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Abstract 

 

Purpose:  Heart failure (HF) affects approximately 5.1 million people in the United States and is 

treated with a variety of drugs, many of which have long-term side effects such as cardiac 

arrhythmias.  Due to a high mortality rate, it is important to find a drug that is more efficient 

and safe for long-term use.  The small molecule cardiac myosin activator drug, omecamtiv 

mecarbil (OM), has been proposed as an effective treatment of heart failure.  In this study we 

investigate the effects OM has on the interaction of actin and myosin.   

Methods:  Recombinant myosin was expressed in a C2C12 expression system which was 

compared to myosin purified from human heart tissue provided by The University of Kentucky 

Biobank.  We performed, in vitro motility and ATPase assays with and without OM to 

investigate the mechanisms of action of this drug.  In vitro motility was obtained using 

fluorescent microscopy after fixing myosin to the surface of a microscope slide and inserting 

fluorescently labeled actin to create interaction with the surface attached myosin.  The velocity, 

myosin density dependence, and actin filament length dependence were examined.  ATPase 

assays were performed by examining actin-activated ATPase in the presence and absence of 

OM.  The maximum ATPase rate (Kcat) and actin concentration at which the ATPase activity is ½ 

the maximum (KATPase) were obtained by plotting the ATPase activity as a function of actin 

concentration. 

Results:  ATPase assays showed there was a 6-fold decrease in the actin-activated ATPase rate.  

In vitro motility showed a 100-fold decrease in filament velocity and a small difference in length 

dependence with and without OM.  Density dependence demonstrated that in the absence of 



iv 
 

OM, velocity increased as the density of myosin was increased while the trend was the opposite 

in the presence of OM.  Lastly, purified myosin from human heart tissue showed little 

movement in the absence of OM (3% filaments moving).  However, the presence of OM 

dramatically increased the percentage of filaments moving (93%).  

Conclusion:  Based on our results, OM increased myosin’s affinity for actin; however it remains 

unclear what the mechanism is behind the decrease in velocity in the in vitro motility assay.  

The decrease in sliding filament velocity may be detrimental to heart function and thus a 

therapeutic dose may need to be carefully chosen.  Although the changes in the specific steps 

of the myosin ATP cycle are unclear, the enhanced interaction with actin in the presence of OM 

may increase force production in cardiac muscle.   
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Chapter 1: Introduction 

1.1 Epidemiology of Heart Failure 

1.1.1   Prevalence of Heart Failure 

Heart failure (HF) is a chronic, progressive condition in which the heart muscle is unable 

to pump enough blood to meet the body's needs for nutrients and oxygen.  Failure of the heart 

can also be thought of as a problem with lack of efficiency.  Systolic heart failure is a condition 

when the left ventricle muscle cannot efficiently pump blood out of the heart.  Diastolic heart 

failure has been identified as one of the possible causes of systolic heart failure by 

characteristically failing to fill the heart up with blood (American Heart Association, 2015).  Both 

systolic and diastolic heart failure yield the heart unable to keep up with the work load which 

results in the heart trying to overcompensate by remodeling.   

According to the CDC, 5.1 million people in America are affected by heart failure 

(National Center for Chronic Disease Prevention and Health Promotion, 2015).  Additionally, an 

estimated 400,000 to 700,000 new cases of heart failure are diagnosed each year.  Patients 

experience a buildup of blood and fluid in the lungs, fluid in lower extremities (edema) and 

tiredness with shortness of breath as a result of the heart’s inefficiency to pump blood (Heart 

Failure Society of America Inc., 2015). The total number of inpatient cardiovascular operations 

and procedures increased 28%, from 5,939,000 in 2000 to 7,588,000 in 2010 (Mozaffarian et al., 

2013).  Though most of these hospitalizations were individuals ages 65 and over, the portion of 
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hospitalizations for those under age 65 increased from 23% to 29% over this time period 

(National Center for Chronic Disease Prevention and Health Promotion, 2015).     

 

1.1.2   Costs and Outcomes Associated with Heart Failure 

 According to the CDC, one in 9 deaths in 2009 included heart failure as a contributing 

cause while about half of the people who develop heart failure die within 5 years of diagnosis 

(National Center for Chronic Disease Prevention and Health Promotion, 2015).  This prognosis is 

worse than many of the most common cancer diagnoses (Stewart et al., 2001).  Immediate 

outcomes require a drastic lifestyle change which includes diet maintenance, moderation of 

physical exertion and administration of daily medications. In the United States, the annual cost 

of heart failure in 2010 was estimated to be $39.2 billion or approximately 2% of the total US 

health-care budget. The cost per patient diagnosed with heart failure is associated with annual 

costs of approximately $8500 according to data from the National Heart and Lung Institute 

cardiovascular health study (Braunschweig, 2011).  These estimates are hypothesized to be 

somewhat low because the annual costs per patient is only evaluated by the National Heart and 

Lung Institute if the primary diagnosis or cause of death is Heart Failure.      

 Heart failure is considered an epidemic condition that is expected to grow exponentially 

assuming that more effective treatments are not found.  The American Heart Association 

forecasts that by 2030, greater than 8 million people in the United States (1 in every 33) will 

develop heart failure.  Between 2012 and 2030, the total direct medical costs of heart failure 

are projected to increase from $21 billion to $53 billion, and the total costs including indirect 
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costs for heart failure, are estimated to increase from $31 billion in 2012 to $70 billion in 2030 

(Heidenreich et al., 2013).  

 

1.1.3   Causes of Heart Failure  

 One of the main causes of heart failure is coronary heart disease.  This condition is the 

most common cause of death in the general population and is characterized by atherosclerosis, 

plaque buildup in the arteries that supply blood to the heart (Mann, 2011).  In coronary artery 

disease the plaques prevent adequate blood flow and result in ischemia to the surrounding 

cardiac muscle tissue. This will then lead to cardiac muscle cell death which will affect 

contractile function.  The reduction in functional cardiac muscle can lead to a reduced cardiac 

output as a result of contractile changes within the heart. 

 Additionally, genetic disorders can play an important role in the development of 

contractile abnormalities which lead to heart failure and/or cardiomyopathies.  Genetic 

mutations in many of the contractile proteins of the heart can contribute to the various 

pathologies of HF by altering the structure and function of the contractile proteins.  The genes 

causing different types of cardiomyopathy overlap to a large extent, and mutations in the same 

gene may exert opposite functional effects. It is unknown how variations in a single gene 

generates different cardiomyopathic phenotypes; however, current hypotheses under 

investigation include transcriptional regulation, RNA turnover, gene modification and 

environmental influences (Yang et al., 2015).   
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There are three major types of inherited cardiomyopathies which include hypertrophic 

cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right ventricular 

cardiomyopathy (ARVC).   Arrhythmogenic right ventricular cardiomyopathies are characterized 

by the replacement of muscle tissue with scar and fat tissue as a result of injury to the 

myocardium and can be characterized as biventricular or left dominant conditions.  

Hypertrophic cardiomyopathies are identified by their thick muscular walls (myocardium) which 

diminish space in the chamber of the left ventricle.  Dilated cardiomyopathies differ from 

hypertrophic cardiomyopathies because they are characterized by thin myocardial walls and 

therefore have enlarged chambers (Spudich, 2014). Currently, there are more than 40 gene 

mutations that have been implicated in the development of DCM.  The majority of 

cardiomyopathies are inherited, autosomal dominant, gene mutations (Garcia-Pavia et al., 

2013).  More specifically, there have been over 250 different genetic mutations identified that 

are responsible for cardiomyopathy development in β-cardiac myosin alone (Aksel, 2015).           

Hypertrophic is the most common cardiomyopathy seen in heart failure patients, 

affecting approximately 1 in 500 people, and is thought to be caused by compensatory 

remodeling of the heart (Spudich, 2014).  Because of the increase in heart muscle and 

extracellular matrix, the heart becomes stiffer which leads to the requirement of higher blood 

pressure within the chamber to contract the ventricle.  Hypertrophic cardiomyopathies can be 

developed by inheritance of mutated genes which myofilament proteins of the sarcomere, Z-

disc proteins, Ca2+-handling proteins, and other proteins related to the sarcomere (Garcia-

Pavia et al., 2013).  Hypertrophic cardiomyopathies are difficult to diagnose early due to mild 
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symptoms and the inability to visualize heart remodeling in early stages of heart failure 

(McKenna & Elliot, 2014).   

 

1.2 Anatomy of the Heart 

1.2.1 Heart Chambers 

Although the heart starts off as a single tube in the early prenatal stages of human life, it 

develops multiple chambers as the embryo develops.  In general, the heart can be pictured as a 

pair of valved muscular pumps combined in a single organ separated into “right” and “left” 

hearts.  Built within the two pumps, there are four chambers consisting of left and right atria 

and left and right ventricles.  The two atria receive venous blood and use weak contractile 

forces to fill the ventricles.  The ventricles use heavy expulsive contractions to force blood into 

the main arterial trunks which soon after is sent systemically (Standring, 2008).   

The “right” heart is composed of the right atrium which receives venous blood from the 

superior and inferior vena cava along with the main venous inflow from the heart itself via the 

right coronary sinus.  The venous blood continues to travel through the atrioventricular orifice 

by passing through the tricuspid valve into the right ventricle.  The blood is next ejected into 

the pulmonary trunk to enter the lungs where it is oxygenated.  The “left” heart is composed of 

the left atrium which receives all of the pulmonary inflow of oxygenated blood as well as a 

small amount coronary venous blood.  Similarly to the right atrium, the left atrium contracts to 

push the blood through the mitral valve (Standring, 2008).  The left ventricle is positioned in 

anterior to the left atrium in which blood flows in towards its apex (Rosse, 1997).  Upon 
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contraction of the left ventricle, pressure builds closing the mitral valve to prevent backflow, 

propelling blood to the aortic sinuses and the ascending aorta.  At this point, the blood is 

distributed to the systemic circulation (Standring, 2008).   

 

 

Figure 1.  Schematic of the Heart.  The chambers of the heart are shown, as well as the valves in which blood travels through to 

enter a new chamber, get oxygenated in the lungs and provide oxygen to the rest of the body (Mayo Foundation for Medical 

Education and Research, 2015).  
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The heart wall is called the pericardium and consists of 3 layers which include the 

epicardium, myocardium and endocardium.  The epicardium is the outermost layer of the 

pericardium and has a purpose of encasing and protecting the heart.  The epicardium allows for 

strong structural support composed of three membranous layers that encapsulate the heart.  

The first and outermost layer is called the fibrous pericardium and ensures stability of the heart 

when a person is running or jumping using support from the sternum and diaphragm.   The 

middle layer is used to produce serous fluid to decrease friction against other structures in the 

body as the heart pumps.  Lastly, the visceral pericardium is another serous producing tissue 

that is the inner most layer of the epicardium (Standring, 2008). Together, these layers fuse to 

form a space around the heart called the pericardial cavity.  The myocardium is the actual heart 

muscle that is arranged in indistinct bundles that attach to heavy fibrous connective tissue that 

acts as the skeleton of the heart.  The fibrous skeleton of the heart helps separate the muscles 

of the atria from the ventricles (Rosse, 1997).  Lastly the endocardium is the innermost layer of 

the heart and is in contact with lumen of the heart and with the blood that enters the chambers 

(Milgrom-Hoffman et al., 2011). 

 

1.2.2 Measuring Heart Function 

The heart pumps approximately 5 liters of blood per minute at rest which can increase 

with an increase in exertion to about 21 liters and up to 35 liters depending on the fitness levels 

of an individual (Boron, 2005).  It is advantageous to be able to measure the function of the 

heart by determining cardiac output.  Other measurements include left ventricular end-diastolic 
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volume, left ventricular end-systolic volume, stroke volume and systolic ejection time.  These 

measurements are typically used for research on left ventricular function and can provide an 

assessment of overall heart function.  Diastolic contraction is the relaxation of the heart muscle 

which allows for the filling of the blood while systolic contraction is the contraction of the heart 

muscle which allows for the perfusion of blood to the rest of the body.  During these 

contractions different measurements are acquired such as left ventricular end-systolic volume 

(ESV) which is the volume of blood in a ventricle at the end of systole. In contrast, left 

ventricular end-diastolic volume is the measurement of blood in the left ventricle at the end of 

diastole.  Stroke volume (SV) is the volume of blood pumped from the left ventricle of the heart 

per beat. Lastly, systolic ejection time is the amount of time the ventricles spend in systole per 

minute (Cleland et al., 2011).  

 

1.2.3 Myocardium Structure 

Each muscle cell contains myofibrils that have repeating units called sarcomeres that 

consist of many smaller convoluted filaments called myofilaments.  There are two types of 

myofilaments, myosin (thick filaments) and actin (thin filaments).  Thin filaments consist of 

actin, tropomyosin, and troponin.  Thick filaments in the myocardium are made up of 

polymerized myosin II proteins, each of these proteins having a total molecular weight of 

approximately 500 kD (Taylor, 1993).   In cardiac muscle, sarcomeres are highly organized which 

give the tissue a characteristic of being striated, similar to skeletal muscle (Boron & Boulpaep, 

2005).    
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Myosin II consists of a dimer of two heavy chains and two light chains associated with 

each heavy chain.  Each myosin heavy chain weighs approximately 220 kD and contains a 

globular head domain which makes up the N-terminal domain and a C-terminal coiled-coil 

domain referred to as the tail.  The tail allows dimerization and filament formation and contains 

a hinge which connects the tail to the head domain (Taylor, 1993).  The globular N-terminal 

domain (S1 region) has a molecular weight of approximately 95 kD and contains the actin 

binding site and active site where ATP is hydrolyzed.  S1 can be broken into three regions, a 25 

kD NH2-terminal region, a 50 kD central region and a 20 kD C-terminal region (Taylor, 1993).  

The essential and regulatory light chains (20 kD) bind to the light chain binding domain and can 

modulate ATPase activity in some myosins (Boron & Boulpaep, 2005).       

 

 

Figure 2.  Diagram Demonstrating the Different Regions of Myosin II.  The Myosin II is a component of myofibrils in skeletal, 

smooth and cardiac tissue.  Lastly, the binding capabilities of this myosin allows for sliding filament theory capabilities (Chi, 

2014).  

Thin filaments are approximately 5 to 8 nm in diameter where they project from a dense 

disk known as the Z-disk which is perpendicular to the axis of the muscle fiber.  The Z-disks 
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tether thin filaments of a single myofibril together and each myofibril to a neighboring 

myofibril.  Thick filaments, however, are approximately 10 nm in diameter and they lie between 

thin filaments.  Thick and thin filaments interdigitate resulting in the striated appearance.   The 

light bands are thin filaments that do not overlap with thick filaments and are called I bands.  

The Z-disk can be seen as a dark perpendicular filament at the center of the isotropic band (I-

bands).  Additionally, the dark bands are the myosin filaments that overlap with the thin 

filaments to generate the anisotropic bands (A-bands) (Boron, 2005).  Unlike the Z-disk being 

perpendicular and in the center of the I-band, the A-band has a less dense center which is 

identified as the H-zone.  Titin, the largest of the cytoskeletal proteins in the muscular 

structure, traverses from the z-disk to the bare zone of myosin, region in the center of the thick 

filament that contains no crossbridges, where it is rigidly bound.  Additionally, titin is 

responsible for regulating the passive elasticity of the sarcomere and stabilizing the A-band to 

the center of the sarcomere (Bagshaw, 1993). 

 

1.2.4 Sliding Filament Theory 

The sliding filament theory shows that A-bands, which contain thick filaments, do not 

change length during muscle contraction.  In contrast to A-bands, I-bands diminish during 

contraction because the overlap between the filaments increases as the sarcomere shortens.  

H.E. Huxley and Hanson demonstrated in 1954, that when isolated myofibrils were induced to 

contract by adding ATP, the I-band and H-zone shortened in unison (Huxley, 1954).  Electron 

microscopy has demonstrated connections between the thick and thin filaments called 
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crossbridges.  When examining the thick and thin filaments in a relaxed state, the crossbridges 

were not distinct but were found to originate from the thick filaments (Bagshaw, 1993).  The 

actin filaments are tethered by Z-discs and during contraction the sarcomere shortening occurs 

by bringing the Z-discs closer together (Figure 3).  The sliding filament theory states that myosin 

molecules drive the sliding of actin past myosin generating muscle tension and shortening 

(Krans, 2010). 

 

 

Figure 3.  Diagram of Striated muscle.  The anatomy of a sarcomere is composed of myofilaments that are found within 

myofibrils.  The thick filaments (myosin) and thin filaments (actin) overlap which is important for the sliding filament theory 

(Cumming, 2001). 
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1.2.5 Actin/Myosin Interaction 

At the molecular level, actin and myosin interact when the calcium released into the 

cytoplasm of the cell binds to troponin C, a regulatory protein component of the troponin 

complex associated with the actin molecule.  The calcium bound to troponin C causes the 

troponin complex to shift the position of tropomyosin which exposes the myosin binding site on 

actin and allows myosin to interact with actin.  The myosin head is predominantly in its 

“cocked” formation and creates a cross-bridge with the actin.  To create a contraction, the 

energy for ATP hydrolysis is released causing the myosin power stroke.  The power stroke is 

characterized by an approximately 45 degree angle change of the cross bridge resulting in a 

displacement of the actin filament about 11 nm toward the M-line.  The crossbridges cycle 

between actin attached and detached states during the myosin ATPase cycle and each time a 

myosin head goes through an ATPase cycle it displaces the actin filament which causes muscle 

shortening (Huxley, 1954).  

ATP binding to myosin dramatically reduces its affinity for actin and causes dissociation 

of the actomyosin complex (Raymond, 1996).   The hydrolysis of ATP into ADP and Pi is rapid 

and occurs while myosin is detached from actin.  The release of products (ADP and Pi) from 

myosin is catalyzed by the interaction between actin and myosin.  With both ADP and Pi in the 

active site, myosin has a low affinity for actin.  The affinity of myosin for actin increases when Pi 

is released.  In the presence of ADP and without a nucleotide bound, the affinity of myosin for 

actin is high.  Overall, the nature of the bound nucleotide will change the actin affinity, and 

result in what is referred to as the weakly and strongly bound states that are important for 

understanding sliding filament theory (Bagshaw, 1993).       



13 
 

 

 

Figure 4.  ATPase Cycle of Cardiac Myosin.  This illustration presents the ATP hydrolyzes to ADP + Pi.  The force production 

occurs during the actin activated product release steps.  The diagram does not depict the influx of calcium into the cytoplasm 

and the movement of the tropomyosin in order to expose the attachment site on actin filament (Boron & Boulpaep, 2005). 

The ATPase cycle can be divided into actin attached and actin detached states.  The 

fraction of the ATPase cycle that myosin is bound to actin, divided by the total time required to 

complete an ATPase cycle is known as the duty ratio (Bloemink, 2011).  The duty ratio is an 

important determinant of the number of myosin cross bridges that are generating force in a 

muscle fiber.  Therefore, anything that changes the duty ratio can change the total force 

production generated by the myosin molecules in muscle.     

𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =  
𝐴𝑐𝑡𝑖𝑛 𝑎𝑛𝑑 𝑀𝑦𝑜𝑠𝑖𝑛 𝐴𝑡𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 𝑡𝑜 ℎ𝑦𝑑𝑟𝑜𝑙𝑖𝑧𝑒 𝐴𝑇𝑃
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The rate limiting step for the ATPase cycle is the time it takes for the Pi to be released from 

myosin associated with the power stroke.    The duty ratio can be changed by increasing ATPase 

cycle time or creating a longer attachment time.  In a muscle fiber, this translates to an increase 

in the number of myosin force generators attached to actin at any given time (De La Cruz, 

2004).   For example, if we have a 10% duty ratio and 100 actin-myosin cross bridges in a 

muscle sarcomere, it will result in 10 out of the 100 cardiac myosin motors in the force 

generating state at any given time.  If we increase the duty ratio to 20% and continue with 100 

cardiac myosin motors available, we will have 20 out of the 100 cardiac myosin motors in the 

force generating state at any given time.  Cardiac muscle myosin has a low duty ratio (≈0.05), 

therefore the actin and myosin attachment time is a small fraction of the ATPase cycle.  This 

allows many myosin heads to work together in a muscle fiber without interference (Bloemink, 

2011). 

 

1.3 Impact of Heart Disease on Heart Function 

1.3.1 Genetic Causes and Molecular Defects 

 As previously described, there are three major types of cardiomyopathies which include 

hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right 

ventricular cardiomyopathy (ARVC). The diversity of the cardiomyopathies results from genetic, 

allelic, epigenetic, and environmental heterogeneity (Schwartz et al., 2011). Heart disease 

affects multiple facets of cardiac function not only at the whole organ level but at the molecular 

level as well.   For hypertrophic cardiomyopathies, analysis in vitro and in mouse models show 
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increased contractility of mutant myofilaments, changes in myosin kinetics, increases in calcium 

sensitivity of the thin filament, and changes in cardiac myosin binding protein C (cMYBP-C) 

mediated regulation (Schwartz et al., 2011).  Increased sarcoplasmic calcium concentration 

during diastole is a catalyst for arrhythmias in mouse models.  Mutations affecting thin filament 

regulatory proteins (tropomyosin, troponin T and troponin I) often increase calcium sensitivity 

by increasing the affinity of troponin C for calcium.  Mutations can also alter cMYBP-C and 

myosin that can result in an increase in actin/myosin cross bridges.  Troponin is the main 

calcium buffer in the sarcoplasm.  Therefore, the increased calcium affinity should elevate 

calcium levels during diastole (Schwartz et al., 2011) and increases in calcium sensitivity were 

shown to increase peak force (Kataoka et al., 2007).  The alterations to thin filament regulatory 

proteins may change the energy demands of the heart due to changes in the myosin ATPase.  

This is especially important because the cross bridge cycle accounts for approximately 70% of 

the energy consumption of the cardiomyocyte (Schwartz et al., 2011).  Alterations in myosin 

ATPase can severely impact the energetic demands of the heart.   

 Dilated cardiomyopathies are characterized by left ventricle dilation, systolic 

dysfunction, cardiomyocyte death, and myocardial fibrosis.  More than 40 genes linked to 

dilated cardiomyopathies have been identified which target components of a wide variety of 

pathways.  Dilated differs from hypertrophic cardiomyopathy in that the affected genes encode 

for a wide variety of cellular components such as the  nuclear envelope, contractile apparatus, 

the Z-discs, costamere, gene transcription, and calcium handling.  The mutations found in the β-

myosin heavy chain depress motor function while mutations in genes for thin filament 

regulatory proteins reduce calcium sensitivity which reduces ability to produce force.  
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Mutations in genes found to target the Z-disks can alter the structural boundary at each 

sarcomere.  The heterogeneous nature of the mutations producing all of the different types of 

cardiomyopathies causes changes in cardiomyocyte structure and function.  Though the 

identity of the cardiomyopathy is determined by different mutations, all lead to varying degrees 

of organelle and protein degradation resulting in heart failure (Schwartz et al., 2011).     

Arrhythmogenic right ventricular cardiomyopathy is characterized by a fibrofatty 

replacement of myocardium.  This characteristic has been found to mainly affect both 

ventricles resulting in the clinically witnessed, ventricular arrhythmias.  Mutations in five genes 

that encode for desmosomal proteins have been found to contribute to ARVC by compromising 

cell-to-cell adhesion at intercalated disks resulting in the inability of myocytes to coordinate 

mechanical forces during the cardiac cycle.  For example, reduced Wnt signaling, can be caused 

by mutant desmosomal proteins in progenitor cells, such as primitive right ventricular precursor 

cells, which makes them more susceptible of transforming into adipocytes (Schwartz et al., 

2011).  By targeting mutations with pharmaceutical interventions, mutations such as, reduction 

in Wnt signaling or elimination of the ineffectiveness of cell-to-cell adhesion, might be 

circumvented resulting in a correction or decrease in fibrofatty replacement of myocardium.   

 

1.3.2 Clinical Effects 

Most of the patients diagnosed with heart failure have failure in the left and right 

ventricles because those are the pumps that move blood to the pulmonary or systemic system, 

respectively.  In patients with left ventricular failure, there is shortness of breath, blood in 
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sputum and chest pain.  Upon examination, respiration and heart rate is elevated along with 

the possibility of weak pulses in patients suffering from severe left ventricular failure (McPhee, 

1997).  As previously stated, systolic contraction is diminished which leads to lower stroke 

volume.  During systolic contraction, the atria and ventricles are contracted to move blood to 

the next location.  In contrast, diastolic function is the relaxation of the atria and ventricles 

which allows them to fill with blood.  To maintain cardiac output there is an increase in the 

return of blood to the heart, which leads to increased contraction of sarcomeres.  The second 

compensatory mechanisms of the heart in failure is an increased release of catecholamines 

which increases heart rate.  The third compensatory mechanism in heart failure is hypertrophy 

of the cardiac muscle and ventricular volume increase (National Institute of Health, 2011).  

These mechanisms are not long-term corrections and eventually lead to ultimate failure of the 

heart.   

Symptoms of right ventricular failure include shortness of breath, pedal edema and 

abdominal pain.  However, upon physical examination the findings are the same as those found 

in left ventricular failure.  The most common cause of right ventricular failure is left ventricular 

failure, therefore the symptoms of left ventricular are often present.  Additionally, there may 

be an elevated jugular venous pressure when observing the neck which is a good estimate of 

right atrial or central venous pressure.  Both diastolic and systolic dysfunction can be caused by 

unnecessary loads placed on the ventricle or primary loss of myocyte contractility.  Patients 

with right ventricular failure may also have a third heart sound heard at the sternal border 

(National Institute of Health, 2011).  This third heart sound is called a protodiastolic gallop 
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which is the earliest cardiac physical finding of patients with significant heart failure (Dumitru, 

2015).  

In conclusion, heart failure is hard to diagnose if the patient does not have severe heart 

failure due to a lack of symptoms in the early stages.  For example, stroke volume is not 

diminished at rest in patients with moderate heart failure however those with severe heart 

failure experience a decrease in pulse pressure and discoloration of the skin which is a sign of a 

decrease in stroke volume.  Due to having different levels of heart failure, the American College 

of Cardiology collaborated with the American Heart Association to develop a guide to 

categorizing the stages of heart failure (Figure 5).  This chart of stages is the first that 

incorporates risk factors due to patient history (Dumitru, 2015).    

 

 

Figure 5.  Stages of Heart Failure.  This chart is the ACC/AHA Stages of Heart Failure Development developed by the American 

College of Cardiology in collaboration with the American Heart Association.  The chart not only identifies the development and 

progression of heart failure, but also recognizes risk factors for development of heart failure (Dumitru, 2015). 
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1.4 Heart Failure Interventions  

1.4.1 Treatments 

There is currently no cure for heart failure, however there are treatments that help 

manage the condition and improve quality of life for the patient (Mann, 2011).  Patients with 

heart failure are typically put on inotropic agents such as β-blockers and calcium-channel 

blockers along with blood thinners (i.e. Heparin) and/or antidiuretics.  There are two types of 

inotropic agents, positive and negative inotropes.  Negative inotropes include beta-blockers, 

calcium-channel blockers and antiarrhythmic medicines, which all slow heart rate and weaken 

contraction by decreasing the amount of calcium released from the sarcoplasmic reticulum.   

Positive inotropic agents increase the force of each heartbeat and negative inotropic agents 

weaken the force of each beat.  The goal behind using positive inotropes is to increase the 

amount of blood pumped out of the heart without changing heart rate.  For example, digoxin 

increases calcium concentrations in cardiac cells to increase contractility by altering the 

sodium/potassium ATPase pump, which ultimately promotes the retention of calcium within 

the cell.  An increase in calcium results in increased contractility of the heart (Texas Heart 

Institute, 2015).  There are many other drugs that are administered which are aimed at sodium 

retention, arterial and venous constriction, neuroendocrine activation, increased heart rate, 

cardiac dissynchrony and arrhythmias (Cleland et al., 2011).    

Though these medications can, in some cases, manage heart failure, they also can fail to 

alleviate symptoms or improve quality of life.  Additionally, morbidity and mortality rates 

remain high for these patients.  Though positive inotropic agents increase force and velocity of 
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contractility, they also shorten systolic contraction (Cleland et al., 2011).  These drugs have the 

capabilities of creating negative long-term effects.  For example, prolonged use of β-agonists 

could result in an increased sensitivity to calcium within the muscle.  More specificially, β-

agonists bind to β-adrenergic receptors which enhances the sympathetic response.  β-

adrenergic receptors are coupled to G-proteins which activate adenylyl cyclase and produce 

cyclic AMP (cAMP).  The C-AMP then stimulates cAMP dependent protein kinase which 

phosphorylates the calcium channels and allows an influx of calcium which can increase the 

contractile force.  Prolonged use of β-agonists has proven to increase calcium sensitivity and 

influx in cardiac muscle (Reiken, 2003).  Therefore, prolonged use of β-agonists could cause a 

disruption in relaxation rates of the heart (Mant, 2011). 

 

1.5 Omecamtiv Mecarbil 

1.5.1 Background  

To establish a drug that enhances contraction without altering calcium levels, drugs that 

directly target cardiac myosin were examined.  Omecamtiv Mecarbil (OM) is a promising drug 

proposed to increase contractile force.  OM is a small molecule drug that specifically targets 

cardiac myosin and is known to enhance force generation and improve energy utilization in 

cardiac muscle.  What makes OM unique is it targets only cardiac myosin so it does not affect 

contractility of the myosin motors in other tissues within the body (Meijs, 2012).   Furthermore, 

OM binds to a narrow cleft which separates the 50-K domain from the N-terminal 25-K domain 

(Figure 4) (Winkelmann, 2015).  The goal of this drug is to increase the systolic ejection time 
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without changing diastolic time.  Initial studies were done on animals while more recently, 

studies have been done in clinical settings while patients were on β-blockers. 

 

Figure 6.  Interaction of Omecamtiv Mecarbil with Human Cardiac Myosin.  This cartoon portrays the binding site for 

Omecamtiv Mecarbil separating the 50-K domain and N-terminal 25-K domain (Winkelmann, 2015). 

 

1.5.2 Effects on Actin and Myosin 

Malik et al., showed that the activator drug, Omecamtiv Mecarbil, binds directly to 

cardiac muscle myosin and acts as an allosteric effecter to stimulate motor activity and enhance 

cardiac functionality without altering calcium sensitivity (Malik et al., 2011).  OM binds to the S-

1 domain of the cardiac myosin by binding to the base of the lever arm where the relay helix 
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and the converter domain come together (Winkelmann et al., 2015).  Recent studies 

demonstrate that OM increases the equilibrium constant in the hydrolysis of ATP to ADP and Pi 

with an unchanged ADP dissociation from actomyosin (Liu et al., 2015).  This kinetic change 

shows an increase in myosin heads competence to produce force.  Additionally, Winkelman et 

al. (2015) concluded, that OM binding between the N-terminal 25-K domain and the 50-K 

domain acts to stabilize the interactions within the coupling region, with the motor and lever 

arm region.  These allosteric changes were shown to induce changes in locations distant from 

the cleft in which OM binds.  Liu et al. was also able to support that the drug binding shifts the 

hydrolysis equilibrium constant and enhances phosphate release.  They found that the 

hydrolysis equilibrium constant increased from 2.4 in the absence of OM to 6 in the presence of 

OM showing a shift further towards hydrolysis or product formation in the presence of OM (Liu, 

2015).   Previous results suggest mechanical tuning of β-cardiac myosin may be critical for 

altering force velocity relationship in cardiac muscle (Greenberg et al., 2009). 

 

1.5.3 Animal Studies 

Before analyzing OM at the whole organ level, investigators used animal models to 

analyze the specific actions of OM within myofibrils.  Mamidi et al. took myofibrils from frozen 

rat left ventricles that contained no myosin binding protein-C, which is known to decrease in 

heart failure, and examined muscle mechanics in the presence of OM.  The knockout of cMyBP-

C was to stimulate hypertrophic cardiomyopathy with reduced cMyBP-C levels in cardiac 

muscle.  However, when this myocardium was incubated in OM, the crossbridge contractile 
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velocity was decreased.  To gain additional information, Mamidi et al. (2015), investigated the 

function of OM at different levels of calcium concentrations to determine the impact of calcium 

sensitivity.  They found that at lower calcium concentrations, OM increased force generation 

while it had little impact at higher calcium concentrations.  They were able to conclude that OM 

increased myofilament calcium sensitivity which supports the hypothesis that OM would 

enhance recruitment of force generating myosin heads (Mamidi, 2015).      

Porcine ventricular heavy meromyosin (HMM) which is a β-cardiac myosin isoform, was 

used in a study to investigate the effect of OM on the ATPase cycle.  As previously mentioned, 

Liu et al. (2015), were able to demonstrate that OM shifts the equilibrium of the hydrolysis step 

to favor the M.ADP.Pi state (Liu, 2015).  Liu et al., demonstrated a decrease in in vitro sliding 

velocity and explained these results by hypothesizing that the increase in strongly bound 

myosin heads results in increased force but decreased velocity.  They also found that there was 

no change in ADP dissociation hence suggested that the slower velocity is caused by increased 

load sensitivity.  According to their findings, OM should not be considered a myosin ATPase 

activator, but an allosteric effector that leads to an increase in force generation in the heart 

(Liu, 2015). 

In 2015, Nagy et al., used skinned rat cardiomyocytes and diaphragm muscle fibers to 

investigate the calcium sensitizing effects from the administration of OM.  The goal of the study 

was to determine how OM effects the activation and relaxation cycles within muscle and the 

tissue selectivity of OM.  The purpose of targeting diaphragm muscle was to see if OM could 

also change the function of diaphragm muscle in a manner similar to cardiac muscle.  The 

investigators found that OM altered the activation and relaxation in cardiomyocytes as previous 
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studies have shown, but also found that OM had a calcium sensitizing effect on the diaphragm 

muscle as well.  In this study, OM increased calcium sensitivity at a concentration of 0.1 µM and 

higher.  Nagy et al. (2015) linked the slow kinetics seen in vitro to no change in left ventricular 

pressure.   The researchers suggested that differences in OM concentration between maximal 

and submaximal activations may contribute to these findings.  Furthermore, a substantial 

increase in calcium sensitivity was found in diastole and increased the passive force of these 

cardiomyocytes in the presence of OM.  The drug also caused a prolonged relaxation in the 

myocytes following calcium dissociation from thin filaments.  In conclusion, they found that OM 

activation was similar to that of calcium sensitizing positive inotropic agents and that it may 

also cause calcium sensitization in diaphragm fibers with slow intrinsic kinetics (Nagy, 2015). 

 

1.5.4    Human Studies   

The first human study was performed by Teerlink et al. (2011) to investigate whether 

OM caused any augmented human cardiac function.  This study was a dose-escalating, cross-

over study where 34 men were given six hour double blind intravenous infusion of OM or a 

placebo once a week for four weeks.  Each sequence consisted of three ascending OM doses 

ranging from 0.005 to 1.0 mg/kg per hour with placebo infusion randomized into the sequence.  

Teerlink et al. (2011) proceeded to monitor vital signs, blood samples, electrocardiograms and 

echocardiograms before, during and after each infusion.  The investigators found that OM had 

highly dose-dependent pharmacokinetic characteristics, patients tolerated up to 0.625 mg/kg 

per hour as determined by the onset of myocardial ischemia and excessive prolongation of 
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systolic ejection time.  At this drug level, OM increased systolic ejection time with proportional 

augmentation of systolic function.  Additionally, OM increased atrial contractile function, 

without producing functional changes in diastolic contraction.  There were also no reported 

effects on blood serum chemistries, vital signs or ECGs (Teerlink, 2011).   

Teerlink and Cleland et al. (2011) continued their investigation of OM with a phase 2 

trial by performing a double-blind, placebo-controlled, crossover, dose-ranging study that 

provided patients with intravenous OM for 2, 24 and 72 hours in patients with stable heart 

failure and left ventricular systolic dysfunction.  As in the first trial, the investigators obtained 

vital signs, echocardiograms, electrocardiographs and blood samples to test blood serum levels 

of OM.  There were 45 patients that received 151 infusions of OM or placebo with analysis of 

seven concentration bin groups: placebo, 0 to ≤100, >100 to ≤200, >200 to ≤300, >300 to ≤400, 

>400 to ≤500, and >500 ng/mL.  As a result, OM had dose-dependent (amount of time OM is 

bound/administered) and concentration-dependent (amount of OM bound) effects on cardiac 

function at plasma concentrations that are well tolerated by stable systolic heart failure 

patients.  Systolic ejection time, stroke volume and fractional shortening increased in a 

concentration-dependent manner. Plasma concentrations of OM greater than 100 ng/mL 

increased systolic ejection time and fractional shortening as compared with placebo.  Stroke 

volume increased by 5–10 mL at plasma concentrations higher than 200 ng/mL, reaching a 

plateau at concentrations greater than 400 ng/mL.   Additionally, plasma concentrations higher 

than 300 ng/mL were associated with an increase in left ventricular ejection fraction and 

reductions in left ventricular end-systolic and end-diastolic volume were significant at 500 
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ng/mL.  Plasma concentrations greater than 1200 ng/mL were not clinically tolerated in two of 

three patients who exceeded those levels (Cleland, 2011).   

 

1.5.5 Future for Omcamtiv Mecarbil 

 Though there is some optimism in using OM as a myosin activator to combat heart 

failure in a safer fashion than inotropic agents, there is still a strong need to investigate the 

specific mechanisms of OM on cardiac myosin function.  With a known binding site and 

knowledge about the effects of OM on the ATPase cycle, we still do not know the mechanism 

by which OM slows the sliding velocity.  Investigation into the mechanisms behind the effects of 

OM as well as the dose dependence in human studies still needs to be completed.  Experiments 

at the molecular level will need to be put into the context of in vivo function to accurately 

examine the mechanism of action in combating heart failure.  Lastly, long-term human studies 

are needed to gain knowledge about the optimal OM dosage and the long-term side effects.   
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Chapter 2:  Goals and Hypothesis 

2.1  Hypothesis   

Our hypothesis is that the drug, omecamtiv mecarbil (OM), enhances force generation 

of cardiac myosin by increasing the duty ratio.  Our rationale is that, with a longer attached 

time, OM will lead to a higher duty ratio which will result in an enhancement in the number of 

force generating myosin motors in muscle.  Therefore, we would not only see an increase in 

force generation in heart failure patients, but in normal patients as well.  Such knowledge 

would demonstrate the mechanism of how OM enhances force generation in cardiac muscle.  

Previous results suggest that myosin is a good drug target for heart failure patients.  In addition, 

by studying how OM impacts cardiac myosin from heart failure patients, we were eager to gain 

knowledge on how the drug may be utilized to increase force generation in heart failure 

patients.  

Previous research has proven that OM will decrease velocity in the in vitro motility 

assay, however the mechanism for how this occurs is still unclear.   We propose that the 

increase in actin affinity also comes with added strain caused by many cardiac myosin motors 

interacting with the same actin filament.  More specifically, we suspect that not only are more 

myosin heads attached to the thin filaments, but a percentage of these attached heads are not 

force producing.  If some of the myosin heads are producing force and others fail to do so, then 

there are myosin heads staying attached that create a drag force which could contribute to the 

decrease in sliding velocity.  
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2.2 Specific Aims 

2.2.1 To examine the impact of OM on cardiac myosin motor performance 

We first aimed to examine how OM impacts cardiac myosin performance.  In the lab, we 

expressed myoblasts into cardiac myosin from a C2C12 expression system and examined 

cardiac myosin motor performance with and without OM using in vitro motility and ATPase 

Assays.  Our hypothesis was that there would be an increase in force generating capacity of 

cardiac muscle myosin in the presence of OM by increasing duty ratio.   

 

2.2.2 To determine the impact of the cardiac myosin activator drug (OM) on myosin isolated 

from heart failure patients  

 Our second aim was to examine the impact of the cardiac myosin activator drug (OM) 

on myosin isolated from heart failure patients.  Many of the patients that have donated their 

cardiac tissue to the Biobank at the University of Kentucky did so after having an LVAD (left 

ventricular assistive device) implanted or a heart transplant.  We planned to examine how OM 

alters cardiac muscle myosin from a recombinant expression system, which would be compared 

to the tissue isolated myosin.  We hypothesize that OM will enhance motor performance of 

cardiac myosin isolated from heart failure patients similar to recombinant cardiac myosin. 
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Chapter 3: Methods 

3.1 Introduction 

We examined cardiac myosin purified from human heart failure patients.  The tissue 

was donated from the University of Kentucky Biobank.  We extracted and purified human full 

length β-cardiac myosin (M2B) from the tissue. Expression and purification of the recombinant 

cardiac myosin from a C2C12 expression system was also performed.  An N-terminal flag tag was 

inserted onto the M2B-S1 construct for purification.  For in vitro motility assays, a C-terminal 

Avi tag was inserted to allow specific attachment to the motility surface.  In vitro motility assays 

were performed to evaluate the actin sliding velocity generated by myosin while the ATPase 

activity was evaluated through performing ATPase assays. 

 

3.2 In Vitro Motility Assay  

3.2.1 History 

Several in vitro motility assays have been developed to examine the movement of actin 

filaments generated by myosin motors.  Either F-actin or myosin is anchored to a stationary 

surface while the movement of its counterpart is tracked to obtain a velocity of movement 

(Sivaramakrishnan, 2010).  The actin filaments exhibit ATP-dependent movement over the 

myosin-coated surface while following winding paths without reversing their direction of 

movement by progressing from one myosin head to the next.  The rate of movement depends 
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on the concentration of ATP.  In the absence of ATP, filaments bind to the surface but will not 

move.  As the concentration of ATP is increased, the velocity of the fluorescent actin increases 

until the asymptotic velocity at saturating ATP concentration is reached at approximately 100 

µM ATP (Kron, 1986). 

 

 

 

Figure 7.  Diagram of In Vitro Motility Assay.  This drawing shows a saturated concentration of myosin which is adhered to the 

nitrocellulose on the coverslip.  Additionally, the presence of ATP interacts with fluorescently labeled actin filaments, propelling 

them across the surface of the slide (ELauzon, 2015).   

 

The most important aspect to the in vitro motility assay is that it produces the ability to 

rapidly, quantitatively and repeatedly examine motor based movement from small samples of 

purified proteins (Kron, 1986).  Low concentrations of motor proteins on the surface in the in 
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vitro motility assay enforces little load against which the myosin needs to work, suiting this 

assay to study motor function in the absence of load (Sivaramakrishnan, 2010).  The assay 

allows for the addition of factors that may modify myosin or actin within the assay, and 

determine how these factors influence actin movement.  The in vitro motility assay has become 

the standard assay and has been used to characterize the function of many myosins, including 

myosins I, V, VI, IX and X (Sivaramakrishnan, 2010).   

 

3.2.2 In Vitro Motility Assay Technique 

We examined velocities of the actin-myosin interactions by using the in vitro motility 

assays which utilizes fluorescence microscopy.  The time-lapsed video microscopy was obtained 

using NIS-Elements Viewer 4.0 Software and velocities were analyzed with ImageJ software.  To 

create the flow cell we coated a microscope cover slip with nitrocellulose and let it dry for ≈10 

min.  Once the flow cell is made we flowed through MOPS 20 buffer without DTT (30µl).  Next, 

15µl of streptavidin was added and incubated at room temperature for 3 min which allowed it 

to adhere to the nitrocellulose coverslip.   Once again MOPS 20 buffer without DTT (30µl) was 

used to remove unbound streptavidin followed by an injection of 30µl of 1 mg/ml BSA 

incubated at room temperature for 1 min to block non-specific binding sites on the surface.  A 

wash with MOPS without DTT (30µl) was the final wash prior to the application of myosin.  

Next, 15µl of M2B-S1 of different dilutions per assay was incubated at room temperature for 3 

minutes to allow adhesion to the streptavidin-coated slide coverslip.  We washed the flow cell 

with MOPS 20 buffer with DTT (30µl).  15µl of unlabeled shear actin was applied followed by 
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30µl of 2mM ATP.  This step blocks the sites that are associated with dead myosin (dead-

heads).  At this time, a wash was used with MOPS 20 buffer with DTT (30µl) to precede the 

addition of 15µl fluorescently labeled ALEXA actin.  The ALEXA actin was allowed to incubate at 

room temperature for 1 min to bind the myosin heads to the surface.  Lastly, we added 15µl 

activation solution containing 0.14% Methylcellulose, 1 mg/mL BSA, and the ATP regeneration 

system (phosphoenolpyruvate carboxylase and pyruvate kinase).  To prevent photobleaching, 

0.5µl of GOC (glucose oxidase catalase) and glucose was used in MOPS 20 buffer with DTT.  The 

activation buffer also contained 2mM ATP and either 0.1% DMSO or 10µM OM (in 0.1% DMSO) 

to assess the effects of OM.   Once these steps were completed the slide was examined to 

measure the movement of actin filaments as a function of time using fluorescence video 

microscopy. 

We measured the velocity for each actin filament and the average of ≈30-50 filaments 

was examined.  These averages were plotted, with the velocities on the y-axis and the myosin 

dilutions on the x-axis.  We also plotted the velocity vs actin filament length.  The duty ratio was 

examined by fitting velocity vs actin filament length data to the established equation (Harris 

and Warshaw, 1993).  The plots of velocity vs myosin density were fit to a hyperbolic function 

to determine the relative trend of the results.   
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3.3 ATPase Assay  

3.3.1 History   

Steady-state ATPase assays and stop flow kinetic measurements are used to determine 

the actomyosin ATPase kinetics (Sivaramakrishnan, 2010).  The general pathway of the ATPase 

cycle that was presented earlier is fairly conserved among all of the myosin classes; however, 

the rates and equilibrium constants of each step different for each myosin class.  Examination 

of the ATPase cycle allows determination of the lifetimes and relative populations of key 

biochemical intermediates, which directly correlate with the functional capacity of myosin at a 

cellular level (De La Cruz, 2009).  

The most commonly performed ATPase assay involves a steady-state measurement of 

the maximum ATPase rate of a myosin and its apparent affinity for actin.   In the steady-state 

ATPase assay, a known concentration of myosin is mixed with a series of increasing 

concentrations of actin filaments, in the presence of saturating levels of ATP (Sivaramakrishnan, 

2010).  The stop-flow apparatus measures absorbance of NADH per unit of time and the data 

are fit to a linear equation to obtain the slope.  A control sample of actin without myosin was 

subtracted from the actomyosin sample.  The ATPase assay is based on the conversion of 

phosphoenolpyruvate (PEP) to pyruvate by pyruvate kinase (PK) coupled to the conversion of 

pyruvate to lactate by lactate dehydrogenase (LDH). The later step requires NADH which is 

oxidized to NAD+ while NADH absorbs strongly at 340 nm but NAD+ does not.  This enables the 

examination of NADH absorbance that can be monitored at 340 nm. The absorbance per unit 
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time can be converted into ATPase activity where 1 molecule of NADH oxidized to NAD+ 

corresponds to the production of 1 molecule of ADP produced by the motor ATPase.   

 

 

Figure 8.  Diagram NADH-Coupled Assay in ATPase Experiment.  This cartoon portrays the NADH-coupled assay for measuring 
myosin ATPase activity (Greene, 2011). 

 

 

An ADP standard curve is used to convert absorbance units to ADP concentration.  The ADP/sec 

is then divided by the concentration of myosin to determine the amount of product formation 

per unit of time per myosin head.   By pairing this assay with the in vitro motility assay, we are 

able to examine the impact of OM on myosin function.  

 

3.3.2 ATPase Assay Technique 

ATPase assays were performed using multiple dilutions of actin with a constant 

concentration of myosin in the presence of OM or a DMSO control.  The maximum ATPase rate 

(Kcat) and actin concentration at which the ATPase activity is ½ the maximum (KATPase) were 
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obtained by fitting the data to a hyperbolic function.   We used a standard buffer of MOPS 20 

with DTT (10mM MOPS, 20mM KCl, 1mM EGTA, 1mM MgCl2, 1mM DTT) to perform the assay at 

25⁰ C.  In each dilution of actin, 0.1µM of myosin and 1mM ATP was added to the sample just 

before it was injected into the stop flow.  The stop-flow measures absorbance of NADH per unit 

of time and we fit the data to a linear equation to obtain the slope.  A control sample of actin 

without myosin was subtracted from the actomyosin sample.  The standard curve was used to 

convert absorbance units to ADP concentration.  The ADP/sec was next divided by the 

concentration of myosin to determine the amount of product formation per unit of time per 

myosin head.  The data were plotted in Kaleidograph software to fit the data to a hyperbolic 

function to determine Kcat and KATPase.  Lastly, t-tests were calculated in the tissue samples to 

determine the significance of differences in the DMSO and OM samples.     

 

Chapter 4: Results 

4.1 ATPase Assay OM vs DMSO 

 The ATPase assay was performed using M2B-S1 prepared from a C2C12 expression 

system.  In each actin sample, 0.1µM of myosin and 1mM ATP was added prior to injecting the 

sample into the stop flow at 25⁰ C.  Absorbance changes were documented at 340nm while 

actin concentrations varied from 5µM to 60µM.  The results, with and without OM, were then 

compared with a scatter plot in the KaleidaGraph software.  The graph shows a dramatic 

difference in the parameters determined in the presence of DMSO or OM.  We determined that 
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the maximum ATPase activity was reduced approximately 6-fold in the presence of OM while 

the actin affinity was greatly enhanced in the presence of OM as indicated by the 16 fold 

decrease in the KATPase (Figure 9).    
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Figure 9.  Actin-activated ATPase Activity of M2B-S1 in the Presence and Absence of OM.  The ATPase activity is plotted as a 
function of actin concentration and fit to a hyperbola to determine the maximum ATPase activity (Kcat) and dependence on 
actin concentration (KATPase).  The ATPase parameters are summarized in the table in the inset.  kcat was 7.3±1.7 for DMSO and 
1.1±0.2 for OM while the KATPase for DMSO was 47.8±19.4 and kcat 3.0±3.0 for OM.    
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4.2 In Vitro Motility Assay OM vs DMSO 

 The motility assay is performed by using a Nikon TE200 fluorescent microscope which 

allows for generating time lapsed videos using NIS-Elements Viewer 4.20 software.  Once the 

videos are acquired, ImageJ software is used to examine the video one frame at a time which 

allows for the determination of tracks where the actin filament sliding occurred.  ImageJ 

software is capable of calculating the distance traveled by the fluorescently labeled actin per 

frame according to the determined tracks.  In the videos taken with DMSO added, there are 

longer tracks and faster movement of filaments therefore more frames are taken in a shorter 

amount of time (1 frame per second 3 minutes or 181 total frames).  In contrast, videos taken 

after the addition of OM move at a much slower velocity.  Hence, more time is needed between 

each frame to capture the slow movement making the video less frames but more time in order 

to produce long enough tracks to assess average velocity (1 frame per 15 seconds for 10 

minutes or 41 total frames).   

 By looking at the same number of frames at the same intervals in Figure 10, the results 

show that tracks are longer for DMSO than for OM, which translates to a 100-fold difference in 

sliding velocity.  More specifically, the two DMSO velocities that were analyzed in (A) were 

averaged at 1506.998 nm/sec (Red) and 1470.819 nm/sec (Yellow).  The two averages acquired 

for the OM video (B) were 13.070 nm/sec (Red) and 11.428 nm/sec (yellow).  Figures A and B 

highlight that in the same number of frames, the distance traveled by fluorescent actin 

filaments in the presence of OM is dramatically reduced compared to the absence of OM.   
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We examined the velocity of filament sliding in a large number of filaments to 

determine the distribution of velocities in the presence of OM or DMSO.  By examining 

approximately 200 filament velocities for DMSO or OM and binning the sliding velocities into 

groups, we compared the distributions in a frequency plot (Figure 10, C and D).  These graphs 

show the affect OM has on myosin function by demonstrating that the sliding velocity 

decreases from an average of 1343 nm/sec in the presence of DMSO to 13.1 nm/sec in the 

presence of OM.  This 100 fold decrease in filament velocity in the presence of OM is much 

greater than the decrease examined in the ATPase assay.     
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Figure 10.  In vitro motility assay in presence and absence of OM.  The time lapsed videos show the length of two tracks 
following the tail of a fluorescently labeled actin filament from frames 1 to 41. Average velocities were distributed to the 
amount of filaments moving within different velocity ranges (A) On the left represents the tracks and velocities created in 
DMSO, and (B) on the right, in the presence OM.  (C) Velocities of filaments with DMSO were grouped by binning at an interval 
of 150 while (D) velocities of filaments in the presence of OM were binned at an interval of 1.5.  The standard error was similar 
for both conditions (±7%).  Average velocities and tracks were developed in ImageJ software after acquiring videos with NIS-
Elements Viewer 4.20 software along with a Nikon TE200 fluorescents microscope.   
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4.3 M2B Density Dependence 

 The density dependence is performed to investigate the impact of changing the amount 

of M2B-S1 on the motility surface.  This was done by examining the sliding velocity as a function 

of myosin density in the presence of (A) 0.1% DMSO or (B) 10% µM OM.  In the presence of 

DMSO the velocity increases as a function of density until maximum velocity is achieved.  In the 

presence of OM, we observed higher velocities at lower densities.  The inverse dependence on 

density is interesting, since it is the opposite of that observed without OM.  Our results support 

the model that the higher affinity for actin in the presence of OM causes more drag forces 

which are greater at higher myosin surface densities.   
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Figure 11.  Density Dependence of In Vitro Motility in the Presence and Absence of OM. Different dilutions of myosin were 
applied to the motility surface.  The videos were developed by NIS-Elements Viewer 4.20 software using fluorescent microscopy 
and analyzed using ImageJ software.  Once the videos were analyzed the velocities of 30 filaments per density plotted using 
KaleidaGraph software.  Sliding velocities were plotted as a function of myosin concentration to determine the density 
dependence.  Chart (A) shows the density dependence chart with DMSO and chart (B) density dependence chart with OM.  

A B 
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4.4 Length Dependence 

 In actin filament length dependence evaluations, the density of the myosin on the 

surface is kept constant.  Lengths were obtained through ImageJ software by manually 

measuring the lengths of 200 filaments that were tracked.  In Figure 11, (A) and (B) velocity 

measurements were normalized by dividing each velocity by the average velocity.  The 

normalization of the velocities allows a direct comparison of DMSO and OM.  Our hypothesis is 

that longer filaments provide more surface area which results in greater velocities because 

more myosin heads are interacting per actin filament.  In contrast, smaller filaments will 

provide less surface area for crossbridge formation which is proposed to reduce velocity.   

The length vs velocity data is fit to an equation that takes into account the myosin 

density and the duty ratio.  We fit the data to the following equation: 

v = (1 - Vmax) x {1 - (1 – f)N} 

where f equals the crossbridge duty ratio and N equals the total number of crossbridges 

capable of interacting with actin.  The term (Vmax) refers to the efficiency of transmitting 

maximum velocity achieved at high density (Harris and Warshaw, 1993).  After collecting length 

and velocity of sliding actin filaments, we observed no change in duty ratio with results of 0.041 

± 0.014 in the presence of DMSO and 0.049 ± 0.020 in the presence of OM at a myosin 

concentration of 1.3 µM.  However, with a decrease in myosin concentration to 0.2 µM, we 

witnessed a 2-fold increase from 0.058 ± 0.047 in the presence of DMSO to 0.094 ± 0.013 in the 

presence of OM.   
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Figure 12.  Measurements of Velocity as a Function of Actin Filament Length.  Approximately 200 velocities and lengths for 
both DMSO and OM motility experiments were acquired using ImageJ software with videos examined by the NIS-Elements 
Viewer 4.20.  Both graphs (A) and (B), DMSO and OM respectively, are normalized velocities plotted as a function of actin 
filament length with a M2B-S1 concentration of 1.3µM.  We also investigated length dependence at a concentration of 0.2 µM 
of M2B-S1 as seen in graph (C).  A 2-fold increase in duty ratio was observed at this density. 
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4.5 Omecamtiv Mecarbil Effect on Human Tissue 

 After receiving tissue samples from the University of Kentucky Biobank, we were able to 

extract myosin to analyze the effects of OM on human tissue.  Additionally, the patients in 

which these samples were extracted had received left ventricular assistive device or heart 

transplant or were healthy controls, but the samples were blinded.  We examined the sliding 

velocity in the presence and absence of OM in the full length myosin from human tissue.  In the 

absence of DMSO we found very little movement of actin filaments and the filaments that did 

move, moved shorter distances and at slower velocities compared to recombinant myosin 

samples.  However, in the presence of OM most of the filaments were moving at a similar 

velocity to that which we determined with the recombinant cardiac myosin.  The percentages 

of moving filaments were drastically improved from 4.96% to 90.44% in the presence of OM.   

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



44 
 

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

1
1
3

9
.6

9

S
lid

in
g
 F

ila
m

e
n
t 

V
e
lo

c
it
y
 (

n
m

/s
)

DMSO OM

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  The Impact of Omecamtiv Mecarbil’s Effect on Human Heart Tissue.  In vitro motility results of purified whole 
cardiac myosin from three different human tissue samples which was provided by the University of Kentucky Biobank.  Analysis 
with ImageJ software was used to examine (A) the total amount of filaments and the total amount of “moving” filaments in the 
videos in the presence of OM was greater than without OM (** p < 0.05) and (B) sliding filament velocities were higher without 
OM than with OM (**** p < 0.0001).   
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Chapter 5: Discussion 

 

5.1 Introduction 

 Our goal of investigating the drug omecamtiv mecarbil was to determine the allosteric 

effect the drug has on the actomyosin interaction and how this may impact heart function in 

heart failure patients.  OM binds directly to cardiac muscle myosin and is proposed to act as an 

allosteric effector to stimulate motor activity and enhance cardiac functionality without altering 

intracellular calcium concentrations.  Our hypothesis was that OM would enhance force 

generation of cardiac myosin by increasing the duty ratio due to a longer attached time and 

enhanced force per cross-sectional area.  We found that OM dramatically increases actin 

affinity, which slows the sliding velocity as a result of the additional drag forces associated with 

the enhanced affinity.  In vitro motility and ATPase assays were performed to gain insight into 

changes in the functional properties of myosin in the presence of OM.   

 

5.2 ATPase Activity 

 OM was shown to decrease actin-activated ATPase activity 2-fold in porcine cardiac 

myosin in a study performed by Liu et al in 2015.  We performed ATPase assays on recombinant 

cardiac myosin purified from our C2C12 expression system.  Analysis of the ATPase activity 

shows that there was a 7-fold decrease in maximal activity in the presence of saturating OM 

(Figure 9).  These results suggest that OM is not an allosteric activator but an inhibitor since the 

activity is diminished.  However, we also observed a dramatic increase in the actin affinity as 
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assessed by the KATPase.  The decrease in maximal ATPase rate means that OM creates a change 

in at least one step in the ATP cycle. Whether the change in ATP cycle is in the rate limiting step 

or another step that becomes rate limiting has yet to be determined.  Slowing of inorganic 

phosphate release would slow the transition into the strongly bound state, while slowing ADP 

release would increase the time spent in the strongly bound state.  The enhanced actin affinity 

suggests that the rate limiting step may be an actin attached state. 

 

5.3 In Vitro Motility Sliding Velocity 

 In vitro motility assays were performed with cardiac myosin expressed and purified with 

the C2C12 system.  We found more than a 100-fold decrease in the sliding velocity in the 

presence of 10 µM OM from approximately 1500 nm/sec to 10 nm/sec (Figure 10).  This is a 

noteworthy finding considering there is only a 7-fold decrease in maximal ATPase activity 

(Figure 9).  If the results from ATPase and in vitro motility assays were directly proportional, it 

would suggest they have the same rate limiting step.  ATPase and in vitro motility assays can 

have different rate limiting steps.  For muscle myosins in the motility assay, ADP release is 

typically the rate limiting step, whereas phosphate release is the rate limiting step in ATPase 

assays (Yengo et al., 2012).  The rate limiting step for β-cardiac myosin is not known but is 

thought to be ADP-release in ATPase assays and in vitro motility (Bloemink and Geeves, 2011).  

Thus, a major difference between the motility assay and ATPase assay is the strain dependence 

that can occur in the motility assay which can slow the ADP release step.  Therefore, OM may 

make the cardiac myosin extremely sensitive to strain. 
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5.4 Density Dependence 

 Density dependence was investigated with and without OM to determine if there was a 

change in duty ratio.  A high duty ratio myosin will be able to generate filament sliding at a 

constant velocity at very low densities.  However, a low duty ratio myosin will decrease in 

velocity as a function of density.  Data in Figure 11 demonstrate opposing trends when filament 

velocities were examined as a function of β-cardiac myosin concentration in the presence of 

OM and DMSO.  Without the presence of OM, as the density decreases, the actin filaments are 

forced to travel longer distances while searching for more myosin heads to attach.  In contrast, 

OM increased velocity as the density was decreased.  We speculate that drag forces cause a 

decrease in the filament velocity at higher densities.  These drag forces are a result of the 

increased affinity of the myosin heads for actin that have already generated force which resists 

the actin filament sliding driven by force generating myosin heads.   

 

5.5 Length Dependence 

 Figure 12 illustrates that the velocity dependence on actin filament length is altered by 

OM.  The length dependence model suggests that longer filaments would allow a greater 

number of myosin heads to attach and drive filament sliding.  In contrast, shorter filaments 

would have a lower probability of interacting with myosin heads and therefore would have 

reduced velocities.  Our results suggest there is a 2-fold increase in duty ratio which is in 

agreement with our results that demonstrate OM increases actin affinity.  We performed our 
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experiments at relatively high densities which resulted in the myosin showing less sensitivity to 

demonstrate a change in duty ratio.  However, the velocities measured at lower densities were 

more sensitive to changes in duty ratio which allowed us to demonstrate the difference 

between DMSO and OM.  The observed 2-fold increase in duty ratio is still much smaller than 

what would be predicted from the 100-fold decrease in velocity found in the presence of OM.  

Thus, our results suggest there is an increase in duty ratio that would increase force production 

in muscle.  However, there is also a large decrease in sliding velocity that could be problematic 

in terms of increasing function in the presence of heart failure.   

 

5.6 Tissue Purified Compared to Recombinant 

 While our studies were performed on recombinant myosin expressed from a C2C12, we 

also examined whole myosin purified from tissue from heart failure patients provided by the 

University of Kentucky Biobank.  Motility was not robust for whole myosin without the 

presence of OM; however, once OM was added, the percentage of filaments that were moving 

increased dramatically (Figure 13).  However, there was a similar decrease in velocity in the 

presence of OM in comparing the expressed myosin to the tissue purified myosin.  Noguchi 

(2003) tested isolated myosin from non-failing and failing human hearts from ventricles and 

atria and found that myosin motor properties are unchanged as a result of heart failure.  The 

increase in motility observed in the presence of OM suggests that the myosin isolated from 

tissue was not sufficiently concentrated to generate movement, but the presence of OM 

enhanced the actin affinity such that movement could be generated.   



49 
 

5.7 Conclusion 

 The results we gathered in the ATPase and in vitro motility assays allows us to propose a 

model for how OM changes the force and velocity properties of cardiac muscle.  We 

hypothesized that an increase in duty ratio would accompany the increase in actin affinity, 

which was supported by the length dependence experiment with low density of β-cardiac 

myosin.  Increased actin affinity is hypothesized as a creator of drag forces which would slow 

velocities.  Increasing the number of heads attached at different moments within the ATP cycle 

results in strain from attached myosin heads not producing force against those producing force.  

Studies should continue to attempt to obtain length dependence differences at moderate to 

high densities of myosin which may demonstrate more prominent differences in the duty ratio.  

An increase in duty ratio would suggest a mechanism for how OM increases force in a muscle 

fiber and determine whether the drug will be beneficial for heart failure patients.  Additionally, 

it is also not clear how the drug changes steps within the ATP cycle which decreases velocity 

and ATPase activity.   OM may not be beneficial because there may be a decrease in power 

because the large decrease in velocity may outweigh the increase in force.  Given that power is 

the product of force and velocity, if the drug causes this decrease in velocity without increasing 

force we risk decreasing the power of contraction as well.  Thus, the therapeutic window is 

critical, suggesting that OM, if beneficial physiologically, has a therapeutic level that needs to 

be determined to benefit heart failure patients.  Future research will provide a more detailed 

mechanism for how OM alters cardiac myosin motor properties in a muscle fiber and in purified 

proteins.  The results of future studies may provide crucial information about the feasibility and 

therapeutic dose that is recommended for OM treatment.    
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