 region between
both isoforms. Loop 1289-D324, structurally different in o and [ isoforms is located
near the loop Switchl of the active site. During our MD simulation, the loop 1289-S314
gains helical content (residues N306-S314) and becomes more flexible in the [ isoform
compared to a isoform. Two residues, V304 and V314 in « isoform are replaced with
[303 and 1313 in $ isoform, affect the loop 1289-D324 conformation. Structural analysis
in [ isoform shows that 1303, 1313, and L290 form a leucine-isoleucine zipper, apparently
stabilizes the helix N306-S314 and as a result changes the loop 1289- D324 conformation.
Different interaction between two loops in a and [ isoforms is indicated by the isoform-
specific salt bridge E317:K234 (populated 38.7% in « isoform and only 2.4% in fSisoform),
and probably stabilizes the loop 1289-D324 and loop Switchl interaction in « isoforms.
Such interaction between loops may modulate loop Switchl structural dynamics and

therefore, myosin-nucleotide interaction.
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Figure 1.7: Variation of Loop 1289-D324 in cardiac myosin isoforms
*The loop 1289-D324 and the loops of the active site (magenta, loop Switch1, black,
P-loop).

*Red sticks, ATP. Red and blue are the positive and negative charged residues.
*Left, 8 isoform, leucine-isoleucine zipper (1303:1.290:1313, cyan sticks) configures the
loop 1289-D324 for smaller interaction with the loop Switchl, as indicated by the
absence of the salt bridge K234:E317.

*Right, « isoform, the loop 1289-D324 has no zipper (Ile-Val sequence replacement),
and the stable salt bridge K235:E318 forms (red-blue sticks), indicating the loop

[289-D324 and loop Switchl interaction.
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1.10.3  Structural Variation in SH1-SH2 helix region

Figure [I.8] shows the structural differences within the SH1-SH2 helix region between
both isoforms. Position of N-terminal domain § barrel (gray) relative SH2 and SH1
helices modulates electrostatic network in the region and thus affects the stability of SH1
helix. SH1 helix is properly folded in o myosin and unwound in § myosin. We conclude
that the relative position of the N-terminal domain plays a significant role in these
isoform-specific electrostatic interactions. The N-terminal domain shows about 17%
sequence difference in o and 8 myosin. The different relative position of N-terminus and
SH1-SH2 helices is due to this sequence difference. SH1 helix instability in S myosin is
affected by this structural difference, affects local electrostatic interactions, and thereby
affecting myosin kinetics. Unwound SH1 helix was observed in the crystal structure of
scallop striated muscle myosin, complexed with ADP [76], and it was proposed that SH1
helix melts during myosin ATPase cycle [77]. How this melting affects myosin structural

kinetics is not known.
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Figure 1.8: Structural Variation in SH1-SH2 helix region in cardiac myosin isoforms
*Myosin force generation region, /3 (left panel) and « (right panel) isoforms.
*Red and blue are the positive and negative charged residues. Red-blue sticks
represent the salt bridges.

*Mutation affecting the SH1-SH2 helix region on S-isoform: Two [(-isoform mutations,
R694N and E45Q) potentially affect the electrostatic network within SH1-SH2 helix

region, which is connected to the SW2 via relay helix.
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1.11  Choice of mutations and myosin regulation

Based on the MD simulations, we obtained three potential sites within the motor
domain of human cardiac myosin [S-isoform, that might potentially affect actomyosin
cross-bridge kinetics. Our focus is on understanding how these sites regulate actomyosin
interaction with the nucleotide and the rate-limiting step (ADP release) [61] kinetics
in the ATPase cycle. The nucleotide-binding site on myosin is mainly composed of
three highly conserved loops: P-loop (residues 177-184, « cardiac myosin sequence),
Loop switch I (SW1, residues 232-246), and Loop Switch (SW2, residues 462-474). Site-
directed mutagenesis studies on these loops of myosin I1, severely affected the nucleotide-
binding and ATPase activity of myosin [78| [79] 80, 81|, 82], 83|, 84], 85]. Therefore, we
chose to modulate the interaction of actomyosin-nucleotide, indirectly by changing the
conformation and the dynamics of the nucleotide interacting loops.

A mutation affecting Loop 1 conformation on [S-isoform: Loop 1 and the §-sheet are
permanently coupled in S-isoform (Figure and completely uncoupled in a-isoform.
We proposed a double mutation at D208Q: K450L in f-isoform. Mutation D208Q):
K450L will potentially uncouple loopl and the [-sheet, producing a-myosin-like inter-
action of loopl and the [-sheet. This isoform-specific mutation will potentially affect
the affinity of nucleotide to actomyosin.

A mutation affecting the interaction of Loop Switch I and loop 1289-D324 on (-
isoform: The double mutation, I303V: 1313V, potentially mimics, a-isoform version of
the loop 1289-D324 in [-isoform (Figur. This mutation may break the leucine-
isoleucine zipper and promote the loops coupling in 8 isoform. Such interaction might
modulate the loop Switch 1 structural dynamics, affecting myosin nucleotide interaction,
and regulating the kinetics of cardiac myosin.

A mutation affecting the SH1-SH2 helix region on S-isoform: Two S-isoform muta-

tions, R694N and E45Q) potentially affect the electrostatic network within the SH1-SH2
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helix region, which is connected to the SW2 via relay helix. Mutation R694N disrupts
two stable salt bridges, R694:E45 and R694:E98. Due to the high sequence conservation
of SH1 and SH2 helices among myosins, mutagenesis of R694 might be a too strong
perturbation. We, therefore, chose a milder mutation E45Q within N-terminus. Both
proposed mutations are meant to break the R694:E45 salt bridge and thus redistribute

electrostatic interactions within the force-generating region in S- isoform (Figure [1.7)).
1.12  Role of CaATP in regulation of myosin

Muscle contraction relies on Calcium concentration within the muscle cells. Thin fila-
ment proteins, troponin, tropomyosin, and actin, interact with calcium ions to regulate
sarcomere contraction. Calcium-binding to troponin induces a conformational change in
thin filaments that exposes actin-binding sites to myosin heads in thick filaments. Cal-
cium released from sarcoplasm reticulum, enters the z-line of sarcomere [86]. Diffusion-
mediated transport delivers calcium ions to thin filament proteins. ATP in the muscle
cells can bind to calcium and magnesium ions depending on their respective temporal
concentration changes. Calcium concentration in the sarcoplasm varies in response to
transient waveforms [87]. MgATP is the primary ligand for myosin ATPase enzymatic
activity. Even at high magnesium concentrations, some myosin heads inevitably bind
to CaATP molecules. Therefore, it is important to understand the role of CaATP in
regulating actomyosin kinetics within skeletal and cardiac muscle tissues. Our stud-
ies on CaATP-actomyosin interactions attempted to answer several open questions on
CaATP-induced actomyosin dissociation and CaADP release from myosin. We chose
rabbit skeletal muscle myosin as a model system to investigate the molecular mecha-
nisms of the ATPase cycle with CaATP as a primary ligand. We performed steady-state
actin-activated myosin ATPase assay and basal myosin ATPase assay with CaATP and
MgATP as ligands, to quantify the duration of the whole actomyosin cross-bridge cycle.

Pathological conditions like malignant hyperthermia are associated with high calcium
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influx in sarcomere of the skeletal muscle cells [88]. At elevated concentrations of cal-
cium in the sarcomere, more myosin heads bind to CaATP that consequentially causes

muscle rigidity observed in skeletal muscle cells [89, 90].
1.13  Role of macro molecular crowding in regulating myosin kinetics

Structural, functional, and kinetic studies of myosin, carried out in diluted solution
environments, do not accurately model the behavior of the motor. The cellular en-
vironment is much crowded relative to reconstituted experimental conditions in vitro.
The diffusion rate of macro-molecules, small molecules, and ligands vary with the sur-
rounding chemical environment. The functioning of enzymes in crowded environments
is constrained by steric hindrance and unusual non-specific molecular interactions[91].
Understanding of myosin function in a crowded environment depends on the type of
crowding agent and concentration of the agent. Modeling of the crowding environment
plays a key role in interpreting the effects of crowding agents on the kinetics of myosin.
A popular model for interpreting crowding effects is the excluded-volume model, where
crowding agents are modeled as hard-repulsive spheres. In the excluded-volume model,
the space between molecules is reduced with an increase in the apparent concentration
of solute or other small molecular ligands. Ficoll-70 is a typical macro-molecular crowd-
ing agent used to study protein stability, conformation, the entropy of unfolding, and
preference over native or compact states [92]. We chose rabbit skeletal muscle myosin
IT as a model system to investigate the molecular mechanisms of the ATPase cycle in a
crowded environment with Ficoll-70 as a crowding agent. We performed basal myosin
ATPase assay, ATP-induced actomyosin dissociation assay, and ADP inhibition of ATP-
induced actomyosin dissociation assay with Ficoll-70 as a crowding agent. Based on
biochemical and biophysical assays, excluded-volume model, and diffusion studies on F-
actin and ATP in Ficoll-70, we conclude that functional model of actomyosin-nucleotide

interaction is affected by crowded micro environment.
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1.14  Synopsis

Myosin regulation has a long and storied history. In this introductory chapter, the
roots of this field were traced back to scientific observations made on the molecular
basis behind the muscle contraction and myosin ATPase cycle. However, the individual
steps employed by myosin during the ATPase cycle, are not completely resolved to
date. While the idea of regulation of cardiac muscle contraction by targeting sarcomere-
proteins has been tried several times, the numerous cellular players involved in the
process made the regulation challenging. Our understanding of the structure-function
relation of a major player in cardiac muscle contraction-Human cardiac myosin motor
protein, has the potential to enable the clinical application of increasingly sophisticated
muscle regulation strategies.

The complex, multi-step process of ATP hydrolysis by myosin were described in detail
in this introductory chapter. Our strategies to regulate cardiac myosin by altering its
intramolecular electrostatic interactions, furthered the understanding of cardiac myosin
kinetics. Chapter 2 will describe the generation of novel recombinant human cardiac
myosin head domain (f-isoform) constructs. Chapter 3 will describe extensive kinetic
characterization of these constructs uncovered unexpected roles of intramolecular elec-
trostatic interactions for regulating cardiac myosin function. Chapter 4 will discuss rel-
evance of these results in the broader context of myosin regulation, and concludes with

a perspective on the promise of myosin regulation therapy in cardiovascular diseases.



CHAPTER 2: METHODS

2.1  Protein Preparation

The [-isoform construct of human cardiac myosin motor domain contains 1—843
residues and FLAG affinity tag at the C-terminus. Adenoviruses encoded with the
wild type and R594N, E45Q, D208Q:K450L, and 1303V:1313V myosin mutants were
purchased from Vector Biolabs (Malvern, PA), amplified using HEK293 cells (ATCC
CRL-1573), and purified using CsCl gradient centrifugation. Recombinant human car-
diac myosin was expressed in CoCy (ATCC CRL-1722) mouse myoblast cells. CyCo
cells were grown to a 95% confluence on 15 cm diameter plates and infected with the
optimum dosage of virus determined by a viral-titration assay. Cells were allowed to
differentiate post-infection and collected seven days post-infection to extract and purify
myosin. Collected cells were washed and lysed in the presence of a millimolar concen-
tration of ATP. The cell lysate was incubated with anti-FLAG magnetic beads (Sigma-
Aldrich, Milwaukee, WI). Beads were washed and myosin was eluted from the beads by
3x FLAG peptide (ApexBio, Houston, TX). Myosin purity was assessed by Coomassie-
stained SDS-polyacrylamide gels (Figure and protein concentration was determined
by measuring the absorbance at 280 nm using the extinction coefficient €sg9,,,, =93,170
M~tem™!, calculated using the ProtParam tool of ExPASy web server.

Rabbit skeletal myosin (full-length) and actin was prepared from rabbit leg and back
muscles [93]. Chymotryptic S1 was prepared as described [94], and dialyzed into experi-
mental buffer F-actin was labeled with pyrene iodoacetamide (Life Technologies Corpo-
ration, Grand Island, NY) with the molar ratio 6:1, label:actin. After labeling, actin was

cleaned from the excess of label, re-polymerized, stabilized with phalloidin at the molar



28

ratio of 1:1, and dialyzed for 2 days at T=4 °C against the experimental buffer. Con-
centration of unlabeled G-actin was determined spectrophotometrically assuming the
extinction coefficient €sgpnm=0.63 (mg/ml)~tem! [95]. Concentration of labeled G-actin
and labeling efficiency were determined spectroscopically using the following expressions:
|G-actin|= (Aagonm — (A344nm-0.127))/26,600 M~ and [pyrene|=Aszsnm /22,000 M1
[96]. Pyrene labeling efficiency of actin was usually about 70%. The experimental buffer
contained 20 mM MOPS (3-|N-morpholino|propanesulfonic acid) pH 7.3, 50 mM KCI,
3 mM MgCls total concentration. Since loggK 4 for MgATP is 4.29 [97|, where K 4 is
the association constant, 3 mM M gCl; chelated all ATP used in our experiments, since
used ATP concentration was 0.9 mM or less. We do not expect any measurable effect
from the K47p complex since the association constant for such a complex is three or-
ders of magnitude smaller than the constant for MgATP and CaATP [98]. All reported

concentrations are final concentrations.
2.2 Acquisition of fluorescent transients

In the ATP-induced actomyosin dissociation experiment, usually 0.5 uM actomyosin
was rapidly mixed with ATP solution of variable concentrations. In the ADP inhibition
of the ATP-induced actomyosin dissociation experiment, 0.5 uM actomyosin was rapidly
mixed with the premixed ATP and ADP solution. The concentration of ATP in solution
was 0.6 mM or 0.9 mM and the concentration of ADP varied from 20 to 200 pM.
Transient fluorescence of pyrene-labeled actin was measured with a Bio-Logic SFM300
stopped flow transient fluorimeter (Bio-Logic Science Instruments SAS, Claix, France),
equipped with an FC-15 cuvette (Figure . Usually, three syringes and two mixers

were used in an experiment.
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Figure 2.1: SDS-PAGE of the purified recombinant myosin head

*98 kDa human cardiac S1 co-purifes with murine ELC and RLC.

The continuous flow and the smallest inter mixer delay line (40 L) were usually used.
Myosin intrinsic fluorescence was excited by mercury-xenon lamp at 296 nm and detected
using a 320 nm cutoff filter. The pyrene fluorescence was excited at 365 nm and detected
using a 420 nm cutoff filter. Multiple transients were acquired and averaged to improve
the signal to noise ratio. 8000 points were acquired in each experiment. For cardiac
myosin, experiments were performed at T=20 °C, calcium and ficoll experiments were
performed at T=12 °C . Transient experiments were performed with myosin constructs

from at least three independent preparations.
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2.3 Analysis of fluorescence transients

The transients obtained in each experiment were fitted by the single exponential func-
tion S(t)=S, + Aexp(— kops-(t — to)), or the double exponential function S(t)=S, + A;
exp(— kops1 (t — to)) + Ag exp(— kops2 (t — to)). S(t) is the observed signal at the time t,
A; is the signal amplitude, ty is the time before the flow stops, and k. is the observed
rate constant. Transients, obtained for the same actomyosin preparation at different
concentrations of the nucleotide were fitted together, assuming the known value of tg,
measured in a separate experiment, and the constant value of Sy, which depends on the
concentration and labeling efficiency of pyrene-labeled actin in the actomyosin prepara-
tion. In the case of the double exponential global fit, we kept amplitudes of the transients
constrained, A, + Ay = const, to account for the conservation of mass. Transients of the
ATP induced actomyosin dissociation were fitted with the single exponential function
to determine the rate constant k.s. The dependence of the observed rates on the ATP
concentration was fitted by a hyperbola, v = V;,q2[ATP]/(Kqpp + [ATP)), allowing the
determination of the maximum rate, V;,., (the horizontal asymptote). In the case of
the ATP-induced actomyosin dissociation, the rate constant k,or is the Vj,., and the
equilibrium constant of the collision complex formation K7 is 1/K,y,. To determine the
bi-molecular rate (Kjrkior, Scheme in Figure 2.3), the dependence of the observed rates
on the ATP concentration was fitted by a straight line at small concentrations of ATP.
All data fits with an exponential function, hyperbola, and polynomial were performed
with Origin 8 (OriginLab Corp, Northampton MA). The statistical significance of results
was tested with ANOVA integrated into Origin 8 software. A significance level of P<.05
was used for all analyses. We also fitted the acquired transients to the time-dependent
numerical solution of differential equations corresponding to scheme in Figure [2.3| and
scheme in Figure 2.4l The equations are shown in the Appendix section. The numerical

solution was obtained using the built-in symbol NDSolve in Wolfram Mathematica. The
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solution was fitted to an acquired transient using the built-in symbol NMinimize by
minimizing the residual sum of squares. The scripts are shown in the Appendix section.
The goodness of the fit was assessed with the Pearson 2 test, x? was 98%-99% in all fits.
Representative fits of the experimental data are shown in the results section. The signal
intensity of transients was expressed in the units of actin concentration based on the
assumption that all actomyosin is dissociated at the end of the reaction. The assump-
tion is supported by our experimental observation that all transients of the same protein
preparation have the same final amplitude of pyrene fluorescence, indicating complete
dissociation of actomyosin at the end of the reaction. Transients obtained for the same
actomyosin preparation were fitted globally. Data of at least three biological replicates
were fitted, the obtained rate constants were averaged, and mean values and standard

deviations are reported.

k'l-'IT k‘l’ET
AM+TZ AMTZ A*+M-T
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Figure 2.3: ATP-induced actomyosin dissociation

A = pyrene-labeled actin, M = myosin, T = ATP, A* = actin with unquenched pyrene

fluorescence
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Figure 2.4: ATP-induced actomyosin dissociation, competitive inhibition with ADP

2.4  ATPase assays

Steady state basal and actin activated myosin ATPase activities were measured spec-
trophotometrically at T=12 °C in the buffer contained 20 mM MOPS pH 7.3, 50 mM
KCl, and 5 mM MgCly or CaCly, by mixing myosin or actomyosin with 5 mM MgATP
or CaATP, with 10% or no ficoll, and monitoring the liberation of inorganic phosphate,
as described previously [99]. Both myosin and F-actin were carefully washed before each
experiment to avoid any possibility of contamination by products of hydrolysis, phos-
phate and ADP. Myosin or actomyosin was mixed with ATP, and aliquots were collected
at equal time intervals and analyzed for phosphate in ammonium molybdate malachite
green colorimetric assay. The rate of basal myosin ATPase Vi, was determined as
the rate of phosphate production. To determine maximum velocity of the actomyosin
ATPase, the rates of myosin ATPase at different actin concentrations were fitted by the
hyperbolic equation v = Viusar + Vaetlactin]/(Kapp + [actin]), where v is the rate of the
ATPase in the presence of actin, horizontal asymptote, V,ue = Viasat + Vaet, is the rate of
myosin ATPase at infinite actin concentration. Normalized values for phosphate concen-
tration at different reaction times (basal ATPase) and reaction rates at different actin

concentrations (actin activated ATPase) obtained from experiments using several inde-
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pendent preparations of actin and myosin were averaged and mean values and standard
deviations were plotted and fitted with the line (basal ATPase) or with the hyperbola
(actin activated ATPase) using Origin 8 (OriginLab Corp., Northampton MA). Deter-
mined ATPase rates (the value and the standard error) are presented in results section

We did not account for F-actin ATPase activity since this is a slow process [100],

significantly inhibited by phalloidin [I0T].
2.5  Analysis of fluorescence transients- competitive inhibition reaction

Competitive inhibition of ATP-induced actomyosin dissociation by ADP was measured
with pyrene labeled actin complexed with myosin and incubated with ADP at various
concentrations, including [ADP|=0 pM. This solution was rapidly mixed with ATP, and
the transient fluorescence of pyrene-actin dissociated from myosin was measured. The
observed reaction rates were fitted globally to the equation kops = Vipao[AT P/ (K4(1 +
[ADP]/K;) + [ATP]) [102, 103, 61], with several common parameters: rate constant
Vinaz (k.5), the equilibrium constant of actomyosin.ATP collision complex dissociation
K,(1/K}), and K3, the equilibrium constant of ADP dissociation from actomyosin upon

chasing with ATP (Figure [2.5).

Step 1 Step 2 Step 3 Step 4 Step 5
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Figure 2.5: Actomyosin ATPase cycle reaction scheme
A actin, M myosin (M* and M** myosin states with increased intrinsic fluorescence,
fluorescence in M** state is higher), T ATP, D ADP, P phosphate. Asterisk indicates
reaction rate constants describing actomyosin kinetics. Highlighted strongly bound

actomyosin state. Boxed generally accepted pathway of actomyosin interaction.



CHAPTER 3: RESULTS

3.1  Dead time of the transient spectrophotometer

Transients are fitted with single exponential function. Intercept of fitted lines corre-
sponds to the time of the flow stop. Vertical dashed line shows the dead time of the
spectrophotometer, 2.6 ms (Figure . This calibration gives us information on the
parameter t( in the fitting equation S(t) = S, + Aexp(—keps(t —to)), and the time point

in the reaction kinetics, we should start the fit (12.6 ms in this case).
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Figure 3.1: Dead time of the transient spectrophotometer
* 100 puM of 8-hydroxyquinoline mixed with 5mM (Purple trace), 2.5mM (Violet
trace), ImM (Red trace), and OmM (Black trace) M gCly [104].
* All concentrations are final.

* Flow rate is 8 mL/s per syringe.
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3.2  ATP-induced actomyosin dissociation

ATP binds actomyosin in a two-step process (Figure . The first step is the rapid
equilibrium when strongly bound actomyosin forms a collision complex with ATP, and
kyr > kiop. Pyrene fluorescence does not change during this step. Upon isomerization of
the actomyosin-ATP collision complex, ATP binding results in irreversible dissociation of
actomyosin. In our experiments, the formation of the actomyosin complex (prepared by
mixing of expressed cardiac myosin constructs with the pyrene-labeled rabbit skeletal
actin) led to decreased pyrene fluorescence. This decrease was similar for all myosin
constructs, indicating strong binding of actin and expressed myosin constructs. When
prepared actomyosin is rapidly mixed with ATP, the time course of pyrene fluorescence
follows single exponential kinetics. The final amplitudes of all transients, obtained for
the same preparation of actomyosin, were the same for all used concentrations of ATP,
showing complete dissociation of actomyosin complex and confirming that the ATP-
induced dissociation is irreversible.

Figure [3.2] shows a fluorescence transient observed for the WT myosin at 20 °C when
0.5 uM actomyosin is mixed with 900 uM ATP in the stopped-flow fluorimeter (all
reported concentrations are in the final mixture, here and throughout the text). The
observed rate constants for the WT myosin and the mutants depend on ATP concen-
tration hyperbolically (Figure , the reaction rate constant k.7 and the association
constant of the collision complex Kjr can be determined from the fit to a hyperbola.
The second-order association rate constant (Kj7k o7) is determined at small concentra-
tions of ATP (Figure when the dependence of the reaction rate on ATP is linear
[102]. We determined all kinetic constants, shown in [2.3|in the fit of obtained transients

to the numerical solution of differential equations (Appendix A) (Table [3.1)).



37

Signal intensity, V

T .‘ . '_”-:iH
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Figure 3.2: ATP-induced actomyosin dissociation with and without ADP
* Actomyosin (0.5 pM) rapidly mixed with ATP (upper trace, black), or the mixture of
ATP and ADP (lower trace, blue).
* [ATP] = 900 uM in both cases [ADP]| = 200 uM when present in the mixture.
* Final pyrene fluorescence is the same, indicating complete actomyosin dissociation
regardless of the concentration of ADP used.

* Fitting curves (red) are single exponential function (upper trace, the actomyosin +
ATP experiment) and double exponential function (lower trace, the actomyosin +
(ATP + ADP) experiment).

* Dead time, measured in a separate experiment, constrains the fit (all fits intercept at
the mixing time in the bottom left corner).

* The vertical dashed line shows the time of the flow stop and the beginning of the fit.
* Meaningful kinetic traces lay on the right side of the dashed line. On the left, there

are flow artifacts.
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Figure 3.3: Rate of ATP induced actomyosin dissociation

* Black circles, WT, N = 3, red squares, R694N mutant, data from [62].

* N = 3 (the point at [ATP| = 600 uM, N = 1), blue triangles, E45(Q) mutant.
* Reaction rates fitted with a hyperbola.

* kior = 491.5 & 74.1571 for WT mutant.

* kior — 338.8 £47.857 ! for R694N mutant.

* kiop = 618.5 £ 75.357 ! for E45Q) mutant.

* Data points are mean & SD. N is the number of biological replicates.
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Figure 3.4: Second-order reaction rate of ATP induced actomyosin dissociation
* Observed reaction rates at low [ATP] are fitted by a straight line, the second-order
reaction rate constant is determined from the slope of the line.
* Black circles, WT, N = 3, K7k, opr = 2.124£0.21 uMts71.
* Red squares R694N mutant, N = 3, K 7k or = 1.85 4+ 0.03 pM ~ts!
* Blue triangles, E45Q mutant, N = 3, K7k o = 3.27 £ 0.31 uM ts71

* Data points are mean + SD. N is the number of biological replicates. Data from [62].
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We calculated constants Ky and Kirk o to compare with the constants obtained
in the fit of the transients to a single-exponential function, and the following fit to a
hyperbola and a straight line. We found a good agreement of the kinetic constants,
obtained by two fitting methods. Obtained in the fit to a hyperbola and in the fit to
the numerical solution of differential equations (Appendix A). There is no significant
differences observed for the equilibrium constant K7 between the WT and mutants.

The second-order association rate constant K7k o of E45Q mutant show a 1.5 times

higher rate compared to WT Table [I.1].
3.3  ADP dissociation from actomyosin

ADP has a high affinity to the WT human cardiac actomyosin. The equilibrium dis-
sociation constant of ADP is in the micromolar range [61) 62]. To measure the rate of
ADP dissociation from actomyosin we rapidly mix pyrene-labeled actomyosin with pre-
mixed ADP and ATP. In our experiments, we kept ATP concentration constant (near
saturation, but not saturated, 600 uM or 900 uM) and vary ADP concentration from
20 to 200 uM. Upon mixing, actomyosin can bind either ATP or ADP and form either
an actomyosin-ATP or actomyosin-ADP complex (Figure 2.4). ATP binding results in
actomyosin dissociation and increased pyrene fluorescence. ADP binding does not dis-
sociate actomyosin and therefore does not change the intensity of pyrene fluorescence.
If actomyosin, actomyosin-ATP, and actomyosin-ADP complexes are in rapid equilib-
rium, compared to the rate of ATP induced actomyosin dissociation, we should observe
a single-exponential increase of pyrene fluorescence, corresponding to the competitive in-
hibition of the ATP-induced actomyosin dissociation. At the saturated concentration of
ATP, there should be no ADP dependence on the rate of actomyosin dissociation [102].
In our experiments with the constructs of human cardiac myosin, we usually observe
the double-exponential kinetics of ATP-induced actomyosin dissociation in the presence

of ADP (Figure . Our observation of the double-exponential kinetics suggests that
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there is no rapid equilibrium in the mixture of actomyosin, ATP, and ADP on a timescale
of actomyosin dissociation. ADP readily binds actomyosin, and the rate of ADP dissoci-
ation from actomyosin is slower or comparable with the rate of ATP-induced actomyosin
dissociation. The range of ADP concentrations in this experiment was suggested by the
resolution of kinetic components of a transient. At small concentrations of ADP (|[ADP|
< 20 uM) we observed a single-exponential transient with the rate constant correspond-
ing to the rate of ATP-induced actomyosin dissociation. This observation shows that the
probability of ATP binding is higher due to a significantly higher concentration of ATP.
At large concentrations of ADP (JADP| > 200 uM) we observed a single-exponential
transient with the rate, slower than the rate of ATP-induced actomyosin dissociation.
This observation shows that at high concentration ADP preferentially binds actomyosin
instead of ATP, and the rate of ATP-induced actomyosin dissociation is modulated by
the rate of ADP binding, and, most likely, by several consecutive ADP bindings. The
rate of the fast component of the observed double-exponential kinetics does not depend
on ADP concentration. We conclude that there is no fast exchange between ADP and
actomyosin.ADP complex in the beta isoform actomyosin, wild type, and mutants. The
rate of the slow component of double-exponential transient depends on the concentra-
tion of ADP and reflects ADP binding to actomyosin, followed by ADP dissociation and
subsequent ATP binding, resulting in actomyosin dissociation. To determine the rate of
ADP binding to and ADP dissociation from actomyosin we fit the acquired transients
globally to the numerical solution of differential equations (Appendix A), corresponding
to Figure In the fit, we used the rate constants, previously determined for the ATP-
induced actomyosin dissociation reaction, and varied only the rates k,1p and k_1p. The
fit shows that ADP dissociates faster from actomyosin with mutant R694N and E45Q

mutants compared to WT.
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3.4  Rates of basal and actin-activated myosin CaATPase activity

Actin activation is defined as the increased rate of myosin ATPase activity in the
presence of actin. Our data show about 20-fold increase of actin activation of myosin
MgATPase activity (Figure . the rate of basal CaATPase is 50 times higher than the
rate of MgATPase (Figure . The value of actin activation (Viu4z/Viasar) of myosin
CaATPase is just two-fold, smaller than the value for MgATPase (20-fold).
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Figure 3.5: Steady state basal ATPase activity
* Basal myosin ATPase activity, [myosin| = 3.3 uM, [ATP| = 5 mM.
* Circles, MgATP, squares, CaATP. Linear fit.
* The data points are averages of N = 3 (Mg) and N = 4 (Ca) independent protein

preparations.
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Figure 3.6: Steady state actin-activated ATPase activity
* Steady state actin activated myosin ATPase activity, [myosin| = 0.8 uM, [ATP] = 5
mM.
* Circles, MgATP, squares, CaATP. Line, fit with a hyperbola,
Viasat + Vimazlactin] [ (Kqpp + [actin]).
* Inset, MgATPase. The data points are averages of N = 3 (Mg) and N = 2 (Ca)

independent protein preparations

3.5 CaATP promotes futile recovery stroke

The rate of ATP-induced myosin conformational change was measured using 0.5 uM
myosin S1 (here and throughout the text the concentration in the final mixture is given),
rapidly mixed with various concentrations of MeATP, where Me = Mg or Ca. Myosin
intrinsic fluorescence changes upon mixing with ATP. Observed transients were fitted
with one (Mg) or two (Ca) exponentials (Figure[3.7). Both metal cations sustain myosin

ATPase activity, showing the increase of M** population (myosin high fluorescence state)
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upon mixing myosin S1 with ATP. Maximum rate of myosin conformational change V..
is the same within experimental error for both cations (Figure [3.§8). Our data also show
that in the presence of CaATP, myosin reaches the M** state. However, the M** state
depopulates with the rate 0.994:0.08 s7!, and the equilibrium is established at the lower
level of myosin intrinsic fluorescence.

This behavior indicates that the equilibrium between the M** and M* states is shifted
towards the M* state in the presence of CaATP. The rate of depopulation of the M**
state does not depend on CaATP concentration. Therefore, the lifetime of the M**
state in myosin CaATPase is a constant value, which is shorter than the lifetime of the
M** state in myosin MgATPase. The rate of the M** state depopulation in myosin
CaATPase corresponds well to 1/V,,,, of the basal myosin CaATPase. We interpret
observed depopulation of M** state in the presence of calcium as faster Pi release,
followed by ADP release. Slow ADP release should result in deeper drop of myosin
intrinsic fluorescence in (Figure , not observed in our experiments. We exclude weak
CaATP binding to myosin in interpretation of observed transient kinetics, since CaATP
binds tighter to myosin than MgATP (K,pprg > Kappca, Table ), and observed
depopulation of M** state does not depend on ATP concentration. Myosin lifetime in
the M** state in the presence of calcium is long enough for myosin head to bind the thin

filament.
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Figure 3.7: Ca ATP promotes futile myosin stroke
* Myosin intrinsic fluorescence transients upon rapid mixing of myosin and ATP.
Myosin 0.5 pM, MeATP 10 pM.
* Me =Mg, red dots, experiment, and dashed line, single exponential fit.
* Me = Ca, blue dots, experiment, and solid line, double exponential fit.
* The second exponent in the case of CaATP does not depend on [CaATP], the rate is

0.99 +0.08 s*
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Figure 3.8: Rate of recovery stroke
* Kinetics of ATP binding and recovery stroke upon rapid mixing of myosin and ATP.
* Observed rate constants are fitted with a hyperbola.
* Vinae = 49.0 & 2.4 s71 for MgATP (circles, N = 3)
* Vipae = 51.4 4+ 2.3 s71 for CaATP (squares, N = 2)
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Figure 3.9: Second-order reaction rate of ATP induced actomyosin dissociation
ATP-induced actomyosin dissociation. Observed reaction rates at low [ATP] are fitted
by a straight line, the second order reaction rate constant is determined from the slope

of the line.
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3.6 Effect of ficoll micro-environment on myosin kinetics

We have used the wild-type rabbit skeletal myosin S1. Addition of 10% w/v ficoll
led to the faster rate of ATP induced actomyosin dissociation. The kinetics of ADP
dissociation from actomyosin is best fitted to the two-exponential function. One compo-
nent of the kinetics transient reflects ADP dissociation,which was slower than the rate of
ADP dissociation without ficoll in solution. Our data show that ADP binds actomyosin
stronger in the presence of ficoll. The rate of the second component of the transient

does not depend on the concentration of nucleotide in solution (Table [3.3).
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CHAPTER 4: Discussion

The work presented in this thesis has focused on gaining a deeper understanding of
the dynamics between electrostatic interactions within the myosin head domain and
its kinetic performance in vitro. I have described the development of four novels, hu-
man cardiac myosin (S-isoform) mutant constructs: R694N, E45Q, D208Q: K450L, and
1303V: I313V. These mutant constructs reconstitute the head domain (S1) of HC myosin
[-isoform with mutations induced by site-directed mutagenesis. These constructs were
leveraged to characterize the kinetic performance of HC myosin [S-isoform in wvitro. In
the next sections, I will discuss the implications of these findings for our understanding

of the regulation of HC myosin S-isoform.
4.1  Models for characterizing ADP dissociation from actomyosin

The results obtained with the competitive binding of ATP in the presence of ADP
assay described in this thesis highlight several key parameters namely, equilibrium dis-
sociation constant of ADP, ADP binding, and release from actomyosin. Data obtained
from this reaction can be analyzed using multiple schemes that explain the strong bind-
ing of ADP to actomyosin observed in our experiments. As described in the methods
section, by mixing pyrene-labeled actomyosin with premixed ADP and ATP, the rate of
ADP dissociation can be quantified.

Conventional models describe this reaction as a classic enzyme kinetics competitive
inhibition scheme (Figure 4.1). Increased intensity in pyrene-fluorescence is observed
when ATP binds to actomyosin and dissociates actin from myosin. The rate constants
for this reaction are described by the rate constants k17 and k 97. A parallel reaction,

ADP binding to actomyosin does not dissociate actomyosin, forms actomyosin.ADP



o2

complex (Figure . ATP-induced actomyosin dissociation in the presence of ADP is

correlated to the equilibrium rates of the two parallel reactions.

k—nT l"':+2T
AM+TZ AMTZ2 A*+M-T
K.t K.a7

=
D

K.1p ‘Nkﬂn

Figure 4.1: ATP induced actomyosin dissociation, competitive inhibition with ADP

The competitive inhibition model predicts a rapid equilibrium between actomyosin. ATP
and actomyosin. ADP complexes, relative to the rate of ATP-induced actomyosin dissoci-
ation [102]. Additionally, the competitive inhibition model, predicts a single exponential
fluorescence trace ATP-induced actomyosin dissociation in the presence of ADP. In our
experiments with human cardiac myosin constructs, we observe a double exponential
fluorescent trace corresponding to this reaction (see results section). The double ex-
ponential has two components, fast and slow. The fast component corresponds to the
ATP-induced actomyosin dissociation, whereas the slow component corresponds to ADP
binding to actomyosin, and thereafter delayed ATP-induced actomyosin dissociation.

While the competitive inhibition model is well-suited to explore the impact of ADP
on ATP-induced actomyosin dissociation, does not accurately explain the fast and slow
components of actomyosin.ATP and actomyosin. ADP interactions respectively. An out-
standing question is the role of ADP dependence on the fast component of actomyosin
dissociation. Our results indicate an absence of rapid equilibrium between actomyosin
and actomyosin.ADP complex. To our knowledge, this is the first demonstration that

human cardiac myosin follows double-exponential kinetics in the presence of ATP and
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ADP.

Several factors could account for the differing results observed. It would be interesting
to explain the observed kinetic behavior with an alternative model. Based on the sim-
ilarity in size and structure of ADP and ATP, we propose a two-step sequential model
for ATP-induced actomyosin dissociation, inhibited by ADP (Figure . The proposed
model follows parallel reactions similar to the competitive inhibition model (Figure .
In the first path, actomyosin interacts with ATP in two sequential steps and induces ac-
tomyosin dissociation. These steps are characterized by rate constants k, 17 and kyop.In
the second path, actomyosin interacts with ADP in two sequential steps similar to ac-
tomyosin. ATP interaction (Figure . Prior work has proposed a two-step sequential
actomyosin.ADP interactions in the ATPase cycle [103], 105}, 43, [50, 106].

KeiT Kozt

AM+T Z AMT 2 A*+M-T

o+ k.1 K.ar

D
Ki2L1o 4, k¥
(A-M.D),
1220 4, K®120
(A-M-D),

Figure 4.2: Two-step sequential model for ATP induced actomyosin dissociation, com-
petitive inhibition with ADP

Although our data do not support this model, it may enable more extensive, character-
ization of mutant constructs, change population states between consecutive states of ac-
tomyosin. ADP, proposed in the two-step sequential model (Figure 4.2). Two mechanisms
to explain the actomyosin.ADP interaction could be envisioned. First, the competitive
inhibition model (Figure , characterizes diffusion-controlled actomyosin. ADP inter-

action step by kinetic parameters k_1p and k,1p. Absence of rapid equilibrium between
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actomyosin, actomyosin.ATP, and actomyosin.ADP dictates k_1p <k_,o7. Second, the
two-step sequential model characterizes two actomyosin.ADP states: (A.M.D); and
(A.M.D), (Figure [1.2). To satisfy the condition of rapid equilibrium observed in the
data obtained, the rate k:(_gl) p should be larger than k:(_ll) p but smaller than kELll)T A subset
of myosin heads populated in (A.M.D); and (A.M.D), states, can be determined by the
dissociation constants 1/ K% and 1/ K 8)) respectively [107]. It remains to be determined
whether the overall charge of the nucleotide-binding site on myosin plays a role in the

observed difference in rates of ATP and ADP binding to actomyosin.

4.2  Potential for regulating myosin by disrupting electrostatic interactions on the

head domain
4.2.1  Timing of the strongly bound state

The mutants R694N and E45Q show a faster rate of ADP dissociation from actomyosin
, and therefore, shorter duration of the strongly bound actomyosin state, t;. The timing
of the strongly bound state depends on how fast actomyosin exits the state, ts = 1/k op+
1/k_1p, where ko7 is the rate of ATP-induced actomyosin dissociation, and k_1p is the
rate of ADP dissociation from actomyosin. For the WT (- isoform human cardiac myosin
ts = 7.5 + 1.3 ms, for the R694N mutant ts = 3.5 £+ 0.5 ms, 47% shorter. Mutation
E45Q, disrupting the isoform-specific salt bridge R694:E45, which is responsible for the
electrostatic interactions between SH2 helix and SH3-like domain of the myosin head,
also leads to the shorter timing of the strongly bound state of actomyosin, ts = 4.94+0.8
ms. Structural details of such regulation of myosin kinetics are yet to be determined. If
in the WT and the E45Q constructs the rate k_;p of ADP dissociation from actomyosin
is slower than the rate k97 of ATP-induced actomyosin dissociation, and therefore, the
time of ADP release governs the time of the strongly bound state of actomyosin. In the
R694N construct, the rate k1p of ADP release from actomyosin statistically equal to the

rate k,or of ATP-induced actomyosin dissociation, then the time of the strongly bound
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state is determined by two of these processes.
4.2.2  Equilibrium States of cardiac myosin active state

The hyperbolic dependence of ATP-induced actomyosin dissociation indicates that
ATP binds actomyosin in two steps, first forming the collision actomyosin-ATP com-
plex, which is in rapid equilibrium with ATP and actomyosin, and then binding acto-
myosin practically irreversibly, causing actomyosin dissociation. All mutants and the
WT myosin construct exhibit that hyperbolic dependence. Our fits show that the rate
of the collision complex formation k17 is slower than the rate of the diffusion-controlled
bi-molecular reaction for both mutants and the WT actomyosin. This can be interpreted
as if the active site is not open all the time and is in equilibrium between the open and
closed states. It is interesting to mention that our fits give the rate of the collision com-
plex dissociation kir of the same order of magnitude that the rate of the ATP-induced
actomyosin dissociation k,or. Knowing the rate of the collision complex dissociation,

one can determine the half-lifetime of the collision complex as t1/, = In(2)/k_17.
4.2.3  Charge dependent kinetics of cardiac myosin

Our fits for R694N and E45Q mutants, show that ADP binds actomyosin faster than
ATP, possibly reflecting the difference in charge of these molecules. At pH 7 and higher,
both MgADP and MgATP are ionized [108], and the total charge of MgADP and MgATP
is (—1le), and (—2e) accordingly. This charge dependence of the kinetics of nucleotide
binding may indicate an overall negative charge of the myosin active site, and therefore

electrostatic repulsion when nucleotide binds actomyosin.
4.3  Myosin micro-environment and its regulation

In a functional muscle, the contractile unit sarcomere hosts myosin motors, that con-
vert chemical energy to mechanical work. The micro-environment of myosin plays an

instrumental role in shaping force generation. Our present study using the rabbit skele-
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tal myosin model reveals that calcium ion concentration and macromolecular crowding
regulates the individual steps in the myosin ATPase cycle. Work from our laboratory
has deepened the understanding of the myosin regulation process by extending these
findings from rabbit skeletal myosin models to other myosins including cardiac myosin.

Previous PFG NMR results show that the rate of ATP binding to actomyosin is similar
to a diffusion-controlled reaction [I09]. Additionally, studies on myosin.Ca.ADP and
myosin.Mg.ADP binding to actin show similar rates [I10]. In this thesis, we demonstrate
that basal ATPase and actin-activated ATPase rates for CaATP are higher compared
to Mg.ATP (see results section). It should be noted that the first-order binding rate
of CaATP is higher relative to MgATP. A tighter binding of CaATP to myosin is also
observed compared to the MgATP binding to myosin. Taking these factors into account,
we can predict that under physiological conditions, in sarcoplasm, where Magnesium
concentration is much higher than calcium concentration, the majority of myosin heads
(up to 90 %) bind to Mg.ATP and orchestrate muscle contraction. But during MH, with
elevated calcium levels, a fraction of myosin heads (up to 34 %), bind to CaATP [IT1].

Under physiological conditions, intracellular calcium levels are relatively low compared
to magnesium concentration. ATP binds Ca™ and M¢™? with similar affinity. During
malignant hypothermia (MH) conditions, cellular homeostasis is disrupted, leading to
elevated intracellular, more specifically, myoplasm calcium levels. Three times higher
intracellular calcium levels are observed in patients suffering from MH [88]. Several
factors contribute to the observed elevated levels of myoplasm calcium concentration
in MH patients. The elevated temperatures during MH, relative to normal physiologi-
cal temperature, may alter the permeability of the sarcoplasmic reticulum (SR) [112].
Thermogenesis is hypothesized to be a consequence of upregulated MgATP consumption
by myosin heads in the muscle cells, which is in turn caused by troponin upregulation,
and by SERCA pumping excess calcium into the SR. The experiments described in this

thesis (Methods section) establish a molecular mechanism for muscle rigidity observed
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during MH.

Our observation described in this thesis, suggests that myosin and actomyosin kinetics
in the presence of calcium show that myosin undergoes a futile recovery stroke with
CaATP (see results section). It should be noted that basal myosin CaATPase activity
is 50 times faster than MgATPase. Consistent with the prediction that during MH,
increase sarcoplasm calcium levels, lead to elevated temperatures (thermogenesis); we
hypothesize that futile myosin recovery stroke in the presence of Ca.ATP might be one
of the reasons for excessive ATP consumption, which ultimately leads to the observed
thermogenesis.

We have used macromolecular crowding agent Ficoll PM 70 to mimic the intracellular
environment and study the effect of crowding on the kinetics of actomyosin dissociation
and ADP release. Our previous studies of the heavily mutated D. discoideum myosin S1
construct showed that the effect of macromolecular crowding results in a more compact
state of the myosin head. In agreement with the excluded volume theory, ficoll increased
the rate of ATP induced actomyosin dissociation. Observed results can be interpreted
as the kinetics of myosin conformational change, leading to the opening of the active
site for nucleotide to bind. We infer that macromolecular crowding not only increases
the chemical potential of solutes, but affects protein structural state due to change in

the osmotic pressure.

4.4  Random mutagenesis of myosin constructs offer unique insights into human

cardiac myosin isoforms differences

The electrostatic interaction disruption-based myosin regulation described in this the-
sis enabled elucidation of protein engineering mechanisms to understand the biochem-
istry of cardiac myosin function. Exploration of inter-residue electrostatic interactions
gave rise to knowledge on the structural transition states of the cardiac myosin ATPase

cycle. Inter-residue interactions vary dramatically in origin and their impact on regu-
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lating cardiac myosin function. Electrostatics and dispersion are physical forces on an

inter-atomic scale. Dispersion is a short-range force (r=°

range) and electrostatic force
between charged residues is a long-range force (r—2 range).

Site-directed mutagenesis is a traditional molecular tool developed to engineer macro-
molecules including proteins and understand the role of submolecular elements within
the proteins. The research field of myosin motor protein, relied on mutagenesis-based
investigation methods for over five decades, to identify the functions of submolecular el-
ements within a spectrum of myosin motor protein classes. In the introduction section,
I described the rationale for the choice of proposed cardiac myosin mutant constructs.
We demonstrated the importance of electrostatic interactions between charged residues
of the structural elements within the myosin head domain, responsible for its in vivo
and in vitro kinetics. Here, I will briefly discuss, a random mutagenesis strategy, that
may assist in understanding the structural and functional differences between the two
human cardiac myosin isoforms.

Sequence alignment studies of human cardiac myosin isoforms resulted in 80 differ-
ences between the two isoforms, out of which, 40 conserved differences were found in the
motor domain[61]. These differences are distributed homogeneously across the motor
domain. RLC and residues with direct nucleotide contact show no sequence changes
[61]. Surface loops (see introduction section) well known for their variability contain dif-
ferences and are known for their modulation of myosin motor properties [63], 1T3]. Loop
1 and Loop 2 modulate the interaction of myosin with actin and nucleotide respectively.
Unfortunately, only available studies are on mouse cardiac muscle isoforms consisting
of chimeras of Loop 1 and 2, which showed very few changes in the behavior of myosin
[114]. This demands a search for other sites on the motor domain, which explain the
behavior difference between the two isoforms.

A random mutagenesis study could be performed instead of a site-directed approach

on [-isoform to fish out the hidden site differences between the two isoforms, which
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contribute to their respective kinetic behavior. Some of these mutations may potentially
convert its kinetic performance similar to a-isoform. Identifying the structural changes
induced in the mutant isoforms that potentially mimic a-isoform kinetics helps us in
understanding the structural differences between the two isoforms that contribute to
their kinetic differences. Therefore, random mutagenesis serves as a tool (a) To fill
the gap in the literature knowledge about the sites that contribute to the structural
differences between two isoforms and (b) May create potential S-isoform mutants with
accelerated kinetic performance.

The Discovery of a potential small molecule inhibitor that assists [-isoform mimic
a-isoform kinetics may induce intramolecular conformational changes during the myosin
ATPase cycle. Additional crystal studies on drugs along with g-isoform could deduce
the induced structural changes within the molecule. Identification of the chemical struc-
ture of the drug and the motif of the protein it is interacting with will pave way for
synthesizing the truncated small molecule that interacts with cardiac myosin and alter

its kinetics in vivo.
4.5  The future of therapeutic development targeting myosin regulation

Although traditional drugs/therapeutics used for treating cardiovascular diseases like
Heart failure and Cardiomyopathies, targeted the regulation of intracellular calcium lev-
els, they resulted in severe side effects. Complete loss or weakened cardiac contractility
is a hallmark in these pathological conditions. Clinical studies on these drugs demon-
strated their ability to improve contractility. But this is achieved with some terrible
consequences. Increased intracellular calcium ion concentration, enhances myocardial
oxygen consumption, which triggers an elevated heart rate that ultimately leads to ar-
rhythmia and ischemia.

Recent advances in our understanding of the molecular mechanisms of these illnesses

have overturned the way therapeutics are designed. Small-molecule modulators of car-
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diac myosin being developed to directly interact with cardiac myosin heads within the
muscle cell sarcomere and thereby regulate its performance in vivo. These therapeutics
are categorized under a class of drugs known as sarcomere-activating drugs. Mava-
camten, Omecamtiv Mecarbil, and Levoismenden are few drugs that illustrate the effi-
cacy of this novel strategy. Furthermore, clinical trial studies on these drugs reveal that
they can directly activate cardiac myosin in vivo and enhance its performance [115] [116].
Unfortunately, further studies need to be carried out on the activation and inhibition of
myosin activity in vivo.

Researchers in the field traditionally followed a top-down approach (high throughput
assays) to isolate small-molecules therapeutics that can bind to myosin and regulate its
kinetic performance and force-generating capability. A theme that emerges from this
thesis is that further clinical development can be driven by novel biochemical insights
made on the electrostatic network of myosin head domain, a bottom-up approach. To
this end, we have developed and characterized novel cardiac myosin mutant constructs
engineered to alter its normal behavior.

Although many facets of the electrostatic network in the myosin motor domain re-
main to be explored, our in vitro studies reinforce that the biochemistry of the myosin
microenvironment dictates its activity that could be radically different in vivo compared
to dilute solution studies performed in vitro. Our studies can guide the rational design
of novel therapeutic strategies in treating cardiovascular diseases. It might be possible
to maintain chronic myosin activity in pathophysiological conditions without causing
debilitating side effects. A deeper understanding of the structural and functional differ-
ences between both the cardiac myosin isoforms will enable the application of clinical
strategies with increased sophistication. I am hopeful that armed with these biochemical
insights, we can improve the lives of cardiovascular diseased patients with novel curative

therapeutics.
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APPENDIX A: DIFFERENTIAL EQUATIONS

Differential equations corresponding to the reaction shown in Figure [2.3]

1. dAM/dt— k17 AMT + k_1p AMT
2. dAMT/dt— ki AMT — k_yp AMT — kyor AMT+ k_yr AMT
3. AMT/dt = kyor AMT — k_or AMT

4. dAJdt = kyor AMT — k_yp AMT
Differential equations corresponding to the reaction shown in Figure [2.4]

1. dAM/dt = —k 1,7 AMT + k7 AMT — kiypAMD + k_,pAM D
2. dAMT/dt = ks AMT — (k_1p + kypor)AMT + k_op AMT

3. dA/dt = kyor AMT — k_op AMT

4. dMT/dt = kyop AMT — k_or AMT

5. dAMD/dt =k 1pAMD — k_1pAMD

6. dD/dt = —ky1pAMD + k_1pAMD

7
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Differential equations were solved numerically using Wolfram Mathematica built-in
symbol NDSolve. The solution was fitted to the experimental data using the built-
in symbol NMinimize, which searches for a global minimum. Maximum number of
iterations was usually set to 100. If minimization was not completed, maximum 200
iterations were used. We first fitted transients from the experiment with [ADP] =
0 (Figure to determine reaction rate constants kyip, k_17, kiop, k_op. Transients
obtained from the same myosin construct preparation were fitted globally. We used
obtained reaction rate constants in the fit of transients, obtained in experiments with
[ADP| = 0. All transients obtained in reactions using myosin from the same preparation
were fitted globally for all used ADP concentrations. Reaction rate constants determined
from the fits for different preparations of the same myosin construct were averaged and

reported as mean =+ standard deviation.
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APPENDIX B: COLLISION COMPLEX FORMATION ANALYSIS OF
ACTOMYOSIN-ATP

In the ATP-induced actomyosin dissociation experiment, hyperbolic fit of actomyosin
dissociation rates at different ATP concentration produces constant K,,, = 1/K;, where
K, is the equilibrium association constant formation of collision actomyosinA-ATP com-
plex. We used determined constants K for actomyosin and MgATP and CaATP and cal-
culated the concentration of collision actomyosin-ATP complex, using following deriva-
tion.

[AM]y = [AM] + [AMT], where [AM], is the initial concentration of actomyosin,
[AM] and [AMAT] are concentrations of actomyosin and actomyosin-ATP complex in
mixture, [T]y = [T] + [AMT], where [T], is the initial concentration of ATP, [T| and
[AMT)] are concentrations of ATP and actomyosin-ATP complex in mixture, K,,, =
([AM][T])/[AMT)], where K,,, is the dissociation constant of the collision actomyosin-
ATP complex, 1/K;. Then, K,,, = (([AM]y — [AMT])([T)o — [AMT)))/[AMT], this
equation is rearranged into the quadratic equation [AMT]* — [AMT]([AM]o + [T]o +
Kopp) + [AM|o[T]o = 0, with a meaningful solution

[AMT] = ([AM]o + [Tlo + Kapp)y/ ([AM]o + [To + Kopp)? — 4[AM]o[T]o)) /2.
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