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The stability of myosin subfragment 2 was analyzed using gravitational 

force spectroscopy.  The region was found to destabilize under physiological 

force loads, indicating the possibility that subfragment 2 may uncoil to facilitate 

actin binding during muscle contraction. As a control, synthetic cofilaments were 

produced to discover if the observations in the single molecule assay were due to 

the lack of the stability provided by the thick filament. Statistically, there was no 

difference between the single molecule assay data and the synthetic cofilament 

assay data. Thus, the instability of the region is due to intrinsic properties within 

subfragment 2.   
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INTRODUCTION 

Background 

Myosin is a contractile protein which works cooperatively with other 

proteins within muscle tissue to produce muscle contraction. Myosin exists as a 

coiled-coiled dimer that consists primarily of two polypeptide chains deemed 

heavy chains. Each heavy chain consists of a tail-like rod region that is primarily 

alpha-helical and eventually converges into a large, globular head region with 

two smaller polypeptides bound to the base of the head (1). The small 

polypeptides are called the essential light chain and the regulatory light chain. 

The globular head is catalytically active, having ATPase activity and a site for 

actin binding (1, 2). These functions are essential to muscle contraction. 

 Muscle tissue is made up of myoblasts (muscle cells) fused together 

forming a long fiber. Within the fiber are bundles of myofibrils which consist of 

several contractile units called sarcomeres. The sarcomere (Figure 18) is the 

functional unit of the muscle cell, which consists of several proteins that 

cooperatively bring about the contraction of muscle. The main proteins consist of 

an accumulation of myosin molecules which form the thick filament and 

polymerized actin which forms the thin filament (3-5).  

During initiation of muscle contraction, an influx of calcium through the 

sarcoplasmic reticulum induces conformational changes in regulatory proteins on 

the actin filament, exposing the myosin docking sites. Because of the site 
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exposure, myosin is now free to bind to the actin filament. Hydrolysis of ATP 

attached to myosin causes the actin-myosin crossbridge to form. The 

disassociation of ADP and inorganic phosphate causes the myosin to reorient its 

head into a cocked position, sliding the actin filament along the thick filament. 

The crossbridge is broken upon the binding of another ATP molecule. This is the 

basis for muscle contraction (1). 

The complete molecular basis for muscle contraction due to the structural 

properties of myosin is not fully understood. For instance, it was determined that 

myosin has regions of disrupted structural stability within its rod region that if 

mutated would destroy or hinder the functionality of muscle contraction (5). Yet 

currently there is no accepted molecular model that demonstrates all the 

structural functions behind the myosin rod. Several theories suggest that the 

rod’s structure is a means of flexibility that allows the myosin to stretch out and 

reach actin filaments during muscle contraction. However, the exact way in which 

the myosin rod allows for flexibility and the degree of instability within the rod 

region is unclear (6, 7).  

Force Microscopy 

Structural studies on single myosin molecules provide insight into the 

function of the myosin rod region. Force spectroscopy imposes a load upon 

single molecules such that measured change in the strain upon the molecule 

indicates changes in the molecule’s structure. In particular, atomic force 
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microscopy and optical traps have been used to provide information on the step 

sizes and the rigidity of the rod region (1, 8-10). 

Atomic force microscopy uses a finely sharpened cantilever to physically 

probe molecules. Atomic force microscopy is also referred to as a type of 

scanning probe microscopy that records the cantilever’s response through a 

piezoelectric crystal transducer as it moves over the surface of a sample in a 

raster-patterned scan to measure force between the tip and the sample. Sensors 

located within the apparatus relay fluctuations in the transduction of force. An 

assessment of stable regions within myosin can be made by coating the surface 

of the slide with a sticky substance and pulling the myosin with antibodies or 

other high binding affinity molecules such as actin. The forces applied can be 

graded or stepwise (8). The simultaneous force and velocity of ATP-dependent 

actin/myosin interaction can be determined by the bending of a myosin coated tip 

of a cantilever along actin filaments (8). 

Optical traps are another form of force spectroscopy in which a laser 

beam focused through the microscope optics influences the motion of small 

particles. In an optical trap, actin is attached to polystyrene beads trapped within 

a laser beam. An optical trap uses a focused laser beam to hold polystyrene 

beads in the center of its beam (1). The optical trap is based upon the transfer of 

momentum from laser beam to the bead it passes through. Refraction of the 

beam’s photons as they pass through medium and the bead creates a force that 

traps the particle within the focal plane of the bead. The bead must have a higher 
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refractive index than the surrounding medium. Generation of external force 

caused by the movement of myosin heads move the bead from the center of the 

beam. The bead experiences a restoring force from the beam that pulls it back 

toward the center which can be measured using back focal plane interferometry. 

In other words, the displacement of the beads in the focal plane relative to the 

optical trap can be detected by measuring intensity shifts in the back focal plane 

of the microscope condenser by projection onto a quadrant diode. It is possible to 

measure unitary displacements of the actin from this method and to measure the 

unbinding force of myosin and actin (8-10). However, one major limitation of this 

technique is its inherently low signal to noise ratio resulting from the large, 

thermally-induced excursions of the bead-actin-bead system (1). 

Gravitational force spectroscopy, like the previously mentioned types of 

force spectroscopy can also be used in a manner to determine the length myosin 

stretches to reach an actin monomer. In gravitational force spectroscopy, single 

molecules are stretched by attached microspheres, weighed down by the force of 

gravity. Distances beyond the theoretical resolution of light microscopy can be 

measured by the gravitational force spectrometer (GFS) because the length of 

the molecule is indirectly measured. By calculating the displacement of two 

myosin-linked beads, we are able to measure the length of the molecule attached 

between them by subtracting out both beads radii. The remaining distance is the 

length of the molecule attached between them. A change in the length of the 

molecule compared to its native length indicates lack of stability or increased 
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flexibility of the molecule’s structure. In this way we can assess the flexibility of 

the molecule (11). 

Disease Implications 

Familial hypertrophic cardiomyopathy is a genetic disease that is 

characterized by thickened cardiac muscle in the left ventricle wall. The disorder 

is difficult to diagnose in its early stages because affected patients are usually 

asymptomatic or experience sudden cardiac death. Post mortem diagnosis often 

occurs in cases of sudden death in young athletes who have otherwise shown no 

physical distress or impairments. Molecular genetic studies can identify 

mutations in 60% to 80% of the cases. However, its complex, time-consuming 

and costly nature, coupled with an inadequate assessment of genotype-

phenotype relationships, limits its routine application (12). Approximately two-

thirds of the patients with hypertophic cardiomyopathy have a family history of 

HCM and thus have familial HCM. The remaining HCM patients have 

spontaneous occurrence of HCM which may be due to mutations that arise de 

novo (13). 
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FIGURE 1: Location of familial hypertrophic mutation sites on the myosin heavy 

chain gene MyH7.  The markers indicate the positions of mutations in the amino 

acid sequence. The majority of mutations occur within the head (S1); however, 

there are a significant amount of mutations that occur at the S1/S2 hinge. The 

mutation sites are taken from a list of mutations formed by Richard et al (14). 

This figure is not drawn to scale.  
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Genetic analysis shows that several mutations linked to this disorder are located 

in beta cardiac myosin rod and hinges. In 10-30% of hypertrophic 

cardiomyopathy kindreds, the disease is caused by any one of numerous 

missense mutations in the cardiac beta-myosin heavy chain (MYH7) gene (4).  

Myosin is a contractile motor protein that is capable of generating muscle 

contraction through cycling of cross-bridge formation with another contractile 

protein called actin in muscle cells. The myosin protein can be fragmented 

through tryptic digestion and separated through centrifugation (15, 16). Light 

meromyosin consists of the portion of the rod region that is tethered together and 

forms the entirety of the thick filament; whereas, heavy meromyosin consists of 

the head portion (actin binding site), and a portion of the rod.  Heavy meromyosin 

can be further degraded into smaller fragments designated by so called hinge 

regions heavily susceptible to degradation. These subfragments are designated 

S1 (myosin head, portion of rod) and S2 (rod region, lever arm) (16). It is here 

that we find over 30% of FHCM-causing mutations. The mutations do not occur 

randomly in the structure but, rather, cluster to four discrete localizations in the 

head and to the proximal portion of S2. Many of the mutations (Figure 1) lie at 

the interface between structural domains and may influence the transduction of 

chemical energy into movement (4). 

Most of these mutations occur at the hinge regions and are thought to 

cause destabilizing effects in the secondary structure of the protein. The 

structure of the rod portion is a coiled-coiled helix that generally follows a heptad 
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repeat of hydrophobic amino acid residues. Through hydrophobic interactions, 

these residues are thought to stabilize the rod by holding the helices together 

(17). Application of force to the region can be used to simulate the stressors 

placed upon the heart muscle (9). As a result, several studies have been done to 

induce stress on myosin at the molecular level using a variety of techniques, 

which include force spectroscopy.  

Objectives 

It was intended through this study to further investigate the displacement of 

the myosin dimer due to the applied force upon the subfragment 1 (S1) portion of 

the protein in order to characterize the stability of myosin.  Using instrumentation 

developed in the Root lab, I subjected the S1 portion of myosin to a specific 

range of forces using the gravitational force spectrometer. Gravitational force 

spectroscopy involves attaching a regular light microscope to a rotatable 

equatorial mount. Slides were prepared by coating them with an adhesive 

substance (nitrocellulose) so that the larger beads would adhere to the slide, 

while smaller beads gain mobility by tethering themselves to the larger, stationary 

beads using actin-myosin binding interactions.  

By taking advantage of myosin’s affinity for actin one can vary forces 

attached to the head region by coating different sized microspheres with actin. 

Placing the actin-coated microspheres in a buffer that encourages actin and 

myosin binding allows the beads to become attached to the head portion of 

myosin. The solution is placed on a slide coated with nitrocellulose to allow for 
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the immobilization of the larger bead from a tethered bead pair. A bead pair is 

located on the slide by adjusting the fine focus of the microscope, revealing a 

small bead suspended in the middle focal plane.  

Since the solution of actin coated beads block actin from binding to itself, it 

can be assumed the point where the small and large bead converges is formed 

by the myosin-actin tether. Tethered beads can now undergo automated rotation 

using the GFS apparatus which one can set to capture images of the beads as 

they move from a minimum separation distance to a maximum separation 

distance back toward another minimum separation distance. This can be 

calculated using imaging software (IMAGEJ) to locate the precise, centroid 

position of the two beads throughout the course of its rotation. The information 

obtained can be used to calculate the centroid displacement of the two beads. 

The resulting displacements reflect the lengths of the stretched protein (myosin) 

tethered between the two beads. An analysis of multiple displacements is used to 

create an interpretation of the stability of the single myosin dimer under various 

force loads. 

Potentially, the analysis of myosin’s stability using gravitational force 

spectrometry has many advantages. This research is useful because it is an 

inexpensive and efficient way to show single molecule force relationships which 

can determine stability of certain regions. Also, data generated from this research 

can be used as a model for stress relationships on myosin as it undergoes the 

power stroke during muscle contraction. Other studies such as those done using 
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signal transducers rely on indirect generation of a force (18). Under physiological 

conditions, however, myosins typically operate against a load, making it desirable 

to study myosin force generation in the presence of a mechanical load (9). The 

main focus of this study is to use force distance analysis to determine the effect 

of force on the stability of the myosin dimer. And as a control, I will measure the 

effect of the thick filament on this stability using cofilaments of myosin and rod 

fragments. The entire study has the potential to reveal the maximum force that 

myosin can undergo before it becomes unstable, manifesting the disease state, 

and hopefully will lead us to understand why mutations effecting particular sites 

on myosin cause FHCM and not other disorders. 
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MATERIALS AND METHODS 

Preparation of Myosin  

Prior to the day of the dissection of the rabbit, 20 L of cold filtered, distilled 

water and 1 L of extraction buffer ( 0.3 M KCl, 0.072 M NaH2PO4, 0.063 M 

K2HPO4, 0.001 M EDTA, pH 6.5) were prepared. The rabbit is euthanized prior to 

dissection by ketamine/xylazine (50 mg/10 mg) given intramuscular followed by 

pentobarbital (100 mg/kg) given intracutaneous by the vivarium staff. The blood 

is drained from the rabbit by cutting the blood vessels in the neck with a scapel. 

A lateral incision was made along the dorsal side and the white meat was 

excised from the muscle parallel to the spine. The meat was passed through a 

Krupps meat grinder three times and weighed. 

 An approximation of the density of the ground meat (1 g/mL) was used to 

calculate the volume of the ground meat. A volume of extraction buffer equaling 

three times the volume of the ground meat was added to the ground meat. The 

mixture was stirred gently for 15 minutes. A volume of cold distilled water 

equaling ten times the volume of the ground meat was added to the solution of 

ground meat and extract buffer. The mixture was gently stirred for 20 minutes. 

The mixture was poured into a funnel containing four layers of cheese cloth 

resting atop a flask to separate most of the extracted myosin through filtration. 

Both the filtrate and the filtered material on the cheese cloth were saved for later 



 

12 
 

use. A volume of distilled water equaling fifteen times the volume of the filtrate 

was added to the filtrate. The precipitate was allowed to settle overnight at 4 °C.   

 On the following day, the clear filtrate was decanted off the precipitated 

myosin at the bottom of the beaker. The myosin precipitate was centrifuged at 

7,000 RPM for 10 minutes in the GSA rotor. The supernatant was decanted and 

the pellets were re-suspended in approximately 5 mL of 2 M KCl. The pellets 

were combined and their total volume was measured. The concentration was 

reduced to 0.5 M KCl by adding 2 M KCl. The concentration was reduced to 0.3 

M KCl by adding cold distilled water. The mixture was centrifuged at 9,000 RPM 

for 45 minutes to pellet contaminants. Cold, distilled water was added to the 

supernatant to reach a final concentration of 0.033 M KCl. The procedures in this 

paragraph were repeated once. 

 The myosin was stored by flash freezing. First the myosin was centrifuged 

at 100,000xg for 2 hours. The supernatant was transferred in 0.1 mL aliquots to 

microfuge tubes. The myosin was frozen in liquid nitrogen and stored at -70 °C. 

Actin Preparation 

 The filtered material from the cheesecloth in the myosin preparation was 

extracted at room temperature for 5 minutes twice with 1 L extraction buffer (0.6 

M KCl, 0.04 M NaHCO3, 0.01 M Na2CO3). The extract was filtered with an equal 

volume of water through the cheesecloth. The residue was weighed. The weight 

of the residue was converted to volume by multiplying the weight by the 

reciprocal of the residue’s density (1 g/mL). The residue was washed with 5 
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times its volume in 0.4% NaHCO3 solution for 30 minutes at room temperature 

and filtered through cheese cloth. The residue was weighed and the weight was 

converted to volume again. Then it was washed with 3 times its volume in 

acetone underneath the ventilation hood for 10 minutes and filtered through 

cheesecloth. The acetone wash was repeated twice and the filtered material was 

allowed to dry overnight at room temperature. The acetone powder was scraped 

off and stored desiccated at -20 °C. 

 Five grams of acetone powder was weighed. A 1 L stock of G-Buffer (0.2 

mM ATP, 0.2 mM CaCl2, 0.5 mM β-mercaptoethanol, 2 mM Tris, pH 7.6) was 

prepared. The acetone powder was extracted with 30 mL of G-Buffer for 2 hours 

at 4 °C. The extract was spun in a Sorval centrifuge for 15 minutes at 15,000 

RPM in the SS34 rotor. The supernatant was filtered through a 0.45 μm HA filter. 

KCl was stirred into the supernatant to achieve a final concentration of 50 mM 

KCl along with MgCl2 to a final concentration 1 mM MgCl2. The solution was 

allowed to polymerize for 1 hr at 22 °C. Then, KCl was added to the solution to a 

final concentration of 0.6 M KCl. The solution was allowed to incubate for 0.5 hr 

at 22 °C. The solution was spun in the TL100 ultracentrifuge at 40,000 RPM for 

0.5 hr at 4 °C in the TLA 100.3 rotor. The supernatant was discarded and the 

pellet was re-suspended in a total of 3 mL of G-Buffer. The suspension was then 

dialyzed against two changes of G-Buffer overnight at 4 °C. The dialyzed 

suspension is centrifuged at 40,000 RPM for 1 hr at 4 °C in the TLA 100.3 rotor 

in the TL100 ultracentrifuge. The pellet was discarded and the absorbance of 
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actin in the supernatant was obtained from a spectrophotometer set at a 

wavelength of 290 nm with a path length of 1 cm. The concentration of the actin 

was calculated using a rearranged form of Beer-Lambert’s law equation: 

concentration = absorbance / (ε x path length). The molar absorptivitiy coefficient, 

ε, for actin at a wavelength of 290 nm is equal to 26,500 M-1cm-1. So, the actual 

values for the path length, absorbance reading, and the molar absorptivity 

coefficient were substituted in the equation to determine the concentration.  

Preparation of Myosin Subfragments 

In order to obtain a pure sample of myosin rod fragments, 1-2 mL of 130 

μM stock myosin stored as flash frozen in 50% glycerol at -20 °C was dialyzed 

against 1 L of 0.5 M KCl, 10 mM imidazole, pH 7.0 overnight at 10 °C and 

ultracentrifuged at 47,000 RPM in a TLA 100.3 rotor for 1 hour at 4 °C. The 

supernatant was removed and dialyzed against 1 L of 0.1 M KCl, 10 mM 

imidazole, pH 7.0 overnight at 10 °C. A 150 μL portion was saved for gel 

electrophoresis. 

Fragmentation of myosin was achieved by adding 0.3 M EDTA in 0.32 M 

Tris, pH 7 to the dialyzed supernatant to obtain a final concentration of 2.0 mM 

EDTA and warmed to room temperature. A fresh stock of 5 mg/mL α-

chymotrypsin was added to the myosin for a final concentration of 0.05 mg/mL. 

After incubation at 22 °C with shaking for 15 minutes in α-chymotrypsin, the 

proteolysis was stopped by adding 30 μL/mL of a stock of 100 mM 

phenylmethylsufonylfluoride (PMSF). 
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FIGURE 2: Fragments of myosin produced by enzymatic digestion. The fragments 

used to form the synthetic cofilaments were produced by removing the S1 

fragment leaving the rod portion of the molecule. This figure is not drawn scale. 
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The proteolyzed myosin products were dialyzed overnight at 10 °C in 1 L 

of 0.04 M KCl, 10 mM imidiazole, pH 7.0. A 150 μL portion was saved for gel 

electrophoresis. To separate the fragments the proteolyzed products were 

centrifuged at 47,000 RPM in TLA 100.3 rotor for 1 hour at 4 °C. The supernatant 

containing the S1 myosin subfragment was collected and saved for 

electrophoresis. The pellet containing leftover undigested myosin and rod 

fragments was re-suspended in low salt buffer (100 mM KCl, 25 mM K2HPO4, 2 

mM MgCl2, pH 7.0).  

Affinity Purification of the Rod Fragments 

Actin was added in a 9:1 molar ratio to the re-suspended pellet of 

undigested myosin and rod fragments. Then the mixture was incubated for an 

hour in 0.3 M KCl. After incubation, the mixture was centrifuged at 40,000 RPM 

for 1 hour at 4 °C. The supernatant containing the purified rod fragments were 

transferred into a separated microcentrifuge tube for further use while the pellet 

containing the undigested myosin bound to actin was re-suspended in low salt 

buffer and saved for electrophoresis. 

Gel Electrophoresis  

A 10% SDS-PAGE discontinuous gel (4% stacking gel, pH 6.8, and 10% 

resolving gel, pH 8.8) was prepared. Preparation of the samples was 

accomplished by adding sample loading buffer in a 4:1 ratio to the following 

volumes: 

• 10 μL myofibril standard 
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• 10 μL stock myosin standard 

• 40 μL dialyzed myosin 

• 40 μL dialyzed cut myosin 

• 40 μL S1 fragment 

• 40 μL pellet (myosin and rod fragments) before purification 

• 40 μL rod fragments 

• 40 μL pellet (myosin and rod fragments) after purification 

• 10 μL BSA standard 

• 40 μL synthetic cofilament 

The samples were loaded into the gel lanes and run at 200 V continuous 

voltage for 45 minutes in Tris buffer, pH 8.3. The gel was stained with Coomassie 

Brilliant Blue for 1 hour. The stain was removed by aspiration and destained in a 

solution of 40% methanol, 7% glacial acetic acid in distilled water for 2 hours. 

After removal of destain solution the gel was rinsed in distilled water. 

Densitometry 

 A digital camera was used to capture an image of the gel on a light box. 

The image was saved as a TIFF file to the computer. The saved image was 

opened in the ImageJ program and converted to an 8-bit image run as 

uncalibrated OD. Gel lanes corresponding to samples containing rod fragments 

before and after purification were selected and plotted to obtain the OD values of 

bands corresponding to myosin and rod fragments. The calculated OD values 
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were imported into Microsoft® Excel® to calculate the undigested myosin to rod 

fragment ratio. 

Synthetic Cofilament Formation 

 A 1 μL aliquot of 130 μM stock myosin was added to the purified rod 

fragments to obtain a final ratio of 1:100 myosin to purified rod fragments. The 

mixture was dialyzed in 1 L of low salt buffer (100 mM KCl, 25 mM K2HPO4, 2 

mM MgCl2, pH 7.0) at 4 °C overnight. Figure 3 on the following page depicts the 

formation of the synthetic cofilament. 

Preparation of Microspheres 

Small diameter microspheres (mobile glass beads) and large diameter 

microspheres (stationary glass beads) were aminosilanated by adding 

approximately 1 mg of beads to a solution of 0.04% 3-aminopropyltriethoxysilane 

in acetone for 2 minutes in a microcentrifuge tube. The beads were washed in 

distilled water twice by pelleting in a centrifuge at 2000xg for 5 minutes.  

In order to couple actin to the microspheres, 11.5 mg of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDAC) was added to 0.1 mL of 0.1 mg/mL 

actin and microspheres. A 690 ng quantity of N-hydroxysuccinamide was added 

to increase the amount of actin bound to microspheres. The solution of actin and 

beads was mixed for 1 hour, and then unreacted groups were blocked by adding 

1.0 M glycine, pH 8.0 to the solution in order to obtain a final concentration of 0.1 

M glycine. Microspheres were collected by centrifugation as above. Then rinsed 
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in low salt buffer (100 mM KCl, 25 mM K2HPO4, 2 mM MgCl2, pH 7.0), sealed 

with parafilm and stored at 4 °C. 

Gravitational Force Spectroscopy 

Microscope slides coated in 0.001% nitrocellulose solution were dried 

under a fume hood. Test samples were prepared in microcentrifuge tubes 

containing the following: 

• 10 μL large diameter microspheres 

• 10 μL small diameter microspheres 

• 30 μL of High Salt buffer (0.5 M KCl, 2 mM MgCl2, 25 mM K2HPO4, pH 

7.0) 

• Myosin  for the single molecule assay or synthetic thick filament was 

added to a final concentration of 2.5 μM 

The test sample was mixed well and allowed to settle for 10 minutes. A well 

chamber was created by placing a gasket onto the slide for the permanent 

mount. A 10 μL aliquot of the test sample solution and 90 μL of the low salt buffer 

were added to well chamber. A cover slip was placed onto the slide and gently 

pressed downward to create a permanent seal.  
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FIGURE 3: Schematic of synthetic cofilament assembly. Rod fragments and 

myosin dimers are mixed together (1:100 myosin dimers to rod fragment ratio) 

and placed within dialysis tubing. The mixture is dialyzed overnight in a low salt 

concentration buffer. This lowers the salt concentration of the myosin/rod 

fragment solution gradually allowing the rod fragments and myosin to polymerize 

and form the synthetic cofilament(1). This figure is not drawn to scale.  

  

Solubilized myosin and 
rod fragments at high 
salt concentration 

Synthetic cofilament 
begins to form 

Completely formed 
synthetic cofilament 
(single dimer 
synthetic cofilament) 
at low salt 
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 The slide is placed onto the gravitational force spectrometer (GFS) which 

consists of a microscope fastened to an automated equatorial mount connected 

to a desktop computer. After the slide is placed onto the GFS, a bead pair of the 

small and large diameter beads is located by finding an attached pair in which 

the small (mobile) microsphere rests within the median focal plane of the larger 

(stationary) microsphere. The scope is rotated to a position where the downward 

direction of gravity subtends the direction of the bead pair (from large 

microsphere to small microsphere) at an angle of 60°. Two hundred and forty 

stacks of 8-frame averaged images are recorded as the GFS is rotated 

automatically 180° at a rate of 16 frames per second. Images of the bead pair 

rotation are analyzed to calculate the x, y-coordinates of the microsphere 

centroids and the areas of the microspheres. 

Outlier Removal 

 Outliers were removed from force distance graphs using the fourth spread 

method.  Since the data followed a normal distribution in the probability of 

occurrence, the outliers were assumed to lie on the far end of the data. The 

fourth spread method was used to quantify the ranges in which the bulk of the 

data lies (19). The extremes were defined by boundaries calculated within the 

data set that approximated data within one standard deviation of the data on the 

lower and the upper ends.  

The data sets were normalized by calculating the ratio of distance to force. 

For each experimental data set of sample size n, each observed ratio xi, was 



 

22 
 

listed in order from least to greatest, x1 ≤ x2 ≤… ≤ xn. From the ordered list of 

observed ratios the upper quartile (FU) and lower quartiles (FL) were established. 

The upper quartile (FU) was calculated by finding the median of the upper half of 

the observed ratios: FU = x([3n+1]/4). The lower quartile was calculated by finding 

the median of the lower half of the observed ratios: FL = x(0.5[ (n + 3)/2]). A set of 

resistant rules were applied to the data sets to establish the upper (IFU) and 

lower (IFL) inner fences of the data. Outliers were removed if greater than the 

inner upper fence boundary: IFU = FU + 1.5 (FU – FL) or lower than the inner lower 

fence boundary: IFL= FL – 1.5 (FU – FL).  
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RESULTS 

Single Molecule Assay 

The length of a single myosin dimer was determined indirectly by 

calculating the centroid mass displacement of the mobile microsphere away from 

the centroid mass of the stationary microsphere using Microsoft® Excel®. The 

bell shaped curve created by the angular displacement plotted against force 

indicates that the mobile bead was tethered to the stationary bead through the 

actomyosin molecular interaction. This bell shaped appearance was formed by 

the actions of the molecule holding the beads together to generate a minimum 

separation distance. As the apparatus rotated the gravitational force pulled upon 

the mobile bead, stretching the molecule in between the beads.  

The single molecule assay, using gravitational force spectroscopy, 

allowed us to assess the structural properties solely attributed to the molecule. 

Some isoforms of myosin work alone, whereas other isoforms such as skeletal 

myosin work cooperatively with other myosin molecules in large bundles called a 

thick filament. The extent of this cooperation will be approximated by the 

potential work that a single myosin molecule can do on its own.  
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FIGURE 4: Positions of the mobile bead at key coordinates for measurement. The 

microscope is first rotated towards a position where the angle of the bead pair is 

a little beyond 60° with the horizontal. At this point, the mobile bead is considered 

to be at a minimum separation distance (dmin) from the stationary bead which is 

depicted in the first image above. The myosin attached between the beads 

creates a molecular tether. In this diagram, the size and length of the single 

myosin dimer has been exaggerated to help illustrate the stretching of the 

molecule at the key points of measurement. As the apparatus rotates the 

molecule becomes stretched by the weight of the mobile bead as it rotates to a 

maximum displacement (dmax) from the stationary bead due to the force of 

gravity which is illustrated in the center image. The maximum distance does not 

become apparent until a minim
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um distance is reached again (last image). The actual measurement of the 

stretching of the bead takes place at the maximum displacement visible in the 

center image above.  This figure is not drawn to scale. 

The angular position of the mobile microsphere relative to the equator of 

the stationary bead was also taken into account to reflect any angular distortions 

in the calculation of the molecular length. Distortions can usually be attributed to 

the orientation of the attached molecule, which may cause the mobile bead not to 

lie at the stationary bead’s equator. Essentially, if this were not corrected, the 

difference in the angles would cause the system to predict a shorter molecular 

length. 

Automation has limited distortions in the video capture caused by 

vibration; however disturbance due to vibration still remains problematic. These 

disturbances cause sharp peaks in the positional graphs of the beads. Smoothed 

distances were created by averaging several frames together to create graphs 

without the signal noise created by vibrations in the apparatus. The x-coordinates 

and the y-coordinates of the stationary and mobile beads were calculated using 

ImageJ software. These coordinates were imported into an Excel® sheet set to 

calculate the radius of each bead as well as the relative angular position of the 

mobile bead to the stationary bead. The final output of one experiment is 

represented in Figure 5 on the following page.  
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FIGURE 5: The smoothed separation distance of the microspheres attached to a 

single myosin dimer. The graph shows the changes in the centroid separation 

distances of the microspheres as a function of the equatorial angle between the 

stationary microsphere and the mobile microsphere. The length of tethered 

molecule was calculated by subtracting the radii of the beads from dmax. The 

radii of the two beads shown here are 3.298 μm and 14.481 μm. The calculated 

maximum length of the uncoiled region of the myosin dimer was 0.034 μm with 

an applied force of 1.44 pN.  
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The preceding figure (Figure 5) illustrates a sample smoothed distance 

curve output. It shows the angular displacement of the mobile bead from the 

stationary bead. The mobile bead is within close proximity to the stationary bead 

at the beginning of the run. As the apparatus rotates the force of gravity upon the 

bead causes it to swing in the same direction of the rotation. The actomyosin 

bond establishes a secure tether from mobile bead to a stationary bead affixed to 

a microscope slide. This tether causes the mobile bead to swing like a pendulum 

from a minimum displacement to a maximum displacement until it reaches 

another minimum displacement on the opposite side of the stationary bead. 

 The maximum displacement allows us to find the separation distance of 

the uncoiled part of the myosin dimer. Since we know the radius of the bead and 

the total distance between the centroids, simple subtraction allows us to calculate 

the length of the tether. The tether is formed by the myosin dimer, which under 

force pulls apart, separating the myosin heads from one another. Thus, the 

calculated molecular length refers to the total separation of the two heads 

attached to actin, or twice the length of the uncoiled portion of the myosin dimer 

plus the lengths of the two attached actin monomers. 

After measuring the displacements of several different beads, a 

force/distance graph was constructed to discover any trends in data. Upon the 

removal of outliers, a trendline was fitted to the data. The data is represented in 

figure 6 on the following page. 
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FIGURE 6:  The relationship of force to the stretched distance of single myosin 

dimers. The slope of the best fit line was 0.0511 pN/nM. The y-intercept and x-

intercept was 1.2236 pN and -23.9 nm, respectively. The maximum force 

recorded was 12 pN with a distance in the 140 nm range.  The lowest force 

recorded was 1.3 pN with a distance in the 40 nm range. The above figure shows 

force/distance data collected of forces ranging from 1.3–12 pN of single molecule 

assays showed a staggered, linear increase in the distance stretched as the 

force increased. The majority of the data follows the line of best fit (r2 = 0.66).  
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Since there was a noticeable limitation on the amount of force resulting in 

a bead pairing, further analysis was done to determine the force range of the 

bead pairings. An analysis, shown in figure 7, of the obtainable forces in the 

single molecule assay revealed a unique pattern in the observed forces.  

First of all, given the conditions of the assay, there appears to be an 

optimal force range similar to the forces experienced by myosin in muscle tissue. 

The frequency of successful bead pairings was recorded for each attempted GFS 

rotation of a bead pair. These forces are within the physiological force ranges 

within the cell. A notable observation would be the lack of lower force data. 

Primarily, due to smaller beads clumping together, the lower forces were less 

observed than the desirable singular attachment of one mobile bead to one 

stationary bead. This may be the result of assay conditions or illustrate a load-

dependent mechanism that prefers the attachment of heavier loads. 

Secondly, the observed forces showed a decrease in the bonding 

between the bead pairs at forces higher than 7 pN, potentially due to the strength 

of the actomyosin bond. Figure 8 shows an estimation of the rupture force based 

upon the data, which reveals that the bond is breaking somewhere between 7-10 

pN. This force is similar to the actomyosin bond rupture force reported by 

established sources. Together, the optimal force range and rupture force 

estimation, is consistent with established binding patterns of actin and myosin 

(10). This suggests measurements are of single myosin molecules.
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FIGURE 7: Depiction of optimal force range for bead pairings. Only the bead 

pairings that resulted in data presented in the single molecule assay were 

considered, in this figure, to be an observed force. The peaks of the data follow a 

normal distribution pattern; therefore, roughly ninety-eight percent of the bead 

pairings were observed for forces between 1.4 pN - 8.4 pN. Thus, it is reasonable 

to assume that the force range 1.4 pN - 8.4 pN represents the most stable range 

for the actomyosin bond. 
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FIGURE 8: Rupture force of the actomyosin bond. The graph shows that the 

probability of observing a force outside the approximately 10 pN is fairly low. This 

means that the rupture force exists somewhere between 7-10 pN. This is similar 

to the rupture force observed in other studies of actin and myosin binding. Any 

myosin binding that occurs outside of this region is subject to forces that would 

break the actin-myosin bond and disrupt the measurement of the displacement of 

the two heads. Those measurements subjected to forces beyond the limit 

imposed by the rupture force are probably bead pairings that are either artifacts 

or extreme cases representing multiple bead attachments. 
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Synthetic Cofilament Assays 

Gravitational force spectrometry experiments were performed using 

synthetic cofilaments in a method similar to the single molecule assay (Figure 

10). Synthetic cofilament data was collected as a control in order to see the 

effects of the light meromyosin on the stability of the dimer. The synthetic 

cofilaments were created by varying the ratio of rod fragments to myosin in order 

to produce filaments sparsely populated with myosin heads. The ratio of rod 

fragments to myosin was determined by gel electrophoresis and densitometry 

(Figure 9). 

There were two types of experiments using synthetic cofilaments. In the 

first synthetic cofilament experiment, the mixture contained a relatively high ratio 

of myosin heads on the cofilament, called the multiple dimer synthetic cofilament, 

in comparison to the second experimental set, single dimer synthetic cofilament. 

The data from these assays are reflected in Figure 11 and Figure 12. The 

multiple dimer synthetic cofilament experiment was preformed to discover the 

effect of crowding myosin heads on a single myosin dimer. The single dimer 

synthetic cofilament experiment was carried out to show the effects of the myosin 

thick filament on a single myosin dimer. In order to determine if any bias was 

associated with the distances obtained due to the myosin: rod ratio of the 

synthetic cofilaments used, an analysis (Figure 13) was done as a control to 

exclude the correlation between myosin: rod ratio and the distance obtained by 

the assay. 
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FIGURE 9: Coomassie Blue stained 10% SDS-PAGE gel of subfragment samples 

from the myosin fragmentation experiment and optical density plot of gel 

samples. Figure 9A shows bands resulting from the subfragment preparation of 

the synthetic cofilaments after affinity purification (lane 1) and formation of the 

cofilament structure (lane 2). The first lane contains approximately 0.60 μg of rod 

fragments. The second lane contains the approximately 0.67 μg of synthetic 

cofilament. Myosin heavy chain is approximately 250 kDa, whereas LMM (rod) is 

approximately 95 kDa. The absence of myosin heavy chain in the purified rod 

fragment sample was confirmed through densitometry (figure 9B). In lane 2, 

figure 9B, the OD reading (increasing magnitude to the right) shows a little peak 

where the myosin containing band would appear. However, the calculation using 

densitometry shows this band contained less than 1% of the sample. This myosin 

was added during the cofilament formation.    
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FIGURE 10: Synthetic cofilament experimental setup. The experimental setup is 

the same as the single molecule assay except the synthetic filament formed by 

rod fragments is also attached to the single myosin dimer. The synthetic filament, 

unlike actin, is attached to the single myosin dimer by the tail due to electrostatic 

attraction. The synthetic filament is assumed to hang freely from the myosin 

dimer as the molecule rotates due to the force of gravity. Distance 

measurements taken by this experiment reflect the total length of the uncoiled 

region of a single myosin dimer due to the added stress or stabilization of the 

synthetic cofilament, which mimics the effect of the thick filament assembly on 

single myosin dimers. This figure is not drawn to scale. 
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FIGURE 11: Force distance relationship of cofilaments formed with varying 

amounts of myosin heads (a number greater than one dimer per filament).  As 

the force increased the displacement increases until it reaches 11 pN. A graph 

was created by removing outliers that actually stopped at the binding force of 

myosin and actin. The figure shows experiments using myosin: rod fragment 

ratios in the range of 31:100 - 105:100. The r2 value (0.87) shows that most of 

the data can be predicted by the line. The slope of the line is 0.0756 pN/nm. The 

y-intercept and x-intercept are respectively -0.818 pN and 10.82 nm. 
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FIGURE 12: Force distance relationship of the single dimer synthetic cofilament. 

The synthetic cofilaments from this data set were created from 0.98 rod fragment 

mixture. The data was scattered, but a positive linear relationship was attained. 

The line of best fit had a slope equal to 0.046 pN/nm. The y-intercept and the x 

intercept are 1.73 pN and -37.7 nm, respectively. A previous data set from 

another preparation of rod fragments with the same 98:100 ratio was also 

analyzed and gave a similar result to the one seen here. The long distances seen 

here, show the dimer is stretching apart into the S2 region. Given that these 

lengths occur close to the rupture force between actin and myosin, it is possible 

that the dimer could be stretching due to greater lengths due to the sustained 

stress.   
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FIGURE 13: Relationship of distance stretched to myosin /rod ratio. The figure 

shows that there was not a correlation between the distance and the myosin/rod 

ratio (r2 =0.2338). This shows that there is not an effect on the variation of 

myosin in the thick filament to the distance stretched in the experiments. It is 

likely that the distances measured in each experiment (multiple dimer synthetic 

cofilament, and single dimer synthetic cofilament) are distances measured from a 

single myosin dimer only. The slope of the line is -32.052 nm/ [myosin] per [rod]. 

The y-intercept and the x-intercept is -32.052 nm and 2.34 [myosin] per [rod]. 
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 All data sets were compared to each other by plotting the force/distance 

data from the single molecule assay, multiple dimer synthetic cofilament assay, 

and single dimer synthetic cofilament assay on a single scatter plot (Figure 14). 

The best fit line was plotted to the entire group of data to determine if there were 

any trends. The data was expected to show a positive linear increase for the 

entire group.  From the combination of all data sets, inferences can be made 

about the overall relationship of force to the length of uncoiled myosin.  This 

would allow us to single out any specific experiment that may have an effect on 

myosin flexibility. 

 Since the data in Figure 14 showed an overlap of the three different 

experimental data sets, it was necessary to calculate the degree to which the 

overlap was significant. Statistical significance of the data was analyzed and 

presented in Table 1. The regression lines for all data sets were analyzed for 

significance at the 95% and the 99% confidence intervals. Comparing the 

multiple dimer and single dimer synthetic cofilament assays to the single 

molecule assay according to the confidence intervals for each data set reveals 

there is a 99% chance that the actual slope for the force distance relationship of 

myosin lays within the intervals for each assay. The 99% confidence interval for 

SMA slope is within 0.0198 pN/nm – 0.0823 pN/nm, which the slopes of both the 

multiple and single dimer synthetic cofilament assays (0.0760 pN/nm and 0.0460 

pn/nm respectively) fall within this range. The SMA slope (0.0511 pN/nm) falls 

within both the 99% confidence limits for both the multiple dimer synthetic 
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cofilament (0.0500 pN/nm – 0.102 pN/nm) and the single dimer synthetic 

cofilament (2.79e-3 pN/nm – 0.0892 pN/nm). This cannot be said for the 95% 

confidence levels for which the multiple dimer synthetic cofilament slope (0.0760 

pn/nm) falls out of both the ranges for  SMA (0.0287 pN/nm – 0.0735 pN/nm) and 

single dimer synthetic cofilament assay ( 0.0168 pN/nm – 0.0752 pN/nm). 

Comparing the y-intercepts shows further overlap for the SMA and the single 

dimer synthetic cofilament assay. At both the 99% confidence interval (-1.21 pN 

– 3.66 pN) and the 95% confidence interval (-0.525 pN – 2.97 pN) for SMA the y-

intercept for the single dimer synthetic cofilament assay (1.73 pN) falls in 

between the ranges. Also, the multiple dimer synthetic cofilament assay‘s 

intercept (-0.818 pN) falls within the SMA 99% confidence interval. Comparing 

regression of the SMA data to both multiple and single dimer synthetic cofilament 

assays, the data is significant at the 99% confidence level for all data sets, but 

not at the 95 % confidence level for the multiple dimer synthetic cofilament data. 

This shows that there was a slight effect of the amount of myosin heads on the 

cofilament in the multiple dimer synthetic cofilament assay.   
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FIGURE 14: The force distance relationships of all data sets. This graph shows an 

obvious overlap of the three data sets. The distances given here appear to show 

that the separation distance spans into the S2 region which is approximately 12 

nm from the top of the head.  Assuming that the molecule’s tertiary structure 

remains alpha helical, this graph shows myosin stretches to a distance of 

approximately 100 nm, which is almost the entire length of the S2 region. If the 

alpha helical structure is pulled apart into a beta sheet type structure, then the 

distances might be approximated to about 50 nm. Distances of about 40 nm have 

been previously reported by other studies. The slope of the line is 0.0551 pN/nm. 

The y- intercept and the x- intercept are 0.776 pN and -14.1 nm, respectively. 
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Table 1: Summary of Statistical Data for All Experimental Data Sets. 

 
 Statistical Calculation 

    Coefficient Standard 
Error P-value Lower 

95.0% 
Upper 
95.0% 

Lower 
99.0% 

Upper 
99.0% 

SM
A

 Intercept 1.22 0.809 0.154 -0.525 2.97 -1.21 3.66 

Slope 0.0511 0.0104 2.81e-4 0.0287 0.0735 0.0198 0.0823 

M
ul

tip
le

 
D

im
er

 Intercept -0.818 0.619 0.211 -2.17 0.530 -2.71 1.07 

Slope 0.0760 8.50e-3 1.18e-6 0.0575 0.0945 0.0500 0.102 

Si
ng

le
 

D
im

er
 Intercept 1.73 1.34 0.237 -1.44 4.90 -2.96 6.42 

Slope 0.0460 0.0123 7.41e-3 0.0168 0.0752 2.79e-3 0.0892 

The table shows that each data set’s slope and y-intercept fall within the 

99% confidence interval for all data sets’ slopes and y-intercepts. The slopes 

for both SMA and single dimer synthetic cofilament data fall within each other’s 

99% and 95% confidence intervals. The SMA slope falls within the multiple 

dimer synthetic cofilament data’s 99% intervals on the lower end. Single dimer 

synthetic cofilament data does not fit within the confidence intervals for multiple 

dimer synthetic cofilament data. Overall, there is no significant effect on the 

flexibility of myosin due to the thick filament. 
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DISCUSSION 

 The experimental evidence shown here and in previous studies have 

indicated that myosin subfragment 2 plays a significant role in the sliding of actin 

filaments due to its ability to lengthen the molecule by uncoiling and its innate 

flexibility. Evidence collected from all the data sets in this experiment has proven 

that the molecule uncoils by showing a linear increase in the length of the 

molecule in response to external loads within physiological range.  

Not only does the linear response occur in free and single myosin 

molecules, but it also occurs in single myosin dimers within the thick filament, as 

well. This indicates that the flexibility and uncoiling of the molecule is not limited 

by the thick filament. This discovery is significant because of the major disparities 

existing between different lab groups’ measurements of the step sizes of myosin 

molecules, which may be as large as 50 nm or as small as 6 nm (2, 8, 9, 18, 20). 

I propose that myosin makes longer step sizes because of the degree of flexibility 

obtained by the uncoiling of its coiled-coiled structure. 

 These distances are akin to those seen in other types of myosin which 

have been widely accepted for having the ability to uncoil to achieve distances 

longer than theoretically possible. This discovery may reflect some evolutionary 

mechanism that allows myosin to generate large step sizes in its movement 

across the actin filament (21). It also supports studies that demonstrate naturally 

unstable regions occurring within subfragment 2. These regions may affect the 
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molecules ability to unravel. It suggests that the alteration of the myosin’s 

structure by FHCM mutation disrupts an underlying mechanism to produce the 

disease state. This mutation disrupts the structure of myosin molecule but also 

disrupts the mechanism that allows for the flexibility within this region.   

Applying force perpendicular to the myosin dimer axis causes the single 

myosin molecule to stretch beyond the estimated lengths for its working stroke. 

This asserts that myosin is an incredibly flexible protein, capable of sustaining its 

bond with actin though stretched significantly past its regions of stability. The S2 

region shows flexibility within the myosin dimer because it readily comes apart 

under physiological loads. From the gathered data, we see a positive linear 

correlation between force and distance in both the molecular mechanics model 

(Figure 15) and experimental evidence. As the force load is increased, the 

molecular length is increased. Because the loads are attached to the heads of 

the myosin molecule, this length more accurately represents the separation 

distance between the two heads, or the combined length of the uncoiled region of 

the molecule. Since there is a positive linear response in the length to force, the 

molecule is becoming more unraveled because of the application of force 

perpendicular to the rod axis upon the heads. 
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FIGURE 15: Molecular mechanics model of the wildtype S2 region stretched 

perpendicular to the dimer axis. The model displays a positive linear slope fit to 

the smoothed data of the force/distance relationship of wildtype S2 stretched 

perpendicular to the dimer axis. The best fit line has an r2 value of 0.982, 

meaning the stretched distance correlates well to the amount of force applied. 

The slope of the line is 3.68 pN/nm and the y-intercept is 18.8 nm. This indicates 

that linear regression is an appropriate model for analyzing the force/distance 

relationship of the myosin dimer stretched perpendicular to the dimer axis. The 

data for this molecular mechanics model was contributed by undergraduate 

research assistant Kathy Wang in the Root lab. 
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Furthermore, the structure and stability of the myosin dimer which was 

thought to heavily rely upon the association with other myosin molecules in the 

thick filament was proven not to be a restrictive force operating within the dimer. 

In fact, the stability achieved from the formation of light meromyosin through the 

association of myosin terminal regions allows the molecule to retain its flexibility. 

The linear regression slopes were fit to all three sets of data and it was shown 

that there was no significant difference between the single molecule assay, the 

combined multiple dimer synthetic cofilament data, and the single dimer synthetic 

cofilament data (Figure 14 and Table 1). This indicated that the flexibility 

attributed to the single dimer of myosin is not hindered by the formation of the 

thick filament.  Cofilament data is reliable since it has been proven that the 

synthetic filaments produced from the method used in this experiment retain the 

ability to move actin filaments (23). The flexibility is the same in the single 

molecule as it is in the thick filament. Thus, flexibility can be inherently attributed 

to the subfragment 2 region. This actually suggests that the stability provided by 

the thick filament places relatively little if any strain upon the molecule during 

muscle contraction. Strain from the thick filament should have affected the 

flexibility of the molecule. Since there was no difference, it is plausible that the 

thick filament does not contribute nor does it hinder myosin’s flexibility. 

 The unraveling of the S2 region of the molecule is likely to occur to 

facilitate the binding of the myosin. This unraveling has been previously observed 

by the Root Lab where fluorescently labeled rod was filmed under rigor 
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conditions and in the presence of adenosine diphosphate (7). In both cases, the 

rod displayed rotation consistent with the unraveling of bonds within the S2 

region of myosin. Torsional forces due to the binding of myosin to actin cause the 

myosin to unravel indicated by the twisting motion of the fluorescently labeled 

rod. The myosin was attached to a filament of actin while the filament spun 

around to relieve the tension, which is consistent with the results from this study 

showing that the myosin readily unravels. The unraveling of the myosin was also 

present in both the thick filament and single molecule forms of myosin. The 

twisting rate showed no difference between the single molecule and the dimer 

within a thick filament which coincides with the evidence put forth by my 

experiment. This shows that the S2 region not only comes apart, but is capable 

of coming unraveled prior to the working stroke. The fact that this unraveling has 

been confirmed not only by the GFS assay but also in conditions similar to those 

inside the cell indicates that this is a process that naturally occurs in vivo.   

 In contrast to the evidence presented here, there have been studies that 

claim that the S2 portion of the rod does not uncoil. The Selvin lab measured the 

distances between the two heads of double attached myosin to actin filaments 

(22). These distances were measured by FRET and LRET of fluorescently 

labeled regulatory light chains. The distances measured were inconsistent with 

the distances predicted for an uncoiling event using their molecular model. This 

molecular model was produced using electromicrographs of S1 fragments 

superimposed over actin filament structures. Double binding of the S1 heads, in 
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this conformation would produce strain upon the bonds causing them to bow 

outwards, generating longer measured distances between the regulatory light 

chains.  

 In actuality, the orientation of the heads seems to be extremely important 

when predicting the model (24). The domains may separate without producing 

any strain on the molecule. Docking models that depict an actomyosin bond 

shows differences in the S1 light chains distance to actin in FRET, electron 

microscopy, and calculated EM models (Figure 16 and Figure 17). The 

calculated and FRET show the S1 heads binding in an orientation more parallel 

to the actin filament.  

The one used in the Selvin paper used an EM model where the angles of 

the bond were more perpendicular and produced more strain upon the head/neck 

region causing them to buckle outwards in the event of unraveling of the coiled-

coiled (23, 24). Essentially, this canceled out any distances below the calculated 

threshold distance between the two buckled heads. However, using more 

accurate models depict little strain upon the molecule. This means that the RLCs 

in the double bound myosin could be close together and still represent an 

uncoiling event. 
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FIGURE 16: Double binding myosin heads to actin filament as predicted by 

electron microscopy. Myosin heads are circled and the actin filament lies beneath 

them. The orientation of 16A shows the heads looking down its rod; you can see 

a clear bowing of the lever arm. 16B shows a straight on perspective of the 

bowed lever arms which are angled away from the filament.  

A 
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FIGURE 17: Double binding docking model of myosin (circled) bound to an actin 

filament. The lever arms are not buckling due to strain in this model. The lever 

arms are also parallel to the filament instead of being angled away from the 

filament. Uncoiling in this model would not result in an apparent increase in the 

separation distance of the regulatory light chains.   
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 More evidence of the uncoiling of myosin is indicated in its ability to stretch 

long distances. Yanagida confirms the possibility of large working stroke 

distances with measurements being greater than 50 nm (25). This measurement 

does not coincide with the effective length of the molecule measured from the 

binding domain to the neck region of the molecule which begins the coiled-coil 

region of the molecule. Even with stretching of the molecules within the S1 region 

or head to neck region, this measurement is not theoretically possible. 

One explanation for this measurement could be the unraveling of the 

dimer to allow greater distances to be reached by myosin. The distances were 

calculated by measuring the relative displacement of an actin filament trapped 

between two beads in an optical trap due to the sliding force generated by heavy 

meromyosin fragments in the presence of adenosine triphosphate (ATP) which 

effectively simulate actomyosin crossbridge cycling. This cycling leads to the 

displacement of the actin filament across the slide.  

The Yanagida lab used the velocity of this displacement and approximate 

distances between the HMM fragments to calculate the length of the working 

stroke of a single myosin dimer. The number of participating heads was also 

approximated by measuring the amount of disassociated ATP (25). The amount 

of disassociated ATP seems to coincide with the participation of low amounts of 

HMM but the displacement was huge when dividing the amount of distances by 

the number of participating heads. When you account for the average spacing 

between the heads and the spacing between the actin monomers this distance is 
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a considerable feat to achieve with limited amount of actin passing along the sea 

of heads.  

It is the evidence gathered here that would substantiate a longer sliding 

distance due to the flexibility of myosin. The S2 portion must be unraveling to 

accommodate the large working stroke length. This would essentially elongate 

the molecule. Myosin may come apart and it might also rewind, twisting myosin 

chains in the reverse direction (24). The potential for the rod to unwind and 

rewind may be one of the key reasons for discrepancies in the measurements of 

different force/distance analyses.  

In the Spudich lab, the length of the working stroke was calculated to be a 

much shorter distance, roughly 8 nm on average (26).  A claim not supported by 

the 50 nm working stroke obtained from experiments done by the Yanagida lab 

(25). The Spudich Lab may have underestimated the calculated working stroke 

length of myosin for some experimental conditions that they did not analyze. One 

of the most arguable points in fact is that there is no direct procedure for 

measuring the number of participating heads in assays such as these. The 

measurements from data in this experiment show the capability of one myosin 

dimer whereas Spudich’s lab was more of an estimation of the average working 

stroke done by a single myosin. Thus, larger working stroke distances could be 

masked by a majority of heads making smaller step sizes because of their close 

proximity to the available monomers on the actin filament. My research has 

proven that the myosin dimer is capable of stretching by uncoiling to 
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accommodate large working strokes. In addition to this, the amount of ATP used 

to generate the sliding of the filament in the elapsed amount of time indicated 

less than the expected number of participating heads (26). Even knowledge of 

the amount of ATP dissociated does not let one know the actual number of 

heads involved because one does not know the synchronicity of head movement. 

It is not known that the number of participating head involved in their calculation 

of the working stroke is entirely accurate. Therefore, Spudich’s estimation may 

drastically underestimate the potential of a single myosin head. Even with the 

great disparity in the calculated distances by different labs, this disparity may 

show another characteristic of myosin – flexibility. Its general flexibility may allow 

for giant and small working strokes, which is supported by the evidence as a 

whole. The flexibility gained may be the result of the myosin dimer uncoiling.  

Uncoiling to lengthen the molecule for a large working stroke might be an 

evolutionary property of the myosin family. Nonmuscle myosin molecules such as 

myosin VI have large step sizes and it is widely accepted that these large step 

sizes are the result of the myosin VI S2 region unraveling. Myosin VI is a 

transport protein that carries loads from one part of the cell to another part of the 

cell by walking along actin in processive steps. The step size of a myosin dimer 

is the length between the first docking site of one myosin head to its second 

docking site on the actin filament. The step size of myosin VI is large despite the 

fact that the molecule has a small lever arm (21, 26). Myosin VI can make similar 

step sizes as another related molecule, myosin V. Myosin V has a much larger 
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lever arm and its step size coincides with the length of the lever arm. Since 

myosin VI can take an equally large step with a shorter lever arm, it is 

hypothesized that the S2 region of must be unraveling to contribute extra length 

for the step size (21). From an evolutionary standpoint, this is a significant 

discovery because it suggests a possible link between different myosin 

molecules.   

Smooth muscle myosin like those seen in scallop myosin compared to 

skeletal myosin shows greater flexibility and less stabilization of the S2 region 

(26). Still, there exist several mechanisms both smooth muscle and skeletal 

muscle possess that possibly explain some unexplained force dependence upon 

myosin. The balance between rod and light meromyosin tail suggests a load 

dependent mechanism that may play a role in the binding affinity for actin. During 

experimentation, it was discovered that for the single molecule assay there 

seemed to be a limitation on the maximum and minimum force allowed for the 

actomyosin bond (10). The maximum force allowed could be due to the natural 

disassociation of the S1 head from the actin molecule; however, the filamentous 

myosin assays showed that the myosin had the ability to bind forces higher and 

lower than those recorded for the single molecule assay. This observation could 

possibly be the basis for the catch slip pathway (10). 

 Potentially, the abrupt distortions in the smooth linear response suggest 

there are domains within the myosin rod that are more destabilizing than the 

majority of the molecule. Hinge regions may play a role in this abrupt change in 
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response. Mutations leading to disorders such as familial hypertrophic 

cardiomyopathy tend to cluster around these regions and alter the structure of 

the myosin (4, 13, 15). Enzymatic studies have also found that these regions 

tend to be highly susceptible to proteolytic digestion, a fact that attests to the 

weakness of these areas (13, 14). These weak regions are potentially the source 

of the flexibility in the myosin molecule.  

The flexibility may in fact be a method for myosin heads to attach to 

docking sites inaccessible to them (Figure 18). Myosin filaments contain 

approximately 500 heads each competing amongst each other and with the 

heads on neighboring thick filaments within the myofibril for available docking 

sites on actin filaments. This structural arrangement seemingly makes it difficult 

for efficient binding of myosin to actin because it diminishes the ability of the 

myosin to successfully find an unoccupied binding site. Flexibility may play an 

important role in a successful binding attempt. The flexibility gained by uncoiling 

enhances myosin’s ability to reach docking sites on the actin filament, thereby 

allowing the participation of more heads during muscle contraction.  
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FIGURE 18: Longitudinal section of sarcomere and cross section of myofibril 

bundle. A longitudinal section of a sarcomere, the functional unit of a muscle cell, 

is shown in the above figure. Thin filaments composed of actin and thick 

filaments composed of myosin are arranged so that they may slide across each 

other during muscle contraction. Within the myofibril (cross section shown 

above), myosin is surrounded by actin filaments and other myosin filaments. This 

creates a competitive environment where myosin heads must compete for the 

limited available sites on the actin filaments. It is possible that myosin may use its 

ability to uncoil to stretch the heads around the filament to an available site that 

matching its head orientation. This figure is not drawn to scale. 
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 In conclusion, myosin subfragment 2 region uncoils at forces equal to or 

less than that required to dissociate the rigor bond between actin and myosin. 

This conclusion has been proven through the relative flexibility of the molecule 

under physiological loads in a single molecule assay. Increasing the loads result 

in a linear increase in the length of the molecule to measurements greater than 

that of the proposed distances of the myosin powerstroke. Furthermore, the 

assembly of myosin dimers into a filament does not substantially alter this 

susceptibility of the coiled coil stability to these loads. These results are 

consistent with previous data showing large step distances of myosin isoforms 

having small lever arms in comparison to their step sizes. Myosin is able to take 

these stretch large distances due to the elasticity of the S2 fragment which 

uncoils to allow for lengthening of the molecule, a mechanism that might be an 

evolutionary remnant. Uncoiling of the myosin molecule might explain the 

severity of some FHCM mutations within unstable portions of the S2 

subfragment. 
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