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The anti-S2 peptides, the stabilizer and destabilizer, were designed to target myosin sub-

fragment 2 (S2) in muscle. When the peptides are coupled to a heart-targeting molecule, they can 

reach the cardiomyocytes and interfere with cardiac muscle contraction. Monoclonal antibodies, 

MF20 and MF30, are also known to interact with light meromyosin and S2 respectively. The MF30 

antibody compared to anti-S2 peptides and the MF20 antibody is used as a control to test the central 

hypothesis that: Both the anti-S2 peptides and antibodies bind to myosin S2 with high affinity, 

compete with MyBPC, and possibly interact with titin, in which case the anti-S2 peptides have 

further impact on myosin helicity and reach the heart with the aid of tannic acid to modulate 

cardiomyocytes’ contraction in live mice. In this research, the effects of anti-S2 peptides and 

antibodies on myosin S2 were studied at the molecular and tissue levels. The anti-myosin binding 

mechanism to whole myosin was determined based on total internal reflectance fluorescence 

spectroscopy (TIRFS), and a modified cuvette was utilized to accommodate this experiment. The 

binding graphs indicated the cooperative binding of the peptides and antibodies with high affinity 

to myosin. Anti-myosin peptides and antibodies competition with Myosin Binding Protein C 

(MyBPC) was revealed through the super-resolution expansion microscopy using wildtype 

skeletal and cardiac myofibrils, and MyBPC knock-out cardiac myofibril. This new emerging 

technique depends on using the regular confocal microscope in imaging expanded myofibril after 

embedding in a swellable hydrogel polymer and digestion. A decrease in the fluorescent intensity 

at the C-zone was observed in myofibrils labeled with fluorescently labeled anti-S2 peptides or 



 

antibodies supporting the competition with MyBPC, which further was confirmed by the absence 

of this reduction at the C-zone in the knockout MyBPC cardiac tissue. The anti-S2 peptide’s ability 

to reach inside the cardiomyocytes was tested by injecting fluorescently labeled anti-S2 peptides 

bound to tannic acid in live mice, the destabilizer peptide reached the heart 6X more than the 

stabilizer peptide. Some of the peptides labeled cardiac arterioles and T-tubules as detected by 

super-resolution microscopic images, meanwhile some peptides reached inside the 

cardiomyocytes and labeled some sarcomeres. This dissertation demonstrates the ability of anti-

S2 peptides and antibodies in modifying myosin as they bind cooperatively with high affinity to 

myosin and compete with the regulatory protein MyBPC, in addition to the possible interaction 

between the stabilizer peptide and titin. Lastly, the peptides succeeded in labeling some cardiac 

sarcomeres in live mice. 
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CHAPTER 1 

INTRODUCTION 

1.1 Sarcomere: The Unit of Contraction 

Striated muscles, which include the skeletal and the cardiac muscles, are organized in a 

fascinating repeated unit called the sarcomere. This repeated unit displays a banding pattern under 

the light microscope and gives the striated muscle this name. The sarcomeres work side by side to 

achieve muscle contraction by myosin and actin filaments interdigitation (1). This contraction is 

regulated by accessory proteins like troponin, tropomyosin, titin, myosin binding protein C 

(MyBPC), nebulin, and others (2). 

 
Figure 1: Muscle sarcomere diagram. Actin and myosin filaments interdigitation in muscle 
sarcomere and the regulatory proteins. 

 
The sarcomere is defined by two Z-discs at the edges with a 2.2 -3.2 µm separation distance 

between them (3). The actin thin filaments run from both sides of the Z-disc toward the middle of 
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the sarcomere, where they interdigitate with the bipolar myosin thick filaments in the center of the 

sarcomere (Figure 1). The entire length of the myosin thick filament is dominated by A-band, 

which is approximately 1.6 µm that does not change during muscle contraction (4). The A-Band 

is bisected by the M-line in the middle of the sarcomere. The distance between the two ends of 

myosin thick filament from adjacent sarcomeres passing by the Z-disc is called the I-band. The I-

band shortens during muscle contraction. The sarcomere length reaches 1.6 µm (the entire length 

of the A-band) in a fully contracted sarcomere (5), or beyond that in super-contracted state when 

myosin thick filaments of neighboring sarcomeres overlap through the perforations in the Z-disc 

(6). 

1.1.1 Myosin Filament 

In muscles, myosin type 2 is the abundant myosin that is involved in muscle contraction; 

it is organized as a bipolar thick filament. Myosin filament is composed of one pair of identical 

heavy chains (223 kDa each), and two pairs of light chains (22 kDa each) called the essential and 

the regulatory light chains (7). Myosin heavy chain is subdivided into three parts: head, neck, and 

tail (Figure 2). Myosin head or sub-fragment 1 (S1) is a globular protein that is protruding out of 

myosin thick filament. It is the motor part of myosin protein that is responsible for ATP hydrolysis 

to slide over the actin filament (8). Hundreds of myosin heads cooperatively interact with actin 

and initiate contraction (9). Myosin neck or sub-fragment 2 (S2) is a coiled-coil structure that links 

the head to the tail and undergoes a conformational change to facilitate muscle contraction. Myosin 

tail or light meromyosin (LMM) is a coiled-coil structure that is organized rods and meets at the 

M line from its ends constructing the bulk of myosin thick filament (9). Each thick filament is 

composed of approximately 300 myosin thick filaments and their regulatory proteins. The heads 

are organized in the opposite direction on both sides of the filament leaving a bare zone in the 



3 

middle without myosin heads (H-zone in Figure 1) (4). 

The residues on the myosin S2 and LMM strands form heptad repeat (a-b-c-d-e-f-g) where 

residue a from one strand form a hydrophobic interaction with residue d on the other strand. The 

a-d hydrophobic interaction between the two strands stabilizes the coiled-coil structure and gives 

the myosin S2 the required flexibility (10, 11). 

 
Figure 2: Myosin thick filament scheme. Composed of a pair of heavy chains and two pairs of light 
chains.  

  

1.1.2 Actin Filament 

Actin filaments in sarcomere are precisely organized to be equal in length. This filament is 

composed of the globular actin monomer (G-actin) that polymerizes to form the fibrous actin 

polymer (F-actin) (12). In muscles, two strands of F-actin are twisted together to form the thin 

filament helix that repeats every 36 nm, and it is embellished with tropomyosin and troponin 

complex that regulate muscle contraction (Figure 1) (13, 14). They are more abundant than myosin 

thick filament in sarcomere with a ratio of 2:1 (15). The C-terminus of the actin filament is attached 

to the Z-disc and the N-terminus is facing toward the M-line (16). The actin thin filaments 

interdigitate with the myosin thick filaments giving the muscle a striated appearance.  

1.1.3 Tropomyosin and Troponin Complex 

Actomyosin binding is modulated by tropomyosin and troponin complex. Tropomyosin is 
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an α-helical coiled coil dimer with negative side chains that run along the main groove of the actin 

filament which is positively charged. The C-terminus of the tropomyosin overlaps and 

noncovalently binds with the N-terminus of the next tropomyosin to form a continuous string along 

the actin filament groove (17, 18). The tropomyosin stabilizes the actin filament and regulates 

muscle contraction by shifting away from the myosin heads binding sites on actin filament upon 

receiving signal to initiate muscle contraction (19). 

 Meanwhile, Troponin complex is composed of 3 subunits: The Ca2+ binding troponin C 

(TnC), the inhibitory troponin I (TnI), and the Tm-binding troponin T (TnT); they regulate muscle 

contraction upon an increase in Ca2+ concentration (20). When a muscle cell is stimulated, TnC 

senses Ca2+ that evokes a conformational change in the troponin complex and translocates 

tropomyosin away from the myosin binding site on the actin filaments, which becomes accessible 

for myosin heads to initiate contraction (21). 

1.1.4 Myosin Binding Protein C 

The regulatory myosin binding protein C (MyBPC) is a 150 kDa protein localized within 

the C-zone of muscle sarcomere. It is composed of 10 domains C1-C10 in skeletal muscles and 11 

domains C0-C10 in cardiac muscles (22). The N-terminus of this protein interacts with the actin 

filament and extends to interact with titin and myosin S2, and the C-terminus is anchored in the 

LMM (23). It is suggested that MyBPC regulates muscle contraction by stabilizing the folded S1 

domain of myosin to the back over S2 during the OFF state, and releasing S1 to interact with actin 

filament during the ON state (24). 

Mutations within this protein have an impact on its structure and function (25). Some 

mutations disrupt the role of MyBPC in facilitating myosin heads bending toward the myosin rods 

(26, 27). In this case, myosin heads remain in the ON state available for binding to the actin 
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filament and initiating muscle contraction (28).  

1.1.5 Titin 

The giant protein titin ,or connectin, is the longest single polypeptide known, and the third 

abundant protein in the striated muscles after myosin and actin. It is composed of 38,138 residues 

in human and weigh ~4.2 mDa (29). Titin runs from the Z-disc (N-terminus) and is inserted in the 

thick filament close to the M-line (C-terminus). Each titin overlaps with the neighboring titin from 

the same sarcomere or the adjacent sarcomeres to form one unit of titin along the myofilament 

(30). 

The part of titin located in the I-band is extensible; it resembles an elastic spring that 

maintains the passive force in the sarcomere during diastolic stretch that elongates the sarcomere. 

The embedded part of titin close to the M-line keeps the thick filaments aligned during muscle 

contraction to control sarcomere stiffness. Titin also works as a restoring force to bring the 

sarcomere back to its normal length after muscle contraction (31, 32). 

1.2 Muscle Contraction 

Sliding filament theory is more complicated than actin thin filaments sliding over myosin 

thick filaments. It is rather controlled and regulated by many proteins and ions. When an electric 

activation reaches the neuromuscular junction, acetylcholine is released from the neuronal terminal 

ending and passes the synapse to bind at specific receptors on the sarcolemma (muscle cell 

membrane). Subsequently, an action potential is initiated along the sarcolemma causing 

transmembrane Ca2+ ions influx into the myocyte. Ca2+ ions bind to the sarcoplasmic reticulum 

and prompt Ca2+ ions release (33). The released Ca2+ ions must bind to troponin C to interact with 

troponin I and T. The interactions between the troponin complex cause sliding of the tropomyosin 

away from the binding site of myosin on the actin filament (34). 
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Figure 3: Actin myosin cross-bridging during muscle contraction. 

A: In the presence of Ca2+ ions, troponin complex slides tropomyosin away from the myosin binding site 
on the actin filament. But in the absence of ATP myosin heads are cross bridged with actin filaments (rigor 
state).  B: In the presence of ATP, myosin heads are detached from the actin filament. C:  ATP hydrolysis 
causes a conformational change in myosin and strong binding to actin. D: The release of Pi initiates the 
power stroke that pulls the actin filament toward the M-line (grey arrow). ADP is released leaving the 
myosin head attached to the actin till another ATP binds and initiates a new power stroke cycle in the 
presence of Ca2+.  

 
In the presence of adenosine triphosphate (ATP), which binds to the ATPase binding site 

on the myosin head, the myosin-actin complex is separated. Afterward, ATP is hydrolyzed and 

induces a conformational change in the myosin, which promotes myosin head to bind to the actin 

filament at a location closer to the M-line. The release of Pi provokes the power stroke by pulling 

the actin filament toward the M-line which causes shortening of the sarcomere. Finally, the 

adenosine diphosphate (ADP) is released leaving the myosin head firmly attached to the actin 

filament (rigor state). As long as Ca2+ ions and ATP are available the cycle will repeat and the actin 

filament will slide over the myosin filament till muscle contracts (35, 36) (Figure 3). When the 
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nerve stimulus is ceased from the muscle, the Ca2+ ions are pumped back into the sarcoplasmic 

reticulum and the myosin binding site on the actin filament is blocked again by tropomyosin. As 

a result, myosin heads detach from the actin filament and the muscle relaxes (33). 

1.3 Myosin Sub-Fragment 2 (S2)   

This flexible segment is composed of 429 residues  (from residue 841 to 1280) that tends 

to form a helix (37, 38). The N-terminus of S2 is located at the hinge region that connects the 

myosin head with S2, and the C terminus is located within the hinge region that connects S2 with 

LMM (Figure 2). The flexibility of myosin S2 is derived from the two hinges at both ends and the 

extensible coiled-coil structure (39). Some studies suggest that the part of S2, specifically at the 

hinges, are random coils which add extra flexibility to this segment. The flexibility of myosin S2 

allows myosin heads to swivel around myosin by more than 360° (40). 

Myosin S2 has a significant role in stabilizing myosin head when it folds to the back during 

the OFF state (41, 42). During this state, the actin binding site on myosin head becomes close to 

the S2, and the intermolecular interaction keeps the head blocked and inaccessible from the actin 

filament during muscle relaxation (43, 44).  

Some mutations associated with myosin S2 have detrimental effects on the intermolecular 

interaction. For example, R870H and E924K are two substitute mutations that disrupt the 

interaction between myosin S2 and MyBPC. Therefore, the bending of myosin head during the 

OFF state will be unstable causing a decompensation in the cardiac muscle on the long term (45). 

Another important mutation located within the S2 region is the E930del. Glutamic acid deletion 

causes disruption in the heptad repeat of the coiled-coil, which leads to an increase in the myosin 

dimer flexibility, subsequently cardiac myocyte contraction increases leading to hypertrophic 

cardiomyopathy (46, 47). 
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1.4 Cardiomyopathy 

The heart is a hard-working muscle in our bodies that keeps pumping the blood throughout 

our life without stopping or having a rest. Cardiomyopathy is a term used for a diseased heart, it 

could be a primary cardiomyopathy that mostly results from genetic mutations in cardiac myocytes 

like dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy (HCM), or a secondary 

cardiomyopathy that is caused as a result of a medical condition (48). 

DCM is a common disease that affects 1 out of 2500 individuals in the USA (49). Most of 

the patients have mutations in the cytoskeletal proteins. These mutations affect myocyte 

organization and function leading to cardiac myocyte death and replacement with fibrous tissues. 

DCM causes dilation in the ventricular cavity with thin ventricular walls, and this will affect the 

efficiency of the heart causing systolic dysfunction and heart failure in some cases (50). 

HCM is more common than DCM, it is a heterogenous autosomal dominant disease that 

affects 1 individual out of 500. More than 70% of the mutations are located in 2 genes: β- myosin 

heavy chain and MyBPC (51). The location of the mutation on the gene determines the severity of 

the disease (50). Some patients are symptomless, while others suffer from arrhythmia, atrial 

fibrillation, and heart failure up to sudden death specially at young ages. 10-20% of the patients 

develop DCM as a result of persistent HCM (52). At the cellular level, the cardiac myocyte 

increases in size and has distorted alignment. Apoptosis occurs more frequently at the beginning 

then it slows down, the dead cell will be replaced by fibrous tissue and collagen (50). For the heart 

to compensate for the high demand and the stress, it adapts by increasing the heart mass, leading 

to an asymmetrical thickening of the interventricular septum and decreasing the chamber size of 

the ventricle (51, 53).  

The treatment options depend on the severity of the case. Some mild conditions are 
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controlled by drug administration, β-blockers or calcium channel blockers which are the most 

commonly used drugs (54, 55). Defibrillator implanting is also undertaken in some cases to control 

heart beat rhythm (56); however, in some severe cases surgical myectomy is required to decrease 

the heart mass and relief the stress from the heart walls (53).    

1.5 Hypothesis and Testing 

The critical role of myosin S2 in regulating muscle contraction is demonstrated by the 

several mutations that occur in this segment (11). Since some of these mutations disrupt the 

stability of this region by causing disruption of the OFF state leading to cardiomyopathies (57, 58). 

Then altering S2 stability in a manner similar to mutations may modify muscle function. For 

example, if S2 is altered to be unstable, the myosin heads are more in the ON state compared to 

the regular muscle filament, this could increase the chance of myosin heads binding to the actin 

filaments leading to an increase in muscle contraction. If this modification can be applied to 

patients with heart failure, cardiac muscle contraction can be improved.  

In view of the importance of S2, stabilizer and destabilizer peptides were designed in our 

lab based on computational simulation to target myosin S2 specifically and interfere with muscle 

contraction. The peptides were tested in the lab for their ability to bind to purified myosin S2 in 

myofilaments and modulate their contraction. Then, upon gathering sufficient data at the molecular 

and tissue levels, the peptides were advanced to animal models to target the heart. And with that 

came the demand for a heart homing molecule that would guide the peptides to the heart. One good 

fit was the tannic acid (TA). This molecule is naturally available and was found to be able to bind 

anti-S2 peptides and guide them to the heart, thus it was chosen to perform this task (59).  

My work focused on testing the effect of anti-S2 peptides on myosin at the molecular level, 

at the cellular level by imaging skeletal and cardiac myocytes, and at the animal model level by 
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analyzing the data (from our collaborators). In addition to that, I compared the synthetic peptides 

with antibodies against myosin, which were used as a control in later experiments. 

Based on the preceding findings, the following central hypothesis was formulated: Both 

the anti-S2 peptides and antibodies bind to myosin S2 with high affinity, compete with MyBPC, 

and possibly interact with titin, in which case the anti-S2 peptides have further impact on myosin 

helicity, and reach the heart with the aid of tannic acid to modulate cardiomyocyte’s contraction 

in live mice. To test this hypothesis, it was organized into 3 aims to answer it. 

 The first aim is organized into three parts. First, testing if the anti-S2 peptides bind to 

myosin dimer through anisotropy. The change in anisotropy reading can predict if anti-S2 peptides 

bind to myosin or not through molecule rotation alternation upon binding. 

Second, testing the structural modification in myosin S2 upon binding to anti-S2 peptide 

through alpha helical content changes in synthetic myosin S2. The destabilizer was designed to 

break the coiled coil structure of myosin S2, therefore, estimating the helicity changes in myosin 

S2 indicates if the destabilizer peptide disrupts the dimer formation of myosin S2. On the other 

hand, the stabilizer peptide was designed to wrap around myosin S2 and increase helicity. 

Improvement in S2 helicity would indicate the development of more stable myosin. The changes 

in myosin helicity were measured using UV absorbance spectrophotometer.   

Lastly in this aim, the affinity of the anti-S2 peptide/antibody to myosin has a significant 

role in estimating the optimal concentration that will be injected into the mice in live animal model. 

The measured affinity of the fluorescently labeled anti-S2 peptide/antibody was measured using 

fluorescence anisotropy, total internal reflectance spectroscopy (TIRFS), or competitive TIRFS.   

In the second aim, microscopy was used to locate the labeled anti-S2 peptide/antibody 

within the muscle sarcomere. Along with actin and myosin filaments, there are regulatory proteins 
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in the sarcomere that share the same binding site with the anti-S2 peptide/antibody. These anti-S2 

peptides/antibodies can compete with MyBPC and could block their binding site. This competition 

was detected by analyzing super-resolution images for myofibrils imaged using the new arising 

expansion microscopy technique. In this technique, the labeled myofibrils were embedded in a 

swellable polymer gel and were digested afterward. Tracing the crosslinked fluorophores to the 

gel revealed the binding sites of the labeled anti-S2 peptides/antibodies within the muscle 

sarcomere and their competition with MyBPC.  

Further in this aim, anti-S2 peptides and antibodies were tested to see if they interact with 

titin. Anti-titin competition with the peptides or antibodies to bind at titin might shed any possible 

interaction with titin. 

Lastly in the third aim, the labeled/unlabeled anti-S2 peptide with tannic acid was injected 

into live mice by the collaborators. The mice’s hearts were extracted either after one day or seven 

days from the injection. The hearts were sectioned and imaged using fluorescent microscope to 

check if the peptides succeeded in reaching into the cardiomyocyte. The whole slices from the 

hearts with the labeled peptide were imaged as tiles, normalized, and stitched. Then, they were 

analyzed to study the distribution of the peptides within the heart depending on the fluorescence 

intensity. Also, the ratio of the fluorescence intensity amount to the area of each slice was estimated 

for a better perception of the distribution of the peptides within the heart.   

In addition to that, the sarcomere lengths were measured in the cardiac myofibrils from the 

mice hearts after injecting tannic acid alone, labeled anti-S2 peptide, and unlabeled anti-S2 

peptide. The measured sarcomere lengths tested if the peptides were able to alter muscle 

contraction by changing the sarcomere length compared to the control (tannic acid alone). 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Skeletal Myofibril Preparation 

Rabbit skeletal myofibril was prepared and purified as described by Schick and Hass (60) 

with slight modification. Approximately 20 g of rabbit skeletal muscle was chopped into thin slices 

and placed into 200 ml of well stirred cold buffer containing 20 mM potassium chloride, 10 mM 

potassium phosphate, and 4 mM EDTA at pH 6.8. This procedure was undertaken in a cold 

environment to keep the myofibril in a freezing condition and prevent their shortening (61). The 

myofibrils were homogenized for 15 seconds in a chilled Waring blender and then centrifuged at 

1500 xg at 0 ⁰C three times in a cold buffer. The final pellet was re-suspended in 50% glycerol and 

stored at -20 ⁰C. 

2.1.2 Cardiac Myofibril  

All procedures were approved by the Institutional Animal Care and Use Committee at 

University of Wisconsin-Madison and complied with the National Institutes of Health Guide for 

the Use and Care of Laboratory Animals. cMyBPC KO animals were produced by the laboratory 

of Dr. Richard L. Moss as described in (Harris et al., 2002) (62).  Solution recipes were calculated 

and prepared as in (Godt and Lindley, 1982) (63). 

2.1.3 Myosin Preparation 

Myosin was extracted from rabbit skeletal muscles as described by Godfrey and Harrington 

(64). After the rabbit was euthanized and sacrificed, back and thigh skeletal muscles were derived, 

and connective and fat tissues were removed. About 400 g of the meat was ground with Krupps 

meat grinder, then 3X of extraction buffer composed of 0.3 M KCl, 0.072 M NaH2PO4, 0.063 M 
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K2HPO4, and 0.001 M EDTA at pH 6.5 was added to the meat (1 g = 1 ml). The meat in the 

extraction buffer was 10X diluted with distilled water and stirred for 20 min. The mixture was 

filtered through 4 layers of cheese cloth. The filtrate was saved and diluted 15X the meat weight 

and left overnight to allow the myosin to polymerize and precipitate. On the next day, the filtrate 

was decanted, and the precipitate was centrifuged at 7000 RPM for 10 min. The pellet was 

dissolved in 2 M KCl to depolymerize the myosin, the final concentration of KCl was 0.5 M. Then 

it was diluted till KCl concentration reached 0.3 M and centrifuged at 9000 RPM for 45 min to 

precipitate all the contaminant. After that, cold distilled water was added to the supernatant to 

make the final concentration of KCl 0.033 M to allow the myosin to repolymerize and all the 

contaminant precipitate again. The last 3 steps were repeated 2 more times for further myosin 

purification. Myosin was frozen with liquid nitrogen and stored at -70 ֯C freezer till needed. Myosin 

concentration was 14.4 mg/ml calculated from absorbance spectrum at 280 nm after background 

subtracting. Myosin purity was 90% calculated from SDS gel when the myosin loaded was 0.13 

µg (Figure 4). 

 
Figure 4: SDS gel for different concentrations of myofibril (control) and myosin to determine myosin 
purity. Myosin purity was calculated 90% when the loaded myosin amount was 0.13 µg, actin band 
was absent at this concentration. 
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2.1.4 Synthetic Peptides 

The stabilizer peptide is a synthetic peptide that was designed in our lab. It is composed of 

17 amino acids, most of them are lysine and was modified by the addition of phenylalanine and 

alanine. Simulation testing for this peptide, when it interacts with myosin S2 coiled coil, showed 

that the positively charged amino acids of the peptide interact with the negatively charged 

glutamate rich region within myosin S2. This electrostatic interaction allows the peptide to wrap 

around myosin S2 dimer and stabilize it (Figure 5A). However, the destabilizer peptide was 

designed to destabilize myosin S2 coiled coil by disrupting the dimer formation. This peptide is 

composed of 19 amino acids that are similar to the myosin S2 amino acids sequence except for a 

few amino acids. The amino acids that were substituted are expected to allow the peptide to bind 

stronger to the myosin monomer and prevent dimer formation leaving S2 unstable (Figure 5B). 

Both synthetic peptides were synthesized in Bio-synthesis Inc. (BSI), Lewisville, Texas, United 

States. 

   
Figure 5: Anti-S2 synthetic peptides bind to myosin filaments diagrams. A: The stabilizer peptide 
wraps around myosin S2 and stabilizes it. B: Two destabilizer peptides bind to myosin S2, one on 
each monomer preventing dimer formation. 
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2.1.5 Monoclonal Antibodies 

MF30, which binds to myosin sub-fragment 2, and MF20, which binds to light 

meromyosin, were obtained from the Developmental Studies Hybridoma Bank. α-MyBPC1 

antibody that binds to MyBPC and E-2 anti-titin that binds to the C-terminus of titin were obtained 

from Thermo-Fisher Scientific (Figure 6). 

2.1.6 Polyclonal Antibody 

This antibody was raised in guinea pig against a specific site on myosin S2 which is the 

same site where the synthetic destabilizer peptide was designed to bind (Figure 6). This antibody 

was produced by Bio-synthesis Inc., Lewisville, Texas, United State. 

 
Figure 6: Myosin thick filament with antibodies diagram. The binding sites of different antibodies 
are illustrated in this diagram. 

 

2.2 Methods 

2.2.1 Antibody Conjugation and Purification 

The antibody was conjugated either to Fluorescein isothiocyanate (FITC) or 

Tetramethylrhodamine-isothiocyanate (TRITC). The fluorophore has a thiocyanate group that is 



17 

very reactive to the amine group of the IgG/peptide at the N-terminus, the reaction will result in 

forming thiourea linkage between the fluorophore and the IgG/peptide. 

The fluorophore was dissolved in dimethyl formamide (DMF) to 10 mg/ml, then 10 µl of 

FITC/TRITC was added to 100 µl of 2 µg of IgG in 20 mM in HEPES at pH 8 and left to react for 

1 hour at room temperature with continuous shaking on the vortex.  

The conjugated IgG was purified using Micro Bio-Spin 6 chromatography pre-packed 

column (BIO RAD). First, the column was washed with the buffer 3 times at 1000 RCF for 5 min 

using IEC Micromax microcentrifuge. The sample was loaded on the column and centrifuged at 

1000 RCF for 30 seconds to elute the conjugated antibody first, then the column was washed to 

elute the free dye to be discarded.  

An Agilent 8453 UV-Vis spectrophotometer was utilized to measure the absorbance 

spectra of the conjugated antibodies to determine their concentration using Beer-Lambert law 

equation: 

A = λ ·e ·l · c 

where A is the measured absorbance, λ is the wavelength in nm, e is the extinction coefficient at 

that wavelength in M-1cm-1, l is the path length in cm, and c is the analytic concentration. 

The conjugation efficiency was calculated to estimate the actual number of fluorophores 

per antibody depending on the conjugated antibody and fluorophore alone spectra as follows:  

Net A of Ab at 280 nm = A of conjugated Ab at 280 nm – ((A of F at 280 nm) / (A of F at 
495 nm) * (A of conjugated Ab at 495 nm)) 
 

where A is absorbance, Ab is an antibody, F is fluorophore (FITC in the above equation). Antibody 

and fluorophore concentrations are calculated based on the net antibody absorbance at 280 nm and 

fluorophore absorbance at 495 nm for FITC and 540 nm for TRITC, respectively, considering the 

extinction coefficients are 70,000 M-1cm-1 for FITC and 100,000 M-1cm-1 for TRITC. The 
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calculated concentrations are applied in the following equation to calculate the conjugation 

efficiency: 

Conjugation efficiency= F concentration/Ab concentration.  

The conjugation efficiencies were 3, 8, 5, and 3.5 fluorophores/IgG for MF30, MF20, 

αMyBPC-1, and anti-titin antibodies, respectively calculated as explained in the statistical section.  

2.2.2 Synthetic Peptide Conjugation and Purification 

The synthetic peptides, the stabilizer and destabilizer peptides were labeled with TRITC 

and FITC, respectively. 1 µMole of the peptide was dissolved in 650 µl phosphate buffer saline 

(PBS) composed of: 0.14 M sodium chloride, 2.7 mM potassium chloride, 1.5 mM potassium 

phosphate monobasic, and 8.1 mM sodium phosphate dibasic at pH 7.4.  The fluorophore was 

dissolved in DMF to 10 mg/ml. To ensure labeling of the amine group at the N-terminus of the 

peptide, an equal amount of moles from the synthetic peptide and the fluorophore were mixed in 

1:1 ratio, resulting in 1 fluorophore per peptide. After mixing, they were left to react for 1 hour at 

room temperature with continuous shaking on the vortex.  

The conjugated peptides were separated from the extra-free dye using reverse phase 

chromatography (RPC). This purification was performed in two steps: The first separated the 

conjugated peptides from the free dye, and the second exchanged the buffer from the first step. 

First, the Pep RPC column was used with 0.05% Trifluoroacetic acid (TFA) in water as buffer A 

and 0.05% TFA in acetonitrile as buffer B. After sample injection, the linear gradient increased in 

buffer B concentration from 0-100% at 0.5 ml/min flow rate. The elute was monitored at 280 nm 

with UV detector, free dye eluted first when the concentration of buffer B was around 50%, and 

the conjugated peptide eluted from the column later when buffer B concentration was 100%. 

Second, to get rid of acetonitrile in the sample, a second run of RPC using divinylbenzene column 
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(DVB) was undertaken to exchange the acetonitrile with methanol; buffer A was water, and buffer 

B was methanol that easily evaporated from the sample leaving the conjugated peptide only. The 

flow rate was 1 ml/min, and buffer B concentration increased linearly from 0-100%. The 

conjugated peptide eluted when the concentration of buffer B was above 70%. The methanol was 

evaporated leaving the conjugated peptides that were stored in -20 ֯C freezer till needed. 

The concentrations of the conjugated peptides were calculated based on the absorbance 

spectrums in a similar manner to antibodies as explained in 2.2.7. 

2.2.3 Protein Detection and Identification 

2.2.3.1 SDS-PAGE 

Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) was utilized to 

separate the different proteins in the cardiac and skeletal myofibrils based on the molecular weight. 

In this technique, SDS is used to break the disulfide bond in the tertiary structure of the proteins 

leaving the proteins as polypeptides, therefore, it eliminates the charge and structure impact on 

protein migration (65). The smaller proteins migrate faster in the gel with less resistant, and the 

heavier proteins tend to migrate slower with higher resistance (66). 

The 10% polyacrylamide gel was prepared as follows: for the 10% resolving gel: 5 ml of 

40% acrylamide-bisacrylamide 19:1, 5 ml of 3 M TRIS pH 8.8, 200 µl 10% SDS, 150 µl 10% 

ammonium persulfate (APS) initiator fresh prepared, 10 μl of 10% of TEMED 

(Tetramethylethylenediamine) accelerator, and 9.64 ml of distilled water to make up 20 ml. The 

5% stacking gel composed of 1 ml of 40% acrylamide-bisacrylamide 19:1, 2.5 ml of 0.5 M TRIS 

pH 6.8, 100 µl 10% SDS, 75 µl 10% APS, 8 μl of 10% of TEMED, and 6.318 ml distilled water 

to make up 10 ml. 400 µl of the sample was added to 100 µl from 5X loading buffer composed of: 

5% β-Mercaptoethanol, 0.02% Coomassie Blue, 30% glycerol, 10% SDS, and 250 mM TRIS pH 
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6.8. The samples were boiled in a water bath for 15 min before loading into the wells. Bio-Rad 

mini-trans blot cell was used to run the SDS-PAGE, the chamber was filled with 900 ml distilled 

water and 100 ml of 10X running buffer composed of 250 mM TRIS, 1.92 M glycine, 1% SDS, 

and distilled water to a total volume 1 L. 10 µl of the samples were loaded in each well of the gel 

and the machine run for 40 min at 190 volts.  

The gel was stained with a staining buffer composed of 0.5% Coomassie Blue in 50% 

methanol and 10% acetic acid for 15 min on a shaker. Then the gel was moved into a de-staining 

buffer composed of 40% methanol and 10% acetic acid in distilled water, the destaining buffer 

was changed every 15-30 min until all the bands were clear.  

2.2.3.2 Western Blot 

Western blot or protein immunoblot is used to identify protein in a specific sample. It 

depends on proteins separation based on their molecular weight using electrophoresis, then 

transferring the proteins into a solid membrane. Specific protein is detected through binding to 

primary and secondary antibodies (67, 68).  

In this experiment, cardiac and skeletal myofibrils were run on 10% polyacrylamide gel in 

SDS electrophoresis for 40 min at 190 volts with Bio-Rad. The gel was stained with Coomassie 

blue for 15 minutes and then de-stained by soaking in de-stain solution for at least 2 hours. The 

proteins on the gel were transferred into a 0.45 mm nitrocellulose for 1 hour at 100 volts in transfer 

buffer composed of 100 ml ethanol, 800 ml distilled water, and 100 ml of 10X transfer buffer (144 

g glycine, 30.3 g TRIS base, 2 g SDS to make 1 L). Half of the nitrocellulose was stained with 

cooper iodide stain to confirm protein transfer to the membrane using Dr. Root protocol described 

in (69). The second half of the nitrocellulose was blocked with 3% milk in PBS for 30 min, then 

it was incubated in 3 ml of MF30 (39 μg/ml) for 2 hours. The MF30 was washed with PBS for 5 
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minutes, and the nitrocellulose was incubated in 3 ml of 1:5000 anti-mouse IgG conjugated with 

peroxidase for 30 min. The nitrocellulose was washed with PBS-1% Triton then followed by 

washing with 0.2 M sodium acetate before incubation with DAB peroxidase substrate metal 

enhanced for another 30 min. The nitrocellulose was washed with distilled water to stop the 

reaction and stored in the dark.   

2.2.4 Spectroscopic Assays 

Spectroscopy is a wide field of science that exploits light properties to study molecule 

characteristics and interactions. The UV-visible absorbance spectrum can detect the presence of 

specific amino acid residues in a solution, estimate the concentration of a molecule, and detect the 

conformational change in its structure (70, 71).  

The molecules also can be attached to a fluorophore to be further studied by tracking that 

fluorophore using a spectrofluorometer (72). When the fluorophore is excited at a specific 

wavelength by light or polarized light, it emits light at a longer wavelength. The emitted light is 

recorded by a detector. The emission signals detect molecules interaction, binding affinity, and 

many other analyses (73). 

2.2.4.1 Absorbance Spectroscopy  

The peptide bonds in a polypeptide/protein absorb light at a specific wavelength (between 

180-200 nm) (74). Polypeptides or proteins interactions cause conformational changes in the 

structure that alter the absorbance spectra. Regarding the changes in the absorbance spectrum 

before and after adding a specific molecule using different concentrations, the change in the α-

helix, β-sheets, and random coils can be estimated through absorbance spectroscopy (75). This 

estimation is not as accurate as using X-ray crystallography or nuclear magnetic resonance (NMR; 

however, using absorbance spectra could be an alternative for these techniques when it is hard to 
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apply them (76).  

In this experiment, an Agilent 8453 UV-Vis Spectrophotometer was utilized to measure 

the absorbance changes when 19 synthetic residues of skeletal wt myosin S2, 35 residues of cardiac 

wt myosin S2, and 19 residues of cardiac E930del myosin S2 were titrated with either stabilizer or 

destabilizer peptide. A 1 cm glass cuvette was filled with water to acquire the experiment’s blank. 

The starting concentration of skeletal wt, cardiac wt, and cardiac E930del myosin were 216 µM in 

500 µl, 50 µM in 200 µl, and 157 µM in 300 µl respectively. The skeletal wt and cardiac E 930del 

synthetic myosin were titrated from 150 µM stabilizer peptide stock solution, and the cardiac wt 

was titrated from 120 µM destabilizer peptide stock solution. The titrations continued until the 

ratio between the synthetic peptide to the synthetic myosin was about 1.6. The same experiment 

was repeated without using myosin as a control by measuring the absorbance spectra of the 

synthetic peptide at the same concentrations used previously. The net absorbance of wt/mutated 

myosin at a specific concentration was calculated by subtracting the absorbance of the synthetic 

peptide from the absorbance of the wt/mutated myosin with the synthetic peptide at that 

concentration. All the net absorbance spectra were normalized to intercept at 214 nm and plotted 

along with the standard random coil and alpha helical graphs from previously published data (77). 

The alpha helical percentage for each net myosin curve was calculated using the following 

equation: 

α%=100-(area under myosin curve – area under 100% α coiled coil)/(area under 100% 
random coil- area under 100% α coiled coil) x 100% 
 
Finally, the relative concentration (peptide concentration/myosin concentration) was 

plotted against the calculated alpha helical percentage for each titration. The data was fitted using 

the WinCurveFit program using the binding helix equation. 

UV absorbance spectrophotometer was utilized to determine the concentration of 
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peptide/protein used in different experiments depending on the absorbance spectrum at a specific 

wavelength using the extinction coefficient of that peptide/protein at that wavelength. 

2.2.4.2 Fluorescence Anisotropy 

To study protein-protein/peptide interaction, fluorescence anisotropy is an accurate 

experiment to study this binding depending on the changes in the anisotropy reading. The protein 

or peptide of interest should be conjugated with a suitable fluorophore (78). It is preferable that 

the fluorophore has a high extinction coefficient, high quantum yield, high stability, suitable 

lifetime to the type of experiment, and low photobleaching properties (79, 80). In fluorescence 

anisotropy, the fluorophores rotate in a solution, and a polarized light photo-selects the fluorophore 

with a dipole parallel to the photons field. The exited fluorophore will emit a fluorescent signal 

that is recorded by a detector with a polarization filter either vertically or horizontally to the 

polarized light. The fluorophore with a lifetime suitable to the rotational correlation time of the 

peptide of interest records a good anisotropy signal-to-noise reading (81, 82).  

Anisotropy signal is sensitive to the molecular size and rotation of the fluorophore either 

alone or bound to a peptide as a complex (83). According to the following equation: 

Anisotropy (r) = (IVV- IVH)/ (IVV+ 2IVH) 

where I is the fluorescence intensity, vertically IVV or horizontally IVH (84). 

If there is a big or slowly rotating molecule, the changes in the fluorophore dipole will be 

slow, meaning that the difference between IVV and IVH is large (IVH could be close to zero), 

resulting in an anisotropy closer to 1 or an increase in the anisotropy reading. On the other hand, 

if the molecule is small or fast rotating, the fluorophore dipole rotates faster increasing the IVH 

reading, so the difference between IVV and IVH is narrow leading to a decrease in the anisotropy 

value (85). Therefore, it is important for the fluorophore to have a lifetime consistent with the 
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rotational correlation time of the molecules in order to detect the changes in their rotation. For 

molecules larger than 100 kDa, fluorophore with a long lifetime is preferable, and if the molecules 

are smaller than 10 kDa, a fluorophore with a shorter lifetime is preferable (79, 86).  

To ensure accurate results, careful fluorophore selection with the optimal lifetime to the 

peptide/protein molecular weight. The experimental temperature must be controlled, high 

temperature decreases the rotational correlation time that decreases the anisotropy reading. Also 

optimal concentration from the fluorophore is required to reduce light scattering (79). 

2.2.4.2.1 Fluorescence Anisotropy for Determining Molecules Binding 

Fluorescence anisotropy is a precise tool that detects structural alteration when two 

molecules interact with each other as explained previously (87, 88). The peptide’s rotation in a 

solution is affected by binding to the heavy myosin; this binding slows the peptides’ rotation. The 

change in the peptide’s rotation causes an increase in anisotropy reading upon peptide binding to 

myosin. 

For this experiment, SLM Aminco Bowman II luminescence spectrometer was utilized to 

record the anisotropy before and after myosin addition to the fluorescently labeled anti-S2 peptide. 

The excitation and emission wavelengths were fixed according to the fluorophore used; 490 nm 

and 520 nm for FITC and 540 nm and 570 nm for TRITC. A plastic semi-micro cuvette was filled 

with 0.5 ml PBS to acquire the blank. Then 3 anisotropy readings were recorded using 150 nM of 

stabilizer or 180 nM of destabilizer in PBS. After that, 5 µl from 4.6 µg/ml (0.23 mg) of myosin 

was added, and 3 anisotropy readings were recorded again.  

2.2.4.2.2 Fluorescence Anisotropy for Determining Molecules Binding Affinity 

Molecules’ binding affinity indicates the binding strength between two molecules and 

determines their selectivity and specificity to each other. Affinity can be expressed by the 
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dissociation constant (Kd) which represents the rate constant at the equilibrium, or when 50% of 

myosin in this case is occupied by the synthetic peptide or antibody. The unit of Kd is mole/l which 

is a concentration unit. When the substrate has a low Kd value, it reveals that this substrate is 

needed in low concentration to cause the desired effect, or it has high affinity to myosin. Contrarily, 

a high Kd value reveals low binding affinity or higher concentration of the substrate is needed to 

cause the desired effect (89, 90).  

Anisotropy measurement is sensitive to any changes in the association, dissociation, 

cleavage, and shape of the molecules (79). Binding affinity could be calculated depending on the 

anisotropy and substrate concentration. Once the substrate concentrations are plotted versus the 

anisotropy reading, Kd is estimated from the binding graph to be the substrate concentration when 

half the maximum reading of anisotropy (90). 

 In this experiment, a spectrofluorometer with automated Glans-Thompson polarizers was 

utilized to record the anisotropy. A 1 cm glass cuvette was filled with a buffer composed of 50 

mM of phosphate and 0.15 M of sodium chloride at pH 7. The excitation and emission wavelength 

were set at 490 nm and 520 nm, respectively. A 140 nM of destabilizer peptide labeled with FITC 

was placed in a cuvette filled with 2 ml of the buffer, and the anisotropy reading was recorded. 

Then the destabilizer was titrated with 9.2 µM of myosin dimer till myosin concentration reached 

600 nM. The same experiment was repeated without myosin addition as a control. 120 nM of 

MF20-FITC and MF30-TRITC were titrated with 9.2 µM of myosin dimer until myosin 

concentration reached 300 nM. 

 The fluorescence anisotropy was plotted versus myosin concentrations and fitted using 

WinCurve Fit by applying the hyperbolic and sigmoidal equations: 

Y=Bmax*x/(Kd + x)+c  Hyperbolic model 
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Y=Bottom + (Top-Bottom)/(1+(x/EC50)^Hill coefficient)) .Sigmoidal model 

In fluorescence anisotropy: Y is the anisotropy at a specific concentration, x is myosin 

dimer concentration (nM), Bmax is the anisotropy at the maximum binding, Kd is the 

concentration of myosin dimer needed to achieve half-maximum binding at equilibrium, c is 

background signal in the absence of binding, Bottom and Top are plateaus of anisotropy at the 

bottom and the top respectively, EC50 is the concentration of myosin dimer when the anisotropy 

is halfway between Bottom and Top, Hill coefficient represents the steepness of the curve. 

2.2.4.3 Total Internal Reflection Fluorescence Spectroscopy (TIRFS) 

Applying the properties of the light for studying the molecular interaction is considered a 

successful method of detecting molecule binding. In this technique, the light excites the 

fluorophore bound on a specific surface. The media that the light passes through and the angle of 

the surface where the light is totally reflected are determined by Snell’s law: 

ni sinΘi = nr sinΘr  

where n is the refractive index, Θ is the angle of incidence i, or refraction r (95).  

A glass coverslip was cut and glued vertically inside a plastic cuvette at 25⁰ calculated 

according to the above equation. The glued coverslip divided the cuvette into 2 chambers A and B 

(Figure 7). Glycerol with a refractive index equals 1.47 was chosen for the light to pass through 

without diffraction in chamber B, and PBS at pH 7 for chamber A, which has a lower refractive 

index (1.33) than glycerol. When the light travels from the higher to lower refractive index media 

with  25⁰ surface in between, it is totally reflected from the coverslip at this specific angle (91). 

The coverslip was coated with 0.2% nitrocellulose in amyl acetate on the side facing chamber A 

and left to dry. Then 100 µl of 9.7 µg/ml of myosin was distributed on the nitrocellulose followed 

by washing with 5% non-fat dried milk (protein). This washing blocked unattached nitrocellulose 
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with myosin from binding to the synthetic peptide/antibody during the titration. The coated side 

of the chamber was filled with 0.6 ml of PBS, and the other chamber was filled with glycerol. The 

excitation and emission lights were fixed according to the fluorophore used. The excitation beam 

passed through the cuvette and continued straight inside the glycerol chamber until it hit the 

coverslip and was totally reflected. The emission signal represented the binding of the conjugated 

peptide/antibody to the myosin fixed on the coverslip (the free conjugated peptide/antibody in the 

buffer was not excited). The myosin bound to the coverslip was titrated with different 

concentrations of conjugated peptide/antibody, and the emission signal was recorded at each 

titration. The titration continued till reaching saturation. 

 
Figure 7: Cuvette design used in TIRFS.  

The glass coverslip was cut and glued at 25⁰ inside the cuvette forming 2 chambers. Chamber A was smaller 
and filled with the buffer. Chamber B was larger and filled with glycerol. The light excited the conjugated 
peptide/antibody that was bound to the myosin on the coverslip. The blue arrows illustrate the light path. 

 
The same experiment was repeated without fixing myosin on the coverslip as a control to 

detect any non-specific binding. The nitrocellulose in the control experiment was blocked with 5% 

non-fat milk and then was titrated with the same concentrations of the conjugated 

peptide/antibody. The signals collected from the control were subtracted from the corresponding 

experiment signals to calculate the net signal of the peptide/antibody when it is bound to myosin.  
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The fluorescence signal versus anti-myosin concentrations were fitted using GraphPad 

Prism 8.1.2 program by applying the hyperbolic and the sigmoidal equations explained in 2.2.4.2 

except that: 

Y is the fluorescence signal at specific concentration, x is anti-myosin concentration (nM), 

Bmax is the fluorescence signal at the maximum binding, Kd is the concentration of anti-myosin 

needed to achieve half- maximum binding at equilibrium, c is background signal in the absence of 

binding, Bottom and Top are plateaus of fluorescence signal at the bottom and the top respectively, 

EC50 is the concentration of anti-myosin when the fluorescence signal is halfway between Bottom 

and Top, Hill coefficient represents the steepness of the curve. 

The binding graphs were used to calculate peptide/antibody affinity to myosin and predict 

the binding mechanism. In addition to that, binding cooperativity was inspected using the 

concerted and sequential models. The fraction bound, which is defined as the number of myosin 

S2 coiled-coil binding sites that are occupied by antibody/peptide with a maximum value of 2, was 

calculated from the binding graphs depending on the Bmax from the sigmoidal equation, and it 

was plotted against antibody/peptide concentrations. The graphs were fitted with the concerted and 

sequential equations below to detect if there is positive cooperative binding between the 

antibody/peptide and myosin: 

Fraction bound = 2*a*[A](1+a*[A])/((1/b)+(1+a*[A])^2) Concerted model 

where 2 is the number of binding sites, a is the microscopic binding constant, [A] is the 

antibody/peptide concentration, b=[T]/[R], T state is the folded myosin no antibody/peptide bound 

state and R state is the unfolded myosin when antibody/peptide in the bound state. If b is 

significantly less than 1, it means positive cooperativity (97). 

Fraction bound = ([A] + 2*b*[A]^2)/((1/a)+2*[A]+b*[A]^2) sequential model 
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where 2 is the number of binding sites, [A] is the antibody/peptide concentration, a is the 

association binding constant of the first myosin strand, b is the association binding constant of the 

second myosin strand. If b is significantly greater than a, it means positive cooperativity (98, 99) 

2.2.4.4 Competitive TIRF Spectroscopy 

In this technique, a modification for the TIRFS experiment explained above was 

undertaken to allow measuring the binding affinity of the destabilizer peptide in a solution. A 

modified plastic cuvette, as shown in (Figure 7) was used in this experiment. The coverslip was 

treated with 0.2% nitrocellulose in amyl acetate on the side facing chamber A and left to dry. Then 

100 µl of 9.7 µg/ml of myosin was distributed on the nitrocellulose, followed by washing with 5% 

non-fat dried milk (protein). The immobilized myosin on the coverslip was titrated with the 

destabilizer peptide till reaching a concentration close to the Kd, and the signal was recorded. After 

that, titration with myosin was undertaken, and the signal was recorded after each addition. The 

same experiment was repeated using 40, 80, and 100 nM of the destabilizer peptide. The 

fluorescence signal versus myosin concentration were plotted and fitted using the following 

equation: 

y= bottom+ (top-bottom)/(1+(x/IC50)^Hill) 

y is the fluorescent signal at a specific concentration, x is the myosin concentration (nM), 

bottom and top are plateaus of fluorescence signal at the bottom and top respectively, IC50 is the 

concentration of myosin at 50% of the signal reduced, Hill is the steepness of the curve.  

IC50 was calculated at each concentration and plotted against the peptide concentration, 

and the data was fitted using the linear equation. The destabilizer Kd was estimated depending on 

the following equation where peptide concentration [L] is close to zero, then Ki= Kd=IC50: 

Ki=IC50/(1+([L]/Kd) 
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Ki is the inhibition constant, IC50 is 50% of the maximum signal, [L] is the destabilizer 

peptide concentration, Kd is the dissociation constant. 

2.2.5  Microscopy 

Microscopy is a useful tool that magnifies objects not seen by the naked eye. It was used 

in this research to detect the exact binding site of anti-S2 peptide/antibody on myosin when 

conjugated to a probe, and it was used to detect the competition between anti-S2 and MyBPC as 

both bind to myosin S2. Microscopic images can reveal possible interaction between the peptides 

and titin. 

2.2.5.1 Regular Confocal Images 

Skeletal rabbit myofibrils were washed with PBS twice to get rid of the glycerol storage 

liquid. Then they were incubated overnight with conjugated antibody/peptide ~0.7 µM at 4 ⁰C. 

Labeled myofibrils were distributed on a microscopic slide, then 50 μl of 10% ascorbic acid and 

50 μl of 50% glycerol were added, the coverslip was sealed with transparent nail polish and left to 

dry. The images were acquired using the Yokogawa spinning disk confocal microscope, LCI Plan-

Neofluar 63X 1.3 NA glycerol immersed lens or 40X 1.3 NA water immersed lens and 1.6X tube 

lens. Argon Laser 488-35 and/or 568-45 lasers were used in acquiring the images with 

T405/488/568/647 filter. All the images were processed using ImageJ processing software 

developed by the National Institutes of Health (NIH). 

2.2.5.2 Expansion Microscopy 

The new arising expansion microscopy technique uses the confocal or light microscope for 

acquiring super-resolution images by specimen modification rather than microscope improvement. 

It improves specimen resolution and overcomes the diffraction limit of the microscope by the 
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physical expansion of the specimen in all dimensions. The fluorophores within a specimen anchor 

to a swellable gel; therefore, when the gel expands, the fluorophores move apart in all dimensions 

preserving the specimen detail  (92, 93).  

Skeletal rabbit or cardiac mouse myofibrils were washed with PBS twice to get rid of the 

glycerol storage liquid; then they were incubated with conjugated antibody or anti-S2 peptide 

(concentration range from 700 nM to 20 μM depending on the tissue) at 4 °C for 3 nights. 

Myofibrils were fixed with 0.1% glutaraldehyde in PBS for 1 hour at room temperature (94), 

followed by 3 washes with PBS. Fixed myofibrils were incubated in monomer solution (Table 1) 

for 30 min at 4 ⁰C prior to gelation. Then, myofibrils were spread on a specially constructed 

chamber from a microscopic slide, and coverslips were cut on the sides to create a chamber. A 

polymer gel solution composed of 188 μl of fresh monomer, 4 μl of 0.5% TEMPO (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, 4 μl of 10% of 

TEMED accelerator, and 4 μl of 10% APS initiator fresh prepared. The polymer was poured over 

the myofibril, and a coverslip was placed over the chamber and left to polymerize for 3 hours at 

room temperature. After incubation, the coverslip over the gel chamber was taken off, and the gel 

was placed in a digestion buffer (Table 2) containing 8 units/ml of proteinase K (1:100, final 

concentration) at 39 ⁰C overnight. The next day the gel was removed from the digestion buffer and 

washed 3-5 times with distilled water for 20 min each wash. The gel was cut and placed between 

2 coverslips coated with polylysine to immobilize the gel and prevent drift during imaging. Figure 

8 summarizes the expansion protocol.  The gel was imaged using the spinning disk confocal 

microscope and Zeiss LMM 710 confocal scanning microscope, and the images were processed 

using ImageJ. 
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Table 1: Components of monomer solution used for expansion microscopy 

Components Amount 
(ml) 

Final 
concentration* 

Sodium acrylate 2.25 8.6 
Acrylamide 0.5 2.5 
N,N’-Methylenebisacrylamide 0.75 0.15 
Sodium chloride 4 11.7 
PBS 1 1X 
Water 0.9 - 
Total 9.4 - 

*All concentrations in g/100ml except PBS 
 

Table 2: Components of digestion buffer 

Components Working concentration 

TRIS * 50mM 
EDTA** 1mM 

Urea 4M 
Calcium chloride 2mM 

Guanidine HCL 0.8M 
Triton  X-100 0.5% 

* Tris(hydroxymethyl)aminomethane 
** EDTA Ethylenediaminetetraacetic acid 

 

 
Figure 8: Expansion microscopy protocol.  

A: Myofibril previously prepared was incubated in conjugated antibody/peptide. B: Myofibril was fixed 
with glutaraldehyde, then prepared for fluorophore crosslinking with the gel by incubation in the monomer. 



33 

C: Myofibril was embedded within a hydrogel. Fluorophores crosslinked with the gel. D: Myofibril was 
digested by soaking the gel in a digestion buffer with Proteinase-K. E: Gel expanded after washing with 
distilled water. F: Gel size before expansion. G: Gel size after expansion in all dimensions. The crosslinked 
fluorophores with the gel retained attached to the gel after the expansion. 
 

The steps explained above were repeated using skeletal rabbit myofibrils alone without any 

conjugated peptide/antibody as a control for this experiment. Also, the myofibrils were incubated 

in single, double, or triple reagent/s at the same time as following: 

Single labeling: MF30, MF20, polyclonal, stabilizer peptide, destabilizer peptide, α-

MyBPC1, anti-titin. 

Dual labeling: MF30 and MF20; stabilizer and MF20; destabilizer and MF30; stabilizer 

and destabilizer peptides; anti-titin and MF30; anti-titin and Stabilizer; anti-titin and destabilizer 

Triple labeling: MF30, MF20, and polyclonal. 

2.2.5.3 MyBPC Knockout Tissue from Live Animals 

The cardiac tissues were extracted from wild type and MyBPC knocked-out hearts from 

live mice prepared in Dr. Richard L. Moss’s laboratory at Washington State University. The 

preparation was based on the techniques described by Harris et al., 2002 (62), and the solution 

recipes were calculated and prepared as (Godt and Lindley, 1982) protocol (63). 

2.2.6 Live Animal Model Experiment 

In an attempt to check if the anti-S2 peptides with the aid of tannic acid can reach cardiac 

myocytes and interfere with heart contraction, Dr. Douglas Root’s laboratory collaborated with 

Dr. Kenneth S. Campbell from the University of Kentucky to inject live mice with 0.1 mM or 1 

mM of tannic acid alone, destabilizer-TA, stabilizer-TA, labeled destabilizer-TA, or labeled 

stabilizer-TA. The physiological functions of the heart: cardiac output, stroke volume, and heart 

rate, were carefully monitored during the first 24, 48 hours, and 7 days of the injection.  
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2.2.6.1 Mouse Heart Sectioning 

Once the hearts were excised, some were flash-frozen immediately with liquid nitrogen; 

others were washed and stored in a fixative solution. The hearts were sectioned using Leica 

CM1950 Cryostat. First, the heart was attached to the cryostat disk after precooling and covered 

with the Optimal Cutting Temperature compound (O.P.T.). The heart was cooled down to -20 ⁰C 

inside the cryostat, and then it was seated and oriented in the optimal direction for the cutting. The 

trimming mode was activated, and the slice thickness was set to 1 micron. Manual trimming was 

performed, and each slice was placed on a microscopic slide. The slices on the microscopic slides 

were fixed by 2.5% paraformaldehyde in PBS, then stained with 50 μl of Fluoromount G with 

DAPI for nucleus visualization. Lastly, the slides were covered with coverslips, sealed with 

transparent nail polish, and stored in a humidified chamber till imaging. 

2.2.6.2 Mouse Heart Slices Imaging 

The slices were imaged using the EC Plan neofluar objective with a Yokagawa spinning 

disk confocal microscope. The destabilizer peptide-FITC heart was imaged using the epi-

ultraviolet with a blue filter and the epi-blue with a green filter; the exposure time was 3 and 0.5 

seconds, respectively. For the stabilizer peptide-TRITC heart, the slices were imaged using the 

epi-green with a red filter; the exposure time was 0.03 seconds. Every slice was tiled and corrected 

for the exposure time and background, then stitched using ImageJ. Some slices were imaged using 

the 3 filters (blue, green, and red) to detect the autofluorescence and the bleed through between 

the channels. 

Slices from the mid-section of the heart were imaged using a 63X oil objective lens in Zeiss 

LMM 710 confocal scanning microscope using Airyscan to determine the exact binding sites of 

anti-S2 peptides within the heart tissues. 
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2.2.6.3 Sarcomere Length Measuring in Mouse Cardiomyocyte 

The hearts of the three mice injected with tannic acid alone, labeled peptides-TA, and 

unlabeled peptides-TA were imaged using SPOT DIC in a spinning disk confocal microscope 

using the water immersion Apo-C 40X 1.6X NA. Around (110 -210) sarcomere lengths were 

measured from each heart tissue using ImageJ and averaged to calculate the sarcomere length for 

each patch.  

2.2.7 Statistical Data Analysis 

The fluorescence anisotropy binding graphs were fitted by applying the hyperbolic and 

sigmoidal equations mentioned in section 2.2.4.2 using WinCurveFit 1.1.3 program (n = 3). The 

student’s t-test was applied to calculate p-values through Microsoft Excel. P-value > 0.05 indicated 

not significant difference between the hyperbolic and the sigmoidal fitting. Therefore, this binding 

assay could not predict the binding mechanism of anti-S2 peptides and antibodies to myosin.   

The p-values in the TIRFS experiment were calculated in GraphPad Prism 7 software using 

non-linear regression F-test. When the p-value was less than 0.05, the sigmoidal binding graph 

significantly differed from the hyperbolic graph. The correlation coefficient determined the 

favorable binding mechanism; the fitting with the higher correlation coefficient (R2) was 

considered more favorable.  

In TIRFS, A hill slope of 1 indicates independent binding; if it is greater than 1, it indicates 

positive cooperativity, which means binding of one antibody/peptide to myosin facilitates binding 

another antibody/peptide. A slope lower than 1 indicates negative cooperativity (96). Z-test in 

Excel sheet was applied to the binding graphs’ mean and standard deviation to predict binding 

cooperativity. The p-values for MF30 and destabilizer were less than 0.05, meaning that their hill 

slopes were significantly different from 1, indicating positive cooperative binding; however, MF20 
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p-value was > 0.05, which indicated no significant difference between the hill slope and 1 value 

supporting a simple binding mechanism. 

The fluorescent intensity graphs of the stained sarcomeres from the expanded microscopy 

images were compared using the Student’s t-test. P-value < 0.05 indicated a significant difference 

in the labeling pattern between the compared sarcomeres. However, a p-value > 0.05 suggested 

that the staining pattern was similar in the compared sarcomeres. 

The normal distribution of the measured sarcomere lengths from live animal heart tissue 

was measured using the Chi-squared test (n of mouse = 1, n of sarcomeres 160-184). The p-value 

from the stabilizer peptide tissue was higher than 0.05 indicating a normal distribution of the 

sarcomere lengths. The sarcomere lengths from the control and the destabilizer peptide cardiac 

tissue did not show normal distribution, as p-values were less than 0.05. 

The error bars in the graphs of this research represent the standard deviation of the collected 

data. 
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CHAPTER 3 

SPECTROSCOPIC ASSAYS RESULTS  

3.1 Determining Anti-S2 Peptide Binding to Myosin by Fluorescence Anisotropy 

Fluorescence anisotropy is an accurate tool that can predict the reaction 

between 2 molecules based on the change in anisotropy reading before and after the 

reaction (100). The fluorescently labeled molecules’ rotation in a solution will be 

restricted once they react to another molecule; the anisotropy value changes according 

to the molecular weight of the reactants as a complex and the binding site flexibility 

(88).  

Myosin dimer has a molecular weight of around 223 kDa (7, 101); however, the 

stabilizer and destabilizer peptides’ molecular weights are 2158 and 2322 Da, 

respectively. The substantial disparity in the molecular weight between the myosin and 

the peptides predicts if the labeled peptide binds to myosin or not. The binding of the 

peptide to the heavy myosin leads to a decrease in its rotation in the buffer, increasing 

the observed anisotropy reading (79, 84). 

To verify the binding of the destabilizer and stabilizer peptides bind to myosin, the 

anisotropy reading of the conjugated peptide was initially measured. Subsequently, myosin dimer 

was introduced, and the anisotropy reading was recorded once more. When the small peptide 

bound to myosin, the rotational motion of the peptide was impeded by the presence of the heavy 

myosin, resulting in a deceleration of its rotation. This binding was reflected as an increase in 

anisotropy reading for both peptides; the anisotropy value increased from 0.0069 to 0.01 when 

myosin was added to the labeled destabilizer peptide and from 0.00889 to 0.013 when myosin was 

added to the stabilizer peptide. The significant increase in anisotropy value before and after adding 
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myosin indicates myosin binding to the peptides (p-values calculated from Student’s t-test are 

0.046 and 0.03 for destabilizer and stabilizer peptides, respectively) (Figure 9). 

 
Figure 9: Anti-S2 peptides anisotropy before and after adding myosin.  

Anisotropy increased after the addition of myosin in both the destabilizer and stabilizer peptide 
confirming the binding between the peptides and myosin (p < 0.05 from Student’s t-test). 

 

3.2 Wild Type and E930del Myosin S2 Helicities 

The function of myosin S2, which plays a crucial role in muscle contraction, can be 

influenced by alternation in its coiled-coil structure (4). The interaction between myosin S2 and 

anti-S2 peptides can potentially affect the α-helical coiled-coil within this region, consequently 

interfering with muscle contraction. 

3.2.1 Stabilizer Peptide Improved Alpha-Helical Content of Wild Type Skeletal Myosin  

To identify alternations in the helical content of the synthetic myosin upon adding a 

stabilizer peptide, UV-Vis Spectrophotometer was employed to measure the absorbance spectra of 

myosin-stabilizer complexes at various concentrations. In this experiment, synthetic myosin in 
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water was titrated with different concentrations of stabilizer peptide until saturation was reached. 

The absorbance spectrum at each concentration was recorded and subtracted from the absorbance 

spectrum of the stabilizer peptide alone at that concentration. All the net absorbance spectra were 

plotted along with the 100% alpha-helical and 100% random coil graphs from the literature (77). 

The alpha-helical percentages were calculated between 190-197 nm and plotted versus the 

stabilizer/myosin concentrations ratio. It was found that the stabilizer peptide improved wild type 

skeletal myosin helicity by increasing the alpha-helical content by 24.2 ± 7.8% at a low 

concentration of the peptide, and it reached saturation when the ratio of the stabilizer to myosin 

monomer was 0.5 ± 0.1. The ratio implies that 1 stabilizer peptide binds to one myosin dimer 

probably by wrapping around the dimer and stabilizing it (Figure 10). 

 
Figure 10: Alpha-helical percentages graph of the stabilizer peptide in wild type skeletal myosin. 

The alpha-helical percentage increased by 24.2 ±7.8% at low concentrations of the peptide. The molecular 
model to the right from Qadan, M.M. 2021 (102) illustrates that one stabilizer peptide wrapping around 
synthetic wt myosin to stabilize it and improve its helicity.  
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3.2.2 Stabilizer Peptide Improved Alpha-Helical Content of E930del Cardiac Myosin 

To investigate the impact of the stabilizer peptide on mutated myosin, the same 

experimental procedure described earlier was applied to synthetic E930del cardiac myosin. The 

results revealed that the stabilizer peptide enhanced the helicity of the mutated myosin helicity by 

approximately 9.3 ± 3%, which was significantly lower than the improvement observed in wild 

type myosin (p-value <0.001 from Student’s t-test). Meanwhile, a higher concentration of the 

stabilizer peptide was required to reach saturation with myosin, approximately 1.3 ± 0.3. Based on 

this ratio, it was estimated that two stabilizer peptides were necessary to wrap around the mutated 

myosin dimer, thereby stabilizing it and enhancing its helicity (Figure 11). 

 
Figure 11: Alpha-helical percentages graph of the stabilizer peptide in E930del cardiac myosin. 

The alpha-helical percentage increased by increasing the stabilizer peptide concentration by 9.3 ± 3% and 
reached saturation when the stabilizer to myosin ratio was 1.3 ± 0.3. The molecular model to the right from 
Qadan, M.M. 2021 (102) illustrates that two stabilizer peptides are wrapping around synthetic E930del 
myosin to stabilize it and improve its helicity. 

 

3.2.3 Destabilizer Peptide Decreased Alpha-Helical Content in Cardiac Myosin 

Through titration of synthetic cardiac myosin with varying concentrations of destabilizer 
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peptide, it was observed that the peptide caused a decrease in the alpha-helical content of cardiac 

myosin by 14.2 ± 5.5%. This reduction can be attributed to the disruption of the coiled-coil 

structure of myosin S2, which facilitates the binding of the peptide. Saturation of the cardiac 

myosin with the peptide occurred at a ratio of approximately 1.1 ± 0.28 peptide molecule per 

myosin monomer. This ratio suggests that two peptides are required to bind to the myosin dimer, 

causing the coiled-coil structure to unravel and rendering the myosin unstable (Figure 12). The 

effect of the destabilizer peptide on myosin helicity is significantly different from the stabilizer 

peptide (p-value <0.001 from Student’s t-test), as it induces the unzipping of the coiled-coil 

structure of myosin upon binding, thereby reducing the dimer helicity. 

 
Figure 12: Alpha-helical percentages graph of the destabilizer peptide in cardiac myosin. 

The alpha-helical percentage decreased by increasing the destabilizer peptide concentration by 14.2 ± 5.5% 
and reached saturation when the destabilizer to myosin ratio was 1.1. The molecular model to the right from 
Qadan, M.M. 2021 (102) illustrates that two destabilizer peptides unzip the synthetic cardiac myosin dimer 
to destabilize it and reduce its helicity. 

 

3.3 Myosin S2 Affinity to Anti S2 Peptide/Antibody  

Measuring the binding affinity of the anti-S2 peptides to myosin opens the doors to 

appointing the optimal concentration that should be tested in myofibril tissue and live animal 
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model trials to provoke the intended effect. The anti-S2 peptide/antibody affinity was measured 

using 3 different fluorescence spectroscopic experiments. It was calculated depending on 

fluorescence anisotropy, total internal reflectance spectroscopy (TIRFS), or competitive TIRFS. 

In fluorescence anisotropy, Kd was measured based on an in-solution binding assay (90). 

Conjugated anti-S2 peptide/antibody at specific concentrations was titrated with myosin dimer till 

saturation. Anisotropy reading was recorded at each concentration, and the background was 

subtracted (Figure 13). Anisotropy readings against myosin concentrations were plotted and fitted 

using the hyperbolic and sigmoidal equations that support the simple and the positive cooperative 

binding models, respectively (103). This experiment was applied to MF20, MF30, and destabilizer 

peptides (Figure 14). There was a significant light scattering with the stabilizer peptide producing 

faulty readings, which was measured with different experiments (TIRFS). 

 
Figure 13: Diagram explains anisotropy experiment to calculate molecule affinity in solution.  

A: Labeled destabilizer peptide was placed in a buffer in a glass cuvette, and the anisotropy reading was 
recorded. B: The destabilizer peptide was titrated with myosin dimer, and the anisotropy reading was 
recorded. C: Adding more myosin dimer till all destabilizer peptides are bound to myosin. Extra unbound 
folded myosin stayed in equilibrium with the unfolded myosin. 

 
Regarding the positive cooperative binding model, MF20 has the highest affinity to myosin 

dimer with a Kd equal 100 ± 42 nM, MF30 Kd is 146 ± 110 nM which has a high affinity to 
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myosin, and the destabilizer peptide also has a high affinity to myosin with a Kd value equals 152 

± 4.5 nM. There is no significant difference between the simple and positive cooperative binding 

models in this experiment (p-value > 0.05 calculated from Student’s t-test), as listed in Table 3. 

The equilibrium between the folded and unfolded states of myosin dimer did not change; when the 

ani-S2 peptide or antibody was titrated with myosin dimer, there was no shift in the equilibrium. 

The stability of equilibrium will not show a difference between the hyperbolic and sigmoidal 

fittings, as proved by the statistic between these two models. 

 
Figure 14: Anti-S2 peptide/antibody fluorescence anisotropy in solution binding assay to measure the 
affinity.  

A: 120 nM of conjugated MF20 was titrated with myosin, calculated Kd equals 100 ± 42 nM in the positive 
cooperative binding model and 101 ± 50 nM in the simple binding model (p-value = 0.12 from t-test). B: 
120 nM of conjugated MF30 was titrated with myosin, calculated Kd equals 146 ± 110 nM in the positive 
cooperative binding model and 121 ± 144 nM in the simple binding model (p-value =0.52 from t-test). C: 
140 nM of conjugated destabilizer peptide was titrated with myosin; calculated Kd equals 152 ± 4.5E4 nM 
in the positive cooperative binding model and 153.2 ± 104 nM in the simple binding model (p-value =0.99 
from t-test). MF20, MF30, and destabilizer peptide had high affinity to myosin dimer with no significant 
difference between the hyperbolic and sigmoidal fitting. 
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Table 3: Anti-S2 peptide/antibody Kd measured from fluorescence anisotropy 

Reagent (Fitting model) Kd (nM) of myosin 
dimer Hill slope R² n p-value 

MF20 (120 nM) (Sigmoidal) 100 ± 42 1.2 ± 1.0 0.96 3 
0.12 

MF20 (120 nM) (Hyperbolic) 101 ± 50 - 0.96 3 

MF30 (120 nM) (Sigmoidal) 146 ± 110 2.3 ± 2.5 0.82 3 
0.52 

MF30 (120 nM) (Hyperbolic) 121 ± 144 - 0.74 3 

Destabilizer (150 nM) (Sigmoidal) 152 ± 4.5 0.045 ± 6.1 0.95 3 

0.99 Destabilizer (150 nM) 
(Hyperbolic) 153.2 ± 104 - 0.89 3 

R2 is the coefficient of determination. n is the number of experiment repetitions. p-values calculated from the 
Student t-test to compare sigmoidal versus hyperbolic fittings. 

 
TIRFS measured the binding affinity based on a solid-phase binding assay. A specifically 

designed cuvette with a coverslip glued inside at 25° angle, the coverslip was coated with myosin 

dimer from one side (Figure 7) and titrated with different concentrations of conjugated 

MF20/MF30/stabilizer/destabilizer peptide. The conjugated peptide/antibody in the buffer bound 

to the unfolded myosin dimer on the coverslip at both strands of myosin at the same time. As a 

result, the unbound folded myosin transformed into the unfolded state to stay in equilibrium with 

the folded state. The myosin-peptide/antibody complex stabilizes the unbound unfolded myosin. 

More titrations result in more binding to the unfolded myosin and more shifting in the unbound 

folded myosin toward the unfolded state to maintain the equilibrium. Then titration continued until 

myosin was saturated with the peptide/antibody, and the signal was recorded at each titration 

(Figure 15). Fluorescence signals versus peptide/antibody concentrations were plotted and fitted 

using the hyperbolic and sigmoidal equations (Figure 16).
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Figure 15: TIRFS diagram for measuring anti-S2 peptide/ antibody affinity. 

A: Myosin dimers were immobilized on a treated coverslip with 0.2% nitrocellulose. B: Myosin dimers 
were titrated with labeled destabilizer peptide. Peptide caused unzipping to myosin dimer and bound to the 
unfolded dimer with high affinity. The signal that was recorded indicated the binding between the myosin 
dimer and the peptide on the coverslip. C: Increasing the concentration of the labeled destabilizer allowed 
more of the dimers to bind to the peptide and more shifting of the unbound myosin to the unfolded state to 
stay in equilibrium with the folded myosin. D: At higher concentrations of the peptide, when all the myosin 
dimers were saturated, the excess of the peptide stayed in the buffer and did not affect the recorded signal. 

 

 
Figure 16: Anti-S2 peptide/antibody solid-phase binding assay graphs to measure affinity from 
TIRFS.  

Immobilized myosin dimer on 25° coverslip inside cuvette was titrated with MF20 (A), MF30 (B), stabilizer 
peptide (C), and destabilizer peptide (D) till saturation. Fluorescence signal percentages were fitted using 
sigmoidal and hyperbolic equations. (Sigmoidal versus hyperbolic models p-values <0.05 in MF30 and 
destabilizer, and >0.05 in MF20 and stabilizer peptide calculated from non-linear regression F-test). 
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According to the sigmoidal fitting, the Kds were 86.4 ±13 nM for MF20, 26.1 ± 0.7 nM 

for MF30, 55 ± 3.3 nM for stabilizer, and 214 ± 9.18 nM for destabilizer. This solid-phase binding 

assay indicated the positive cooperative binding mechanism of MF30, stabilizer, and destabilizer 

peptides to myosin. According to the correlation coefficient R2 from (Table 4), the sigmoidal 

fitting was the preferable model, and it significantly differed from the hyperbolic model in MF30 

and destabilizer peptide (p-values calculated from non-linear regression F-test are 0.003 and 

<0.0001, respectively). The hill slope indicates positive cooperativity, if it is greater than 1, in 

which case MF30, stabilizer, and destabilizer hill slopes are greater than 1 and significantly differ 

from 1 (p-values < 0.05 from Z-test), except for MF20, the hill slope does not differ significantly 

from 1 (p-value=0.066 from Z-test)  This conclusion supports the idea that MF30 and destabilizer 

peptide bind cooperatively to myosin dimer and stabilize the unfolded myosin dimer by shifting 

more folded myosin into the unfolded state to maintain equilibrium. However, the stabilizer 

peptide and MF20 did not significantly differ between the simple and cooperative binding models, 

even though the positive cooperativity model was preferable. 

Table 4: Anti-S2 peptide/antibody Kd measured from TIRFS 

Reagent (Fitting model) Kd (nM) Hill slope R² n p-value 

MF20 (Sigmoidal) 86.4 ± 13 2.0  ± 0.63 0.94 9 
0.14 

MF20 (Hyperbolic) 137  ± 52 - 0.93 9 
MF30 (Sigmoidal) 26.1 ± 0.7 2.2  ± 0.16 0.99 7 

0.003 
MF30 (Hyperbolic) 23  ± 4 - 0.96 7 
Stabilizer (Sigmoidal) 55   ± 3.3 2.3  ± 0.25 0.99 5 

0.53 
Stabilizer (Hyperbolic) 239  ± 102 - 0.98 5 
Destabilizer (Sigmoidal) 214  ± 9.18 3.7  ± 0.41 0.99 3 

< 0.0001 
Destabilizer (Hyperbolic) 1078  ± 1148 - 0.95 3 

R2 is the coefficient of determination. n is the number of experiment repetitions. p-values calculated from non-linear 
regression F-test to compare sigmoidal versus hyperbolic fittings. 

 
The concerted model fitting (104) supported the positive cooperative binding 
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mechanism in MF30 and anti-S2 peptides. MF30 and destabilizer peptide unfolded 

state (myosin-antibody complex) is higher than the folded state (no binding) from the 

fraction bound graph, and with stabilizer peptide, the folded (stabilizer-myosin 

complex) is higher than the unfolded state (no binding) (Table 5).  

Table 5: Antibody/peptide parameters from concerted model fitting 

Reactant a*(1/nM) b** R² n 

MF20 0.0848 ± 0.094 0.0189 ± 0.008 0.94 6 
MF30  0.28 ± 0.15 2.6E-02 ± 2.9E-2 0.98 4 

Stabilizer 320 ± 2.8E+5 3.6E-09 ± 6.5E-6 0.99 5 

Destabilizer 29.23 ± 3.1E+4 2.7E-08 ± 6.0E-5 0.96 3 

* a is the microscopic binding constant. ** b is [T]/[R], where in MF30 and destabilizer peptide T is folded state (no 
binding), and R is unfolded state (binding to destabilizer). In the stabilizer, T is unfolded state (no binding), and R is 
folded state (binding). b<1 indicates positive cooperativity. R2 is the coefficient of determination. n is the number of 
experiment repetitions. 

 
Furthermore, the sequential model (104) proved that MF30 and destabilizer 

peptide bind to myosin cooperatively, as the association constant of the second strand 

of myosin (b) is higher than the association constant of the first strand (a) (Table 6). 

Table 6: Antibody/peptide parameters from sequential model fitting 

Reactant a* b** R² n 
MF20 1.32E-03 ± 2.08E-03 0.113 ± 0.156 0.94 6 
MF30 5.7E-03 ± 4.6E-03 0.407 ± 0.278 0.97 4 
Stabilizer 9.8E-07 ± 1.0E-03 379.5 ± 3.8E+05 0.99 5 

Destabilizer 1.2E-07 ± 8.8E+04 188.3 ± 1.3E+6 0.96 3 

* a is the association binding constant of the first myosin strand. ** b is the association binding constant of the 
second myosin strand.  a<b indicates positive cooperativity. R2 is the coefficient of determination. n is the number of 
experiment repetitions. 

 
Based on data fitting with different equations to extrapolate the preferable 

binding model, it is suggested that MF30 and anti-S2 peptides bind cooperatively to 

myosin. It is postulated that MF30 and destabilizer peptide binding unzips myosin S2 

leaving the other monomer available for binding. Yet, when the stabilizer peptide 
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wraps around myosin heads, it is proposed that the heads are in the OFF state, the 

bended heads over myosin rod makes other myosin S2 accessible for the stabilizer 

peptides due to disrupting the interacting heads motif of myosin (105).  

Competitive TIRFS was utilized to measure destabilizer Kd differently. In this technique, 

the regular TIRFS was undertaken by titrating the immobilized myosin on the coverslip with a 

specific concentration of the destabilizer peptide (40, 80, and 100 nM). Another titration was 

started using myosin dimer. By increasing the concentration of myosin dimer, the peptide that was 

bound to the immobilized myosin dimer favored to move into the free myosin in the solution to 

achieve equilibrium; this shifting in the binding led to a decrease in the fluorescence signal (Figure 

17). As shown in the graph in (Figure 18), the fluorescence signal decreased by increasing myosin 

concentration. Myosin IC50 was estimated from the 40, 80, and 100 nM destabilizer peptide 

binding graphs when fitted by the Hill equation to be 157, 162, and 160 nM, respectively (Table 

7). 

 
Figure 17: Competitive TIRFS experiment diagram.  

A: Myosin dimers were immobilized on a treated coverslip with 0.2% nitrocellulose. B: Labeled 
destabilizer peptides were added and bound to myosin dimers on the coverslip causing an increase in the 
signal. C: Titrating with myosin dimer caused the labeled peptides to leave the immobilized myosin and 
bind to the free myosin leading to a decrease in the recorded signal. D: Titrating with more myosin dimer 
increased the competition; therefore, more peptides moved and bound to the free myosin dimer in the 
solution causing more decrease in the fluorescence signal. 
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The following equation was used to calculate destabilizer Kd when the peptide 

concentration was close to zero (Figure 19): 

Ki=IC50/(1+([L]/Kd) 

where Ki is the inhibition constant and is used to describe the binding affinity between two 

reactants, IC50 is half maximum inhibitory concentration, L is the legend concentration 

representing destabilizer concentration, and Kd is the dissociation constant.  

When destabilizer concentration was close to zero Ki= IC50, and according to the graph in 

(Figure 19) it was 155 ± 4.3 nM, which is very close to the estimated Kd from the anisotropy 

experiment (152 nM) as both experiments are in-solution binding assays. 

 
Figure 18: Fluorescence signal of myosin from competitive TIRFS at different concentrations of the 
destabilizer peptide.  

Fluorescence signal decreased by increasing myosin concentration due to the detachment of labeled 
destabilizer from the immobilized myosin on the coverslip to bind to the free myosin in the chamber. 

 

 
Figure 19: Myosin IC50 at different destabilizer peptide concentrations.  

Destabilizer Kd equals IC50 when destabilizer peptide concentration was close to zero which was 155 ± 
4.3 nM.  
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Table 7: Myosin IC50 at different concentrations of destabilizer peptide 

Destabilizer 
concentration (nM) IC50 (nM) n R² 

40 157 ± 19 3 0.99 
80 162 ± 26 3 0.97 
100 160 ± 24 3 0.99 

R2 is the coefficient of determination.  n is the number of experiment repetitions. 
 

3.4 Conclusion  

Testing the stabilizer and destabilizer peptides at the molecular level using biophysical 

spectroscopic experiments has a significant contribution to live animal experiments. Binding 

graphs analysis determined peptides’ affinity to myosin, which is crucial for estimating the optimal 

required concentration for later functional studies.  

The stabilizer peptide improved myosin helicity by wrapping around the synthetic wt 

skeletal myosin dimer; one peptide is required for the wt myosin, while two peptides are necessary 

for the E930del cardiac myosin dimer. It does so through the positive charges it carries that allow 

it to wrap around the negatively charged glutamate-rich region in myosin S2. Stabilizer peptide 

increased myosin helicity by increasing alpha-helical content in skeletal and mutated cardiac 

myosin. 

Myosin dimer required 2 destabilizer peptides to break it (one peptide per strand). The 

design of the destabilizer peptide favors myosin monomer binding to the peptide rather than 

binding to the other myosin strand preventing dimer formation. The disruption of myosin dimer 

reduced the helical content of the synthetic cardiac myosin once it was titrated with the destabilizer 

peptide.  

In solution binding assay using fluorescence anisotropy revealed that MF20, MF30, and 

destabilizer peptide have high affinity to purified whole myosin. This assay could not predict the 

antibody or peptide binding mechanism to myosin. Therefore, a solid phase binding assay using 



51 

TIRFS was performed and indicated that MF30, stabilizer, and destabilizer peptides bind to myosin 

cooperatively; this finding was confirmed from the concerted and sequential equations. When 

MF30 or destabilizer peptides were added to myosin, they bound favorably to the unfolded myosin 

on both strands of the myosin dimer. The free-folded myosin shifted into the unfolded state to 

maintain equilibrium and was stabilized by the bound myosin to the MF30 or destabilizer peptide. 

This shifting resulted in a sigmoidal binding curve that significantly differs from the hyperbolic 

curve. On the other hand, as the stabilizer peptide wraps around myosin S2 it possibly disrupts the 

interacting head motifs of other myosin; this disruption makes myosin S2 accessible for other 

stabilizer peptides to bind. The binding graphs pointed to the high affinity of MF20, MF30, 

stabilizer, and destabilizer peptide to the whole myosin. The destabilizer peptide affinity that was 

further estimated from the competitive TIRFS was similar to what was calculated from the 

fluorescence anisotropy as both are in solution binding assays and denoted the high affinity of 

myosin to the destabilizer peptide.  
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CHAPTER 4 

ANTI-S2 PEPTIDE/ANTIBODY COMPETITION WITH THE SARCOMERE REGULATORY 

PROTEINS THROUGH EXPANSION MICROSCOPY 

The electron microscope has been an indispensable tool in science for providing high-

resolution images that reaches about 0.1 nm (106); however, due to its elaborate sample 

preparation, microscope cost, special operator training, and other limitations, the need for 

developing alternatives has been invested (107). The arising expansion microscopy technique 

implement attaining high-resolution images using the regular confocal microscope. This technique 

demands special sample preparation by embedding fluorescently conjugated anti-S2 

peptide/antibody labeled myofibril in a hydrogel, then the myofibril was digested, and the gel was 

washed to expand (Figure 8 A-E). The fluorophores crosslinked within the gel preserving the detail 

of the digested myofibril. When the gel expanded, the fluorophores moved apart and revealed more 

detail with high resolution (Figure 8 F and G). 

Tracing the attached fluorophores to the gel implies the staining pattern of the 

antibody/anti-S2 peptide in the digested myofibrils. The staining pattern points to the binding sites 

of the antibody/peptide within the myofibril, in addition to detecting any competition between 

them and the regulatory proteins. 

4.1 Validate Expansion Microscopy Image through super-Resolution Microscopy Images 

To validate the expansion microscopy images, expanded myofibril labeled with MF20 was 

compared with photolocalization, and Airyscan super-resolution microscopic images for MF20 

labeled myofibrils. The expansion microscopy image points to strong labeling of the P-zones and 

a decrease in MF20 labeling at the C-zone (Figure 20B). The photolocalization image that was 

previously acquired in the lab (108) was mirror-imaged for half a sarcomere, and a gaussian blur 
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filter radius 20 nm was applied (Figure 20C). Labeling for the P-zones and a remarkable decrease 

at the C-zone in the photolocalization microscopic image were detected. However, the super-

resolution Airyscan image declared intense labeling for the P-zones. Still, it did not detect the drop 

in MF20 labeling at the C-zone as in the other super-resolution images (Figure 20D). 

The fluorescence intensity graphs of the sarcomeres from the expansion and the super-

resolution images were very similar (Figure 20A). MF20 labeled the D-zone close to the center of 

the A-band and depression at the C-zone, where they competed with MyBPC to bind at the LMM. 

The C-zone was accurately located using α-MyBPC1 antibody (Figure 20E). 

 
Figure 20: Expansion microscopy reveals A-band staining pattern is similar to super-resolution 
images using MF20.  

A: Fluorescence intensity graphs along the A-band from super-resolution images for myofibrils labeled 
with MF20/α-MyBPC1. In expansion (blue graph), electron (red graph), and photolocalization (grey graph) 
images of MF20, the M-line was strongly labeled, and a slight decrease in the fluorescent intensity at the 
C-zone. No decrease at the C-zone was noticed with the Airyscan image (green graph). The C-zone within 
the A-band was accurately localized using α-MyBPC1 antibody (yellow graph). The expansion microscopy 
images are corrected for expansion compared to the other microscopy profiles in this panel. B: Expansion 
microscopic image from averaging 56 sarcomeres. The image width is 10.5 µm. C: Photolocalization image 
for half a sarcomere from myofibril labeled with MF20; half a sarcomere was mirror imaged and filtered 
with Gaussian blur radius 20 nm. The image width is 2.64 µm. D: Airyscan microscopic image from 
averaging 24 sarcomeres revealed shallow details about the A-band staining pattern. The image width is 4 
µm. E: Expansion microscopy image from averaging 15 sarcomeres from myofibril labeled with α-
MyBPC1 antibody showing the 2 C-zones within the A-band. The image width is 10 µm. 
 

4.2 Expansion Images Declared More Detail about Myofibril Staining  

Skeletal rabbit myofibril labeled with conjugated monoclonal antibodies were imaged with 
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the confocal microscope. The images indicate that the A-band and the Z-disc of the sarcomere 

were stained (Figure 21A and D); however, the detail of this staining pattern was not as clear with 

this traditional imaging technique. Therefore, the labeled myofibrils were imaged using the 

expansion technique to clarify the labeling pattern of the sarcomere. With expansion microscopy, 

the labeled myofibril with MF20 revealed a strong labeling in the P-zone near the M-line in the 

middle of the A-band, then a gradual decrease in the fluorescence intensity toward the edges of 

the A-band with a slight decrease at the C-zone (Figure 21B and C). The same assessment was 

perceived with MF30; strong labeling for the P-zones, then a gradual decrease in the fluorescence 

intensity toward the edges of the A-band; however, more obvious depression at the C-zone was 

detected (Figure 21E and F). It is thought that the MyBPC N-terminal region binds either to the 

thin filament or alternatively to myosin S2 which could compete with MF30 binding. The C-

terminal region of MyBPC may bind with high affinity to LMM which could compete with MF20 

binding (23, 109). Therefore, a decrease in the fluorescent intensity was noticed at the C-zone due 

to blocking this site by MyBPC which competed with the antibodies and prevented them from 

binding. 

As expansion microscopy experiments were performed under rigorous conditions, the 

number of available heads were reduced due to binding to actin; myosin S2 from the bound heads 

are sterically blocked and unavailable for the antibodies to bind. In the super-resolution 

microscopy experiments, it was apparent that MF30 labeling was reduced at the Distal (D)- and 

C- zones more than the Proximal (P)-zone due to possible steric hindrance when the myosin heads 

bind to the actin thin filament which overlapped the D- and C-zones but not the P-zones at the 

sarcomere lengths studied (Figure 21C and F)  
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Figure 21: Staining pattern in myofibril labeled with MF20 and MF30 with and without expansion.  

A: MF20 labeled both the A-band and the Z-disc of the sarcomere in the non-expanded myofibril. B: 
Expanded myofibril stained with MF20 revealed strong labeling of the P-zones near the M-line, then a 
gradual decrease in the fluorescence intensity toward the edges of the A-band with a slight decrease in the 
fluorescence intensity at the C-zone. C: MF20 fluorescence intensity graphs with and without expansion 
(orange and blue graphs, respectively), the expansion graph reveals depression at the C-zone that is not 
seen in the graph from the regular confocal images. The sarcomere to the right is from averaging 56 
expanded sarcomeres. This C panel has corrected the expansion microscopy image profile for expansion 
magnification. D: Non-expanded myofibril stained with MF30 labeling the A-band. E: Expanded myofibril 
stained with MF30 showing the P-zones near the M-line strongly labeled with a more remarkable decrease 
in the fluorescence intensity at the C-zone compared to the MF20. F: MF30 fluorescence intensity graphs 
with and without expansion (orange and blue graphs respectively), more accurate detail extrapolated from 
the expansion graph showing the apparent decrease at the C-zone. The sarcomere to the right is from 
averaging 50 expanded sarcomeres. The expansion microscopy image profile has been corrected for 
expansion magnification in this F panel. Images in A, B, D, and E are 28 x 16 µm. 

 
When rabbit skeletal myofibrils were labeled with conjugated destabilizer and stabilizer 

peptides, regular confocal images showed labeling for the A-band with both anti-S2 peptides 

(Figure 22A and D). Whereas expansion microscopy images showed that the P-zone near M-line 

was strongly labeled with a noticeable decrease in the fluorescent intensity at the C-zone (Figure 

22B and E). This drop in the fluorescence intensity at the C-zone was due to the competition 

between the anti-S2 peptides and MyBPC that blocked this zone and prevented the peptides from 

binding. The stabilizer peptide displayed a slight increase in fluorescence intensity at the edges of 



56 

the A-band, yet this increase within the D-zone is still less than the P-zone as shown in the graph 

(Figure 22F).  

 
Figure 22: Staining pattern in myofibril labeled with destabilizer and stabilizer with and without 
expansion.  

A: Destabilizer peptide labeled the A-band in the non-expanded myofibril. B: Expanded myofibril labeled 
with destabilizer peptide revealed strong labeling for the P-zones, then a gradual decrease in the 
fluorescence intensity toward the edges of the A-band. A decreased fluorescence intensity at the C-zone 
due to the competition between the peptide and MyBPC. C: Destabilizer peptide fluorescence intensity 
graphs along the sarcomere with and without expansion (orange and blue graphs, respectively). More 
accurate detail is extrapolated from the expansion graph. The sarcomere to the right is from averaging 60 
expanded sarcomeres. This C panel has corrected the expansion microscopy image profile for expansion 
magnification. D: Stabilizer peptide labeled the A-band in the non-expanded myofibril. E: Expanded 
myofibril labeled with stabilizer peptide revealed strong labeling for the P-zones, decreased fluorescent 
intensity at the C-zone but less than the destabilizer peptide, and increased labeling at the edges of the A-
band. F: Stabilizer peptide fluorescence intensity graphs along the sarcomere with and without expansion 
(orange and blue graphs, respectively). More accurate detail extrapolated from the expansion graph showing 
the trough at the C-zone and the increase in the fluorescence intensity at the edges of the A-band. The 
expansion microscopy image profile has been corrected for expansion magnification in this F panel. The 
sarcomere to the right is from averaging 67 expanded sarcomeres. Microscopic images are 27.7 x 15.3 µm. 

 

4.3 MF20 and MF30 Competition with MyBPC were Enhanced in Dual and Triple-Labeled 
Myofibrils 
 
Single labeling for myofibril with MF20 or MF30 manifested their competition with 

MyBPC as they share the same binding sites on myosin. MyBPC blocked myosin S2 and prevented 

MF30 from binding at this site, which was noticed as a depression within the C-zone in the 

fluorescent intensity graph. Even though the competition with MF20 was not as strong as with 
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MF30, it was not negligible. As the C-terminus of MyBPC binds to LMM (109), it partially 

blocked this site from MF20 causing a slight decrease in the fluorescence intensity at the C-zone 

(Fig. 24A). The amount of depression estimated at the C-zone in relation to the peak at the edge 

of the A-band in singly labeled myofibril with MF20 and MF30 were 5.5 ± 12.5% and 34.8 ± 

12.7% respectively (Table 8). 

The competition between the antibodies and MyBPC was more apparent when the 

myofibril was labeled with 2 or 3 antibodies simultaneously. Dual labeling of the myofibril with 

MF20 and MF30 demonstrated 20.2 ± 9.2% and 39.3 ± 16.4% depression at the C-zone, 

respectively (Figure 23B), while triple labeling using MF20, MF30, and polyclonal antibodies 

caused a 33.9 ± 6.4% and 44.8 ± 9.2% depression at the C-zone in MF20 and MF30 respectively 

(Figure 23C). The presence of multiple antibodies simultaneously created more competition 

between the antibodies and MyBPC. This competition was more distinct with MF20, which 

recessed nearly 6X more at the C-zone in triple labeling than in single labeling. The monoclonal 

antibodies were clearly sensitive to competitive binding in the C-zone. Furthermore, the depression 

at the C-zone expressed in MF20 significantly differs from MF30 when the same number of 

antibodies were used (p-values <0.05 calculated from Student’s t-test). 

 
Figure 23: MF20 and MF30 competition with MyBPC in single, dual, and triple-labeled myofibrils.  

A: Singly labeled myofibril fluorescence intensity graphs with either MF20 (orange) or MF30 (blue) 
revealed their competition with MyBPC as a decrease in the fluorescence intensity at the C-zone. B: 
Labeling the myofibril with MF20 and MF30 simultaneously increased the competition with MyBPC, 
decreasing the fluorescence intensity at the C-zone, especially with MF20. C: Labeling the myofibril with 
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MF20, MF30, and polyclonal antibodies at the same time declared more competition with MyBPC as the 
troughs are deeper at the C-zone. This figure has corrected the expansion microscopy image profiles for 
expansion magnification. 

 

Table 8: MF20/MF30 depression percentages at the C-zone 

Number of labeling MF20 % MF30 % Polyclonal % p-values 

Single labeling 5.5 ± 12.5 34.8 ± 12.7 46.8 ± 9.2 3.2E-05 
Dual labeling 20.2 ± 9.2 39.3 ± 16.4 - 9E-4 
Triple labeling 33.9 ± 6.4 44.8 ± 9.2 49.2 ± 9.2 3E-2 

p-values from Student t-test to compare if the depression at C-zone in MF20 is significantly differs from MF30 
 

4.4 MF30 Competition with c-MyBPC was Evident from Mice Cardiac Tissue with c-MyBPC 
Ablated  
 
Currently, there is no available rabbit skeletal muscle MyBPC knockout as skeletal muscle 

expresses multiple MyBPC genes; therefore, a mouse cardiac c-MyBPC knockout model was 

chosen to test the effects of c-MyBPC on MF30 labeling. Western blot detected that MF30 bound 

to myosin in both cardiac and skeletal myofibril similarly (Figure 24). c-MyBPC knockout cardiac 

myofibrils labeled with MF30-FITC were imaged using the super-resolution expansion 

microscopy technique to observe the c-MyBPC role in blocking the C-zone. Intense labeling for 

the whole A-band, including the C-zone, was detected in the expansion images. The fluorescent 

intensity of the A-band in the KO tissue was 3.5X more than the wild type (control), assigning the 

relative fluorescent intensity of the wild type to 100% (Figure 25). The c-MyBPC presence, as 

detected from the control images, reduced MF30 labeling at the C-zone and increased non-muscle 

myosin binding at the Z-disc (Figure 26A and C). Non-muscle myosin II in the cardiac tissue is 

83% identical to the MF30 antigenic residues binding site within the muscle myosin sarcomere; 

therefore, when MyBPC is present, it blocks MF30 binding sites on myosin S2 driving the antibody 

to bind to the Z-disc where non-muscle myosin II usually resides after myofibrillogenesis. 

Meanwhile, there was no reduction in the fluorescent intensity at the P- and D-zones when MyBPC 
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was absent (5). It has been reported that the lack of MyBPC inhibits the migration of non-muscle 

myosin IIB to the Z-disc from the A-band after myofibrillogenesis (60), which might contribute to 

the higher relative intensity of Z-disc immunostaining observed in wild type than in the MyBPC 

KO. 

 
Figure 24: MF30 binds myosin in both the cardiac and skeletal myofibrils.  

A: SDS-PAGE for the myofibrils in 10% acrylamide gel demonstrates protein separation. B: Nitrocellulose 
stained with copper iodide to illustrate protein binding after the transfer. C: Western blot endorses MF30 
binding to myosin in cardiac and skeletal myofibrils 

 

 
Figure 25: MF30 labeled MyBPC KO myofibril has higher fluorescent intensity percentages than the 
control. 

Considering the fluorescent intensity percentage of the control is 100%, MyBPC KO fluorescent intensity 
percentages are 3X higher in the A-band and 2.6x in the sarcomere (p-values <0.05 calculated from 
Student’s t-test, n=4).   
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The MyBPC KO myofibril labeled with MF30 revealed stronger labeling for the A-band, 

including the C-zone, than the wild type. This finding supports that MyPBC presence competes 

with MF30 and prevents MF30 from binding at the C-zone (Figure 26B and D) (110). Despite 

staining the whole A-band with MF30, the P-zone was more stained than the D-zone, which might 

be explained by the binding of myosin heads to actin thin filament at the D- and C-zones in 

contracted myofibrils, this binding leaves fewer myosin S2 available for MF30 to bind, while the 

P-zone is more accessible. 

 
Figure 26: Absence of MyBPC increased MF30 labeling at the A-band and reduced it at the Z-disc in 
cardiac mice tissue.  

A: Wild type cardiac tissue (control) revealed weak labeling of the A-band with reduced labeling at the C-
zone due to the competition with MyBPC that bound to the non-muscle myosin at the Z-disc (Image 
dimensions are 17.4x8.7 microns). B: MF30 antibody in MyBPC KO cardiac tissue strongly labeled the A-
band and weakly labeled the Z-disc (Image dimensions are 17.4x8.7 microns). C: Fluorescent intensity 
graph from averaging control sarcomeres indicating drop in fluorescent intensity at the C-zone and increase 
in Z-disc labeling. At the top of the graph is the image of the averaged sarcomeres 5.5x0.66 microns. D: 
Fluorescent intensity graph from averaging MyBPC KO sarcomeres indicating A-band labeling. At the top 
of the graph is the image of the averaged sarcomeres 6.6x1.5 microns. This figure has corrected the 
expansion microscopy image profiles for expansion magnification. 
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4.5 Dual Labeling Affected the Anti-S2 Labeling Pattern 

In order to study the interaction of the anti-S2 peptide with titin and with each other, 

skeletal rabbit myofibrils were incubated with stabilizer and destabilizer, destabilizer and anti-

titin, stabilizer and anti-titin, and stabilizer and MF20. The fluorescence intensity graph of a singly 

labeled myofibril with the anti-S2 peptide was compared to the anti-S2 peptide graphs from dual-

labeling. 

The staining pattern of the destabilizer peptide did not significantly differ after adding the 

stabilizer peptide or anti-titin (p-values are more than 0.05 calculated from Student’s t-test) as 

shown in Table 9 (Figure 27A). On the other hand, the stabilizer peptide’s staining pattern 

significantly differed after adding the destabilizer peptide or anti-titin (Table 9). Dual labeling of 

the stabilizer peptide with the destabilizer or anti-titin affected the amount of labeling at the P-

zone near the M-line, the depression at the C-zone, and the labeling band length (Figure 27B).  

Table 9: Anti-S2 peptides labeling pattern significance alternation after dual labeling 

Compared samples p-value (t-test) 

Destabilizer alone and dual labeling with stabilizer 0.17 

Destabilizer alone and dual labeling with anti-titin 0.48 
Stabilizer alone and dual labeling with MF20 0.06 
Stabilizer alone and dual labeling with destabilizer 0.013 

Stabilizer alone and dual labeling with anti-titin 0.018 
 

The presence of the destabilizer peptide along with the stabilizer increased stabilizer 

peptide labeling at the P- and D-zones. It is possible that the destabilizer peptide facilitates 

stabilizer peptide binding by making the glutamate-rich area on myosin S2 accessible to the 

stabilizer peptide. Also, the addition of the anti-titin to the stabilizer peptide shed light on the 

possible interaction between the stabilizer peptide and titin; therefore, when anti-titin was added, 

it blocked titin from the peptide-reducing stabilizer labeling to titin within the A-band. On the 
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contrary, the addition of MF20 to the stabilizer peptide did not cause a significant change in the 

fluorescent intensity graph (p-value > 0.05 calculated from Student’s t-test) as both bind to 

different antigenic locations on myosin (Figure 27B). 

 
Figure 27: Singly labeled myofibrils with destabilizer and stabilizer compared to dual-labeled 
myofibrils.  

A: Destabilizer peptide fluorescent intensity graph (blue graph) does not significantly differ from dual 
labeled graphs of stabilizer peptide (orange graph) and anti-titin antibody (grey graph). B: The stabilizer 
peptide fluorescent intensity graph (blue graph) significantly differs from dual labeled graphs with 
destabilizer peptide (yellow graph) and anti-titin (grey graph). However, the stabilizer peptide fluorescent 
intensity graph (orange graph) does not significantly differ from the dual-labeled graph with MF20. The 
sarcomeres on the right were obtained by averaging 24-42 expanded sarcomeres ~ (11x2 microns). This 
figure has corrected the expansion microscopy image profiles for expansion magnification. 
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4.6 Anti-Titin Labeling Band Increased by Increasing Sarcomere Length and Altered by the 
Addition of MF30 and Anti-S2 Peptides 
 
E2 anti-titin monoclonal antibody is designed to bind at the C-terminus of titin, so it is used 

to locate titin within the sarcomere around the M-line. To determine the relationship between the 

anti-titin labeling band and the sarcomere length, skeletal rabbit myofibrils were labeled with anti-

titin alone (single labeling) or dual labeling with MF30, stabilizer, or destabilizer peptides. The 

myofibrils were imaged with expansion microscopy. The anti-titin labeling bands were measured 

using Image J software and plotted versus the sarcomere lengths taking into consideration the 

amount of expansion in each.  

Table 10: P-values from comparing single and dual labeled myofibrils in regard to anti-titin labeling 
band length and staining pattern 

Anti-titin labeling band lengths in 
dual labeling with: 

p-value (t.tst) 
(Anti-titin in single labeling 

versus dual labeling) 
MF30 0.001 
Stabilizer 9.6E-07 
Destabilizer 0.69 

Staining pattern in dual labeling 
with: 

MF30 0.09 

Stabilizer 0.02 
Destabilizer 0.97 

 

The anti-titin labeling band was increased when the sarcomere length increased in single 

and dual-labeled myofibril (Figure 28 A-D). Anti-titin labeling band to sarcomere length in 

myofibril labeled with anti-titin significantly differ from the dual-labeled myofibrils with MF30 

and stabilizer peptide (p < 0.05 calculated from Student’s t-test). Meanwhile, the destabilizer 

peptide did not cause a significant difference in the anti-titin band length (Table 10). In other 

words, adding MF30 and stabilizer peptide to the anti-titin antibody reduced the anti-titin labeling 

band length compared to the singly labeled myofibril with anti-titin. At the same time, they 
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increased the anti-titin labeling band by increasing the sarcomere length. The stabilizer peptide 

altered the staining pattern of the anti-titin by causing a decrease in the fluorescent intensity at the 

M-line along with the change in the labeling band length. This observation provides another insight 

about stabilizer peptide and anti-titin antibody competition for binding to titin within the sarcomere 

(Figure 29 E). 

 
Figure 28: Anti-titin labeling bands increased by increasing sarcomere length and altered by adding 
MF30 and stabilizer peptide.  

A: Singly labeled myofibril with anti-titin denoted the increase in the labeling band by sarcomere 
elongation. B, C, and D: Dual-labeled myofibrils with anti-titin and MF30, stabilizer, or destabilizer, 
respectively, pointed to the increase in the anti-titin labeling band when sarcomere length increased. 
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Significant difference in the anti-titin band to sarcomere length was noticed between the single and double-
labeled myofibrils with MF30 and stabilizer peptide (p<0.05). E: Dual labeling with the stabilizer peptide 
caused a decrease in the anti-titin labeling at the M-line that significantly differed from the staining pattern 
of the singly labeled myofibril. The sarcomeres on the right are from averaging 20-40 expanded sarcomeres. 
The expansion microscopy image profiles have been corrected for expansion magnification in this panel. 

 

4.7 Conclusion  

The field of expansion microscopy opened the door for acquiring high-resolution images 

using the regular confocal microscope and the physical expansion of the sample. Labeled myofibril 

with MF20 monoclonal antibody validated the expansion protocol by comparing it with known 

super-resolution microscopic images. Expansion microscopy image for MF20 labeled myofibril 

revealed a similar staining pattern to the photolocalization image. However, the Airyscan image 

had diminished staining pattern detail compared to the expansion microscopy image.  

Expansion microscopy revealed a detailed staining pattern for myofibrils labeled with 

MF20, MF30, stabilizer, and destabilizer peptides. It was apparent that the P-zone near the M-line 

was strongly labeled in all of them, with a gradual decrease in the fluorescence intensity toward 

the edges of the A-band. However, there was a variant reduction in the fluorescent intensity at the 

C-zone. Since the imaged myofibrils were in a rigorous condition, the interdigitated thick and thin 

filaments extended through the D- and C-zones and parts of the P-zone. In the overlapped region, 

some of the myosin heads are in contact with actin; therefore, myosin S2 was inaccessible to the 

anti-S2 antibodies or peptides to bind, and this blockage caused a reduction in D- and C- zones 

labeling. 

 It is thought that the MyBPC N-terminal region binds either to the thin filament or 

alternatively to myosin S2 which could compete with MF30 or anti-S2 peptides binding. The C-

terminal region of MyBPC may bind with high affinity to LMM, which could compete with MF20 

binding (23, 109). Therefore, the fluorescent intensity was decreased at the C-zone due to blocking 
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this site by MyBPC and preventing the antibodies and peptides from binding to myosin. Myofibril 

labeling with multiple antibodies at the same time clarified this competition with MyBPC as more 

decrease in the C-zone labeling when more antibodies were used simultaneously. 

This competition was further confirmed by comparing MF30-labeled cardiac tissue in the 

presence and absence of MyBPC. MF30 labeled the non-muscle myosin within the Z-disc in wt 

cardiac tissue as opposed to the c-MyBPC ablated cardiac tissue. Since the antigenic site on myosin 

S2 resembles that on the non-muscle myosin, S2 blockage with MyBPC caused MF30 binding to 

the Z-disc non-muscle myosin. However, higher amounts of MF30 labeled the C-zone rather than 

the Z-disc when c-MyBPC was knocked-out.  

As for the destabilizer peptide’s staining pattern did not change when the myofibrils were 

dual labeled with the stabilizer and/or anti-titin. However, the stabilizer peptide staining pattern 

changed with the destabilizer or anti-titin presence. Suggesting that the stabilizer peptide competed 

with the destabilizer to bind at myosin S2 and with anti-titin to bind at titin. Contrary to that, the 

addition of MF20 did not affect the staining pattern of the stabilizer peptide since they bind to a 

different location on myosin. 

Lastly, the anti-titin labeling band increased by increasing sarcomere length. It differed 

from the dual-labeled myofibrils with anti-titin and MF30 or stabilizer peptide but not with 

destabilizer peptide. Moreover, dual-labeling with anti-titin and stabilizer peptide caused a 

significant change in the staining pattern of the anti-titin. In contrast, the MF30 or the destabilizer 

peptide did not affect the staining pattern of the anti-titin. This finding suggests possible non-

specific binding of the stabilizer peptide to titin that might affect its intended function.  
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CHAPTER 5 

STABILIZER AND DESTABILIZER PEPTIDES IN LIVE MICE 

5.1 The Labeled Peptides Reached the Mice’s Hearts 

As the anti-S2 peptides displayed a promising result at the molecular and tissue levels 

experiments, it was time to try their effect in vivo. The mouse was chosen to test the peptides since 

it has genetic and physiological similarities with humans and is easy to raise and breed in the 

laboratory (111). Injecting the peptides bound to the guiding molecule “tannic acid” into live mice 

was crucial to know if the peptides could reach the cardiomyocytes and impact the cardiac 

function. 

Live mice were injected intravenously with 200 µl of 0.1 mM or 1 mM of labeled/unlabeled 

anti-S2 bound to tannic acid. The heart’s physiological functions of heart rate, stroke volume, and 

cardiac output were carefully monitored after the injection and compared with the results before 

the injection. Some hearts were excised after 24 hours and others after 7 days from the injection 

for further histological assessment. The hearts were stored either with immediate freezing in liquid 

nitrogen or fixed in a solution after washing. The extracted hearts were sliced in the cryostat and 

stained with Fluoromount G with DAPI to visualize myocyte nuclei.  

In order to confirm that the labeled peptides reached the heart, each slice from the sectioned 

heart was imaged with the epifluorescence microscope. The fluorescence amount in the slices were 

estimated and compared to the control heart slices (injected with tannic acid only) to estimate the 

amount of auto-fluorescence. The epi-ultraviolet light excited the DAPI stain and detected the 

cardiomyocyte nuclei through the blue filter, the epi-blue light excited FITC in the labeled 

destabilizer that was detected through the green filter, and the epi-green light excited TRITC in 

the labeled stabilizer and was detected through the red filter. 
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Figure 29: Epi-fluorescence microscopic images for heart slices from mice injected with tannic acid 
(control), FITC labeled destabilizer, and TRITC labeled stabilizer using blue, green, and red filters. 

A: Control images estimated the amount of auto-fluorescence in the mouse heart. B: Labeled destabilizer 
fluorescence with the 3 filters. C: Labeled stabilizer fluorescence with the 3 filters. D: The fluorescence 
intensity for the labeled destabilizer was the most with the blue and green filters; however, the labeled 
stabilizer had the most fluorescent intensity with the red filter. Images dimension ~4.9 X 4.9 mm. 
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Figure 30: Confocal microscopy images from mice hearts injected with tannic acid (control), FITC 
labeled destabilizer, and TRITC labeled stabilizer using 488 and 532 nm lasers.  

A, B, and C: Images for control, labeled destabilizer, and labeled stabilizer, respectively, were imaged with 
DIC, 488 nm, and 532 nm lasers. D: FITC labeled destabilizer was detected with the 488 nm laser and a 
slight bleed-through was noticed with TRITC labeled stabilizer at 488 nm, which was detected with the 532 
nm laser. Images dimension 0.11 X 0.11 mm. 
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The heart slices were imaged using the same conditions to detect if the labeled peptides 

reached the hearts. Figure 29A represents the auto-fluorescence detected in the control heart using 

3 filters. The labeled destabilizer and stabilizer heart slices were imaged using the same conditions 

of the control with the 3 filters (Figure 29 B and C). The fluorescent intensities for the control, 

stabilizer, and destabilizer in each channel used were compared in (Figure 29D). The labeled 

destabilizer peptide was detected with the blue and green filters; the fluorescence intensities were 

52% and 25% higher than the control, respectively. However, the stabilizer peptide had a 19% 

increase in the fluorescent intensity than the control detected in the red filter. According to the 

previous results, the fluorescently labeled anti-S2 peptides were able to reach the heart after IV 

injection into the mice. 

The previous result from the epi-fluorescence microscopy images indicated that some of 

the injected labeled peptides were able to reach the heart, which was further confirmed when the 

fluorescence intensities were estimated using the confocal microscope with the 488 and 532 nm 

lasers to find if the labeled peptides existed in the heart (Figure 30). The destabilizer peptide had 

a 48% increase in fluorescence intensity compared to the control with the 488 nm laser that excited 

FITC. Meanwhile, the stabilizer peptide had an 18% increase in fluorescence intensity compared 

to the control with the 532 nm laser that excited TRITC (Figure 30D). 

Both methods of imaging support that the peptides reached the heart and were detected 

even after 24 hours of intravenous injection. But the destabilizer peptide reached the heart at a 

higher concentration than the stabilizer, even though the injected amount was the same in both.   

5.2 Estimating the Amount of Labeled Peptides in Mice Hearts 

To assist the amount of the labeled peptides reached the heart after 24 hours of the injection, 

a normal mouse heart was sliced and stained with different concentrations of FITC or TRITC. The 
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slices were imaged with an epi-fluorescence microscope using the same conditions to image the 

peptides. The fluorescence intensities of the control were used to formulate a standard curve to 

calculate the peptides concentrations accordingly.  

The fluorescent intensity of the labeled destabilizer acquired from averaging the 50 slices 

of the heart is 2212, corresponding to 2.05 nMole in the FITC standard graph (Figure 31A). 

Meanwhile, the stabilizer peptide fluorescent intensity from averaging the 47 slices of the heart is 

1207, corresponding to the 0.31 nMole in the TRITC standard graph (Figure 31B). According to 

the previous calculations, the destabilizer peptide concentration in the heart after 24 hours from 

the injection was 6X higher than the stabilizer peptide. It is possible that some of the stabilizer 

peptide was degraded in the blood before reaching the heart; therefore, it might be useful to cap 

the stabilizer peptide to protect it from the enzymes that degrade it.  

 
Figure 31: The fluorescent intensity standard graphs of FITC/TRITC controls.  

A: Labeled destabilizer peptide average intensity from 50 slices of mouse heart (green star) corresponds to 
2.05 nMole from the FITC standard graph. B: Labeled stabilizer peptide average intensity from 47 slices 
of mouse heart (red star) corresponds to 0.31 nMole from the TRITC standard graph. 

 

5.3 Peptides Staining Pattern in the Cardiac Tissue 

When the mice were injected with the peptides, the peptides traveled with the blood to 

reach the coronary arteries. From there, the peptides diffused through the capillaries into the 



72 

cardiac tissue. The cardiac arterioles were found stained with the labeled destabilizer peptide 

supporting the previous idea (Figure 32). The blue filter image shows the cardiac nuclei stained 

with DAPI (Figure 32A); however, the green filter image showed few arterioles bound to the 

labeled destabilizer (Figure 32B). Since the destabilizer peptide reached the heart in a higher 

concentration than the stabilizer peptide, the stained arterioles with the peptides were more evident 

with the destabilizer. In (Figure 33) an arteriole stained with the labeled stabilizer was imaged with 

the red filter.  

 
Figure 32: Labeled destabilizer peptide-stained cardiac arterioles.  

A: Blue filter image showing cardiac nuclei stained with DAPI. B: Green filter image showing many 
arterioles bound to the FITC labeled destabilizer. Images dimensions are 0.8 x 0.7 mm. 

 

 
 

Figure 33: Labeled stabilizer peptide bound to an arteriole in mouse cardiac tissue.  

The labeled peptide was bound to a blood vessel after 24 hours of peptide injection when imaged with the 
red filter. Image dimensions are 0.32 x 0.24 mm. 

 
In addition to peptide binding to the blood vessels, the labeled destabilizer peptide was 

found bound to the T-tubules; it is possible that some of the peptide bound to the T-tubules before 
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it got into the cytoplasm of the cardiomyocyte (Figure 34). Further investigation will be undertaken 

to understand the nature of this binding, it might depend on the concentration of the peptide or the 

presence of an epitope on the T-tubules that the peptide recognized and bound to. 

 
Figure 34: Labeled destabilizer peptides bound to T-tubules in mouse cardiac tissue.  

T-tubules were stained with the destabilizer peptide from the apex of the heart, imaged with 63x oil, 1.4 
NA planapochromat Airyscan confocal. White arrows point to 2 T-tubules. Image dimensions are 37 x 38 
µm.   

 

Moreover, both peptides reached into the cardiomyocytes and labeled some of the A-bands 

in the sarcomeres within the cardiac tissue (Figure 35). To confirm that the fluorescence in the 

tissues was related to the labeled peptides, the emission wavelengths were recorded for the 

fluorescent tissues. The destabilizer peptide emission graph coincides with the FITC emission 

graph from the literature (Figure 36A), and the stabilizer peptide emission graph coincides with 

the TRITC emission graph from the literature (Figure 36B). This result further supports that the 

mice cardiac tissues absorbed the labeled peptide that interfered with cardiac function, as it was 

found that the labeled destabilizer peptide caused a significant increase in cardiac output in 24 

hours compared to the pre-injection levels (unpublished data). However, the labeled stabilizer did 
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not cause a significant change in the cardiac output, even though the unlabeled stabilizer peptide 

did.   

 
Figure 35: Labeled peptides stained some sarcomeres in mice cardiac tissue. 

A: Labeled stabilizer peptide in the left atrium of the mouse heart is labeling the A-bands in sarcomeres. B: 
Labeled destabilizer peptide in the left ventricle is labeling the A-bands. Imaged with 63x oil, 1.4 NA 
planapochromat Airyscan confocal. Images dimensions are 18 x 18 µm.  

  

 
Figure 36: Emission wavelength graphs of the labeled peptides. 

A: The emission graph of the destabilizer peptide coincides with FITC emission graph that has a peak close 
to 520 nm. B: The stabilizer peptide’s emission graph coincides with the TRITC emission graph with a 
peak close to 570 nm. 
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5.4 Labeled Peptides Effect on Sarcomere Lengths 

To detect if the labeled peptides altered cardiac muscle contraction, sarcomere lengths were 

measured from DIC images of cardiac tissue extracted after 24 hours of labeled peptides injection 

using the water immersion Apo-C 40X 1.6X NA. Shorter sarcomeres in comparison to the control 

indicate the possible effect of the peptide in increasing muscle contraction as it was hypothesized 

with the destabilizer peptide, however, if the sarcomere length is longer than the control, then the 

peptide relaxes the sarcomeres as expected with the stabilizer peptide in reducing muscle 

contraction. 

The control sarcomere was measured from the cardiac tissue of one mouse injected with 

tannic acid; the average of 184 sarcomeres was 1.15 ± 0.108 microns. Meanwhile, the average of 

160 sarcomeres from the cardiac tissue of one mouse injected with labeled destabilizer peptide-

tannic acid was 1.11 ± 0.12 microns. However, the average of 160 sarcomeres from the cardiac 

tissue of one mouse injected with labeled stabilizer peptide-tannic acid was 1.48 ± 0.17 microns 

(Table 11). The stabilizer peptide had the longest sarcomeres as it possibly induced the cardiac 

muscle to relax. It had a wider I-band than the destabilizer peptide with a thicker A-band (Figure 

37). The average sarcomere lengths that were measured significantly differed from the control (p-

values calculated from Student’s t-test were 4.4E-57 and 2.2E-4 in stabilizer and destabilizer 

peptides versus control, respectively).  

Table 11: Sarcomere lengths in cardiac tissue with TA, destabilizer, and stabilizer peptides 

Sample Sarcomere length average 
(micron) n 

Control/TA 1.15 ± 0.108 184 
Stabilizer peptide 1.48 ± 0.173 160 
Destabilizer peptide 1.11 ± 0.120 160 

n is the number of sarcomeres measured from one mouse each 
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Figure 37: Sarcomere lengths distribution among the measured sarcomeres from mice injected with 
tannic acid (control), labeled stabilizer, and labeled destabilizer peptides.  

A: The distribution of 184 sarcomeres from DIC images of cardiac tissue from mouse injected with tannic 
acid was measured with an average of 1.15 ± 0.108 micron (p-value =0.01 from chi- squared test). B: The 
distribution of 160 sarcomeres from DIC images of cardiac tissue from mouse injected with labeled 
stabilizer peptide were measured with an average of 1.48 ± 0.173 micron (p-value =0.09, from chi-squared 
test indicating normal distribution). The microscopic image on the right shows a wider I-band as the 
myofibril was extended. C: Distribution of 160 sarcomeres from DIC images of cardiac tissue from mouse 
injected with labeled destabilizer peptide were measured with an average of 1.11 ± 0.120 micron (p-value 
< 0.005 from chi- squared test). The microscopic image on the right shows a wider A-band as the myofibril 
was relatively contracted. Images dimensions are 19.5x7.8 microns. 
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The estimated sarcomere lengths indicated that peptides’ effects on mice hearts are dose 

and time dependent.  For example, if the hearts were extracted after 6 hours of the injection, they 

probably would indicate different sarcomere lengths. Injecting more mice with various 

concentrations of labeled and unlabeled peptides and extracting the hearts at different times will 

provide more accurate data about the effect of the peptides on cardiac tissue as will be performed 

very soon. 

5.5 Conclusion 

Tannic acid seems to aid anti-S2 peptides reaching the mice’s hearts after intravenous 

injection. The injected 0.1 mM fluorescently labeled peptides were detected in the heart tissue 

using epifluorescence and confocal microscopes. The amount of destabilizer peptide that reached 

the heart was approximately 6X more than the stabilizer peptide. It is possible that some of the 

peptides were degraded by the proteases of the blood (112). This provokes the search to improve 

the stability of the administered peptides to reduce their potential for degradation.  

Super-resolution microscopy images showed labeled peptides bound to the coronary 

arterioles before they entered the cardiac tissues, while some labeled destabilizer peptides bound 

to the T-tubules. Some A-bands within the cardiomyocyte sarcomeres were also detected and 

labeled with the conjugated peptides. The average sarcomere length calculated from cardiac tissue 

extracted after 24 hours from labeled stabilizer peptide injection indicated longer sarcomeres than 

control. However, with labeled destabilizer, the average sarcomere length was slightly shorter than 

the control. 

The anti-S2 peptides demonstrated promising results, which may qualify them to be tested 

as therapeutic drugs in treating cardiomyopathies in the future. However, further trials are needed 

to optimize the dose, the frequency, and the administration method of the peptides into the body 
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to obtain the desired effect. The sequence of the amino acids of the peptides might be adjusted to 

have a more potent effect and/or to protect them from degradation. 
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CHAPTER 6 

DISCUSSION AND CONCLUSION  

Even though myosin thick filaments have identical sequence, yet each can be present in a 

different state (113). During muscle contraction, one of the myosin heads stays in the folded state, 

stabilizing the free head and alternating between the folded and free states  (114).   Myosin S2 has 

a significant role in stabilizing the folded head by interacting with it. Some mutations in the cardiac 

myosin S2 disrupt the stability of the folded head, leading to hypertrophic cardiomyopathies. This 

invoked the idea of designing synthetic peptides to reach the heart and modulate its contraction. 

The destabilizer peptide simulated the mutation’s effect in destabilizing myosin heads to increase 

muscle contraction, and the stabilizer worked on reducing muscle contraction. 

Anti-S2 peptides, the stabilizer and destabilizer, were appended to tannic acid to allow 

them to reach the heart and interfere with cardiac contractility. The 19 residues destabilizer peptide 

was designed to have a similar sequence to myosin S2 except in a few residues, which were 

replaced with other residues to allow the peptide to bind to the myosin S2 monomer stronger than 

the other monomer, thus disrupting the dimer formation. Therefore, when two destabilizer peptides 

bind to the myosin S2 dimer, the heads stay in the ON state endorsing muscle contraction. 

However, the stabilizer peptide is a 17 residues synthetic peptide composed mostly of positively 

charged amino acids that recognize the negative amino acids on myosin S2 and potentially wraps 

around it, thus stabilizing the OFF state. 

Both the stabilizer and destabilizer peptides were tested using dynamic and mechanical 

computational simulation to detect the nature of binding with myosin S2 (102). The stabilizer was 

able to induce 9 times more stability on the E930del mutated myosin according to the mechanical 
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simulation data. While the destabilizer binding force to the myosin was 3 times stronger than the 

myosin dimerization force, inducing instability in the dimer.  

Anti-S2 peptides were tested using different assays like gravitational force spectroscopy 

(GFS), fluorescence resonance energy transfer (FRET), fluorescence anisotropy, in vitro motility 

assay, and many other experiments. For example, the FERT assay proved that the stabilizer peptide 

had a lower lifetime and the destabilizer peptide had a higher lifetime in myosin S2 from striated 

muscle (115). 

The amount of sarcomere shortening in myofibrils after the addition of ATP was assessed 

in the presence and absence of the anti-S2 peptides. The sarcomeres with the stabilizer peptide 

displayed longer sarcomeres compared to the control, meaning that it induced muscle relaxation. 

However, the sarcomeres treated with the destabilizer peptide had an increase in sarcomere 

shortening due to the increase in muscle contraction (116).    

In this study, the anti-S2 peptides were further tested using spectroscopic and microscopic 

experiments. The MF20, MF30, and polyclonal antibodies that bind to LMM or myosin S2 were 

used to simulate myosin mutations, and they helped in understanding the binding of the synthetic 

peptides to myosin S2. MF20 was used as a control in some experiments, while it was also used 

to validate the expansion microscopy technique.  

6.1 Anti-S2 Peptides/Antibodies Bind to Myosin S2 with High Affinity 

The change in the anisotropy reading confirmed the binding of the stabilizer and 

destabilizer peptide to myosin S2. The myosin dimer is almost 100X heavier than the anti-S2 

peptide, therefore, when it was added to the fluorescently labeled peptides, it reduced peptides 

rotation in the solution causing an increase in the anisotropy reading.  

Fluorescence anisotropy and TIRFS showed that fluorescently labeled anti-S2 peptides and 
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antibodies have a high affinity to myosin. However, previous work in the lab estimated the 

peptides’ affinity to myosin using cELISA to be higher when unlabeled, meaning that the 

fluorescent labeling of the peptides reduces their affinity to myosin (116).  

The addition of anti-S2 peptides or antibodies to myosin stabilized the unfolded myosin 

upon binding, and they also shifted some of the unbound myosin from the folded into the unfolded 

state to maintain the equilibrium between the two states. This was extrapolated from the binding 

graphs that favored the sigmoidal fitting over the hyperbolic fitting. On the other hand, when 

myosin was added to the anti-S2 peptides or antibodies, the folded and unfolded states of myosin 

stayed in equilibrium, and no shifting was noticed in fluorescence anisotropy. 

Based on the concerted and sequential equations, MF30 and destabilizer peptide bind 

cooperatively to myosin, which means binding the antibody or the peptide to myosin S2 breaks up 

the dimer, thus allowing more antibodies or peptides to bind. The stabilizer peptide displayed 

cooperative binding too, the way the peptide wraps around myosin S2 possibly affects stabilizing 

the OFF state, which probably causes disruption to the interacting heads motifs in the filament and 

makes other myosins S2 accessible for more peptides. 

6.2 Anti-S2 Peptides Modulate Myosin S2 Helicity 

As the stabilizer peptide wraps around the wild type myosin, it stabilizes and improves the 

helicity of the coiled-coil. It was found that only one stabilizer peptide binds to the wt myosin. 

However, two stabilizer peptides are needed in the mutated cardiac myosin with E930del to 

stabilize it and improve the helical content of the myosin dimer. Meanwhile, the destabilizer 

peptide unzipped the cardiac myosin S2 coiled-coil reducing the helical content of S2, and it was 

found that 2 destabilizer peptides were needed to disrupt the helicity, one peptide at each strand. 
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Destabilizer peptides binding to myosin are thought to stabilize the unfolded state despite reducing 

the helicity of that segment.    

6.3 Expansion Microscopy Disclosed Anti-S2 Peptides and Antibodies Staining Patterns in 
Myofibril 
 
Expansion microscopy images for sarcomeres stained with MF20 revealed a similar 

staining pattern as other super-resolution photolocalization and Airyscan microscopic images.  

Expanded images of MF20 and MF30 revealed strong labeling of the P-zones next to the M-line 

in the middle of the sarcomere, then gradually decreased fluorescent intensity toward the edges of 

the A-band at the D-zone. This pattern of staining is believed to be due to the rigor condition of 

the myofibrils, where myosin and actin overlap and extend through the D-, C-, and parts of P-

zones in the A-band. Myosin S2 accessibility was reduced at the overlapped region due to myosin 

heads binding to actin filament, leading to reduced labeling in this area. 

 The reduction in the fluorescence intensity at the C-zone was more distinct with MF30 

than MF20 due to the competition with MyBPC. MF30 and MF20 competed with MyBPC to bind 

at myosin S2 and at the N-terminus of LMM, respectively. This competition was more distinct in 

dual and triple-labeled myofibrils; the more antibodies used, the more decrease in the fluorescent 

intensity at the C-zone detected. This competition was further confirmed when ablated MyBPC 

cardiac tissue labeled with MF30 revealed labeling for the A-band without reduction at the C-zone. 

This supports the notion that MyBPC blocks the C-zone and competes with the antibody/peptide 

preventing them from binding. 

The stabilizer and destabilizer peptides labeled the P-zone strongly with a gradual decrease 

in the fluorescent intensity toward the edges of the A-band. Peptides labeling were reduced at the 

C-zone due to S2 blockage by MyBPC. The stabilizer peptide has a slight increase in the 

fluorescent intensity at the edge of the D-zone. This increase can be explained by the effect of the 
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stabilizer peptide in relaxing sarcomeres, reduction in actin-myosin interdigitation leaves more 

myosin S2 available for the stabilizer peptide to bind. 

6.4 Stabilizer Staining Pattern is Affected by Myofibril Dual Labeling 

The staining pattern of the stabilizer peptide was altered when the myofibril was dual 

labeled with stabilizer and destabilizer or anti-titin. Even though the stabilizer has a higher affinity 

to myosin S2 than the destabilizer peptide, the destabilizer design complements the myosin S2 

strand and binds more specifically to it. The destabilizer peptide competed with the stabilizer 

peptide that blocked some areas within the A-band resulting in a different staining pattern from 

the stabilizer alone. Titin also possibly has epitopes where the stabilizer peptide recognizes and 

binds. This conviction was observed from the reduction in the labeling of the stabilizer peptide 

when the myofibril was dual labeled with anti-titin. On the other hand, myofibril double labeled 

with MF20 did not affect the staining pattern of the stabilizer peptide since the antibody binds to 

the LMM, not on S2, where the stabilizer peptide binds. 

The destabilizer peptide staining pattern was not affected when the myofibril was dual 

labeled with the stabilizer peptide or anti-titin, suggesting that the presence of the stabilizer peptide 

did not affect the destabilizer binding and that the destabilizer does not interact with titin in 

myofibrils. 

6.5 Anti-Titin Labeling Band Increased by Increasing Sarcomere Length and Altered by the 
Addition of MF30 and Anti-S2 Peptides  
 
When a muscle sarcomere relaxes, titin extends by “springs” uncoiling along the 

sarcomere. The anti-titin that was used in this experiment has epitopes against the titin that is closer 

to the M-line. It was extrapolated from expansion microscopy images that the anti-titin band 
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increased by increasing sarcomere length, which suggests that titin epitopes move apart as the 

sarcomere relaxes.  

It was observed that the destabilizer peptide did not alter the anti-titin staining pattern or 

the length of the labeling band in the dual-labeled myofibril. On the other hand, dual-labeling with 

stabilizer peptide affected both, and dual labeling with MF30 affected the length of the labeling 

band, not the staining pattern of anti-titin. 

6.6 Anti-S2 Peptides In vivo Trials Reached the Heart and Labeled Some Sarcomeres 

Intravenous injection of fluorescently labeled or unlabeled anti-S2 peptides into mice 

circulation traveled with the blood to reach the coronary arteries and arterioles of the heart; then 

they diffused through the capillaries into the extracellular matrix of the cardiomyocytes.  

The fluorescently labeled peptides from the heart slices were detected through 

epifluorescence and confocal microscopes. The autofluorescence was estimated from the control 

heart of a mouse injected with tannic acid. The estimated fluorescence in the cardiac tissues after 

labeled peptides injection was higher than that from the control, confirming the presence of the 

peptides in the heart tissues.  

Almost a third of the injected labeled destabilizer peptide reached the heart of the mouse, 

which is 6 times more than the labeled stabilizer peptide. The labeled peptides were found bound 

to some cardiac blood vessels as they diffused through them into the extracellular matrix, then to 

the sarcomeres, where they labeled some of the A-bands in the cardiac muscle sarcomeres. In 

addition, the labeled destabilizer peptide labeled some T-tubules within the cardiac tissue. This 

finding suggests a possible path of the peptides within the T-tubules before reaching the 

sarcomeres. It is also possible that the T-tubules have an antigen that the peptides recognized and 

bound to.  
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Echocardiography results indicated that the fluorescently labeled destabilizer peptide 

caused a statistically significant increase in cardiac output after 24 hours from the injection 

compared to the pre-injection level. However, no significant increase was noticed with the 

unlabeled destabilizer peptide (unpublished data). It is possible that the fluorophore protected the 

peptide from degradation inside the body; therefore, modifying the destabilizer peptide by capping 

it might protect the peptide from degradation before reaching the heart. The unlabeled stabilizer 

peptide caused a significant decrease in the stroke volume in 24 hours that was compensated by 

an increase in the heart rate resulting in no significant change in the cardiac output.  

6.7 Labeled Peptides Effect on Sarcomere Lengths in Live Mice Cardiac Tissue 

The stabilizer peptide is believed to stabilize the OFF-state myosin heads, making them 

unavailable for actin filament. When myosin heads are blocked, muscle contraction is reduced, 

leading to an extended sarcomere. The sarcomere lengths were measured in cardiac tissue 

extracted after 24 hours from injecting labeled stabilizer peptide, and it was found that the average 

sarcomere length was longer than the average length of the sarcomere from the control heart tissue 

suggesting the possible effect of stabilizer in relaxing cardiomyocyte.  

 On the other hand, labeled destabilizer peptide caused a slight shortening in cardiac 

sarcomere after 24 hours from the injection compared to the control, but not in the longer term. It 

is possible that the half-life of the destabilizer peptide is not long enough to promote muscle 

contraction after 24 hours, or maybe the injected dose was insufficient to induce cardiac muscle 

contraction. 

6.8 Conclusion  

Anti-S2 peptides and antibodies (MF20 and MF30) were determined to bind cooperatively 

with high affinity to myosin based on their binding graphs from TIRFS. As the destabilizer peptide 
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was designed to disrupt myosin stability by breaking S2 coiled-coil, absorbance spectroscopy 

indicated that the destabilizer peptide reduced the helical content of the synthetic myosin S2 by 

14%. However, when the stabilizer peptide wrapped around myosin S2, it improved the helical 

content of the coiled-coil by 24% in wt myosin. 

Expansion microscopy determined the binding sites of the fluorescently labeled anti-S2 

peptides and antibodies in skeletal and cardiac myofibrils with high resolution. MyBPC prevented 

anti-S2 peptides and antibodies from binding to myosin at the C-zone. The competition between 

anti-myosin and MyBPC was further confirmed using cardiac tissue lacking MyBPC. MF30- 

labeled KO cardiac myofibril revealed intense labeling for the A-band without reduction at the C-

zone, this finding indicated that MyBPC presence blocks the anti-myosin peptide from the C-zone. 

Anti-S2 peptides interaction with titin was also studied using an anti-titin antibody; It was noticed 

that the stabilizer labeling pattern in skeletal myofibril was affected by the presence of anti-titin; 

meanwhile, the destabilizer labeling pattern was not affected by anti-titin. Therefore, the possible 

interaction between stabilizer peptide and titin is expected, which might interfere with muscle 

contraction.   

Anti-S2 peptides coupled with tannic acid were able to reach the heart in live mice after IV 

injections. Even though not all of the injected peptides reached inside the cardiomyocytes, they 

were able to alter the physiological function of the hearts. The amount of the destabilizer peptide 

that reached the heart after 24 hours from the injection was 6X higher than the stabilizer peptides. 

It was noticed that the anti-S2 peptides labeled some cardiomyocyte sarcomeres, T-tubules, and 

cardiac arterioles, which brings up the speculation about their route before reaching into the 

cardiomyocytes. Sarcomere length measured after 24 hours of injecting labeled stabilizer peptide 

revealed a more extended sarcomere than the control, however, slightly contracted sarcomeres 
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after destabilizer peptide injection was observed. Optimizing the administration methods of the 

peptides, dosage, and frequency, in addition to peptides’ protection from degradation before 

reaching the heart make the peptides a promising drug in treating cardiomyopathies’ diseases and 

saving lives.
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