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ABSTRACT 

Decades of research have provided fundamental insight into the human heart’s structure 

and function. Yet, most cardiac malformations remain a mystery as scientists and clinicians 

continue to examine how inherited mutations and aging affect the normal biological functions of 

proteins associated with cardiac dysfunction. Recently, mutations in the muscle protein 

myopalladin have been linked to the pathogenesis of cardiomyopathy. Myopalladin is a sarcomeric 

protein that is thought to have an important role in maintaining sarcomere structure, signaling and 

regulation of gene expression in response to muscle stress.  Myopalladin and palladin belong to a 

family of closely related immunoglobulin (Ig)-domain containing proteins that have essential, but 

unclear roles in organizing the actin cytoskeleton. Recent work in the Beck lab has shown that the 

C-terminal Ig domains of palladin bind directly to F-actin and increase both the rate of actin 

polymerization and the stability of actin filaments. The fact that a number of mutations in 

myopalladin are located within the analogous actin-binding region suggests that a disruption in 

actin regulation may occur in cardiomyopathy. Thus, we hypothesized that myopalladin also binds 

directly to actin and regulate both the rate of actin polymerization and the stability of actin 

filaments. To study the capability of myopalladin to bind and crosslink actin filaments, co-

sedimentation assays were performed between purified F-actin and myopalladin Ig domains at 

various concentrations. The results suggest that Ig3 domain of myopalladin is the minimal domain 

required for both the binding and bundling of F-actin. Pyrene fluorescence was used to monitor 

the polymerization rate of G-actin in the presence of various Ig domain of myopalladin. Our data 

reveals that myopalladin inhibits the rate of actin polymerization but strongly prevents actin 

depolymerization. From our data, we propose that myopalladin is involved in sarcomere structure 

and function through regulation of actin dynamics. Also, we suggest that myopalladin may act 

both as a scaffold, binding directly to actin and other actin binding proteins at the Z-disc, and by 

regulating actin thin filament turnover. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cardiomyopathy 

Cardiomyopathy is a common term used to refer to a collection of diseases related to heart 

muscles. The condition of cardiomyopathy makes it harder for the heart muscles to pump blood to 

the rest of the body, and eventually can lead to heart failure. Historically, the cardiomyopathies 

were classified into three main groups; namely, hypertrophic (HCM), dilated (DCM), and 

restrictive (RCM) cardiomyopathy, while arrhythmogenic right ventricular cardiomyopathy 

(ARVC) was added later [4, 5]. In 2006, the American Heart Association classified 

cardiomyopathies (CMs) into primary or secondary based on predominant organ involvement. The 

primary CMs are those which are solely or predominantly confined to the heart muscle, while the 

secondary CMs comprise pathological myocardial involvement in multisystem disorders [8]. 

Primary CMs are further sub-classified as genetic (HCM, ARVC), acquired (myocarditis), or 

mixed (DCM, RCM) [11]. On the other hand, secondary CMs are grouped by pathogenesis and 

causes including infectious, endocrine, toxic, autoimmune, nutritional, and neuromuscular 

disorders [5].  

In some cases, people with CM never exhibit any signs or symptoms in their lifetime and lead 

a seemingly healthy life without knowing this disease condition exists. In most cases, clear signs 

or symptoms appear only after the disease develops into an advanced condition. The signs and 

symptoms include shortened breath or trouble breathing, fatigue or tiredness, swelling of ankles, 

feet, legs, abdomen, and veins in the neck region. If the disease condition worsens, there can be 

other symptoms like arrhythmia (also known as dysrhythmia or irregular heartbeats), heart 
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murmurs (unusual sounds heard during a heartbeat), fainting during physical activity, light-

headedness, chest pain, etc. [19] 

Individuals of all ages, sexes, and races can have cardiomyopathy, although the distribution 

varies.  For example, statistics show that DCM is more common in men than women, and African 

Americans are diagnosed more often than Whites. The absolute cause of CM in most cases is 

unknown; yet, certain personal habits like smoking, long-term alcoholism, physical inactivity, 

sleep disorders, sodium intake, and use of illegal stimulants increase the risk of disease. Other 

health factors such as high blood pressure, high blood cholesterol, metabolic disorders, diabetes 

mellitus, kidney diseases, and viral infections that inflame heart muscle can also increase the 

possibility of CM development [19, 20].  

The main types of CM include: Hypertrophic Cardiomyopathy, Dilated Cardiomyopathy, 

Restrictive Cardiomyopathy, Arrhythmogenic Right Ventricular Dysplasia, and Unclassified 

Cardiomyopathy.  Each of these types will be discussed in the following sections. 

 

1.1.1 Hypertrophic cardiomyopathy (HCM) 

Hypertrophic cardiomyopathy is a common genetic myocardial disorder that has been 

classified as a primary CM and manifests an increased cardiac mass due to left ventricular wall 

thickening, thus diminishing the left ventricular chamber volumes as illustrated in Figure 1 [6]. 

Clinical data suggests that 60% of HCM cases have been identified with previous heart diseased 

family members while the remaining cases were expected to have a familial disease due to de novo 

mutations that might lead to HCM [21, 22]. This state of hypertrophy is asymmetric in most cases 

[23]. 
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HCM is equally common in both males and females, and it is an important cause of sudden 

death in young athletes. Gene sequence analysis of most individuals with HCM revealed mutations 

in genes that encode muscle proteins. Still, the relation between HCM and identified gene 

mutations is yet to be understood clearly. Nevertheless, there were over 450 different mutations 

have been recognized within 13 genes related to myofilaments and sarcomere [21]. The majority 

of these mutations were associated with sarcomere and Z-disc framework proteins [24, 25]. In 

addition, molecular genetic studies have defined several mutations in genes that do not encode for 

a sarcomere protein among approximately 5% of patients with unexplained cardiac hypertrophy 

[26]. 

 

 

Figure 1.1: An illustration of reduced left ventricular chamber volume due to thickened ventricular 
septum observed in HCM patients in comparison with normal heart chambers which are separated 
by a healthy ventricular septum [6]. 
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1.1.2 Dilated cardiomyopathy (DCM) 

Dilated cardiomyopathy is the most common of the cardiomyopathies. It is characterized by 

an increase in both cardiac mass and volume, making the ventricular walls thin and stretched, thus 

reducing myocardial flexibility and eventually resulting in abnormal ventricular function as 

depicted in Figure 2 [6]. DCM can occur at any age, but is more common in patients between the 

ages of 20 and 50 years [27]. There are over 50 different mutations discovered in genes encoding 

sarcomeric proteins, including 20% of variants associated solely to titin, and the number continues 

to increase [28].  

 

 

The events of ventricular dilation could also arise from other types of cardiomyopathy which 

predominately considered as sub-class of DCM and that includes peripartum cardiomyopathy and 

alcoholic cardiomyopathy. 

Figure 1.2: An illustration of increased heart size due to left ventricular dilation that usually 
observed in DCM patients in comparison with normal heart size and ventricular chamber volumes 
[6]. 
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1.1.2.1 Peripartum Cardiomyopathy (PPCM): This is a life-threatening pregnancy related disease 

and occurs during the last month of pregnancy or soon after the delivery. Usually, the heart 

of a child-bearer needs to pump 50% more blood in order to supply adequate amounts of 

oxygen and vital nutrients to the child. The additional labor combined with pregnancy 

stress results in the weakening of mother heart muscles which eventually leads to 

ventricular dilation [29]. 

1.1.2.2 Alcoholic Cardiomyopathy: As the name implies, it arises because of alcohol-induced 

toxicity to the heart. The long-term alcoholism would result in impaired heart function due 

to weakened heart muscles [30]. 

1.1.3 Restrictive cardiomyopathy (RCM) 

Restrictive cardiomyopathy is the least common among the cardiomyopathies. Though one 

could get RCM at any age, it often affects the older population. RCM causes an impaired 

ventricular function due to increased ventricular stiffness while maintaining the normal 

biventricular chamber size and systolic function as depicted in Figure 3. Thus, the loss of 

myocardial elasticity results in inefficient pumping of blood and eventually leads to heart failure 

if the condition left untreated [6, 19]. The precise estimation of RCM incidences is difficult to 

identify as it is a challenge to diagnose these disease conditions [31]. Similar to DCM, the events 

of RCM could also be either due to past diseased condition or passed down from ancestral genetic 

history. In some cases, the incident of RCM is entirely idiopathic in that it arises spontaneously 

for no reason. Genetic analyses of RCM patients reveal gene mutations in the sarcomere subunits 

such as a-actin, b-myosin heavy chain, and Troponin I/T [31]. 
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1.1.4 Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) 

Arrhythmogenic Right Ventricular Cardiomyopathy, also known as Arrhythmogenic Right 

Ventricular Dysplasia, is a rare type of cardiomyopathy. Clinical evidences suggested that most 

cases have positive familial history, thus predominately bearing inherited mutations [32]. ARVC 

is characterized by ventricular arrhythmias or irregular heartbeats due to replacement of ventricular 

myocardium with fibrofatty tissue in the right ventricle. However, the number of cases reported 

for left ventricular and biventricular arrhythmia are constantly mounting up and thus, has created 

a debate on the nomenclature of ARVC among clinicians and who have suggested a new name, 

Arrhythmogenic Cardiomyopathy (ACM) [33]. ARVC or ACM mainly affects male teenagers and 

young adults, and is a major cause of sudden cardiac arrest in young athletes. Researchers have 

focused their investigations on the relationship between ACM and mutations found in desmosomal 

Figure 1.3: An illustration a diseased heart of RCM patient with rigid ventricular wall. The 
increased ventricular stiffness causes abnormal ventricular function in RCM patients. Adapted 
from [6]. 
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genes. Desmosomes are a seven membered protein family that belong to cadherin superfamily and 

function as dynamic adhesive intercellular junctions in epithelia and cardiac muscle [34]. 

Mutations in desmosomes are associated with abnormal intercellular adhesion and altered 

intracellular signaling [33]. 

1.1.5 Unclassified Cardiomyopathy (UCM) 

All other cardiomyopathies, apart from HCM, DCM, RCM, and ACM were grouped into 

unclassified cardiomyopathy because of their limited prevalence. The group of UCM includes: 

Transthyretin Amyloid Cardiomyopathy (ATTR-CM) characterized by a deposition of amyloid 

fibrils on left ventricle [35]; Ischemic Cardiomyopathy (IC) characterized by decreased heart 

function. During IC, cardiac muscles are weakened due to restricted blood supply. In most cases, 

IC is associated with coronary artery disease which caused by plaque formation in the coronary 

blood vessels that limits oxygen and nutrients supply to myocardium [36]; Left Ventricular Hyper-

Trabeculation or Non-Compaction Cardiomyopathy (LVHT- or LVNC-CM) characterized by 

abnormal trabeculation in the left ventricle and is often associated with dilation, hypertrophy, and 

cardiac damage [37]; Cirrhotic Cardiomyopathy characterized by impaired cardiac contractility 

due to stress and electrophysiological abnormality in patients with liver dysfunction [38]; and 

Takotsubo Cardiomyopathy (TTS-CM) which is also referred to as “broken heart syndrome”, 

“stress cardiomyopathy”, and “transient apical ballooning”. TTS-CN is a new form of acute and 

reversible cardiac disorder where the heart has the appearance of a traditional Japanese pot known 

as “Takotsubo”. This type of CM is more often observed in postmenopausal women upon severe 

physical or emotional stress and is characterized by left ventricular dysfunction [39]. The list 

provided here may not include all of the UCM since the number is continuously increasing with 

the addition of new types of cardiomyopathies each year. 
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1.1.6 Prevention and Available Treatments for Cardiomyopathy: 

Although one cannot prevent innate cardiomyopathies, the risk of getting acquired CM can be 

reduced significantly by following a healthy lifestyle and undertaking other necessary actions. 

Some of the heart-healthy life changes include maintenance of healthy diet by eating vegetables, 

fruits, whole grains, fat-free or low-fat dairy products, protein-rich foods (fish, lean meats, eggs, 

nuts), and oils rich in unsaturated fats, while at the same time limiting sodium intake, saturated 

and trans fats, sugar-rich products, and alcohol. According to health professionals, we should aim 

for a healthy body weight and manage mental stress. Additionally, regular physical activity boosts 

heart’s health, and also quitting smoking is a major advice. 

It has been known that CM might develop due to certain underlying diseased conditions, thus 

treating such diseases early enough may prevent the risk of CM. Examples of such diseased 

conditions include high blood pressure, high blood cholesterol, metabolic disorders, diabetes 

mellitus, kidney diseases, and viral infections that inflame the heart muscle. In addition to 

maintaining good lifestyles, regular health check-ups are highly suggested. These practices might 

help identify an emerging CM in its early stages.  

The treatments for CM depend on various factors including the type of CM, severity of 

symptoms, degree of complications, patients age and health history. Currently there are three types 

of treatments available such as medications, nonsurgical procedures, and surgical procedures.  

i. Medications: There are various prescription medicines available in the pharmacy to treat 

CM patient. The main purpose of these drugs, in most cases, is to lower blood pressure, 

slow down heart rate if heart beats fast (usually observed in DCM), maintain normal heart 

rhythms (arrhythmia is common in HCM), balance electrolytes in the body, remove any 
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excess fluid and sodium from the body, prevent blood clots from forming, and reduce any 

inflammation in the body. 

ii. Nonsurgical procedures: In HCM, the septum becomes abnormally thick and restricts 

blood flow out of left ventricle. The septum is a thick muscle present in the heart and 

separates the both ventricles. Cardiologists use a nonsurgical procedure known as alcohol 

septal ablation to reduce the size of septum to prevent any future complications in HCM 

patients. During alcohol septal ablation, ethanol is injected into the artery that carries 

blood to septum using a thin tube called as catheter. The ethanol then causes a few septal 

cells to shrink and eventually die leaving a scar. This improves blood flow in and out of 

the patient’s heart [40]. 

iii. Surgery and implant devices: There are various surgically implanted devices are currently 

available which help heart to function normally. For example, a pacemaker uses electrical 

pulses to bring heartbeat to normal rate, a cardiac resynchronization therapy (CRT) device 

maintains coordination between left and right ventricular contractions, a left ventricular 

assist device (LVAD) helps heart to pump blood to the body, and an implantable 

cardioverter defibrillator (ICD) monitors heartbeats and produces an electrical shock to 

heart muscles if there is any arrhythmia detected. Apart from these implant devices, there 

are surgical procedures available to treat CM patient including septal myectomy and heart 

transplant. The septal myectomy is an open-heart surgery that is usually performed in the 

case of severe HCM. Septal myectomy is preferred performing on young adults whose 

medications are not working. During the surgery, part of thickened septum is removed to 

improve blood flow within the heart and out to the body. On the other hand, the heart 
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transplant is a surgical replacement of patient’s heart with a healthy heart from donor is 

the only alternative when all other treatment options have been explored. 

 

1.2 Cardiac Muscle 

Cardiac muscle is one of the three types of muscles present in vertebrates along with skeletal 

and smooth muscles (Figure 4). The cardiac muscle tissue, also called as myocardium, is composed 

of cardiomyocytes joined with each other by intercalated discs. The cardiomyocytes consist of rod-

like structures known as myofibrils which in turn compose repeating sections of sarcomere units 

and several myofibrils collectively organized to generate a myofiber. A similar kind of working 

architecture is seen in skeletal muscles; however, the structure and functions are different and 

skeletal muscle expresses different isoforms of contractile proteins which have divergent roles. 

Figure 1.4: Types of muscle. There are three types of muscles present in our body. (1) The cardiac 
muscle occurs in the walls of heart. These are uninucleated fibers with extensively branched 
morphology, and functions as involuntary muscles. (2) The skeletal muscles attached to skeleton 
and exhibits a cylindrical shape with multi-nuclei. These function as voluntary muscles and control 
movement.  (3) The smooth muscles occur in the walls of internal organs and exhibits a spindle-
like structure with single nucleus and functions involuntarily [12]. 
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The sarcomeric units of myofibrils in both skeletal and cardiac muscles assemble in a stacked 

pattern and cause the appearance of striations or bands. Thus, both skeletal and cardiac muscles 

are called as striated muscles. [41].  

Diseases of cardiac muscle draw a greater importance in the field of pathology and there are 

multiple diseases that affect cardiac muscles. Likewise, cardiomyopathy is a common diseased 

condition results in impaired function of heart muscles, while ‘angina pectoris’ and ‘myocardial 

infarction’ are other types of diseases that occur due to restricted blood supply to myocardium 

[42].  

1.3 Skeletal Muscle 

Skeletal muscles are the major type of muscular system that makes up 40% of all muscles and 

accounts for nearly half of a mammal’s body weight. Skeletal muscles are cylindrical shaped 

striated muscles that function under voluntary control of the somatic nervous system [43]. Unlike 

cardiac muscles, skeletal muscle fibers are formed by the fusion of multiple precursor cells and 

thus possess multiple nuclei (Figure 1.4). Skeletal muscle fibers also exhibit a similar architecture 

to cardiac myofibers being composed of myofibrils which in turn are composed of repeating 

sarcomeric units. Skeletal muscles are categorized into three main types, namely type I, IIa, and 

IIb, depending on their contraction rate and energy source [44].  

Myopathy is a common term used to describe various types of muscle disorders, which can 

be further categorized into either neuromuscular or musculoskeletal. There are several types of 

treatments available for myopathy that include medication, physical therapy, acupuncture, bracing 

for support, therapeutic massage, and surgery. 
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1.4 The sarcomere is the functional unit of striated muscle. 

A sarcomere is the fundamental contractile unit of striated muscle and is composed of two 

main filaments, collectively called myofilaments. One of the myofilaments is actin, which forms 

the thin filament, and the other is myosin, which forms the thick filament. Additionally, the thin 

filament is decorated with regulatory proteins troponin and tropomyosin. The microanatomy of a 

sarcomere, when observed under a microscopy, appears to have alternative arrays of light and dark 

striations or bands. The light sections are called the I-bands and contain only the thin filament, 

while the dark segments are called the A-bands and contain both thin and thick filaments.  The 

length of the A-band is determined by the length of thick filament. The complete architecture of a 

sarcomere has five significant components, namely the Z-disc, I-band, A-band, M-line, and H-

zones as represented in Figure 1.5.  

Figure 1.5: A schematic representation of sarcomere. The thick and thin filaments overlap in the 
region of A-band, while I-band is formed from only thin filament and H-zone is formed from only 
thick filaments. The M-line being the mid-line of sarcomere and Z-discs being the boundary 
between adjacent sarcomeres [9]. 
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As the I-bands refract more light and appear lighter, they are referred to as isotropic-bands or 

I-bands; whereas, A-bands refract less light and appear darker and thus they are called anisotropic-

bands or A-bands. The Z-disc, also referred to as the Z-line or Z-band, has its name derived from 

a German word, ‘Zwischenscheibe’ which means ‘intermediate-disc’ and it is the boundary 

between adjacent sarcomeres. The Z-disc contains the thin filament, 𝛼-actinin, titin, 

nebulin/nebulette, cap-Z, and other proteins that are critical for maintaining sarcomere structure 

and functions. The M-line is the mid-line of a sarcomere and its name originates from the word, 

‘Mittelscheibe’ which means ‘center-disc’. Finally, the H-zone is the ‘thick-filament-only’ region 

within the A-band and acquired its name from the word, ‘Hellerscheibe’ meaning ‘lighter-pane’ 

[45].  

The molecular basis of muscle contraction and relaxation has been explained by ‘the sliding 

filament theory’ [46, 47]. According to this theory, during muscle contraction, the actin filaments 

slide past the myosin filaments which results in the reduction of both I-band and H-zone lengths 

while retaining the absolute length of A-band. Thus, the sliding filament theory suggests that the 

myosin filaments remain intact at the center and pull the actin filaments inward to promote muscle 

contraction. This phenomenon is further explained by the ‘myosin-actin cross-bridge cycling’ 

process that requires hydrolysis of ATP [48, 49]. The cross-bridge cycling can be explained as a 

four-step process which involves (i) ATP binding to myosin induces dissociation of actin-myosin 

cross-bridge; (ii) subsequent hydrolysis of ATP promotes conformational change in the myosin 

head to attain an extended conformation; (iii) The free and extended myosis head re-binds to actin 

filament; and (iv) the myosin head contracts into a closed conformation which generates a power 

stroke, thus pulls actin filament towards the center of sarcomere. This four-step cyclic process 

repeats over and over to achieve muscle contraction [50].  
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Apart from actin and myosin, there are various other regulatory proteins and molecules that 

are involved in the comprehensive process of cardiac muscle contraction. Unlike skeletal muscles, 

cardiac muscles are involuntary and have an intrinsic ability to transduce mechanical signals 

through the sarcomeric Z-disc to the cell membrane, or sarcolemma, via the cytoskeleton [51]. 

Thus, the Z-disc and its associated proteins play critical roles as mechanosensors and 

mechanotransducers to carry out normal functions of cardiac muscles. 

1.4.1 The Z-disc and its associated proteins in cardiomyopathies 

The Z-discs are the lateral boundaries of sarcomere units present in the myocytes and consist 

of various principle and regulatory proteins responsible for muscle contraction and relaxation. 

Three out of four filaments of the sarcomere interact at Z-disc which includes F-actin, titin, and 

nebulin/nebulette filament systems. Only the myosin filament, which constitutes the sarcomeric 

thick filament, does not interact directly at the Z-disc [41]. Mechanotransduction is the process of 

converting mechanical force into either electrical or chemical signals through a series of 

Figure 1.6: A schematic representation of proteins involved in the costamere during 
mechanical force transmission in muscle fibers [3]. 
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biochemical events. The mechanical stimuli generated by a sarcomere regulate both the 

physiological and pathological changes in myocardial cells. The sarcomeric Z-disc plays a critical 

role in transmitting this mechanical force to both the sarcolemma and intercalated-disk through 

costamere protein assembly and intermediate filaments of desmin, respectively, as depicted in 

Figure 1.6 [3, 52]. Several knock-out mouse studies have revealed that Z-disc proteins, including 

LIM protein, calsarcin-1, and melusin, play an important role in cardiac muscle 

mechanotransduction [53-55].  Recent research  has  led to an increase in understanding the role 

of the Z-disc and its associated proteins in the events of primary cardiomyopathy [56]. In fact, 

mutations in at least one of the Z-disc associated proteins, including calsarcin, cypher/ZASP, MLP, 

T-cap/telethonin, 𝛼-actinin-2, myotilin, nexilin, and titin have been associated with almost every 

patient suffering from DCM [53, 57-63]. Further, HCM patients also have mutations in several Z-

disc proteins, including T-cap/telethonin, MLP, myozenin-2, and titin [58, 64-66]. Interestingly, 

the number of CM cases are increasing which are associated with several mutations in a recently 

identified sarcomeric protein known as myopalladin [15]. 

 

1.5 Myopalladin (MYPN) 

The pursuit of determining how nebulin (in skeletal muscles) and nebulette (in cardiac muscle) 

are anchored to Z-lines lead the discovery of a novel sarcomeric protein, myopalladin (MYPN) 

[67].  Sequence analysis of myopalladin revealed that it is comprised of five immunoglobulin (Ig) 

domains with a total of 1,320 amino acids and a mass of ~145 kDa (Figure 1.7). Further studies 

showed that myopalladin is specifically expressed in vertebrate striated muscles and localizes to 

the Z-disc, I-band, and nucleus of cardiomyocytes [67]. Yeast two-hybrid analyses indicated that 

MYPN interacts directly with nebulin/nebulette and 𝛼-actinin via its C-terminal Ig-domains at the 
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Z-disc, as well as with sarcomeric CARP protein via its N-terminal Ig-domains at the I-bands of 

the sarcomere [67]. On the basis of these binding interactions and cellular localization, it was 

hypothesized that MYPN contributes to an intra-Z-line network formed by nebulin, titin, actin 

filaments, and 𝛼-actinin whereby it binds directly and simultaneously to nebulin and 𝛼-actinin. 

Overexpression of the N-terminal Ig domains (amino acids 1-522) of MYPN in chicken embryonic 

cells exhibited disrupted Z-line structures and sarcomeric integrity [67]. Whereas, MYPN knock 

out (MKO) mice studies revealed a reduced myofiber cross-sectional area and progressive Z-line 

widening. Recent investigations of the role of MYPN in skeletal muscle growth also suggest that 

MYPN promotes skeletal muscle growth by activating the serum response factor (SRF) signaling 

pathway [18]. 

 

1.6 Serum Response Factor (SRF) 

Serum response factor is a transcription factor (TF) that belongs to the MADS (MCM1, 

Agamous, Deficiens, SRF) box superfamily. SRF is known to regulate many muscle-specific genes 

by binding at the CArG-box sites [CC(A/T)6GG], also known as serum response element (SRE), 

within their promoters to promote muscle cells differentiation, growth, and maturation [68]. There 

Figure 1.7:  A schematic structure of human full-length myopalladin. The five 
immunoglobulin domains (Ig1-5) of MYPN are separated by six interdomain sections (IS1-6). The 
numbers indicate amino acid residues involved in MYPN’s binding regions. 
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are two known signaling pathways that modulate SRF activity. One of which involves 

phosphorylation of ternary complex factors (TCFs; SAP-1, Elk-1, and Net) and the other pathway 

is controlled by Rho family GTPases and actin dynamics [69-71]. Myocardin and the Myocardin 

Related Transcription Factors (MRTFs), MRTF-A and MRTF-B, are the transcriptional co-

activators of SRF and modulate SRF-dependent transcription [72]. Myocardin plays a significant 

role in activating cardiac and smooth muscle genes that are SRF-dependent, whereas MRTFs 

modulate several genes to promote cell proliferation and migration [72, 73]. Though SRF does not 

bind directly to actin, SRF activity is exquisitely dependent on the concentrations of globular- and 

filamentous-actin in the cytoplasm [74]. Monomeric G-actin binds to MRTF-A which results in 

the inhibition of SRF activity; however, RhoA stimulates actin polymerization by activating 

diaphanous-related formins. Thus a depletion in G-actin levels, in turn, facilitates the translocation 

of MRTF-A to the cell nucleus where it activates SRF signaling [75, 76]. Interestingly, 

overexpression of SRF in cardiac muscle cells results in hypertrophy; whereas cardiac-SRF 

deletion variants in mice studies showed reduced cardiac contractility and DCM, in addition to 

defects in their cardiac structural proteins and early onset heart failure [77].  Further, MYPN 

appears to increase MRTF-A mediated activation of SRF activity in a dose-dependent manner 

while MKO myoblast cultures showed reduced SRF activity. The reduced myofiber cross sectional 

areas exhibited by MKO mice supports the role of MYPN in regulating SRF activity [18]. 
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1.7 Relationship between myopalladin and cardiomyopathy 

The cardiac proteins encoded by genes associated with cardiomyopathy include 𝛼-actinin, 

nebulette, and CARP and the fact that myopalladin interacts directly with these proteins led to an 

initial hypothesis of its involvement during the development of CM [60]. Subsequent 

investigations have affirmed the involvement of MYPN gene mutations during clinical expression 

of different types of CM [60, 78, 79]. Until now, twenty-three distinct mutations of MYPN gene 

have been identified in patients who were diagnosed with DCM, HCM, RCM, and ARVC [16]. 

Interestingly, the mutations in the MYPN gene are not limited any particular domain but are 

distributed all over length of the gene (Figure 1.8). Further systematic genetics approaches have 

identified fifteen sarcomeric genes that are correlated with MYPN and Gu Q. et al. have 

successively generated a gene network comprising all of these sixteen genes (Figure 1.9) [16]. 

From this study it appears that most of the genes that interact with MYPN are already known to 

be associated with CM. In addition to CM, MYPN is also associated with several other congenital 

muscular dystrophies including hanging big toe, cap myopathy, and nemaline myopathy [80-82].  

Figure 1.8:  A schematic representation of mutations of MYPN that are associated with various 

types of CM. The mutations spread evenly along the length of MYPN. 
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1.8 Myopalladin Family Members 

Myopalladin is the newest member of a three-membered protein family that also consists of 

myotilin (MYOT) and palladin (PALLD). MYPN is named after its ancestral protein, palladin 

because of its sequence homology, in particular with 200 kDa isoform of palladin [67, 83]. All 

members of this protein family consist of variable number of Ig-domains in their structures (Figure 

1.10). In addition to sequence homology, palladin family proteins are expressed together in Z-disc 

assemblies of striated muscles and possess putative binding sites for 𝛼-actinin and F-actin. 

Figure 1.9:  A representation of MYPN 
gene network generated by Q. Gu et al. [16] 
Full gene names are available on ‘List of 
Abbreviations’ section. 

Figure 1.10: The structural homology between MYPN, PALLD (200 kDa, heart isoform), and 
MYOT. 
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1.8.1 Myotilin (MYOT): 

Myotilin is a 57 kDa sarcomeric Z-disc protein that consists of a unique serine-rich N-terminal 

domain with no known function and two C-terminal Ig-like domains that are homologous to titin. 

Myotilin forms a homodimer and plays a significant role in sarcomere integrity by interacting with 

F-actin, 𝛼-actinin, and filamin-C [84-86]. It was first identified as a protein associated with limb-

girdle muscular dystrophy [84].  Subsequent studies demonstrated that mutations in myotilin are 

associated with distinct inherited muscle diseases, limb‐girdle muscular dystrophy type 1A, 

myofibrillar myopathy, and distal myopathy [61, 87].  

1.8.2 Palladin (PALLD): 

It was only through serendipity that palladin was discovered simultaneously by two 

independent research groups that are located geographically far apart [88, 89]. Given palladin’s 

role in regulating cellular architecture, Dr. Carol A. Otey (University of North Carolina, Chapel 

Hill, NC, USA) proposed this name in the honor of an Italian Renaissance architect, Andrea 

Palladio [88].   Unlike the other family members myotilin and myopalladin which are expressed 

only in striated muscles, palladin expression is ubiquitous in embryonic tissue while it shown to 

be downregulated in certain adult tissues [88]. Palladin has attracted the interest of researchers 

because of its diverse cellular functions and association with metastatic cancer progression. First, 

palladin was shown to co-localize with 𝛼-actinin in focal adhesions, inter-cell junctions, stress 

fibers, and Z-line assemblies [88]. Subsequent studies on palladin’s binding interactions with F-

actin, profilin, VASP, 𝛼-actinin, Arg-Binding Protein-2, FHL-2, EPS8, Lasp-1, Ezrin, and Src 

demonstrate its scaffolding role [90-95]. The palladin gene is expressed as several isoforms of the 

protein due to alternative splicing. Currently, there are nine different isoforms of human palladin 

and six isoforms of mouse palladin that have been reported in Uniprot [96, 97]. Among the six 
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isoforms of mice palladin, three isoforms with molecular weights of 90, 140, and 200 kDa are 

expressed dominantly in the body (Figure 1.11). In particular, the 90 and 140 kDa isoforms appear 

to be expressed ubiquitously in embryonic tissues and organs, while the 200 kDa isoform is 

exclusive to only heart and bone tissues [98]. The 200 kDa isoform of palladin has five IgC2-

domains with the highest homology with myopalladin. It was found that the expression of the 200 

kDa palladin is downregulated in adult tissues including heart, liver, and skeletal muscles. 

Considering the homology between palladin and myopalladin and the relative protein expression 

levels in certain tissues, it was hypothesized that myopalladin may substitute for palladin to 

achieve the required cellular functions in cardiac tissues.  

 

1.9 Other proteins related to cardiomyopathy  

Initially, the pathogenesis of CM was considered as a disease only of the sarcomere; however, 

recent studies have identified CM associated mutations in proteins which are not directly involved 

in muscle contraction but are involved in retaining Z-line and sarcomere integrity [15]. Among the 

various types of CMs, HCM and DCM are the most prevalent types. Accordingly, there were over 

450 distinct mutations associated with HCM have been identified within 13 sarcomere proteins 

alone [21]. Interestingly, almost 75% of mutations that lead to HCM are solely associated to 

Figure 1.11: PALLD isoforms that expresses dominantly in the body. 
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sarcomeric myosin heavy chain (MYH7) and myosin-binding protein-C (MYBPC3) [99]. 

Similarly, 50 distinct mutations were known to be associated with DCM, wherein 20% of 

mutations are exclusively related to titin [28]. The other Z-line and its associated proteins which 

are responsible for various types of CMs are listed in Table 1.1 and Figure 1.12. [15]. 

Table 1.1: 
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1.10 Actin 

Actin is one of the most abundant proteins in all eukaryotic cells. It remains highly conserved 

over the course of evolution, changing by no more than 20% at amino acid level, and participates 

in the highest number of protein-protein interactions compared to all known proteins [100]. The 

amino acid sequence of actin isolated from rabbit skeletal muscle comprises a total of 374 amino 

acids, with a molecular weight of 41,785 Da (or 42,300 Da including bound calcium and ATP) 

[101-104]. In vertebrates, actin is expressed in six different isoforms that fall under three main 

groups, namely alpha, beta, and gamma. Four of the isoforms are expressed primarily in muscle 

tissues, αskeletal-actin, αcardiac-actin, αsmooth-actin, and γsmooth-actin, and are a major constituent of the 

contractile machinery. The other two isoforms, βcyto-actin and γcyto-actin are ubiquitously 

expressed in non-muscle cells. The sequence alignment between all the actin isoforms reveals 93% 

Figure 1.12: A Venn diagram representation of Z-line and associated proteins that are involved in 
various types of cardiomyopathies [15]. 
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identity, with most variations occurring toward the N-terminus, yet each isoform has a distinct 

function, making actin an interesting protein to study [105, 106].  

Actin achieves its diverse functions by utilizing both its functional variants and its ability to 

polymerize into long filaments. The polymerized form of actin is called filamentous or F-actin, 

while monomeric actin is called globular or G-actin, in short. The ability to visualize how G-actin 

polymerized into filaments was not well understood because structural determination in the early 

20th century was inadequate. However, the first G-actin structure was reported with DNase-I using 

co-crystallization methods in the year 1990 [107]. Subsequently, many other researchers have 

reported G-actin crystal structures either in complexes with various actin binding proteins and 

small molecules or containing variants that cannot polymerize [108]. Interestingly, all current 

structures have yielded a similar G-actin conformation that is independent of its binding partner 

[108]. Eukaryotic actin is a flat protein with a deep cleft in the middle that binds to ATP (Figure 

1.13A). A similar ATP binding pocket is seen in sugar kinases, hexokinases, and Hsp70 protein 

[109]. Unlike F-actin, monomeric G-actin is not an effective ATPase; therefore, most of the actin 

crystal structures reported are in the ATP-bound form. There are only a few structural differences 

present between ATP- and ADP-bound states of actin, particularly in the orientation of the β-

hairpin loop formed by the Ser14 and the sensor loop formed by the His73 [110].  The 

conformation of actin reveals two major 𝛼/β-domains which are connected by a polypeptide hinge 

that results in the formation of upper and lower clefts.  The two major domains were further divided 

into two resulting in four subdomains such that the β-domain became subdomain 1 and 2, while 

the 𝛼-domain contains subdomains 3 and 4 [108]. This adapted nomenclature shows that actin 

folding winds from subdomain 1 to 2, 3, and 4 and back to subdomain 1. The upper cleft formed 

between subdomains 2 and 4 acts as a binding site for the nucleotide and divalent cations (Mg2+ 
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and Ca2+). Whereas the lower cleft, formed between subdomains 1 and 3, is predominately packed 

with hydrophobic residues and serves as the binding site for most actin-binding-proteins (ABPs) 

in addition to maintaining longitudinal contacts between actin subunits in the filament [111]. X-

ray diffraction studies and electron microscopy images have revealed that actin filaments consist 

of two strands oriented in such a way that this arrangement could be described either as two-

stranded right-hand helices wound around each other or as a single-stranded left-hand helix which 

engulfs all the subunits of other strand in the filament (Figure 1.13B) [112]. During actin 

polymerization, monomers bind to each other in a head-to-tail fashion and, because of such 

arrangement, the actin filaments acquire a distinct polarity, which is then responsible for the unique 

directional movement of myosin in the sarcomere. In a saturation binding assay, the actin-bound 

Figure 1.13: Structures of G- and F-actin. (A) The G-actin structure was derived from its 
complex with DNase I (PDB: 1ATN). The highlighted regions indicate DNase I-binding loop, 
Ser14 and His73 loops, and hinge regions. Both upper and lower clefts are labeled. (B) The helical 
structure of F-actin derived from cryo-electron microscopy [13]. The two strands of actin oriented 
as two-stranded right-hand helices wound around each other. 
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myosin heads appeared as a line of arrowheads, when observed under electron microscope,  with 

a point on one end and a barb on the other end; therefore, by convention the ends of actin filaments 

are referred to as the ‘pointed-end’ and the ‘barbed-end’ [112].  

 

1.11 Actin filaments assembly 

The in vitro polymerization of actin is reversible and dependent on the ionic strength of the 

buffer. Actin monomers readily polymerize into long filaments under physiological salt 

conditions; but, upon lowering the salt concentrations, the filaments depolymerize into monomers. 

In addition to salt concentration, the polymerization rate is also dependent on nucleotide hydrolysis 

[113]. Actin filament assembly can be described as a three-step process which includes nucleation, 

elongation, and a steady state. The first step in actin filament formation is ‘nucleation’ wherein a 

tetrameric nucleus is formed, and this step strongly depends on the concentration of monomeric 

actin. Computer modeling analysis showed that nucleation consists of two unfavorable steps: (i) 

the association of two monomers to form a dimer and (ii) the formation of trimer from a dimer 

[114]. Though association reactions are fast, actin nucleation is a slow step because dimers and 

trimers are highly unstable. Actin dimers dissociate at a rate of ~106 sec-1, whereas a trimer 

dissociates at ~102 sec-1; hence, the concentrations of dimer and trimer are extremely low [115, 

116]. Addition of the fourth monomer to actin trimers presumably compliments all the necessary 

inter-molecular interactions which promote the stability of nuclei. The tetrameric nuclei then 

elongate to form long filaments. Similar to nucleation, the elongation step is also dependent on 

monomeric actin concentration [112]. The elongated filaments subsequently reach a steady-state 

where they undergo a three-step cyclic process known as ‘actin filament treadmilling’ during 

which (1) the ATP-bound actin monomers join the barbed-end of the filament, (2) the actin-bound 
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ATP undergoes hydrolysis, and (3) the ADP-bound actin leaves the filament from the pointed-end. 

It has proven difficult to predict the site of nucleotide hydrolysis on the filament, however many 

researchers believe it is random [117]. In vitro actin polymerization studies revealed that filaments 

grow relatively faster at the barbed end; therefore, the barbed-end is also called the plus-end, while 

the slow growing pointed-end is called the minus-end of the filament [118].  

 

1.12 Role of Actin in Cytoskeleton: 

The cytoskeleton is the architecture of a cell that defines its structure and function, and it 

provides mechanical support to carry out essential functions like cytokinesis, cell migration, 

muscle contraction, cell adhesion, subcellular movement of organelles and vesicles, establishment 

of the intracellular organization, cell polarity, and other functions that are vital for cellular 

homeostasis and survival. The cytoskeleton is also a dynamic structure and achieves its functions 

by means of three basic filaments that include microtubules, actin filaments, and intermediate 

filaments. Actin is the most abundant cytoskeletal protein and is necessary for diverse cellular 

functions. In addition to its role in sarcomere regulation, actin is involved in several other cellular 

processes including cell motility during embryonic development, wound healing, and tumor 

invasion [119].  

Actin binding proteins (ABPs) regulate actin filament assembly and disassembly which 

results in the formation of diverse structures including linear filaments, branched filaments, 

parallel bundles, anti-parallel bundles, and cross-linked networks. As mentioned previously, actin 

filaments form a double helical polymer of actin subunits with a head-to-tail arrangement that 

provides molecular polarity to the filament. This type of polarity is essential for the directional 

motility to cells. Cells exhibit various types of structures including filopodia and lamellipodia 
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during motility. Other structures such as transverse arcs, cell cortex, and the focal adhesion-

anchored stress fibers as depicted in Figure 1.14, ensure mechanical integrity within the cell [14]. 

In fact, actin is the principal component among all of the aforementioned structures, which 

reiterates its importance in the cytoskeleton. At the same time, alterations in the actin cytoskeleton 

and its associated proteins have been linked with numerous pathologies ranging from microbial 

infections to neurodegenerative disorders including muscular disorders such as cardiomyopathies 

[14]. The most interesting pathological condition that is associated with actin is metastatic cancer 

[120]. Actin cannot be accounted for its diverse structures and functions per se, but several ABPs 

are involved in the regulation of actin dynamics [121]. 

 

 

Figure 1.14: A schematic representation of the cell with the different actin structures including (i) 

the cell cortex, ii) the stress fiber, iii) the lamellipodium, and iv) the filopodia [14]. 
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1.13 Actin Binding Proteins  

The dynamic nature of actin filaments has revealed that actin is a unique and an important 

protein across all cell types. Actin is essential for many cellular functions including cell motility, 

cell adhesion, cell morphology, vesicle trafficking, contractility, cytokinesis, endocytosis, etc. 

Actin achieves its versatility by involving the highest number of protein-protein interactions and 

there are currently over 160 distinct proteins that are known to interact with actin and which are 

collectively referred to as actin-binding proteins or ABPs [122]. Most of ABPs interact at the 

hydrophobic cleft of actin at barbed end that prompts a huge competition between ABPs, but actin 

dynamics are always regulated exquisitely. A definite classification of all available ABPs is 

challenging, if not impossible, and several attempts left many proteins ‘orphans’ as they do not fit 

into any category. Yet, a decent attempt was made based on the function of ABPs that enabled 

efficient categorization into these seven groups as illustrated in Figure 1.15 [122] : 

i. G-actin binding proteins 

ii. Nucleation proteins 

iii. Actin filament polymerases 

iv. End capping proteins 

v. Filament severing proteins 

vi. Filament binding proteins 

vii. Filament cross-linking proteins 

viii. Filament stabilizing proteins 

G-actin binding proteins: Actin polymerizes spontaneously at physiological conditions, yet 

the ratio of G-actin to F-actin in the cytoplasm is almost close to unity. This is possible only with 

the involvement of G-actin binding proteins that stabilize monomeric actin and hinder G-actin 
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from participating in filament assembly. Examples of such proteins include thymosin-β4, profilin, 

DNase I [122].  

Nucleation proteins: Actin nucleation is a critical step in filament assembly, but the de novo 

polymerization of actin is kinetically unfavorable [123]. Therefore, nucleation depends on 

regulatory proteins to initiate actin polymerization. There are various types of proteins found in 

the cell that initiate different types of filaments. For example, formins initiate long filaments, 

Apr2/3 complex initiates filament branching, and proteins with tandem WH2 domains such as 

Spire, Cob1, VopL/VopF, Lmod are involved in the formation of other types of filaments [124-

128].  

 

Actin filament polymerases: This class of proteins promote filament elongation. Although 

the actin elongation process is relatively favorable, it is still hindered either by filament end-
filaments (Kd . 20 mM), so profilin dissociates rapidly af-
ter a profilin–actin complex binds, freeing the end for
further elongation. (Profilin has much higher affinity for
the barbed ends of ADP–actin filaments [Courtemanche
and Pollard 2013].) However, high concentrations of free
profilin can slow elongation and even promote dissociation
of the terminal subunit (Jégou et al. 2011; Courtemanche
and Pollard 2013).

Two other activities of profilin are essential for viability
(Lu and Pollard 2001). Bound profilin reduces the affinity
of actin monomers for ATP or ADP, so profilin catalyzes
nucleotide exchange (Mockrin and Korn 1980) by rapidly
dissociating ADP from newly depolymerized actin mono-
mers and allowing ATP to bind (Fig. 3) (Vinson et al. 1998).

Profilin also binds polyproline sequences at a site physically
separated from the actin-binding site (Archer et al. 1994;
Ferron et al. 2007). As explained below, this interaction
allows profilin to deliver actin to polyproline sequences
in elongation factors, such as formins and Ena/VASP, and
to promote elongation of actin filament barbed ends. Phos-
phatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2, com-
monly known as PIP2) binds profilin and competes for
binding actin.

Thymosin-b4 is a peptide of 43 residues originally de-
scribed as a thymic hormone, but it is also the most abun-
dant actin-monomer-binding protein in some cells,
including leukocytes and platelets (Safer et al. 1991). The
amino terminus of thymosin-b4 forms a short helix that
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Figure 4. Overview of families of actin-binding proteins, including monomer binding, polymerases such as formins,
capping proteins, severing proteins, cross-linking proteins, and branching protein Arp2/3 complex. Filaments can
anneal end to end, but no proteins are known to facilitate this reaction. The drawing does not include tropomyosin
and myosin motors, which bind to the sides of filaments. (Adapted, with permission, from Pollard and Earnshaw
2007.)
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Figure 5. Proteins that bind actin monomers. Space-filling models of the actin monomer with ribbon diagrams of
bound proteins. This is the standard view of actin (see Fig. 1), with the ATP-binding cleft at the top and the barbed-
end groove at the bottom. (A) The WH2 helix binds in the barbed-end groove (PDB: 3M1F, from Vibrio para-
haemolyticus Vopl). (B) Thymosin-b4 helices bind in both the barbed-end groove and across the pointed-end cleft
(PDB: 4PL7). (C) Profilin can bind simultaneously to the barbed end of actin and to polyproline helices such as that
from vasodilator-stimulated phosphoprotein (VASP), shown here as a red stick figure (PDB: 2PBD). (D) The
carboxy-terminal cofilin domain from twinfilin binds on the barbed end of the actin molecule (PDB: 3DAW).
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Figure 1.15: An overview of the categories of ABPs including monomer binding proteins, 
nucleation proteins, filament elongation by formins, filament capping proteins, filament severing 
proteins, filament branching and cross-linking proteins [10]. 
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capping proteins or by the sequestering of G-actin by monomer-binding proteins. Formins aid actin 

filament extension in addition to actin nucleation [129]. Similar to formins, Ena/VASP proteins 

also promote filament growth at barbed end [130]. 

End capping proteins: Actin filament end-capping proteins play an important role in 

regulating filament length. The most abundant end-capping protein is Capping Protein (CP) and it 

is present at micromolar concentration in the cell. CP is one of the essential proteins at the Z-disc 

where it caps barbed-ends of actin filament thus, CP is also known as CapZ [131]. Apart from CP, 

gelsolin family proteins also cap actin filaments at the barbed end. Interestingly, tropomodulin 

(Tmod) is the only protein known that caps the pointed-end of actin filaments [132]. 

Filament severing proteins: Actin filament severing is a remarkable process that allows the 

disassembly and reassembly of filaments which is essential for cell motility and cytokinesis. 

Gelsolin family proteins and cofilin are the major filament severing proteins [112]. 

Filament binding proteins: The majority of ABPs are associated with filament binding in 

order to coordinate a variety of cellular functions. Specifically, there are at least eight distinct 

sarcomeric proteins that bind to F-actin to regulate sarcomere functions. Myosin family motor 

proteins use F-actin filaments as a “rail” during the transportation of vesicles and organelles to the 

cell membrane. 

Filament cross-linking proteins: Higher-order structures of actin, such as filament bundles 

and cytoplasmic cables, are essential for the formation of filopodia, microvilli, and stress fibers. 

Most actin filament cross-linking proteins, such as fimbrin/plastin family proteins, fascin, filamins, 

possess two actin binding domains (ABDs); whereas other proteins from the spectrin superfamily 

(spectrin, dystrophin, and 𝛼-actinin) undergo homodimerization in order to cross-link actin 

filaments [133]. 



 32 

Filament stabilization proteins: The turnover rate of actin filaments is a hundred times faster 

in cells than in vitro. Therefore, stabilization of filaments particularly in skeletal and cardiac 

muscles is a pivotal requirement. The tropomyosin-troponin complex binds laterally to actin 

filaments and maintain its constant length in muscles [134]. 

 

1.14 Small molecules that regulate actin structures  

Small molecules that bind actin and actin structures also play a crucial role in establishing 

basic biochemical properties of actin structures. Some of these molecules inhibit actin 

polymerization, while the others promote filament assembly. Molecules that destabilize actin 

filaments include cytochalasin B and D, latrunculin A, swinholide A, misakinolide A, tolytoxin, 

mycalolide B, aplyronine A, pectenotoxin-2, halichondramide. On the other hand, molecules that 

stabilize actin filaments include phalloidin, jasplakinolide (jaspamide), dolastatin-11, 

hectochlorin, doliculide [135].   

The cytochalasin family members, particularly cytochalasin B and D, are the most studied 

actin inhibitors. They bind at the barbed end of actin filaments and inhibit both polymerization and 

depolymerization [136]. However, in the light of efficiency and unambiguous mechanism, 

latrunculin A (LatA) precedes cytochalasin’s necessity. LatA is a member of thiazolidione-

containing macrolide’s family and it was first isolated from Red Sea sponges [137]. LatA inhibits 

actin polymerization by forming a 1:1 complex with G-actin, which then promotes conformational 

changes to prevent unfavorable subunit interactions as well as preventing nucleotide exchange 

[138]. All of these naturally available and synthetically made molecules helped researchers to 

understand actin dynamics and demonstrated about the mechanisms of cell motility. Thus, with 

the acquired knowledge scientists are now able to control cell movements therapeutically.  
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CHAPTER 2 

AIM OF STUDY 

Heart failure is one of the major public health problems that affects millions of people around 

the globe each year. The risk of heart failure continues to rise over time with the aging population. 

Heart failure is a complex pathophysiologic condition that arises due to insufficient performance 

of heart muscles thus causing inadequate blood supply to all parts of the body. The prevalence of 

this syndrome is complex and mostly it is associated with a variety of cardiovascular pathologies 

[22]. Likewise, cardiomyopathy is a disease of heart muscles which is associated with impaired 

myocardial function [139]. There are over 500 mutations have been identified in proteins that are 

linked to disorganization of cardiac myofibers, wherein the majority of these proteins are an 

integral part of the sarcomere [21, 27, 28]. Despite significant understanding of the underlying 

mechanisms of cardiac muscles, the pathological mechanisms resulting in cardiomyopathy are 

complicated. Accordingly, current research remains focused on the identification of other novel 

causative genes and investigating the mechanisms by which sarcomere gene mutations bring about 

hypertrophy and arrhythmia, and identifying the affecting factors that influence clinical expression 

of cardiomyopathy in patients. 

Recently, 23 distinct mutations in myopalladin have been identified that are linked to the 

pathogenesis of cardiomyopathy [78, 79]. Myopalladin is a sarcomeric protein that is thought to 

have an important role in maintaining sarcomere structure, signaling and regulation of gene 

expression in response to muscle stress [67]. Myopalladin and palladin belong to a family of 

closely related immunoglobulin (Ig)-domain containing proteins that have essential, but unclear 

roles in organizing the actin cytoskeleton [83]. Recent work in the Beck lab has shown that the C-

terminal Ig domains of palladin bind directly to F-actin and increase both the rate of actin 
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polymerization and the stability of actin filaments [140]. The fact that a number of mutations in 

myopalladin are located within the analogous actin-binding region suggests that a disruption in 

actin regulation may occur in cardiomyopathy. Thus, we hypothesized that myopalladin also binds 

directly to actin and regulates both the rate of actin polymerization and the stability of actin 

filaments. 

Accordingly, we aim to evaluate direct binding interactions between MYPN and F-actin and 

investigate the implications of cardiomyopathy-associated mutations in MYPN with respect to F-

actin interactions. We believe that our studies uncover the underlying role of MYPN in the 

sarcomere assembly and provide a better understanding of the molecular mechanisms that result 

in cardiomyopathy. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Plasmid Construction and Sequence Analysis 

The plasmid constructs pGBKT7-MYPN-Human (full-length) and pcDNA3.1-MYPN-

Mouse (full-length) were kindly provided by Dr. Marie-Louise Bang (Institute of Genetic and 

Biomedical Research (IRGB), Milan Unit, National Research Council, Milan, Italy) [67]. Since 

both pGBKT7 (yeast two-hybrid "bait" vector) and pcDNA3.1 (mammalian expression) vectors 

are not suitable for bacterial expression, the MYPN cDNAs were sub-cloned into suitable bacterial 

vectors. Accordingly, both pTBSG3 and pTBMalE3 vectors were received from the generosity of 

Dr. Timothy A. Cross (Department of Chemistry and Biochemistry, Florida State University, 

Tallahassee, Florida) [1]. Both pTBSG3 and pTBMalE3 vectors have N-terminal polyhistidine-

tag and a TEV cleavage site which provide recombinant protein purification by affinity 

chromatography and His-tag cleavage by TEV protease, respectively (Figure 3.1). Further, the 

pTBMalE3 vector has an additional maltose binding protein (MBP)-tag [1]. Additionally, the 

ligation-independent-cloning (LIC)-site on both pTBSG3 and pTBMalE3 vectors facilitates direct 

cloning of PCR products without involving restriction enzymes and ligation steps [141]. The 

coding sequences of MYPN full-length and isolated domains were amplified by PCR using 

pGBKT7-MYPN-Human and pcDNA3.1-MYPN-Mouse plasmids as templates and a pair of 

primers (listed in Table 3.1) in the presence of PrimeSTARâ HS DNA polymerase (Takara Bio). 

The PCR conditions used during the gene amplifications were listed in Table 3.2. The amplified 

genes were isolated using 0.7% DNA agarose gel and electrophoresis at 100V for 45 minutes. The 

bands corresponding to target gene size were carefully sliced and recovered from the gel using 

GeneJET Gel Extraction Kit (Thermo Fisher Scientific). The isolated genes were then treated with 
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T4 DNA polymerase in the presence of 4 mM dCTP. On the other hand, the vectors were treated 

overnight with SspI at 37 °C to digest the vectors at the ligation-independent cloning (LIC) site 

(AAT¯ATT). The linearized vectors were then isolated using a DNA agarose gel electrophoresis 

and gel extraction kit. Subsequently, the linearized vectors were treated with T4 DNA polymerase 

in the presence of 4 mM dGTP [142]. Due to exonuclease activity of T4 DNA polymerase the 

vectors would be “chewed back” on their free 3¢ end until the first “G” in the vector sequence is 

encountered, while the inserts were “chewed back” until the first “C”, since dCTP was used in the 

insert T4 reaction. This step created sticky ends on both the vector and insert that complement 

each other during annealing. (Note: Both T4 treated vector and insert are stable and could be 

stored at -20°C until the next step). For the annealing step, 15 ng of T4 treated vector was mixed 

with 30-45 ng of T4 treated insert in the presence of 1 µL of EDTA (25 mM, pH 8.0) at room 

temperature for about 5 minutes and immediately transformed the annealed plasmids into DH5a 

Figure 3.1: Sequence and features of pTBSG and its derivatives, pTBSG3 and pTBMalE3. 
Adapted from [1]. 
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competent cells following the heat-shock method [143]. In this instance, 2 µL of T4 was used to 

treat vectors and 3 µL for inserts. The positive colonies from ampicillin LB agar plates were 

identified by PCR colony screening [144].  For the PCR colony screening, 2-3 colonies were 

randomly selected from each plate and added into sterile PCR tubes along with the primers that 

correspond to inserted gene, dNTPs, and Taq polymerase (New England Biolabs, Ipswich, MA). 

The temperature steps were set up according to primer pair melting temperatures using a 

thermocycler (Eppendorf MasterCycler® Personal-5332, Germany) to achieve the target gene 

amplification. A 0.7% DNA agarose gel was used to visualize the gene amplification. Only the 

positive colonies show a thick and bright band at the corresponding gene size. The gene sizes were 

estimated using GeneRuler™ 1Kb Pulse DNA ladder (Thermo Scientific). The colonies with 

successfully annealed plasmids were inoculated in 3 mL LB media and grown overnight with 

appropriate antibiotic. The plasmids were isolated using IBI Scientific Mini Hi-Speed Kit which 

then sent off for sequencing (Sequetech Inc.).  
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Table 3.1: Primers used for LIC cloning. 

LIC Cloning Forward Reverse 
pTBMalE3-mouse MYPN Ig3-4  
(res. 938-1165; NM_182992) 

tacttccaatccaatgca/TGCATC
GCGCCCATCTTTGACA
AAAG 

ttatccacttccaatg/TTAACTC
TTCTTTACCTCTTTGGC
TACCACAGTGAG 

pTBSG3-mouse MYPN Ig3 
(res. 940-1044; NM_182992) 

tacttccaatccaatgcg/GCTCC
CATCTTTGACAAGAGA
CTCAAGC 

ttatccacttccaatg/TTAAGCA
GAGGTTAGCCGACTGC
GAAT 

pTBMalE3-mouse MYPN Ig4  
(res. 1065-1165; NM_182992) 

tacttccaatccaatga/TTTTTCC
GACCACATTT 
CCTGCAG 

ttatccacttccaatg/TTAACTC
TTCTTTACCTCTTTGGC
TACCACAGTGAG 

pTBMalE3-human MYPN FL 
(res. 1-1320; NM_182992) 

tttcatatg/ATGCAAGACGA
CAGCATAGAGC 
TTCTACT 

tttggatcc/TTAAAGTTCAT
CACTCTCCACTACACTC
CG 

pTBMalE3-human MYPN C-
term  
(res. 938-1320; NM_182992) 

tttcatatg/CCCACGGGCAA
GTGTATTGCTC 
CCATCTTT 

tttggatcc/TTAAAGTTCAT
CACTCTCCACTACACTC
CG 

pTBMalE3-human MYPN Ig3-4  
(res. 944-1155; NM_182992) 

catggaggccgaattc/GCTCCC
ATCTTTGACAAGAGAC
TCAAGC 

gcaggtcgacggatcctca/ATTC
TGCCCGGTTTTGTTGGT
AGCGATG 

pTBSG3-human MYPN Ig3 
(res. 944-1048; NM_182992) 

catggaggccgaattc/GCTCCC
ATCTTTGACAAGAGAC
TCAAGC 

gcaggtcgacggatcctca/AGCA
GAGGTTAGCCGACTGC
GAATG 

Note: Vector specific sequence is written in lowercase letters. 

Table 3.2:  PCR conditions used during gene amplification. 

 

 
 

 

 

 

  

Cycle Step Temp. Time Cycles 
Initial Denaturation 98 ºC 2 min 1 
Denaturation 98 ºC 10 s 

30 Annealing 61 ºC 5 s 
Extension 72 ºC 1 min/kb 
Final Extension 72 ºC 5 min 1 
Hold 4 ºC 
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3.2 Site Directed Mutagenesis 

All the primers used in site directed mutagenesis reactions were designed by following 

Mutagenic Primer Design Guidelines from QuikChange® Site-Directed Mutagenesis Kit 

instruction manual (Stratagene, La Jolla, CA) and listed in Table 3.3. Accordingly, the primers 

were obtained from Integrated DNA Technologies Inc. (Coralville, IA, USA) and subsequently 

rehydrated the lyophilized primers such that the resulting concentrations were at 100 µM, which 

then diluted by 10-fold to get working stock concentrations of primers. The thermocycler 

conditions and the PCR reaction volumes reactions were according to the protocol described in the 

same instruction manual [145], and also listed in Table 3.4. 

Table 3.3: Primers used for site-directed mutagenesis to generate alanine mutations of MYPN Ig3. 

Mutation Forward primer Reverse primer 

R955A GACTCAAGCACTTCGCGGTCACA

GAAGGCTCTCC 

GGAGAGCCTTCTGTGACCGCGAA

GTGCTTGAGTC 

R987A CAAAGATGGGAAGCAGATTTCTG

CGAGAAATGAGCACTGC 

GCAGTGCTCATTTCTCGCAGAAAT

CTGCTTCCCATCTTTG 

R988A GGGAAGCAGATTTCTAAGGCAAA

TGAGCACTGCAAAATGAG 

CTCATTTTGCAGTGCTCATTTGCC

TTAGAAATCTGCTTCCC 

K949A/

R950A 

GCTCCCATCTTTGACGCGGCACTC

AAGCACTTCCGGGTCAC 

GTGACCCGGAAGTGCTTGAGTGC

CGCGTCAAAGATGGGAGC 

R950A/

K952A 

CTTCTGTGACCCGGAAGTGCGCG

AGTGCCTTGTCAAAGATGGGAGC

AA 

TTGCTCCCATCTTTGACAAGGCAC

TCGCGCACTTCCGGGTCACAGAA

G 

K952A/

R955A 

GGAGAGCCTTCTGTGACCGCGAA

GTGCGCGAGTCTCTTGTCAAAGA

T 

ATCTTTGACAAGAGACTCGCGCA

CTTCGCGGTCACAGAAGGCTCTC

C 

K987A/

R988A 

GGGAAGCAGATTTCTGCGGCAAA

TGAGCACTGCAAAATGAGGCG 

CGCCTCATTTTGCAGTGCTCATTT

GCCGCAGAAATCTGCTTCCC 
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Table 3.4:  PCR conditions used during site directed mutagenesis. 

 

 

 

 

 

3.3 Protein Expression and Purification 

The pTBSG3 or pTBMalE3 plasmids containing myopalladin domains were transformed 

into BL21 (DE3) cell (New England Biolabs, Inc.) using heat shock method [143] and allowed to 

grow overnight on LB agar plates with 50 µg/mL ampicillin. A single colony was selected and 

transferred into 50 mL LB media containing 50 µg/mL ampicillin using a sterile loop and allowed 

to grow overnight at 37 ºC with constant shaking at 300 rpm to provide sufficient aeration. The 

protein was expressed in auto-induction media using one-hundredth volume of starter culture i.e., 

10 mL of starter culture was added into each liter of media and grown at 37 ºC until the OD600 was 

0.4-0.6 (Note: Usually it will take around 3 hours to reach the required OD) after which the 

temperature was reduced to 18 ºC and grown for additional 20-24 hours [146]. The cells were then 

harvested in 500 mL polypropylene bottles by centrifugation using JA10 fixed angle rotor in 

Beckman Coulter J2-MC High Speed Centrifuge at 4,000 rpm and 4 ºC for 20 minutes. The cell 

pellet from every 500 mL culture was resuspended in 50 mL of lysis buffer (50 mM Tris-HCl, 300 

mM NaCl, 10 mM imidazole, pH 7.4) and 10 µL of 1000X BAL protease inhibitor cocktail (1000X 

BAL protease inhibitor cocktail composition: Benzamidine:10mg/mL; Antipain: 2mg/mL; and 

Leupeptin: 1mg/mL) and stored at -20 ºC until needed. The cell pellet was thawed in cold water 

and added to a steel container with additional 50 mL of lysis buffer and the steel container was 

Cycle Step Temp. Time Cycles 
Initial Denaturation 98 ºC 30 s 1 
Denaturation 98 ºC 10 s 

16 Annealing 55 ºC 1 min 
Extension 72 ºC *5 min 
Final Extension 72 ºC 10 min 1 
Hold 4 ºC 
*Note: The template plasmid size is around 5.3 kb. 
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placed in an ice-water bath. The resuspended cells were lysed by sonication for 20 minutes with 5 

sec pulse on and 5 sec pulse off using Branson Sonifier® SFX550. The lysate was then centrifuged 

in 50 mL polyallomer bottles using JA-20 fixed angle rotor in Beckman Coulter J2-MC High 

Speed Centrifuge at 20,000 rpm and 4 ºC for 45 minutes. The resulting supernatant was loaded 

onto a Proteindex™ HiBond™ Ni-NTA column (Marvelgent Biosciences) which was pre-

equilibrated into lysis buffer. The column was washed twice with 50 mL wash buffer (50 mM Tris-

Cl, 300 mM NaCl, 25 mM imidazole, pH 7.4) thereafter the fusion protein was eluted with 50 mL 

elution buffer (50 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole, pH 7.4) at room temperature. 

The N-terminal polyhistidine-tag was cleaved overnight at 18 °C in elution buffer using purified 

TEV protease, wherein the TEV protease was purified in the lab according to a previously 

described method [147] . MYPN Ig4 and Ig3-4 proteins expressed from the pTBMalE3 vector 

were further purified by loading onto amylose resin column (NEB) to remove MBP from the 

protein mixture. The bound MBP was eluted from amylose resin using 10 mM maltose in elution 

buffer. A cation exchange column packed with SP Sepharose Fast Flow cation exchange 

chromatography resin (GE Lifesciences) at pH 5.5 was used to further separate TEV from protein 

of interest using FPLC. Protein purity was confirmed by SDS-PAGE and the purified protein was 

dialyzed into storage buffer (20 mM HEPES, 150 mM NaCl, 2 mM DTT, pH 7.5). 

 

3.4 Actin Purification 

Actin was purified from rabbit muscle acetone powder (Pel-Freez Biologicals) following the 

method described by Spudich and Watt [148]. First, 4 g of acetone powder was soaked in 80 mL 

of pre-chilled G-buffer (2 mM Tris-HCl, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT) in 

a 250 mL glass beaker placed in an ice bucket half-filled with ice for 30 min while covering the 



 42 

beaker with parafilm. The resulting turbid solution was centrifuged using JA20 fixed angle rotor 

in Beckman Coulter J2-MC High Speed Centrifuge at 16,000 rpm and 4 ºC for 30 minutes. The 

supernatant was filtered through cheese cloth and the volume was measured using 100 mL 

graduated cylinder. The actin present in the supernatant was allowed to polymerize by adding 50 

mM KCl, 2 mM MgCl2, and 1 mM ATP in a 250 mL glass beaker while gently stirring the solution 

for 30 minutes at room temperature followed by incubating 1 hour at 4 ºC. The KCl concentration 

in the reaction mixture was raised to 0.8 M by adding pre-chilled 4 M KCl stock solution and 

incubated for another 1 hour at 4 ºC. The resulting viscous solution was placed into a 70 mL 

polycarbonate bottle (Beckman Coulter) and centrifuged at 35,000 rpm for 2 hours using Ti 45 

fixed angle rotor in Beckman Coulter Optima L-90K ultracentrifuge to pellet down the 

polymerized F-actin. The supernatant was discarded, and the F-actin pellet was washed twice with 

5 mL of G-buffer and the pellet was transferred into a 7 mL Dounce homogenizer using a metal 

spatula. The F-actin pellet was homogenized into 3-5 mLs of G-buffer using a ‘loose pestle’ and 

dialyzed against G-buffer in dialysis tubing with 12,000-14,000 MWCO and 10 mm flat width up 

to 3 buffer changes for every 12 hours. The dialyzed G-actin was centrifuged in a 10 mL open-top 

thick wall polycarbonate tubes using Beckman Coulter Type 70.1 Ti fixed-angle rotor at 37,000 

rpm for 2 hours. The top 1/3rd solution from resulting supernatant was gel-filtered using G-buffer 

to get absolutely monomeric G-actin. The size-exclusion chromatography was performed on 

HiLoad® 16/600 Superdex® 200 pg (GE Healthcare) attached to ÄKTA purifier with Frac-900 

fraction collector. During gel-filtration, 1 mL elution samples were collected in 1.5 mL Eppendorf 

tubes placed at tube numbers 35 to 75 on fraction collector Frac-900. Elution fractions correspond 

to latter half of peak were pooled and concentration was measured using Thermo Scientific Nano 

Drop OneC. 
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3.4.1 Pyrene Labelled Actin 

The gel-filtered G-actin from previous step was dialyzed into G-buffer without DTT (2 

mM Tris-HCl, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2) for three buffer changes to remove DTT. The 

dialyzed G-actin was then centrifuged in a 10 mL open-top thick wall polycarbonate tubes using 

Beckman Coulter Type 70.1 Ti fixed-angle rotor at 37,000 rpm for 2 hours to remove any insoluble 

protein and subsequently, the concentration was measured using Thermo Scientific Nano Drop 

OneC. Later, 5-10 mL of centrifuged G-actin was taken in a 50mL glass beaker and induced 

polymerization induced in the presence of 100mM KCl, 2mM MgCl2, and 1mM ATP. 

Immediately, the previously prepared light sensitive solution containing 1mg/mL of N-(3-

pyrenyl)-maleimide in dimethylformamide was added in a proportion of 1:1.1 between G-actin 

and N-(3-pyrenyl)-maleimide. (Note: If the G-actin concentration is over 40 µM, then dilute G-

actin with dialyzed buffer to get a concentration of 40 µM, because, the solubility of N-(3-pyrenyl)-

maleimide in water is 45 µM). The resulting solution was incubated in the dark for 1 hour at room 

temperature and subsequently centrifuged at 37,000 rpm for 1 hour to remove excess pyrene. The 

resulting supernatant was discarded, and the pellet was soaked in 1-2 mL of dialyzed buffer for 

about 1 hour at 4℃. The dissolved actin pellet was taken into a 10 mm flat width dialysis tube 

(Fisher Scientific) and dialyzed against G-buffer for three buffer changes in a dark place at 4℃. 

The resulting solution was again centrifuged at 37,000 rpm for 2 hours and subsequently gel 

filtered as described in previous step. The resulting pyrene labelled G-actin fractions from gel-

filtration were pooled and the concentration was determined before snap-freezing in liquid N2. 

3.4.2 Determining Degree of Labelling and Concentration of Pyrene-Actin 

To determine concentration of pyrene-actin, measured the UV absorbance was measured at 

both 290 nm and 344 nm, using the following equations (3.1-3.3): 



 44 

[Pyrene] = !!""∗	$%#

&&&%%
µM       (eqn. 3.1) 

[Actin]'())*'+, =
[!$%&.(%.$&1∗!!"")]∗	$%#

&44%%
µM     (eqn. 3.2) 

Degree	of	labelling = 	 [56)*7*]
[!'+87]'())*'+*,

∗ 100     (eqn. 3.3) 

3.5 Actin Co-Sedimentation Assays 

Actin was purified from rabbit muscle acetone powder (Pel-Freez Biologicals) and snap-

frozen [148]. Frozen stocks of G-actin were allowed to thaw on ice and after removal of insoluble 

protein by centrifugation at 15,000 x g in a Sorvall™ microcentrifuge, actin was polymerized by 

addition of an equal volume of 2X F-buffer (20 mM Tris, 200 mM KCl, 4 mM MgCl2, 4 mM DTT, 

pH 8.0) and incubation for 60 min at room temperature. Purified MYPN domain was also 

centrifuged at 15,000 x g for 30 min to pellet any insoluble protein before use. For F-actin binding 

assays, various concentrations (1-30 μM) of polymerized actin were incubated with 10 μM MYPN 

Ig3, Ig4, or Ig3-4 domains for 1 hour in a final volume of 100 μL, and subsequently centrifuged at 

150,000 x g for 30 min in a Beckman Airfuge® Air-Driven ultracentrifuge. Supernatants were 

removed and pellets were resuspended in 100 μL 2X SDS running buffer and 35 μL of 4X loading 

dye was added to both supernatants and pellets. SDS-PAGE was performed on 15% gels and the 

gel bands were visualized by Coomassie staining. The relative amount of MYPN in supernatants 

and pellets was measured by densitometry using ImageJ [149]. Actin bundling and crosslinking 

was monitored as above with the modification that the centrifugation was first carried out at 5,000 

x g for 10 min to pellet bundled actin and subsequently at 150,000 x g for 30 min to pellet 

polymerized actin, after which supernatant and pellet fractions (low- and high-speed) were 

separated by SDS-PAGE as above.  
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3.6 Fluorescence Microscopy of Actin Filament Bundles 

Oregon Green 488 iodoacetamide-labeled G-actin was prepared as previously described 

(Kuhn and Pollard, 2005). First, 5% labelled 5 µM actin was polymerized in F-imaging buffer (5 

mM Tris-HCl, pH 8, 100 mM KCl, 2 mM MgCl2, 0.2 mM DTT, 0.2 mM ATP, 0.040 mg/mL 

catalase, 0.2 mg/mL glucose oxidase) for 50 min, after which MYPN Ig3 domain (5-20 µM) was 

added and further incubated for 50 min before mounting on a microscope. All images were 

collected on a Leica TCS SP5 (Leica Microsystems) confocal microscope with a 63x oil immersion 

lens objective.   

 

3.7 Total Internal Reflection Fluorescence (TIRF) Microscopy 

3.7.1 Preparation of Alexa488-Labelled G-Actin  

G-actin was purified from rabbit muscle acetone powder (Pel-Freez Biologicals) as 

described previously [148]. At least 2 mg of gel filtered G-actin was polymerized in the presence 

of 100 mM KCl and 0.2 mM CaCl2 for 30 min at room temperature. Polymerized F-actin was 

pelleted down using Beckman Coulter Optima L-90K ultracentrifuge and Type 70.1 Ti fixed-angle 

rotor at 37,000 rpm for 30 min. The resulting F-actin pellet was dissolved in 1 mL of dialysis 

buffer (50 mM Pipes, pH 6.8, 50 mM KCl, 0.2 mM CaCl2, 0.2 mM ATP) and dialyzed against 1 

L of dialysis buffer in dialysis tubing with 12,000-14,000 MWCO and 10 mm flat width for 3 hr 

at 4 ºC. The dialyzed actin was then placed in a 1.5 mL Eppendorf tube and 25 µL of Alexa Fluor™ 

488 (Molecular Probes) dissolved in DMF at a stock concentration of 1 mg/100 µL was added at 

room temperature. The Eppendorf tube was wrapped in aluminum foil to protect from light and 

incubated at 4 ºC for 12-18 hours with continuous rocking. The labelled actin was then centrifuged 

in a Beckman Coulter Optima L-90K ultracentrifuge using Type 70.1 Ti fixed-angle rotor at 
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37,000 rpm for 30 min. The obtained pellet was dissolved in 1 mL of G-buffer (2 mM Tris-Cl, pH 

8.0, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaCl2, 1 mM NaN3) and dialyzed against 3X 1 L G-

buffer for 2 days at 4 ºC in a dark place. The labelled actin was centrifuged at 37,000 rpm for 30 

min to remove any insoluble particles and then loaded onto a HiLoad® 16/600 Superdex® 200 pg 

(GE Healthcare) column using FPLC.   

3.7.2 Determination of Labelling Efficiency 

Alexa Fluor 488® phalloidin is a fluorescent molecule which readily forms conjugate with 

F-actin by randomly reacting with amine groups of its surface lysine residues [150]. The Alexa 

Fluor® 488 phalloidin is extensively used to visualize and quantitate F-actin filaments in several 

in vitro assays such as cell-based assays and fluorescent microscopy. Accordingly, we have used 

Alexa Fluor 488® phalloidin labeled actin for TIRF microscopic analyses. Likely, sufficient 

volumes of each protein such as Alexa-actin, dark-actin, and Ig3 were centrifuged using the 

Beckman Coulter Optima L-90K ultracentrifuge and Type 42.2 Ti fixed-angle rotor at 34,500 rpm 

for 30 min to remove any insoluble protein. Supernatants were carefully separated from centrifuge 

tubes to clean Eppendorf tubes and concentrations were determined using Thermo Scientific 

NanoDrop OneC.  The following equations were used to determine the degree of labelling of stock 

Alexa-488 actin and for preparing the 10% labelled 9 µM Alexa488-G-actin. 

Alexa Fluor 488®-actin conjugate absorbs UV light at 495 nm with a molar extinction 

coefficient of 71,000 cm-1M-1. On the other hand, actin absorbs UV light at 290 nm with a molar 

extinction coefficient of 26,600 cm-1M-1. Therefore, in order to determine the degree of labeling 

efficiency, the UV absorbances were measured at both 290 nm and 495 nm and further used the 

following equations (3.4-3.7): 

Degree of Labelling= [Alexa Fluor]*100
[Actin]corrected

	= A495*26,600*100
(A290-0.11*A495)*71,000

  (eqn. 3.4) 
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[Alexa actin]= DoL
100

* A290
26,600

* 106 µM     (eqn. 3.5) 
 
[Dark actin in Alexa actin]= 100-DoL

100
* A290

26,600
* 106 µM   (eqn. 3.6) 

 
[Dark actin]= A290

26,600
* 106 µM      (eqn. 3.7) 

 

3.7.3 Determining Volumes to Get 100 µL of 9 µM 10% Alexa488-Actin 

Volume of Alexa actin	= 10
100

* 9*100
[Alexa actin]

µL    (eqn. 3.8) 

Volume of dark actin	= 
0.9*(9 - [Dark actin in Alexa actin]*Vol. of Alexa actin

100 )*100

[Dark actin]
	µ𝐿 (eqn. 3.9) 

Volume of buffer	=	(100	-	Vol. of Alexa actin	-Vol. dark actin) µL (eqn. 3.10) 

3.7.4 Cleaning and Preparation of Glass Slides and Coverslips 

A sufficient quantity of both glass microscope slides (75 X 25 mm) and cover slips (24 X 

40 mm) were soaked in a 4 L acetone-filled beaker using metal racks and orbital shaker for 30 

min. Acetone was replaced with ethanol for 15 min followed by MilliQ water for 5 min. The glass 

slides and coverslips were further cleaned with 2% Hellmanex III for 2 hours at room temperature 

using 2.5 gal Branson ultrasonic bath and subsequently washed with MilliQ water for 5 min. 

Cleaned glass slides and coverslips were placed in Coplin jars for piranha acid treatment. (Note: 

Piranha acid is volatile, corrosive, and can explode in contact with organic components.  Always 

put the sulfuric acid in first and then add peroxide.  If peroxide volume is larger than the acid 

volume, an explosion could occur. Work in a fume hood and wear acid protective goggles, 

coveralls, and gloves at all times.  Furthermore, strictly use glass containers and acid resistant 

tweezers. Visit the page https://www.drs.illinois.edu/SafetyLibrary/PiranhaSolutions for more 

safety related information). For each Coplin jar, add 50 mL of sulfuric acid and 25 mL of hydrogen 

peroxide. When added slowly sulfuric acid and peroxide formed a bilayer solution therefore a glass 
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slide was used to mix piranha solution. Glass slides and coverslips were allowed to react with 

piranha solution for 1 h 30 min in the fume hood. After piranha acid treatment glass slides and 

coverslips were transferred to empty Coplin jars and allowed to finish piranha acid treatment 

overnight in the fume hood. (Note: To neutralize piranha acid solution, add piranha solution 

slowly to a 4L ice-filled glass beaker and solid NaOH pellets in small amounts until neutral pH 

was observed when measured using pH paper.) On the next day, the glass slides and coverslips 

were washed with 10 X 75 mL MilliQ water followed by 5 X 75 mL ethanol and allowed to dry 

in Coplin jars. A PEG-Si coat was given to glass slides and coverslips by incubating with 1 mg/mL 

PEG-Si solution (Creative PEGWorks, Cat.# PLS-2011) in Coplin jars for 18 h at room 

temperature in a dark place. PEG-Si coated glass slides and coverslips were washed with 5 X 75 

mL ethanol followed by 10 X 75 mL MilliQ water, dried under gentle N2 gas flow, and stored in 

Figure 3.2: Demonstration of TIRF microscope sample cells preparation. 
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a parafilm-sealed petri dish at 4 ºC. Just before use, the flow chambers were made using Nitto 

double coated tape (Product # 5015E). The sheet of tape was cut into small pieces of approximate 

size of 2 X 15 mm and PEG-Si coated coverslip (24 X 40 mm) was cut into half along length using 

a scriber tool thus formed two pieces of approximate size 12 X 40 mm. Double coated tape pieces 

were fixed onto both coverslip halves with 2 mm gap between adjacent pieces of tape and glass 

slide was adhered to other side of tape, thus forming an assembly of flow cells shown in Figure 

3.2. 

3.7.5. TIRF microscopy sample preparation and imaging 

The TIRF microscopy has emerged as a powerful technique in the current life science 

research field. The principle of total internal reflection allows the laser beam to focus on the surface 

of a specimen which creates a very low depth evanescent field. TIRF is very useful in analyzing 

live images and because of its low penetration depth, TIRF microscopy provides an exceptional 

signal-to-noise ratio, low levels of photobleaching, and longer experimental durations. Therefore, 

we have used TIRFM to analyze F-actin filament assembly in the presence of MYPN Ig3 domain. 

To conduct the assay, three 500 µL eppendorf tubes labelled as A, B, and C were placed on ice 

before adding 5 µL of 9 µM 10% Alexa-actin and 1 µL of 5X ME buffer (250mM MgCl2, 1mM 

EGTA, pH 8.0) into tube-A and mixing well. Next, 14 µL of 2X TIRF buffer (2 mL 10X MKEI, 

2 mL 1M DTT, 40 mL 0.1 M ATP, 300 mL 1 M glucose, 5 mL 2% methyl-cellulose + 460 mL 

H2O), 1 µL of 50X GOC (20 mg catalase, 100 mg glucose-oxidase (Sigma-Aldrich) in 10 ml cold 

water), and 0-9 µL of Ig3 were added into tube-B and mixed well. Finally, 4 µL from tube-A and 

16 µL from tube-B were mixed quickly in tube-C and 5 µL from this mixture was loaded into the 

flow chamber already placed on the microscope stage [151]. In this assay, the final actin 

concentration was 1.5 µM while Ig3 concentration was dependent on its stock concentration.  



 50 

 

3.8 Actin Polymerization Assay Using Fluorescence of Pyrene-Actin 

A pyrene fluorescence assay was used to measure the actin polymerization rate in the 

presence of MYPN domains [152]. G-actin was purified from rabbit muscle acetone powder (Pel-

Freeze Biologicals) as previously reported and gel-filtered before experiment day. The gel-filtered 

G-actin was labeled with N-(1-pyrene)iodoacetamide (Molecular Probes) as previously reported 

[152] and snap-frozen. On the experiment day, the frozen stocks of pyrenyl-actin were allowed to 

thaw on ice in a dark place. All assay proteins such as pyrenyl-actin, dark actin, and MYPN 

domains were centrifuged using Beckman Coulter Optima L-90K ultracentrifuge and Type 42.2 

Ti fixed-angle rotor at 34,500 rpm for 30 min to remove any insoluble proteins. Protein 

supernatants were transferred into clean 1.5 mL Eppendorf tubes and the concentrations were 

measured using Thermo Scientific NanoDrop OneC. The calculated volume of pyrenyl-actin was 

mixed with dark G-actin to make a 10 µM 5% pyrene-labeled G-actin stock. Two 500 µL 

Eppendorf tubes labelled as A and B were set up next. In tube-A, place 20 µL of 10X MKEI 

polymerization buffer (20 mM MgCl2, 250 mM KCl, 10 mM EGTA, 200 mM imidazole, pH 7), 4 

µL of 50X G-buffer without CaCl2 (500 mM Tris, pH 8.0, 100 mM DTT, 10 mM ATP), various 

concentrations of MYPN (0-20 µM), and a sufficient volume of G-buffer to make a total volume 

of 90 µl. In tube-B, 100 µL of 10 µM 5% pyrene-labeled G-actin was incubated with 10 µl of 10X 

priming solution (10 mM EGTA, 1 mM MgCl2) for 2 min. The two mixtures from tubes A and B 

were combined and pyrene fluorescence was immediately measured on a PTI fluorometer with 

excitation at 365 nm and emission at 385 nm until a plateau in fluorescence intensity was reached. 

In the G-buffer condition, no KCl was added but all other steps were identical. Raw data were 

normalized by subtraction of baseline fluorescence and division by the steady-state plateau 
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fluorescence. The overall polymerization rate of each polymerization curve was determined by 

plotting the slope of the linear region of curve and converting relative fluorescence units/s into nM 

actin/s.  

 

3.9 Actin Filament Depolymerization 

Frozen stocks of pyrene labeled actin was allowed to thaw on ice. Pyrene-actin, freshly gel-

filtered G-actin, and MYPN Ig domains were centrifuged using Beckman Coulter Optima L-90K 

ultracentrifuge and Type 42.2 Ti fixed-angle rotor at 34,500 rpm for 30 min to remove any 

insoluble proteins. Protein supernatants were transferred into 1.5 mL Eppendorf tubes and 

concentrations were determined. Calculated volumes of pyrene-actin and G-actin were mixed with 

G-buffer to produce 11.15 µM 5% pyrene-labeled G-actin. The pyrene-labeled G-actin was 

incubated with calculated volumes of 10X MKEI polymerization buffer (20 mM MgCl2, 500 mM 

KCl, 10 mM EGTA, 200 mM imidazole, pH 7), 1mM DTT, and 0.2 mM ATP for 1 hour at room 

temperature in the dark to yield 10 µM 5% pyrene-labeled F-actin. Next, 2 μM of this pyrene-

labeled F-actin (i.e. 40 µL F-actin from stock) was incubated for 30 min with various 

concentrations of MYPN Ig3 or Ig3-4 domain (1-20 μM) in a 200 µl reaction mixture made with 

1X MEKI buffer. Subsequently, 2 μl of 1 mM Latrunculin A (Sigma-Aldrich) prepared in DMSO 

was added to the mixture and actin filament disassembly was monitored immediately by detection 

of pyrene fluorescence for 600 sec on a PTI fluorometer with excitation at 365 nm and emission 

at 388 nm. The fluorescence signal was normalized by setting the final time point intensity of F-

actin with Latrunculin A to zero and the maximum fluorescence for each dataset to 1.  
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3.10 Actin Critical Concentration Determination 

Appropriate volumes of freshly gel-filtered G-actin and frozen stocks of pyrene-labeled actin 

were mixed with G-buffer (2 mM Tris-Cl, pH 8.0, 0.05 mM DTT, 0.2 mM ATP, 0.2 mM CaCl2) 

to supply 11.15 µM 5% pyrene-labeled G-actin which was then incubated with calculated volumes 

of 10X MKEI buffer (20 mM MgCl2, 500 mM KCl, 10 mM EGTA, 200 mM imidazole), 1 mM 

DTT, and 0.2 mM ATP for 1 hour at room temperature in a dark place and to obtain 10 µM 5% 

pyrene-labeled F-actin. Six groups (A-F) of eleven Eppendorf tubes (1-11) were labeled with 

group number followed by tube number. Among six groups, the first three groups (A-C) were 

maintained at polymerizing conditions (MKEI buffer) and remaining three groups (D-F) were 

maintained at non-polymerizing conditions (G-buffer). Concentrations of actin in each group 

labeled 1-11 were 0, 0.05, 0.075, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 µM respectively. Likewise, 

the concentration of MYPN in groups where A and D were 0 µM, groups-B and E were 1 µM, and 

groups-C and F were 10 µM. The total volumes of reaction in each tube were 200 µL, upon 

addition of corresponding buffer. This gave an array of 66 distinct tubes which differed by means 

of either actin concentration, MYPN concentration, or type of buffer. After adding all the 

ingredients, all 66 tubes were incubated overnight at room temperature in a dark place and allowed 

to reach equilibrium between G- and F-actin in each reaction set up. On the next day, the 

fluorescence signal for each sample was measured for a duration of 6 seconds using the PTI 

fluorimeter with an excitation at 365 nm and emission at 385 nm [153]. 

 

3.11 Chemical Crosslinking Assay 

Gel-filtered G-actin was dialyzed in crosslinking assay G-buffer (2 mM NaHCO3, pH 8.0, 

0.2 mM ATP, 0.2 mM CaCl2, 0.02% NaN3) while MYPN and PALLD Ig domains were also 
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dialyzed into the crosslinking assay phosphate buffer (10 mM Na2HPO4, pH 7.5, 150 mM NaCl, 

0.02% NaN3) with at least two buffer changes. All assay proteins were centrifuged at 150,000 xg 

in Beckman Airfuge® Air-Driven ultracentrifuge for 30 min to remove any insoluble protein and 

the concentrations were measured using Thermo Scientific NanoDrop OneC. Approximately 0.3-

0.5 mg of DFDNB (MW 204.09, ThermoFisher) was dissolved in 1 mL of DMSO in an Eppendorf 

tube wrapped in aluminum foil to protect the crosslinker from light. The final concentration of 

DFDNB crosslinker was calculated from its weight in 1 mL of volume and diluted to get 1 mM 

stock concentration. Five group-1 assay tubes were used to evaluate the crosslinked MYPN in the 

presence of F-actin while five group-2 tubes were used to evaluate crosslinking in the absence of 

F-actin. In group-1 assay tubes, 10 µM F-actin was incubated with 10 µM MYPN Ig domains for 

1 hour at room temperature in a reaction volume of 150 µL made with assay phosphate buffer and 

subsequently various concentrations (5, 10, 20, 30, 100 µM) of crosslinker was added. Next, 60 

µL of reaction volume from each assay tube was transferred into a 500 µL Eppendorf tube and 

then the reaction was quenched by adding 20 µL of 4X Laemmli buffer (without DTT) at 10 and 

40-min time intervals after crosslinker addition. SDS-PAGE gel electrophoresis was used to 

separate proteins with varied molecular weights using 12% polyacrylamide gels.  Protein bands 

were visualized using a silver stain method and the protein molecular weights were estimated using 

BLUEstain™ Protein ladder (Gold Biotechnology). 

 

3.12 SDS-PAGE Gel Silver Staining 

Among several gel staining techniques after the gel electrophoresis, silver staining became 

most popular technique because of various advantages. It is much simpler, ultrasensitive, does not 

require any complicated equipment for readouts, and it is compatible with downstream processing 
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such as mass spectrometry [154]. The general procedure of silver staining contains five critical 

steps. After gel electrophoretic separation, protein bands were fixed by soaking the gel in 150 mL 

of fixation solution (50% ethanol, 5% acetic acid) for 20 min followed by washing with 150 mL 

of 50% ethanol for 10 min and rehydrated with 150 mL of MillliQ water for 10 min. The gel was 

sensitized with 150 mL of 0.02% sodium thiosulfate for 1 min and then allowed to react with silver 

nitrate reaction mixture (0.1% silver nitrate, 0.08% formalin) for 20 min with constant shaking. 

After the silver nitrate reaction, the gel was washed twice with MilliQ water and developed with 

freshly prepared developing solution (2% sodium carbonate, 0.04% formalin) until protein bands 

were visible. (Note: Fresh developing solution was added when it turned yellow within initial 

minutes. Always prepare a larger volume of developing solution than needed). The development 

was stopped by adding 150 mL of 5% acetic acid solution and later stored in MilliQ water at 4 ºC.  

Silver staining method is easy and uncomplicated, but at the same time it is a bit tricky [155]. 

There are various reasons which could lead to an erratic staining and demands to start over the 

whole process [156]. A few of the various reasons might be: i) extended duration of silver stain 

development step, ii) concentration and duration of Na2S2O3 sensitization step, iii) low quality of 

AgNO3 used, and/or iv) old or low quality of Na2CO3 used. At any rate, it is feasible to de-stain 

and re-stain the unsatisfactory silver stained gels. To de-stain, the silver stained gel was thoroughly 

washed multiple times with MilliQ water to remove any acetic acid from previous step. The gel 

was soaked in 1:1 volume of 30 mM K3F3(CN)6 and 100 mM Na2S2O3 for 10 min and then it was 

washed at least 3 times with MilliQ water for 5 min. To re-stain the gel, the same silver staining 

method was followed from the sensitization step.  
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3.13 Circular Dichroism 

MYPN Ig3 variants were dialyzed into CD-buffer (10 mM Na2HPO4, pH 7.5, 50 mM NaF, 

1 mM TCEP) and the far-UV CD spectra (200-260 nm) were recorded at 20 ºC using Jasco J-810 

spectropolarimeter equipped with Julabo F25-ME temperature control (put all parameters used). 

The thermal stability of MYPN Ig3 variants at a concentration of 20 µM was recorded in 1 mm 

path length cell at 205 nm between 20 and 90 ºC with a temperature ramp rate of 1ºC/min, with a 

16 sec time constant. A calculated transition mid-point temperature (Tm) was obtained by fitting 

the ellipticity data to the sigmoidal dose-response (variable slope) curve using the program Prism 

(version 5.0b). 

 

3.14 Sedimentation Equilibrium by Analytical Ultracentrifugation  

Sedimentation equilibrium was performed with gel filtered MYPN Ig3 in HEPES buffer (20 

mM HEPES, 150 mM NaCl, 2 mM DTT, pH 7.5) under the guidance of Dr. Michal Zolkiewski 

(Department of Biochemistry, Kansas State University, Manhattan, Kansas, USA). A Beckman 

Coulter Optima XL-I analytical ultracentrifuge equipped with a four position An-60 Ti analytical 

rotor and a UV absorption detector was used for these experiments. The epon charcoal-filled 

centerpiece with six-channels was filled with 110 µL of protein samples of three different 

concentrations (34, 58, and 314 µM) in the three channels of the top row while the three channels 

in the bottom row were filled with 120 µL of dialysis buffer before sealing the cell with a torque 

of 120 inch-pounds using a wrench. Completely assembled cells were placed in the rotor such that 

protein samples (top row) were toward the center of rotor and counterbalanced with an appropriate 

weight. The UV absorption detector arm was attached, and the samples were centrifuged at 27,000 
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rpm followed by 37,000 rpm until sedimentation and diffusion reached equilibrium. Typically, an 

effective sedimentation equilibrium is reached between 16 to 36 hours, however the state of 

equilibrium is recognized by monitoring raw absorbance spectra along the radial position over 

time. Further, the absorption wavelength is selected depending on the concentration of sample 

protein as the protein molecules tend to concentrate at the bottom of cell due to centrifugal force. 

For example, during this particular assay the absorption of samples at concentrations 34 and 58 

µM were collected at 280 nm while the absorption of sample at 314 µM was measured at 305 nm. 

The radial absorption scans of protein concentration profiles were collected using XL-I Windows 

control software and the data was analyzed using the Origin software provided by the instrument 

manufacturer. 
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CHAPTER 4 

RESULTS 

4.1 Myopalladin directly binds F-actin via Ig3 domain 

Previous yeast two-hybrid studies have revealed MYPN’s interactions with nebulin, a-actinin, 

and sarcomeric CARP proteins [67]. Until now, there was no previous biochemical evidence to 

show its direct interaction with F-actin, while PALLD is known to bind directly with F-actin 

through its Ig3 domain [7]. Together with its role in establishing sarcomere integrity and the high 

degree of homology with PALLD, we have hypothesized that MYPN might also interact directly 

with F-actin to regulate its functions. To assess the direct interaction between MYPN and F-actin, 

a well-established co-sedimentation assay was employed wherein a known concentration of 

MYPN Ig3, Ig4, and Ig3-4 domains was incubated with varying concentrations of F-actin for 1 hr 

at room temperature and subsequently centrifuged at high speed. The proteins present in the 

separated supernatant and pellet fractions were analyzed using SDS-PAGE gel. F-actin is always 

present in the pellet fraction by virtue of its higher molecular weight while MYPN Ig domains 

remain in the supernatants. However, the presence of MYPN Ig domains in the pellet fractions 

establishes a direct binding interaction with F-actin and this can be quantified using a densitometry 

software program called ImageJ (NIH) [149]. Accordingly, 10 µM of purified MYPN Ig3, Ig4, 

and Ig3-4 domains were mixed with F-actin (0-20 µM) and it was observed that MYPN Ig3 and 

Ig3-4 domains bind directly with F-actin whereas the Ig4 domain did not show any binding 

interactions with F-actin (Figure 4.1). A complete set of gels for co-sedimentation assays between 

F-actin and MYPN Ig-domains is available in appendix Figure A1. The co-sedimentation assay 

gels were quantified with respect to the distribution of MYPN Ig-domains between supernatant 

and pellet fractions as a result of ultracentrifugation. A graph of the binding curve depicting the 
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amount of MYPN Ig3 domain co-pelleted with F-actin as a function of the concentration of F-actin 

yielded a dissociation constant (Kd) of 7.6 ± 1.6 µM, while the Ig3-4 tandem domain exhibited a 

slightly higher binding affinity with Kd equal to 4.6 ± 2.1 µM (Figure 4.1 B and C). Similar results 

A. Ig3 alone Ig34 alone Ig3+Actin Ig34+Actin Ig4+Actin 
S P S P S P S P S P 

actin 

Ig34 

Ig3 or 4 

Ig Domain Kd (MYPN) Kd (PALLD) 

Ig3 7.6 ± 1.6µM 60-80 µM 

Ig4  NA NA 

Ig3-4 4.56 ± 2.1µM 9 ± 2 µM 

 

B. C. 

Figure 4.1: Myopalladin binds F-actin. C-terminal Ig domains of myopalladin were purified 
and assayed for F-actin binding by co-sedimentation as described in the methods section. (A) 
Proteins present in the supernatant (S) and pellet (P) fractions of 10 µM MYPN Ig 3, 4, and 3-4 
domains in the presence and absence of 10 µM F-actin were analyzed using SDS-PAGE gel. The 
results demonstrate that both Ig3 and Ig3-4 bind filamentous actin, whereas Ig4 does not. (B) A 
binding curve depicting bound protein versus the concentration of F-actin represents the amount 
of MYPN Ig domains bound to F-actin. The fraction of myopalladin that co-sediments with F-
actin was quantitated by densitometry of the SDS-PAGE gels. (C) A comparison of dissociation 
constants for MYPN and PALLD [7]. 
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were observed with the PALLD Ig-domains in co-sedimentation assays with F-actin wherein the 

reported Kd values for Ig3 and Ig3-4 are 60-80 and 9 ± 2 µM, respectively (Figure 4.1 C) [7]. To 

summarize, both PALLD and MYPN bind directly to F-actin using their Ig3 domain, however the 

binding affinities are different in the manner that MYPN Ig3 has stronger binding affinity than 

PALLD Ig3; however, the addition of the Ig4 domain does not enhance MYPN’s affinity 

significantly towards F-actin as opposed to PALLD Ig3-4 tandem domain where it does. 

 

4.2 Myopalladin Ig3 domain promotes F-actin crosslinking 

Once the direct binding interaction between MYPN and F-actin was established, we next 

sought to determine whether MYPN could promote F-actin crosslinking. To evaluate MYPN’s 

ability to crosslink F-actin filaments, once again, the co-sedimentation assay was employed with 

an additional step to isolate F-actin bundles. During the assay, the incubated reaction mixtures 

were centrifuged initially at low speed to isolate F-actin bundles and then the resulting supernatants 

were ultra-centrifuged to separate F-actin filaments from the reaction mixture. This two-step co-

sedimentation assay distributes actin between three fractions: (i) initial low-speed pellet consisting 

of F-actin bundles, (ii) the supernatant containing monomeric and/or oligomeric actin, and (iii) the 

final high-speed pellet fraction comprising F-actin filaments. The efficiency of an F-actin 

crosslinking protein is directly proportional to the fraction of actin that is present in the low-speed 

pellet during the two-step co-sedimentation assay. Accordingly, MYPN Ig3 and Ig3-4 appear to 

crosslink F-actin filaments similar to PALLD Ig3 and Ig3-4, though the extent of crosslinking 

abilities was different. At the same time, unlike PALLD, the addition of the Ig4 domain does not 

enhance the crosslinking ability of MYPN Ig3. In the case of PALLD, the addition of Ig4 domain 

significantly enhances the crosslinking efficiency of the Ig3 domain from 10 to 95% [7]. On the 
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other hand, MYPN Ig4 alone cannot crosslink F-actin which is a rational outcome since the MYPN 

Figure 4.2: Actin crosslinking by MYPN Ig domains. MYPN Ig3, Ig4, and Ig3-4 domains were 
used in a differential sedimentation assay to assess their ability to crosslink, or bundle, F-actin.  
Samples were subjected to a low speed spin, and actin bundles (B) in the pellet were collected 
before sedimenting the remaining F-actin by ultracentrifugation to separate the supernatant (S) 
and pellet (P). (A) SDS-PAGE gel analysis for the distribution of 10 µM F-actin between fractions 
of B, S, and P in the absence and presence of 20 µM MYPN Ig3 and Ig3-4. (B) A stacked bar 
graph representing quantified distribution of 10µM F-actin between B, S, and P fractions (n=3). 
(C) Confocal microscopy images of 5% Oregon green labeled 5µM F-actin in the absence and 
presence of variable concentrations of MYPN Ig3. It is observed that MYPN Ig3 cross-links actin 
filaments in a dose dependent manner. 
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Ig4 domain does not bind directly to F-actin. A sample gel showing the distribution of 10 µM F-

actin between aforesaid three fractions in the absence and presence of 20 µM MYPN Ig3 and Ig3-

4 is presented in Figure 4.2. Similar to the binding gel analyses, F-actin proportions from the 

crosslinking assay gels were also quantified using densitometry analysis and the results are shown 

in Figure 4.2B. A complete set of gels showing F-actin crosslinking events in the presence of 

MYPN Ig3 and Ig3-4 are available in the appendix (Figure A1). These results, together with 

confocal microscopy images, suggest that MYPN Ig3 induces dose-dependent F-actin crosslinking 

(Figure 4.2C). To encapsulate, MYPN Ig3 and Ig3-4 domains crosslink F-actin filaments with an 

efficiency higher than that of PALLD Ig3 and Ig3-4 and unlike PALLD, both MYPN Ig3 and Ig3-

4 domains exhibit similar crosslinking abilities. This shows that MYPN Ig3 domain is sufficient 

for maximum F-actin crosslinking.  

 

4.3 Myopalladin Ig3 diminishes the rate of actin polymerization 

G-actin undergoes de novo polymerization in the presence of adenosine triphosphate (ATP) 

and divalent cations (Mg2+, Ca2+) [112]. At the same time, many ABPs have been known to 

regulate both the rate and extent of actin polymerization [122]. Thus, considering co-sedimentation 

assays, which have demonstrated a direct binding interaction between MYPN Ig3 and F-actin, it 

is intriguing to determine whether the MYPN Ig3 domain also affects actin polymerization. To 

evaluate the role of MYPN Ig3 domain during actin polymerization, fluorescence spectroscopy 

was used to monitor the in vitro actin polymerization events by taking advantage of pyrene labelled 

actin. Upon excitation, the filamentous pyrene-actin emits 7-10 times higher fluorescence signal 

than monomeric pyrene-actin. Thus, the measured fluorescence intensity is exclusively related to 

the amount of pyrene-actin in filamentous form, while there is no information to distinguish 
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between the number or the length of the filaments. At same time, pyrene-actin copolymerizes with 

A. 

Figure 4.3: Actin polymerization in the presence of MYPN Ig3. (A) Polymerization of 5% 
pyrene-labeled 5µM G- actin with various concentrations of MYPN Ig3 domain (0-30 µM) in 
polymerization buffer condition (2 mM MgCl2, 25 mM KCl, and 1 mM EGTA, pH 7.5). The 
polymerization was induced by converting Ca-actin into Mg-actin by adding 10X priming solution 
(10 mM EGTA and 1 mM MgCl2). Polymerization was monitored by measuring fluorescence 
intensity with excitation at 365 nm and emission at 385 nm. The data was normalized by 
subtracting the baseline fluorescence and then dividing by plateau fluorescence. (B) The calculated 
rate of actin polymerization of fluorescence data from Figure 4.3A demonstrates a reduction in rate 
of polymerization with increased concentrations of MYPN Ig3. 
 

B. 
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native actin without altering any of the intrinsic polymerization kinetics including: the rate of 

polymerization, the length of polymerized filament, the viscosity of solution, and the critical 

concentration [152]. Together with the advantages of pyrene-actin, including its sensitivity and 

simplicity of the assay, it has become a pivotal choice of many researchers who are currently 

investigating the kinetics of actin polymerization. Accordingly, we have used 5% pyrene labelled 

actin (5 µM) with varying concentrations of MYPN Ig3 domain (0-30 µM) during the fluorescence 

assay wherein the pyrene-actin was excited at 365 nm while measuring the emission signal at 385 

nm (Figure 4.3A). The data showing the relationship between the rate of polymerization and the 

concentration of MYPN Ig3 domain suggests that, unlike PALLD Ig3 which promotes 

polymerization [140],  MYPN Ig3 diminishes the rate of actin polymerization by at least four-fold 

in comparison to actin by itself (Figure 4.3B). It appears that MYPN Ig3 reduced the rate of 

polymerization in a dose-dependent manner such that actin was polymerized at a rate of 2 nM/sec 

in the absence of MYPN Ig3; however, actin polymerization plateaued at 0.5 nM/sec as the 

concentration of MYPN Ig3 domain was increased up to 30 µM.   

Unfortunately, all the efforts that were spent in investigating the role of MYPN Ig3-4 tandem 

domain during actin polymerization ended in vain. The reasons that precluded us from conducting 

the assay include:  

(i)  MYPN Ig3-4 domain is highly unstable at low salt concentrations: At a salt concentration lower 

than physiological salinity (~150 mM), we have observed that MYPN Ig3-4 domain aggregates 

from the solution. In order to keep the protein in solution, we have increased the assay buffer salt 

concentration; however, at physiological salt concentration actin polymerized spontaneously and 

there was no difference between G-buffer (non-polymerizing) and F-buffer (polymerizing) 
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conditions (Figure 4.4). Therefore, the salt concentration may conceal the potential effect of 

MYPN Ig3-4 domain during polymerization. 

 

(ii) MYPN Ig3-4 domain modulates pyrene-actin fluorescence signal: MYPN Ig3-4 domain 

appears to interfere with the pyrene-actin fluorescence signal as we have observed a significant 

difference in the signals pertaining to the control and assay samples. As a result of differential 

signals, the overall data was unreliable. In order to confirm that the unusual pyrene-actin signal is 

caused by MYPN Ig3-4 domain interference and not from any other factors such as buffer, 

instrument, and/or other experimental errors, we have allowed the polymerization of actin to 

proceed until it reached saturation (or plateaued) before adding MYPN Ig3-4 domain into the 

reaction cuvette. As anticipated, we have observed a jump in the signal (Figure 4.5). Typically, the 

intensity reaches a plateau when actin polymerization has equilibrated between polymerization 

Figure 4.4: G-actin undergoes spontaneous polymerization at physiological salinity. G-actin 
(5% pyrene labeled 5 µM) was allowed to polymerize by maintaining the ionic strength of reaction 
sample at 150 mM NaCl. G-actin polymerization remained the same in both polymerizing (F-
buffer) and non-polymerizing (G-buffer) conditions. 
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and depolymerization, thus the observed signal jump suggests that the interaction between pyrene-

actin and MYPN Ig3-4 domain alters this equilibrium; however, further investigation is certainly 

needed. 

(iii) Actin bundles interfere with light scattering experiments: To get around the complications 

from pyrene-actin signal interference by MYPN Ig3-4, we employed a light scattering assay using 

the fluorescence spectrometer and unlabeled actin. However, light scattering is a bulk assay where 

there is no specificity between actin bundles and actin filaments; thus, we have observed a 

compound signal due to simultaneous formation of actin filaments and actin bundles. Hence, we 

could not explore the role of MYPN Ig3-4 domain during actin polymerization. 

 

  

Figure 4.5: MYPN Ig3-4 enhances pyrene fluorescence intensity. G-actin (5 µM 5% pyrene 
labelled) was allowed to polymerize, and 30 µM Ig3-4 was added to the reaction sample at filament 
steady state. Pyrene fluorescence intensity was increased by the addition of MYPN Ig3-4. 
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4.4 Myopalladin Ig3 and Ig3-4 stabilizes F-actin filaments 

MYPN protein expression is limited to striated muscles in which the necessity of constant 

actin-filament turnover is minimum. At the same time, various actin filament severing proteins are 

present in the cytoplasm that compete with other ABPs to bind F-actin and deform its filament 

architecture. Thus, stabilizing F-actin filaments is profusely important in muscle cells; otherwise 

B. 

Figure 4.6: MYPN stabilizes F-actin filaments. Preassembled F-actin (2 μM, 5% pyrene-
labeled) was incubated with various concentrations of MYPN Ig domains (1–20 μM) for 30 min 
in polymerization buffer (2 mM MgCl2, 25 mM KCl, 1 mM EGTA, and 20 mM imidazole, pH 
7.5). Depolymerization was induced by adding 1 mM Lat A and fluorescence intensity 
was measured immediately with excitation at 365 nm and emission at 385 nm. The data 
was normalized by converting relative fluorescence to a fractional value. Stabilization of F-actin 
filaments in the presence of Ig3 domain (A), Ig3-4 domain (B). The data suggests no stabilization 
enhancement due to the addition of Ig4 domain to Ig3 in a tandem domain manner. 
 

A. 
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various pathological conditions associated with impaired muscular function, including various 

types of myopathies and cardiomyopathies, could arise. Recent studies have revealed that PALLD 

Ig3 domain stabilizes actin filaments up to 10-fold at a 1:10 molar ratio of actin to PALLD Ig3 

during LatA-induced depolymerization [140]. Likewise, to determine the role of MYPN Ig3 

towards actin filament stabilization, we used this depolymerization assay. During the assay, 5% 

pyrene-labelled F-actin (2 µM) was incubated with various concentrations of MYPN Ig3 (0-20 

µM) for 30 min and then F-actin depolymerization was induced by 10 µM LatA (1:5 molar ratio 

of actin to LatA) and fluorescence intensity was immediately measured. The data suggests that, 

similar to PALLD Ig3, MYPN Ig3 domain stabilizes F-actin filaments albeit at a greater efficiency 

than PALLD Ig3. In other words, MYPN Ig3 achieves the same extent of filament stabilization as 

PALLD Ig3 at 20-fold less concentration (i.e., 20 µM PALLD Ig3 vs. 1 µM MYPN Ig3) (Figure 

4.6A). In line with co-sedimentation assays, the MYPN Ig3-4 tandem domain exhibited a similar 

extent of F-actin filament stabilization competency compared to the MYPN Ig3 domain (Figure 

4.6B). Thus, these results justify the role of MYPN in striated muscles where F-actin filament 

stability is more crucial than promoting actin polymerization. 

 

4.5 Myopalladin Ig3 domain exists as a monomer in solution 

The phenomenon of homodimerization by many proteins plays a critical role in determining 

their functions [157]. In particular, proteins with smaller actin binding domains undergo functional 

dimerization in order to form F-actin bundles. Similarly, both of MYPN’s other family members, 

MYOT and PALLD, are known to form homodimers upon binding F-actin [84, 158]. Given the 

fact that MYPN Ig3 domain has exhibited an 8-fold higher degree of F-actin bundling efficiency 

than PALLD Ig3 at equimolar concentration, it is intriguing to determine the molecular mechanism 
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of MYPN Ig3 with respect to its oligomerization state in solution. Correspondingly, analytical 

ultracentrifugation (AUC) was used to evaluate the molecular association of MYPN Ig3 domain 

in vitro. AUC is a powerful and versatile technique used for quantitative analysis of 

macromolecules in solution [159]. Based on the experimental parameters, two functional 

variations of AUC are available, sedimentation velocity (SV-AUC) and sedimentation equilibrium 

(SE-AUC). Both of these techniques differ in terms of their fundamental principle and the type of 

equipment being used during the assay. For example, SV-AUC follows hydrodynamic theory to 

analyze the size, shape, and inter-molecular interactions between macromolecules. On the other 

Figure 4.7: MYPN Ig3 domain exists as monomer in solution. Sedimentation equilibrium was 
conducted at two different speeds (rpm), 27,000 (A280, black) and 37,000 (A290, green) with 3 
distinct Ig3 protein concentrations: 34 µM (left), 58 µM (middle), and 314 µM (right). For a sample 
at 314 µM, A305 was considered for both speeds. The data was fitted (red line) using nonlinear 
least squares analysis according to the equation A. The global fit of data sets yielded a molecular 
weight of 11.7 kDa at 27,000 rpm. 
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hand, SE-AUC utilizes thermodynamic principles to evaluate molecular mass, association 

constants, stoichiometry of association, and homogeneity of the given macromolecular solutions 

[160]. To determine the molecular mass of MYPN Ig3 domain, we have carried SE-AUC under 

the guidance of Dr. Michal Zolkiewski (Department of Biochemistry and Molecular Biophysics, 

Kansas State University, USA). The assay was conducted at two different speeds (27,000 and 

37,000 rpm) with three distinct concentrations of MYPN Ig3 (34, 58, and 314 µM) in order to 

investigate molecular mass and the concentration dependency of its molecular mechanism at the 

same time. During the assay, once the sedimentation equilibrium was established, the radial 

absorbance at 280 nm (27,000 rpm) and 290 nm (37,000 rpm) for samples at concentrations of 34 

µM and 58 µM and the absorbance at 305 nm for sample at 314 µM concentration were measured 

for both speeds. The reason for taking absorbance at 305 nm for the sample at 314 µM was to keep 

the absorption values under the instrument sensitivity (<1 absorbance unit). The resulting data was 

analyzed using nonlinear least squares analysis according to the equation-4.1. From the 

mathematical calculations, the data yielded a molecular mass of 11.7 kDa for MYPN Ig3 domain 

irrespective of either speed of centrifugation or concentrations of solution. Similar results were 

observed with another set of two MYPN Ig3 samples at concentrations 70 µM and 207 µM when 

centrifuged at 24,000 rpm and 42,000 rpm during SE-AUC and yielded a molecular mass of 11.7 

kDa according to ‘Self-Association’ model fit using OriginLab data analysis software. Thus, our 

data suggests that MYPN Ig3 domain exists as monomer in solution just like the PALLD Ig3 

domain [2]. 
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where c0 is the concentration at an arbitrary reference distance r0. The term Mbw2/RT is often 

referred to as the reduced molecular weight, s. 



 70 

4.6 Investigation of actin-induced dimerization in myopalladin Ig3 domain  

The results from SE-AUC strongly suggest that MYPN Ig3 domain remains a monomer in 

solution.  However, considering the abundant bundling efficiency of MYPN Ig3 domain, which is 

similar to PALLD Ig3-4 tandem domain that undergoes actin-induced dimerization [158], we felt 

it was necessary  to also investigate actin-induced dimerization of MYPN Ig3 domain. 

Accordingly, we have carried out the previously reported chemical crosslinking experiments with 

both the PALLD Ig3 and MYPN Ig3 domains. The chemical crosslinker used in the experiment  

was 1,5-difluoro-2,4-dinitrobenzene (DFDNB), which has two reactive fluorine atoms that readily 

react with primary amine (-NH2) groups of Lys, Arg, and free NH2-terminal to form stable 

arylamine bonds [161]. During the assay, 10 µM MYPN Ig3 was incubated with 10 µM F-actin 

+ + + + + + 

La
dd

er
 + - + 10µM MYPN Ig3 

+ - + - + - + + - 10µM F-actin 
5 20 100 0 - - DFDNB (mM) 

 

Figure 4.8: Possibility of F-actin induced dimerization in MYPN Ig3. 1,5-difluoro-2,4-
dinitrobenzene (DFDNB) is used as a chemical cross-linker to analyze dimerization of MYPN Ig3 
in the presence and absence of F-actin. 10 µM MYPN Ig3 was incubated with variable amounts 
of cross-linker in the presence and absence of 10 µM F-actin. The results suggest plausible F-actin 
induced dimerization in MYPN Ig3 domain.   
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for 1 hr and then various concentrations (0-100 mM) of chemical cross-linker (DFDNB) were 

added. Subsequently, the reaction samples were quenched with 4X Laemmli buffer (without DTT) 

at different time points (10 and 40 min) and the samples were analyzed by gel electrophoresis 

using 12% SDS-PAGE gels (Figure 4.8). In order to assure the assay was performed as previously 

reported, we have included a parallel control experiment of PALLD Ig3 in addition to MYPN Ig3. 

The resulting silver stained gels revealed bands corresponding to the protein-dimer size (~24 kDa) 

which are less prominent in the absence of F-actin. Yet, considering the fact that reactions between 

arylfluoride and primary amine groups are highly non-specific, the appearance of a protein-dimer 

band could result from crosslinking of monomers that are in close proximity, but that are not 

participating in native intermolecular interactions. That being said, a comparison of the intensities 

for the protein-dimer bands for samples in the presence and absence of F-actin suggests that actin 

induced dimerization of MYPN Ig3 is likely occurring. Additional rationale for this conclusion is 

that there would be higher concentration of cross-linked MYPN Ig3 dimers in the absence of F-

actin if it was not the induced dimerization because not enough cross-linker would be available. In 

any case, these results suggest that MYPN Ig3 undergoes actin-induced dimerization much like 

PALLD Ig3; however, further experimentation is necessary using other commercially available 

cross-linkers with various arm length to validate this initial observation. 

 
4.7 Identification of actin binding site of Myopalladin Ig3 domain 

The isoelectric point (pI) of actin at physiological pH (7.35 to 7.45) is 5.6 which imparts a net 

negative charge to actin. This was confirmed by a comprehensive topological analysis of F-actin 

filaments that demonstrated a detailed charge distribution on its surface [162]. However, the actin 

binding site of most ABPs is still obscure, and only a few actin binding motifs are currently known 

that include: the calponin homology (CH) [163], the Wiskott-Aldrich syndrome protein homology 
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domain-2 (WH2) [164], the gelsolin homology [165], and the actin depolymerizing factor domain 

homology (ADF-H) [166], wherein all of these motifs are composed primarily of positively 

charged residues [2]. Likewise, the structure of PALLD Ig3 has two peripheral basic patches on 

two surfaces (K13/15/18 and K51)  as depicted in Figure 4.9, and further studies have shown that 

these lysine patches play a critical role during F-actin binding [2]. Further, the sequence alignment 

between PALLD Ig3 and MYPN Ig3 has revealed the conservation of both basic patches (Figure 

4.9C). In fact, there are more positively charged residues found in MYPN Ig3 (16 residues) than 

in PALLD Ig3 (14 residues). Further sequence analysis of MYPN Ig3 with respect to actin binding 

motif has revealed the presence of actin-binding domain 3 (ABD3) sequence within MYPN Ig3 

(949-952, KRLK), which also appears in other ABPs including AFAP-110 (614-617, KLKK), 

 

A. B. 

C. 

Figure 4.9: Conservation of basic patches among PALLD Ig3 and MYPN Ig3. (A) Ribbon 
diagram of M. musculus PALLD Ig3 (PDB: 2LQR) [2]. (B) Surface electrostatic surface potential 
of PALLD Ig3, highlighting two basic patches containing either K51 or K15/K18 (blue, positive 
charge; red, negative charge; and white, neutral) [2]. (C) Sequence alignment between MYPN Ig3 
and PALLD Ig3. Highlighted conserved basic residues wherein residues of MYPN Ig3, 
K952/R955 and R988 are equivalent to K15/K18 and K51 of PALLD Ig3, respectively. 

Myo_Ig3       PIFDKRLKHFRVTEGSPVTFTCKIVGIPVPKVYWFKDGKQISKRNEHCKMRREGDGTCSL 60 
palld_Ig3     PFFEMKLKHYKIFEGMPVTFTCRVAGNPKPKIYWFKDGKQISPKSDHYTIQRDLDGTCSL 60 
              *:*: :***::: ** ******::.* * **:********** :.:* .::*: ****** 
Myo_Ig3       HIESTTSDDDGNYTIMAANPQGRIS 85 
palld_Ig3     HTTASTLDDDGNYTIMAANPQGRVS 85 
              *  ::* ****************:* 



 73 

thymosin b4 (17-20, KLKK), villin (818-821, NLKK), and VASP (234-237, KLRK) [167]. Thus, 

together with its sequence homology and functional similarity with PALLD Ig3, we have 

hypothesized that MYPN Ig3 also bind to F-actin using two basic patches. In order to test our 

hypothesis, first the positively charged residues were mutated to neutral alanine residues and 

subsequently tested for F-actin binding potential.  

4.7.1 Results of Site-Directed Mutagenesis 

Considering the sequence alignment between MYPN Ig3 and PALLD Ig3 (Figure 4.9C), we 

have generated a set of basic charge mutants of MYPN Ig3 in order to identify the actin binding 

site. Site-directed mutagenesis via PCR was conducted and the resulting mutant plasmids were 

sequenced and subsequently analyzed using a computer program named Clustal Omega from 

EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo). Figure 4.10 illustrates the lysine to 

alanine mutation sites that were successfully generated in MYPN Ig3. 

 

4.7.2 F-actin Co-Sedimentation assay with MYPN Ig3 mutations 

To assess the implications of selective charge masking on the ability of MYPN Ig3 to bind F-

actin, once again co-sedimentation assays were utilized. The results suggest that charge-masking 

of MYPN Ig3, in any combination, significantly decreases its binding ability by at least 2- to 4-

Figure 4.10: MYPN Ig3 domain basic residue mutations. An illustration of MYPN Ig3 
mutations in line with amino acid sequence number of Homo sapiens MYPN. 
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fold, while the F-actin filament cross-linking efficiency appeared to be lost completely (Figure 

Figure 4.11: MYPN Ig3 alanine mutations disrupt all interactions with F-actin. Site-directed 
mutagenesis was used to generate alanine mutations in MYPN Ig3 and tested for their interactions 
with F-actin. (A) Binding curves generated from co-sedimentation assay between MYPN Ig3 
alanine variants and F-actin reveal significantly reduced binding abilities. (B) Quantified 
dissociation constants from binding curves. (C) MYPN Ig3 alanine variants do not stabilize actin 
filaments during LatA induced F-actin filaments depolymerization assays. (D) MYPN Ig3 alanine 
variants prevent F-actin cross-linking. (E & F) G-actin (5µM 5% pyrene labeled) was polymerized 
in the presence of variable concentrations of MYPN Ig3 alanine variants and the data show these 
variants do not affect G-actin polymerization in either buffer condition. 
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4.11), much like PALLD Ig3 [2]. In particular, the data highlights the role of lysine 987 and 

arginine 988 (K987/R988) in MYPN Ig3 interactions with F-actin as these mutations prevent both 

F-actin binding and cross-linking. Further, all of the charge-masked mutations of MYPN Ig3 

showed no effect on either G-actin polymerization or F-actin filament stabilization (Figure 4.11). 

In summary, the data from charge masking mutations of MYPN Ig3 provide a basic knowledge of 

the actin binding site and shed light on structural determinates of MYPN Ig3. 

 

4.8  Cardiomyopathy mutations affect binding and bundling efficiency of MYPN Ig3 

Among the 23 distinct MYPN mutations that are associated with CM, four mutations (namely 

F954L, R955W, R955Q, and P961L) are located on the Ig3 domain [78, 79]. From our previous 

experiments, it was evident that Ig3 is the minimal domain required to bind and crosslink F-actin. 

Accordingly, we were interested in determining the effects of CM mutations with respect to F-

actin regulation, which in turn dictates the integrity of both Z-lines and sarcomeres in cardiac 

muscles. Likewise, we have generated all four CM variants of MYPN Ig3 domain using site-

directed mutagenesis as described earlier. Finally, we have purified these proteins according to 

protocols established in our lab and subsequently conducted F-actin co-sedimentation assays in 

accordance with previously described methods. As expected, the co-sedimentation results of CM 

mutations of MYPN Ig3 reveal that both the F-actin binding affinity and bundling efficiency were 

significantly reduced to the degree of 5-fold when compared to wild type MYPN Ig3 (Figure 4.12). 

These results further support the fact that MYPN is a critical player in the Z-lines of sarcomere 

where it regulates actin filaments. Thus, any deviation in the MYPN protein results in disturbed 

Z-line assembly which is accompanied by loss of sarcomere integrity [67].  

 



 76 

 
 

Figure 4.12: Interactions between F-actin and CM associated MYPN Ig3 mutations. (A) CM 
mutations of MYPN Ig3 domain. Co-sedimentation assay between F-actin and CM associated 
MYPN Ig3 mutations show reduced binding affinity (B) and cross-linking efficiencies (C).  
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CHAPTER 5 

DISCUSSION 

In the light of growing evidence focused on the involvement of MYPN in skeletal and cardiac 

muscle diseases, in addition to its homology with PALLD, we sought to investigate the role of 

MYPN in muscular function and diseases. Both PALLD and MYPN, along with MYOT, belong 

to a family of proteins that bind to a-actinin and possess multiple immunoglobulin (Ig)-like 

domains. Previous studies on this family of proteins have highlighted their roles in the organization 

of cytoskeleton and cell morphology. In fact, PALLD is the only member of family which is 

ubiquitously expressed in all types of cells and exhibits several different isoforms as a result of 

alternative splicing from a single gene; while the expression of both MYPN and MYOT is 

exclusive to striated muscles [98]. Moreover, PALLD isoforms are expressed in a tissue-specific 

manner, where the isoform found in heart muscles is the longest form of PALLD with a molecular 

weight of 200 kDa and demonstrates a high sequence homology (approximately 63%) with MYPN 

[67]. The most recent investigations on MYPN have revealed that its depletion in mouse models 

results in extreme disruption of Z-lines and loss of sarcomere integrity in muscle tissue which 

suggests a role for MYPN in Z-line organization [67]. Further studies have identified 23 distinct 

mutations in the MYPN gene that are associated with various types of cardiomyopathies and 

muscular dystrophies [60, 78-82], thus reiterating the importance of MYPN and its functional roles 

in skeletal muscles.  

Considering the sequence and structural homology and the fact that PALLD localizes to 

actin-rich structures and regulates actin organizations, we have hypothesized that MYPN also 

binds actin thin filaments at Z-discs and regulates the sarcomere structure. However, there was no 

prior biochemical evidence in the literature to establish a direct interaction between MYPN and 
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actin. Therefore, we have used co-sedimentation assays to evaluate the direct interactions of 

MYPN and F-actin. During this assay, purified Ig-domains were tested for their binding 

interactions with F-actin and we found that the Ig3 is the only isolated domain that displays binding 

affinity for F-actin. On the other hand, the Ig4 domain does not bind directly with F-actin and it 

turned it was impossible to successfully purify Ig5 domain due to extreme instability. Moreover, 

the calculated binding affinities from co-sedimentation assays do not show any enhancement by 

MYPN Ig3 domain with the addition of Ig4 in a tandem domain approach. In any case, this was 

the first evidence generated to support a direct binding interaction between F-actin and MYPN. 

Once the binding interaction was established, we were interested in investigating how MYPN 

regulates actin structure and dynamics. Accordingly, we have tested MYPN for its ability to cross-

link actin filaments using similar co-sedimentation assays. Interestingly, the results reaffirmed the 

role of the MYPN Ig3 domain as the minimal requirement to promote actin filament cross-linking 

and the addition of Ig4 domain does not alter bundling efficiency, as observed with binding 

affinity. On the contrary, the PALLD Ig3 domain showed a significant, eight-fold enhancement in 

both binding and cross-linking abilities upon the addition of the Ig4 domain. Moreover, the MYPN 

Ig3 binds and cross-links F-actin filaments at an eight-fold greater degree than PALLD Ig3 [7]. 

This startling difference between PALLD and MYPN, despite their sequence homology and co-

localization in striated muscles, indicated that these two proteins may have discrete roles in the 

organization of cytoskeleton. 

Accordingly, further investigation was continued to analyze the role of MYPN on actin 

polymerization kinetics. It has been shown that, at physiological conditions, actin undergoes de 

novo polymerization to form various structures; yet, several ABPs modulate actin structures in a 

synchronized manner to support cellular functions. Until now, only discrete actin binding 
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interactions of MYPN were established, but not how MYPN influences the events of filament 

assembly and filament stabilization. Consequently, pyrene-actin fluorescence assays were 

employed to evaluate MYPN’s role during filament assembly. Interestingly, the assay results were 

surprising when compared with that of PALLD where the Ig3 enhances the rate of actin 

polymerization by four-fold and promotes filament stabilization [140]. On the other hand, the 

MYPN Ig3 decreases the rate of actin polymerization by four-fold, although MYPN exhibited a 

greater efficiency than PALLD Ig3 during filament stabilization assays performed in the presence 

of a F-actin sequestering molecule (LatA). Remarkably, from the calculated F-actin filament 

depolymerization rates it is clear that the MYPN Ig3 demonstrates 20-fold greater efficiency than 

PALLD Ig3 at the same concentration level. Therefore, the aforementioned significant functional 

differences between PALLD Ig3 and MYPN Ig3, despite their 83% sequence homology, implies 

that there are fundamental differences at the structural level as well. 

The structure of MYPN is not known yet; however, there is a prevailing need to better 

understand the functional role of MYPN in skeletal and cardiac muscles in order to address the 

respective pathologies. Meanwhile, the structure of PALLD Ig3 domain is available in the 

literature wherein it highlights the two peripheral basic patches on either side of the domain 

through which PALLD Ig3 binds F-actin [2]. In addition, sequence analysis reveals the 

conservation of aforesaid positively charged residues on MYPN Ig3 domain. In order to evaluate 

the implications of those basic residues, we have generated corresponding alanine residue variants 

of MYPN Ig3 and conducted co-sedimentation experiments along with pyrene-actin fluorescence 

assays. In line with the results of PALLD Ig3, these alanine variants corroborate the critical role 

of the corresponding basic residues in the Ig3 domain of MYPN during actin binding and filament 
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assembly. Although our results support the notion about the two basic patches with respect to actin 

binding site of MYPN Ig3, a firm conclusion could be drawn only with the structural evidence.  

Despite the fact that protein structural determination is exciting, it requires cumbersome 

efforts during experimentation and data analysis. However, it is crucial to know about molecular 

stoichiometry prior to any protein structural determination. Accordingly, we have analyzed 

oligomeric status of the MYPN Ig3 domain in solution with the help of analytical 

ultracentrifugation technique (AUC). Typically, there are two types of AUC variations available 

which are fundamentally different with respect to their principles and serve different purposes. 

Sedimentation velocity (AUC-SV) is used to attain information on size, shape, and intermolecular 

interactions of macromolecules, while sedimentation equilibrium is used to obtain information on 

molecular weight, association interactions, association stoichiometry, and homogeneity of 

macromolecular solutions. Thus, by using the AUC-SE method, we have determined that MYPN 

Ig3 domain exists as monomer in a homogeneous solution with molecular weight of 11.7 kDa. The 

AUC-SE results were further supported by the lower prevalence of MYPN Ig3 dimer bands in our 

chemical cross-linking assays in the presence of 1,5-difluoro-2,4-dinitrobenzene (DFDNB). 

However, the reasons for an apparent dimer band during the cross-linking assays might be 

associated either with close proximity between monomers or the presence of transient dimers 

which ultimately disappear at equilibrium. Thus, our conclusions on the monomeric state of 

MYPN Ig3 domain are predominantly based on AUC-SE results, as AUC provides more accurate 

and reliable data than chemical cross-linking assays for which the reaction specificity is poor. In 

any case, our preliminary results on MYPN Ig3 domain support future comprehensive structural 

determination of MYPN in order to decipher its relationship with various types of 

cardiomyopathies.  
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Until now, 23 distinct mutations have been identified in the gene encoding MYPN that are 

associated with various types of cardiomyopathies [60, 78-82]. For our current research, we have 

focused on four mutations (F954L, R955Q, R955W, and P961L) that occur within the Ig3 domain, 

since it is the only domain that binds directly to F-actin. Accordingly, we hypothesize that the 

aforementioned mutations of MYPN impair its interactions with actin thin filaments of the 

sarcomere which in turn weakens sarcomeric integrity, and, thus, results in cardiac dysfunction. 

To evaluate our hypothesis in terms of interactions between MYPN and F-actin, we have generated 

the cardiomyopathy mutations in the MYPN Ig3 domain and tested for their binding interactions 

with F-actin by using co-sedimentation assays. In the same vein of our hypothesis, the mutated 

MYPN Ig3 domains demonstrated both reduced binding and lower cross-linking efficiencies 

towards F-actin.  Moreover, our hypothesis, of impaired interactions between MYPN and F-actin 

leading to muscular dysfunction, is further supported by our collaborative work performed using 

MYPN knock-out (MKO) mice [18].  

The histological analyses of skeletal muscles from MKO-mice have displayed reduced 

body weight in addition to decreased myofiber cross-sectional area. Further, the reduced CSA of 

myofibers in MKO-mice were accounted for by down-regulation of serum response factor (SRF)-

signaling pathway [18]. In general, the SRF-signaling pathway plays a critical role in vast number 

of cellular functions including muscle differentiation and development whereby it depends on the 

translocation of MRTFs to nucleus [74]. Typically, Rho-GTPases promote actin filament assembly 

as a consequence of upstream signaling cascade, which facilitates the release of MRTFs from G-

actin. Hence, the resulting cytoplasmic accumulation of MRTFs enables its translocation to 

nucleus where it stimulates SRF to promote the transcription of targeted genes [76]. Likewise, 

MYPN’s ability to significantly stabilize of F-actin filaments would enable the enhancement of 
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MRTFs concentration in the cytoplasm which would ultimately result in stimulating SRF and thus, 

promoting muscle growth.  

 

In conclusion, MYPN plays a critical role in the organization of the sarcomeric Z-line and 

maintenance of sarcomere integrity. Moreover, MYPN’s ability to cross-link and stabilize F-actin 

filaments promotes muscle growth through the SRF-signaling pathway and any abnormalities in 

MYPN induce various types of cardiomyopathies and muscular dystrophies.  

 

 

  

Figure 5.1: A model describing how MYPN and PALLD may promote SRF signaling. The 
SRF co-activator MRTF-A is sequestered in the cytoplasm through binding to G-actin and 
incorporation of G-actin into F-actin filaments releases MRTF-A, allowing it to translocate to the 
nucleus where it binds and activates the SRF transcription factor [17]. Likewise, MYPN inhibits 
actin polymerization but strongly prevents actin depolymerization, with the net result of increasing 
the F-actin/G-actin ratio, stimulating the SRF signaling pathway. (Model adapted from [18].) 
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CHAPTER 6 

FUTURE DIRECTIONS 

In the present work we have demonstrated that MYPN directly binds to F-actin and 

stabilizes filaments with a high efficiency, and also highlighted the role of MYPN Ig3 domain as 

the epicenter of MYPN function with respect to binding interactions with actin. However, the 

molecular mechanism of MYPN Ig3 regarding its interaction with F-actin is yet to be investigated. 

MYPN Ig3 reduces the rate of actin polymerization while stabilizing actin filaments, which 

suggests that MYPN Ig3 can either bind G-actin to hinder the rate of polymerization, or weakly 

caps actin filament ends to impede both the rate and extent of polymerization. In either case, it 

would be unreasonable to rely solely on the fluorescence assay to evaluate molecular interactions 

as it is a bulk assay and could not provide information on molecular level interactions. Therefore, 

we plan to use multi-color total internal reflection fluorescence (TIRF) microscopy to evaluate the 

molecular interactions and observe the organization of MYPN Ig3 and actin. TIRFM is a powerful 

technique which allows one to visualize the binding site of MYPN Ig3 on F-actin, such as pointed 

end, barbed end, or along the side of filament. Further, TIRFM facilitates quantitation of single 

actin filament dynamics in the presence of MYPN Ig3. Thus, we could attain kinetic measurements 

of actin polymerization, actin-treadmilling, and actin depolymerization, in addition to evaluation 

of actin filaments cross-linking events by MYPN Ig3 simultaneously. Likewise, TIRFM provides 

important information on molecular interactions between MYPN Ig3 and F-actin. 

In conjunction with our collaboration with Dr. Marie-Louise Bang, we have demonstrated 

that MYPN promotes muscle growth through modulation of the SRF-pathway [18]. Our data 

reveals that MYPN stabilizes actin filaments which in turn facilitates translocation of MRTFs to 

the nucleus to stimulate SRF. While previous yeast two-hybrid studies have revealed reasonable 
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binding affinity between MYPN and MRTFs [18], subsequent studies indicated a strong binding 

interaction between MYPN and MRTF-A but only a weak binding affinity between MYPN and 

MRTF-B [18]. Thus, our future work will evaluate direct binding interactions between MYPN and 

MRTFs and compare that in the presence and absence of F-actin. Thus, such knowledge should 

aid us in understanding how MYPN modulates the SRF-pathway which in turn promotes muscle 

growth. 

Furthermore, preliminary studies indicate that MYPN interacts with CARP through its N-

terminal domain, 𝛼-actinin through its C-terminal domain, and nebulin/nebulette through its 

central domains [67]. Although our studies mostly focused on MYPN’s role in regulating F-actin 

dynamics, we are very much intrigued to likewise evaluate its role with respect to interactions with 

a-actinin, nebulin/nebulette, and CARP proteins. 

Additionally, we would certainly continue our collaboration work with Dr. Erika R. 

Geisbrecht’s lab at Kansas State University to investigate how cardiomyopathy-associated 

mutations of MYPN affect muscle differentiation and development in Drosophila (fruit fly). Also, 

we plan to extend our investigation to evaluate binding interactions between cardiomyopathy 

mutations of MYPN and the cardiac isoform of actin (⍺cardiac-actin) as this would be a more relevant 

interaction. 

 

  



85 

REFERENCES 



86 

REFERENCES 

1. Qin, H., et al., Construction of a series of vectors for high throughput cloning and
expression screening of membrane proteins from Mycobacterium tuberculosis. BMC
Biotechnol, 2008. 8: p. 51.

2. Beck, M.R., et al., Structure and function of palladin's actin binding domain. J Mol Biol,
2013. 425(18): p. 3325-37.

3. Jaka, O., et al., Costamere proteins and their involvement in myopathic processes. Expert
Rev Mol Med, 2015. 17: p. e12.

4. Braunwald, E., Cardiomyopathies: An Overview. Circ Res, 2017. 121(7): p. 711-721.

5. Brieler, J., M.A. Breeden, and J. Tucker, Cardiomyopathy: An Overview. Am Fam
Physician, 2017. 96(10): p. 640-646.

6. Staff, M.C. Cardiomyopathy. Available from: https://www.mayoclinic.org/diseases-
conditions/cardiomyopathy/symptoms-causes/syc-20370709.

7. Dixon, R.D., et al., Palladin is an actin cross-linking protein that uses immunoglobulin-
like domains to bind filamentous actin. J Biol Chem, 2008. 283(10): p. 6222-31.

8. Maron, B.J., et al., Contemporary definitions and classification of the cardiomyopathies:
an American Heart Association Scientific Statement from the Council on Clinical
Cardiology, Heart Failure and Transplantation Committee; Quality of Care and Outcomes
Research and Functional Genomics and Translational Biology Interdisciplinary Working
Groups; and Council on Epidemiology and Prevention. Circulation, 2006. 113(14): p.
1807-16.

9. Plowman SA, S.D., Exercise Physiology for Health, Fitness and Performance. Second
Edition ed. 2003.

10. Pollard, T.D., W.C. Earnshaw, and J. Lippincott-Schwartz, Cell Biology E-Book. 2007:
Elsevier Health Sciences.

11. McKenna, W.J., B.J. Maron, and G. Thiene, Classification, Epidemiology, and Global
Burden of Cardiomyopathies. Circ Res, 2017. 121(7): p. 722-730.



 87 

12. Blueringmedia, Types of Muscles. 

13. Fujii, T., et al., Direct visualization of secondary structures of F-actin by electron 
cryomicroscopy. Nature, 2010. 467(7316): p. 724-728. 

14. Blanchoin, L., et al., Actin dynamics, architecture, and mechanics in cell motility. Physiol 
Rev, 2014. 94(1): p. 235-63. 

15. Bang, M.L., Animal Models of Congenital Cardiomyopathies Associated With Mutations 
in Z-Line Proteins. J Cell Physiol, 2017. 232(1): p. 38-52. 

16. Gu, Q., et al., Dissection of Z-disc myopalladin gene network involved in the development 
of restrictive cardiomyopathy using system genetics approach. World J Cardiol, 2017. 9(4): 
p. 320-331. 

17. Olson, E.N. and A. Nordheim, Linking actin dynamics and gene transcription to drive 
cellular motile functions. Nat Rev Mol Cell Biol, 2010. 11(5): p. 353-65. 

18. Filomena, M.C., et al., Myopalladin promotes muscle growth through modulation of the 
serum response factor pathway. J Cachexia Sarcopenia Muscle, 2019. 

19. The National Heart, L., and Blood Institute. Cardiomyopathy. Available from: 
https://www.nhlbi.nih.gov/health-topics/cardiomyopathy. 

20. Benjamin, E.J., et al., Heart Disease and Stroke Statistics-2019 Update: A Report From 
the American Heart Association. Circulation, 2019. 139(10): p. e56-e528. 

21. Alcalai, R., J.G. Seidman, and C.E. Seidman, Genetic basis of hypertrophic 
cardiomyopathy: from bench to the clinics. J Cardiovasc Electrophysiol, 2008. 19(1): p. 
104-10. 

22. Seidman, J.G. and C. Seidman, The genetic basis for cardiomyopathy: from mutation 
identification to mechanistic paradigms. Cell, 2001. 104(4): p. 557-67. 

23. Marian, A.J. and E. Braunwald, Hypertrophic Cardiomyopathy: Genetics, Pathogenesis, 
Clinical Manifestations, Diagnosis, and Therapy. Circ Res, 2017. 121(7): p. 749-770. 



 88 

24. Niimura, H., et al., Sarcomere protein gene mutations in hypertrophic cardiomyopathy of 
the elderly. Circulation, 2002. 105(4): p. 446-51. 

25. Hoffmann, B., et al., First mutation in cardiac troponin C, L29Q, in a patient with 
hypertrophic cardiomyopathy. Hum Mutat, 2001. 17(6): p. 524. 

26. Arad, M., et al., Glycogen storage diseases presenting as hypertrophic cardiomyopathy. N 
Engl J Med, 2005. 352(4): p. 362-72. 

27. Luk, A., et al., Dilated cardiomyopathy: a review. J Clin Pathol, 2009. 62(3): p. 219-25. 

28. Herman, D.S., et al., Truncations of titin causing dilated cardiomyopathy. N Engl J Med, 
2012. 366(7): p. 619-28. 

29. Arany, Z. and U. Elkayam, Peripartum Cardiomyopathy. Circulation, 2016. 133(14): p. 
1397-409. 

30. Mirijello, A., et al., Alcoholic cardiomyopathy: What is known and what is not known. Eur 
J Intern Med, 2017. 43: p. 1-5. 

31. Muchtar, E., L.A. Blauwet, and M.A. Gertz, Restrictive Cardiomyopathy: Genetics, 
Pathogenesis, Clinical Manifestations, Diagnosis, and Therapy. Circ Res, 2017. 121(7): p. 
819-837. 

32. Marcus, F.I., et al., Diagnosis of arrhythmogenic right ventricular 
cardiomyopathy/dysplasia: proposed modification of the task force criteria. Circulation, 
2010. 121(13): p. 1533-41. 

33. Pilichou, K., et al., Arrhythmogenic cardiomyopathy. Orphanet J Rare Dis, 2016. 11: p. 33. 

34. Garrod, D. and M. Chidgey, Desmosome structure, composition and function. Biochim 
Biophys Acta, 2008. 1778(3): p. 572-87. 

35. Ruberg, F.L., et al., Transthyretin Amyloid Cardiomyopathy: JACC State-of-the-Art 
Review. J Am Coll Cardiol, 2019. 73(22): p. 2872-2891. 

36. Bhandari, B. and W. Masood, Ischemic Cardiomyopathy, in StatPearls. 2020: Treasure 
Island (FL). 



 89 

37. Stollberger, C. and J. Finsterer, Left ventricular hypertrabeculation/noncompaction. J Am 
Soc Echocardiogr, 2004. 17(1): p. 91-100. 

38. Chayanupatkul, M. and S. Liangpunsakul, Cirrhotic cardiomyopathy: review of 
pathophysiology and treatment. Hepatol Int, 2014. 8(3): p. 308-15. 

39. Akashi, Y.J., et al., Takotsubo cardiomyopathy: a new form of acute, reversible heart 
failure. Circulation, 2008. 118(25): p. 2754-62. 

40. Medicine, J.H. Alcohol Septal Ablation. Available from: 
https://www.hopkinsmedicine.org/health/treatment-tests-and-therapies/alcohol-septal-
ablation. 

41. Clark, K.A., et al., Striated muscle cytoarchitecture: an intricate web of form and function. 
Annu Rev Cell Dev Biol, 2002. 18: p. 637-706. 

42. Kolh, P., et al., 2014 ESC/EACTS Guidelines on myocardial revascularization: the Task 
Force on Myocardial Revascularization of the European Society of Cardiology (ESC) and 
the European Association for Cardio-Thoracic Surgery (EACTS). Developed with the 
special contribution of the European Association of Percutaneous Cardiovascular 
Interventions (EAPCI). Eur J Cardiothorac Surg, 2014. 46(4): p. 517-92. 

43. Birbrair, A., et al., Role of pericytes in skeletal muscle regeneration and fat accumulation. 
Stem Cells Dev, 2013. 22(16): p. 2298-314. 

44. Schiaffino, S. and C. Reggiani, Fiber types in mammalian skeletal muscles. Physiol Rev, 
2011. 91(4): p. 1447-531. 

45. Smith, D.L. and S.A. Plowman, Understanding muscle contraction. Sport-Specific 
Rehabilitation, 2006: p. 15-38. 

46. Huxley, H. and J. Hanson, Changes in the cross-striations of muscle during contraction 
and stretch and their structural interpretation. Nature, 1954. 173(4412): p. 973-6. 

47. Huxley, A.F. and R. Niedergerke, Structural changes in muscle during contraction; 
interference microscopy of living muscle fibres. Nature, 1954. 173(4412): p. 971-3. 



90 

48. Hynes, T.R., et al., Movement of myosin fragments in vitro: domains involved in force
production. Cell, 1987. 48(6): p. 953-63.

49. Spudich, J.A., The myosin swinging cross-bridge model. Nat Rev Mol Cell Biol, 2001.
2(5): p. 387-92.

50. Field, J., Handbook of Physiology: Skeletal Muscle. Vol. 10. 1983: American Physiological
Society.

51. Lyon, R.C., et al., Mechanotransduction in cardiac hypertrophy and failure. Circ Res,
2015. 116(8): p. 1462-1476.

52. Ervasti, J.M., Costameres: the Achilles' heel of Herculean muscle. J Biol Chem, 2003.
278(16): p. 13591-4.

53. Knoll, R., et al., The cardiac mechanical stretch sensor machinery involves a Z disc
complex that is defective in a subset of human dilated cardiomyopathy. Cell, 2002. 111(7):
p. 943-55.

54. Frey, N., et al., Mice lacking calsarcin-1 are sensitized to calcineurin signaling and show
accelerated cardiomyopathy in response to pathological biomechanical stress. Nat Med,
2004. 10(12): p. 1336-43.

55. Brancaccio, M., et al., Melusin, a muscle-specific integrin beta1-interacting protein, is
required to prevent cardiac failure in response to chronic pressure overload. Nat Med,
2003. 9(1): p. 68-75.

56. Frank, D., et al., Role of the sarcomeric Z-disc in the pathogenesis of cardiomyopathy.
Future Cardiol, 2007. 3(6): p. 611-22.

57. Vatta, M., et al., Mutations in Cypher/ZASP in patients with dilated cardiomyopathy and
left ventricular non-compaction. J Am Coll Cardiol, 2003. 42(11): p. 2014-27.

58. Hayashi, T., et al., Tcap gene mutations in hypertrophic cardiomyopathy and dilated
cardiomyopathy. J Am Coll Cardiol, 2004. 44(11): p. 2192-201.

59. Buyandelger, B., et al., MLP (muscle LIM protein) as a stress sensor in the heart. Pflugers
Arch, 2011. 462(1): p. 135-42.



 91 

60. Duboscq-Bidot, L., et al., Mutations in the Z-band protein myopalladin gene and idiopathic 
dilated cardiomyopathy. Cardiovasc Res, 2008. 77(1): p. 118-25. 

61. Selcen, D. and A.G. Engel, Mutations in myotilin cause myofibrillar myopathy. Neurology, 
2004. 62(8): p. 1363-71. 

62. Hassel, D., et al., Nexilin mutations destabilize cardiac Z-disks and lead to dilated 
cardiomyopathy. Nat Med, 2009. 15(11): p. 1281-8. 

63. Gerull, B., et al., Mutations of TTN, encoding the giant muscle filament titin, cause familial 
dilated cardiomyopathy. Nat Genet, 2002. 30(2): p. 201-4. 

64. Geier, C., et al., Mutations in the human muscle LIM protein gene in families with 
hypertrophic cardiomyopathy. Circulation, 2003. 107(10): p. 1390-5. 

65. Osio, A., et al., Myozenin 2 is a novel gene for human hypertrophic cardiomyopathy. Circ 
Res, 2007. 100(6): p. 766-8. 

66. Satoh, M., et al., Structural analysis of the titin gene in hypertrophic cardiomyopathy: 
identification of a novel disease gene. Biochem Biophys Res Commun, 1999. 262(2): p. 
411-7. 

67. Bang, M.L., et al., Myopalladin, a novel 145-kilodalton sarcomeric protein with multiple 
roles in Z-disc and I-band protein assemblies. J Cell Biol, 2001. 153(2): p. 413-27. 

68. Miano, J.M., Serum response factor: toggling between disparate programs of gene 
expression. J Mol Cell Cardiol, 2003. 35(6): p. 577-93. 

69. Sotiropoulos, A., et al., Signal-regulated activation of serum response factor is mediated 
by changes in actin dynamics. Cell, 1999. 98(2): p. 159-69. 

70. Gineitis, D. and R. Treisman, Differential usage of signal transduction pathways defines 
two types of serum response factor target gene. J Biol Chem, 2001. 276(27): p. 24531-9. 

71. Hill, C.S., J. Wynne, and R. Treisman, The Rho family GTPases RhoA, Rac1, and 
CDC42Hs regulate transcriptional activation by SRF. Cell, 1995. 81(7): p. 1159-70. 



 92 

72. Wang, D., et al., Activation of cardiac gene expression by myocardin, a transcriptional 
cofactor for serum response factor. Cell, 2001. 105(7): p. 851-62. 

73. Selvaraj, A. and R. Prywes, Megakaryoblastic leukemia-1/2, a transcriptional co-activator 
of serum response factor, is required for skeletal myogenic differentiation. J Biol Chem, 
2003. 278(43): p. 41977-87. 

74. Posern, G., A. Sotiropoulos, and R. Treisman, Mutant actins demonstrate a role for 
unpolymerized actin in control of transcription by serum response factor. Mol Biol Cell, 
2002. 13(12): p. 4167-78. 

75. Copeland, J.W. and R. Treisman, The diaphanous-related formin mDia1 controls serum 
response factor activity through its effects on actin polymerization. Mol Biol Cell, 2002. 
13(11): p. 4088-99. 

76. Miralles, F., et al., Actin dynamics control SRF activity by regulation of its coactivator 
MAL. Cell, 2003. 113(3): p. 329-42. 

77. Stansfield, W.E., et al., The pathophysiology of cardiac hypertrophy and heart failure, in 
Cellular and molecular pathobiology of cardiovascular disease. 2014, Elsevier. p. 51-78. 

78. Meyer, T., et al., Novel mutations in the sarcomeric protein myopalladin in patients with 
dilated cardiomyopathy. Eur J Hum Genet, 2013. 21(3): p. 294-300. 

79. Purevjav, E., et al., Molecular basis for clinical heterogeneity in inherited 
cardiomyopathies due to myopalladin mutations. Hum Mol Genet, 2012. 21(9): p. 2039-
53. 

80. Lornage, X., et al., Recessive MYPN mutations cause cap myopathy with occasional 
nemaline rods. Ann Neurol, 2017. 81(3): p. 467-473. 

81. Merlini, L., et al., Congenital myopathy with hanging big toe due to homozygous 
myopalladin (MYPN) mutation. Skelet Muscle, 2019. 9(1): p. 14. 

82. Miyatake, S., et al., Biallelic Mutations in MYPN, Encoding Myopalladin, Are Associated 
with Childhood-Onset, Slowly Progressive Nemaline Myopathy. Am J Hum Genet, 2017. 
100(1): p. 169-178. 



 93 

83. Otey, C.A., et al., The palladin/myotilin/myopalladin family of actin-associated scaffolds. 
Int Rev Cytol, 2005. 246: p. 31-58. 

84. Salmikangas, P., et al., Myotilin, a novel sarcomeric protein with two Ig-like domains, is 
encoded by a candidate gene for limb-girdle muscular dystrophy. Hum Mol Genet, 1999. 
8(7): p. 1329-36. 

85. von Nandelstadh, P., et al., Actin-organising properties of the muscular dystrophy protein 
myotilin. Exp Cell Res, 2005. 310(1): p. 131-9. 

86. Gontier, Y., et al., The Z-disc proteins myotilin and FATZ-1 interact with each other and 
are connected to the sarcolemma via muscle-specific filamins. J Cell Sci, 2005. 118(Pt 16): 
p. 3739-49. 

87. Hauser, M.A., et al., Myotilin is mutated in limb girdle muscular dystrophy 1A. Hum Mol 
Genet, 2000. 9(14): p. 2141-7. 

88. Parast, M.M. and C.A. Otey, Characterization of palladin, a novel protein localized to 
stress fibers and cell adhesions. J Cell Biol, 2000. 150(3): p. 643-56. 

89. Mykkanen, O.M., et al., Characterization of human palladin, a microfilament-associated 
protein. Mol Biol Cell, 2001. 12(10): p. 3060-73. 

90. Boukhelifa, M., et al., Palladin is a novel binding partner for Ena/VASP family members. 
Cell Motil Cytoskeleton, 2004. 58(1): p. 17-29. 

91. Ronty, M., et al., Involvement of palladin and alpha-actinin in targeting of the Abl/Arg 
kinase adaptor ArgBP2 to the actin cytoskeleton. Exp Cell Res, 2005. 310(1): p. 88-98. 

92. Lai, C.F., et al., Four and half lim protein 2 (FHL2) stimulates osteoblast differentiation. 
J Bone Miner Res, 2006. 21(1): p. 17-28. 

93. Goicoechea, S., et al., Palladin binds to Eps8 and enhances the formation of dorsal ruffles 
and podosomes in vascular smooth muscle cells. J Cell Sci, 2006. 119(Pt 16): p. 3316-24. 

94. Akisawa, N., et al., High levels of ezrin expressed by human pancreatic adenocarcinoma 
cell lines with high metastatic potential. Biochem Biophys Res Commun, 1999. 258(2): p. 
395-400. 



 94 

95. Ronty, M., et al., Palladin interacts with SH3 domains of SPIN90 and Src and is required 
for Src-induced cytoskeletal remodeling. Exp Cell Res, 2007. 313(12): p. 2575-85. 

96. Uniprot. Q8WX93 (PALLD_HUMAN). Available from: 
https://www.uniprot.org/uniprot/Q8WX93. 

97. Uniprot. Q9ET54 (PALLD_MOUSE). Available from: 
https://www.uniprot.org/uniprot/Q9ET54. 

98. Rachlin, A.S. and C.A. Otey, Identification of palladin isoforms and characterization of 
an isoform-specific interaction between Lasp-1 and palladin. J Cell Sci, 2006. 119(Pt 6): 
p. 995-1004. 

99. McNally, E.M., J.R. Golbus, and M.J. Puckelwartz, Genetic mutations and mechanisms in 
dilated cardiomyopathy. J Clin Invest, 2013. 123(1): p. 19-26. 

100. Hanukoglu, I., N. Tanese, and E. Fuchs, Complementary DNA sequence of a human 
cytoplasmic actin. Interspecies divergence of 3' non-coding regions. J Mol Biol, 1983. 
163(4): p. 673-8. 

101. Elzinga, M., et al., Complete amino-acid sequence of actin of rabbit skeletal muscle. Proc 
Natl Acad Sci U S A, 1973. 70(9): p. 2687-91. 

102. Collins, J.H. and M. Elzinga, The primary structure of actin from rabbit skeletal muscle. 
Completion and analysis of the amino acid sequence. J Biol Chem, 1975. 250(15): p. 5915-
20. 

103. Lu, R.C. and M. Elzinga, Partial amino acid sequence of brain actin and its homology with 
muscle actin. Biochemistry, 1977. 16(26): p. 5801-6. 

104. Vandekerckhove, J. and K. Weber, Actin amino-acid sequences. Comparison of actins 
from calf thymus, bovine brain, and SV40-transformed mouse 3T3 cells with rabbit skeletal 
muscle actin. Eur J Biochem, 1978. 90(3): p. 451-62. 

105. Perrin, B.J. and J.M. Ervasti, The actin gene family: function follows isoform. Cytoskeleton 
(Hoboken), 2010. 67(10): p. 630-4. 

106. Herman, I.M., Actin isoforms. Curr Opin Cell Biol, 1993. 5(1): p. 48-55. 



95 

107. Kabsch, W., et al., Atomic structure of the actin:DNase I complex. Nature, 1990.
347(6288): p. 37-44.

108. Dominguez, R. and K.C. Holmes, Actin structure and function. Annu Rev Biophys, 2011.
40: p. 169-86.

109. Bork, P., C. Sander, and A. Valencia, An ATPase domain common to prokaryotic cell cycle
proteins, sugar kinases, actin, and hsp70 heat shock proteins. Proc Natl Acad Sci U S A,
1992. 89(16): p. 7290-4.

110. Graceffa, P. and R. Dominguez, Crystal structure of monomeric actin in the ATP state.
Structural basis of nucleotide-dependent actin dynamics. J Biol Chem, 2003. 278(36): p.
34172-80.

111. Dominguez, R., Actin-binding proteins--a unifying hypothesis. Trends Biochem Sci, 2004.
29(11): p. 572-8.

112. Pollard, T.D., Actin and Actin-Binding Proteins. Cold Spring Harb Perspect Biol, 2016.
8(8).

113. Kang, H., et al., Regulation of actin by ion-linked equilibria. Biophys J, 2013. 105(12): p.
2621-8.

114. Sept, D. and J.A. McCammon, Thermodynamics and kinetics of actin filament nucleation.
Biophys J, 2001. 81(2): p. 667-74.

115. Frieden, C., Polymerization of actin: mechanism of the Mg2+-induced process at pH 8 and
20 degrees C. Proc Natl Acad Sci U S A, 1983. 80(21): p. 6513-7.

116. Cooper, J.A., et al., Kinetic evidence for a monomer activation step in actin polymerization.
Biochemistry, 1983. 22(9): p. 2193-202.

117. Jegou, A., et al., Individual actin filaments in a microfluidic flow reveal the mechanism of
ATP hydrolysis and give insight into the properties of profilin. PLoS Biol, 2011. 9(9): p.
e1001161.



 96 

118. Wegner, A. and G. Isenberg, 12-fold difference between the critical monomer 
concentrations of the two ends of actin filaments in physiological salt conditions. Proc Natl 
Acad Sci U S A, 1983. 80(16): p. 4922-5. 

119. Lauffenburger, D.A. and A.F. Horwitz, Cell migration: a physically integrated molecular 
process. Cell, 1996. 84(3): p. 359-69. 

120. Shankar, J. and I.R. Nabi, Actin cytoskeleton regulation of epithelial mesenchymal 
transition in metastatic cancer cells. PLoS One, 2015. 10(3): p. e0119954. 

121. Pollard, T.D. and G.G. Borisy, Cellular motility driven by assembly and disassembly of 
actin filaments. Cell, 2003. 112(4): p. 453-65. 

122. dos Remedios, C.G., et al., Actin binding proteins: regulation of cytoskeletal 
microfilaments. Physiol Rev, 2003. 83(2): p. 433-73. 

123. Dominguez, R., Structural insights into de novo actin polymerization. Curr Opin Struct 
Biol, 2010. 20(2): p. 217-25. 

124. Chereau, D., et al., Leiomodin is an actin filament nucleator in muscle cells. Science, 2008. 
320(5873): p. 239-43. 

125. Quinlan, M.E., et al., Drosophila Spire is an actin nucleation factor. Nature, 2005. 
433(7024): p. 382-8. 

126. Ahuja, R., et al., Cordon-bleu is an actin nucleation factor and controls neuronal 
morphology. Cell, 2007. 131(2): p. 337-50. 

127. Liverman, A.D., et al., Arp2/3-independent assembly of actin by Vibrio type III effector 
VopL. Proc Natl Acad Sci U S A, 2007. 104(43): p. 17117-22. 

128. Tam, V.C., et al., A type III secretion system in Vibrio cholerae translocates a formin/spire 
hybrid-like actin nucleator to promote intestinal colonization. Cell Host Microbe, 2007. 
1(2): p. 95-107. 

129. Paul, A.S. and T.D. Pollard, Review of the mechanism of processive actin filament 
elongation by formins. Cell Motil Cytoskeleton, 2009. 66(8): p. 606-17. 



97 

130. Edwards, M., et al., Capping protein regulators fine-tune actin assembly dynamics. Nat
Rev Mol Cell Biol, 2014. 15(10): p. 677-89.

131. Hart, M.C. and J.A. Cooper, Vertebrate isoforms of actin capping protein beta have distinct
functions In vivo. J Cell Biol, 1999. 147(6): p. 1287-98.

132. Rao, J.N., Y. Madasu, and R. Dominguez, Mechanism of actin filament pointed-end
capping by tropomodulin. Science, 2014. 345(6195): p. 463-7.

133. Sjoblom, B., A. Salmazo, and K. Djinovic-Carugo, Alpha-actinin structure and regulation.
Cell Mol Life Sci, 2008. 65(17): p. 2688-701.

134. Weigt, C., B. Schoepper, and A. Wegner, Tropomyosin-troponin complex stabilizes the
pointed ends of actin filaments against polymerization and depolymerization. FEBS Lett,
1990. 260(2): p. 266-8.

135. Fenteany, G. and S. Zhu, Small-molecule inhibitors of actin dynamics and cell motility.
Curr Top Med Chem, 2003. 3(6): p. 593-616.

136. Cooper, J.A., Effects of cytochalasin and phalloidin on actin. J Cell Biol, 1987. 105(4): p.
1473-8.

137. Spector, I., et al., Latrunculins: novel marine toxins that disrupt microfilament
organization in cultured cells. Science, 1983. 219(4584): p. 493-5.

138. Morton, W.M., K.R. Ayscough, and P.J. McLaughlin, Latrunculin alters the actin-
monomer subunit interface to prevent polymerization. Nat Cell Biol, 2000. 2(6): p. 376-8.

139. Report of the WHO/ISFC task force on the definition and classification of
cardiomyopathies. Br Heart J, 1980. 44(6): p. 672-3.

140. Gurung, R., et al., Actin polymerization is stimulated by actin cross-linking protein
palladin. Biochem J, 2016. 473(4): p. 383-96.

141. Aslanidis, C. and P.J. de Jong, Ligation-independent cloning of PCR products (LIC-PCR).
Nucleic Acids Res, 1990. 18(20): p. 6069-74.



 98 

142. Eschenfeldt, W.H., et al., A family of LIC vectors for high-throughput cloning and 
purification of proteins. Methods Mol Biol, 2009. 498: p. 105-15. 

143. Inc., N.E.B., Transformation Protocol. 

144. Inc., N.E.B. PCR Protocol for Taq DNA Polymerase with Standard Taq Buffer Available 
from: https://www.neb.com/protocols/0001/01/01/taq-dna-polymerase-with-standard-taq-
buffer-m0273. 

145. Stratagene, QuikChange Site-Directed Mutagenesis. 

146. Sivashanmugam, A., et al., Practical protocols for production of very high yields of 
recombinant proteins using Escherichia coli. Protein Sci, 2009. 18(5): p. 936-48. 

147. Blommel, P.G. and B.G. Fox, A combined approach to improving large-scale production 
of tobacco etch virus protease. Protein Expr Purif, 2007. 55(1): p. 53-68. 

148. Spudich, J.A. and S. Watt, The regulation of rabbit skeletal muscle contraction. I. 
Biochemical studies of the interaction of the tropomyosin-troponin complex with actin and 
the proteolytic fragments of myosin. J Biol Chem, 1971. 246(15): p. 4866-71. 

149. Abràmoff, M.D., P.J. Magalhães, and S.J. Ram, Image processing with ImageJ. 
Biophotonics international, 2004. 11(7): p. 36-42. 

150. Scientific, T.F. Alexa Fluor™ 488 Phalloidin. Available from: 
https://www.thermofisher.com/order/catalog/product/A12379#/A12379. 

151. Zimmermann, D., et al., In Vitro Biochemical Characterization of Cytokinesis Actin-
Binding Proteins. Methods Mol Biol, 2016. 1369: p. 151-79. 

152. Cooper, J.A., S.B. Walker, and T.D. Pollard, Pyrene actin: documentation of the validity 
of a sensitive assay for actin polymerization. J Muscle Res Cell Motil, 1983. 4(2): p. 253-
62. 

153. Mullins, R.D. and L.M. Machesky, Actin assembly mediated by Arp2/3 complex and WASP 
family proteins. Methods Enzymol, 2000. 325: p. 214-37. 



 99 

154. Merril, C.R., et al., Ultrasensitive stain for proteins in polyacrylamide gels shows regional 
variation in cerebrospinal fluid proteins. Science, 1981. 211(4489): p. 1437-8. 

155. Rabilloud, T., Mechanisms of protein silver staining in polyacrylamide gels: a 10-year 
synthesis. Electrophoresis, 1990. 11(10): p. 785-94. 

156. Chevallet, M., S. Luche, and T. Rabilloud, Silver staining of proteins in polyacrylamide 
gels. Nat Protoc, 2006. 1(4): p. 1852-8. 

157. Xu, D., C.J. Tsai, and R. Nussinov, Mechanism and evolution of protein dimerization. 
Protein Sci, 1998. 7(3): p. 533-44. 

158. Vattepu, R., R. Yadav, and M.R. Beck, Actin-induced dimerization of palladin promotes 
actin-bundling. Protein Sci, 2015. 24(1): p. 70-80. 

159. Svedberg, Molecular Weight Analysis in Centrifugal Fields. Science, 1934. 79(2050): p. 
327-32. 

160. Cole, J.L., et al., Analytical ultracentrifugation: sedimentation velocity and sedimentation 
equilibrium. Methods Cell Biol, 2008. 84: p. 143-79. 

161. Green, N.S., E. Reisler, and K.N. Houk, Quantitative evaluation of the lengths of 
homobifunctional protein cross-linking reagents used as molecular rulers. Protein Sci, 
2001. 10(7): p. 1293-304. 

162. Angelini, T.E., et al., Counterions between charged polymers exhibit liquid-like 
organization and dynamics. Proc Natl Acad Sci U S A, 2006. 103(21): p. 7962-7. 

163. Gimona, M., et al., Functional plasticity of CH domains. FEBS Lett, 2002. 513(1): p. 98-
106. 

164. Paunola, E., P.K. Mattila, and P. Lappalainen, WH2 domain: a small, versatile adapter for 
actin monomers. FEBS Lett, 2002. 513(1): p. 92-7. 

165. Way, M., B. Pope, and A. Weeds, Molecular biology of actin binding proteins: evidence 
for a common structural domain in the F-actin binding sites of gelsolin and alpha-actinin. 
J Cell Sci Suppl, 1991. 14: p. 91-4. 



100 

166. Poukkula, M., et al., Actin-depolymerizing factor homology domain: a conserved fold
performing diverse roles in cytoskeletal dynamics. Cytoskeleton (Hoboken), 2011. 68(9):
p. 471-90.

167. Qian, Y., et al., The carboxy terminus of AFAP-110 modulates direct interactions with
actin filaments and regulates its ability to alter actin filament integrity and induce
lamellipodia formation. Exp Cell Res, 2000. 255(1): p. 102-13.



101 

APPENDIX 



 102 

APPENDIX 

 

Figure A1: Raw gels from co-sedimentation assays between MYPN Ig domains and F-actin. 
Tables illustrate respective concentrations and sample fractions such as supernatant (S), pellet (P), 
and bundle (B). 




