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1. Background on Muscle, Myosin, and the Drosophila melanogaster 

Model System 

1.1 Muscle 

Muscle is a highly structured tissue that enables a wide range of functions necessary 

for complex life. These functions include pumping blood, moving food through the 

digestive tract, and traversing the environment. Discovering how the properties of 

muscle are set is fundamental to understanding not only these functions when they are 

working as intended, but also when they are malfunctioning. Advancing any 

understanding in how muscle operates and differentiates its functions will lay necessary 

groundwork for treating cardiomyopathies.  

 Muscle Structure 

Muscle fibers are large elongated cells formed by the fusion of multiple individual 

cells during development. These cells align to form muscle fiber bundles in highly 

ordered striated muscles such as vertebrate skeletal muscle or cardiac muscle. Within the 

cells are myofibrils, which contain long filaments of muscle proteins including myosin, 

actin, titin, nebulin, tropomyosin, and troponin, among others. Advancements in light 

microscopy led to the sliding filament model, first proposed simultaneously by two 

separate publications in 19541,2.  The sliding filament model describes how the “thick” 

filaments of myosin and “thin” filaments of actin slide past each other to form the basis 

of muscle contraction. In striated muscle, these filaments are contained within repeating 

units called sarcomeres. The sarcomere is the smallest irreducible contractile unit in 

striated muscle. Z-discs are large protein complexes that anchor the thin filaments and 

define the ends of the sarcomere. Titin is a large elastic protein connecting the thick 

filament to the z-disc. Titin is thought to keep the thick filament positioned in the middle 

of the sarcomere and also provide the sarcomere passive elasticity. Nebulin is a thin 

filament associated protein thought to regulate the assembly of the thin filament. 

Tropomyosin and troponin decorate the thin filament and regulate the availability of 

myosin binding sites.  
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Myosin binding sites are made available by a chain of events that start with a neural 

signal. Nerve impulses cause a release of calcium ions into the muscle via the T-tubules 

and sarcoplasmic reticulum. These calcium ions quickly diffuse into the muscle and bind 

the troponin complex, revealing myosin binding sites on the thin filament. Muscle 

contraction occurs once myosin is able to bind actin. Demembranated muscles can be 

activated and will contract without a neural signal (or electrical stimulation mimic) by 

using a high calcium bathing solution.  

 Muscle Fiber Types 

Historically, understanding of muscle has come mainly from studying vertebrate 

muscles. These muscles have been classified into three primary types of muscle: smooth, 

cardiac, and skeletal. Skeletal muscle fiber types have been classically categorized as 

“fast twitch” or “slow twitch”3. Fast twitch muscle fibers contract quickly and with high 

force, but fatigue quickly and are dependent on glycolytic metabolism. Slow twitch 

muscle fibers contract slowly with low force but are resistant to fatigue and can utilize 

oxidative metabolism pathways. In reality there is a spectrum of many muscle fiber 

types which exhibit varying properties: force generation, contraction speed, time to 

fatigue, power output, power to weight efficiency, and metabolism pathways to name a 

few.  

While the makeup of these fibers vary in many ways, a reliable identifier has been 

myosin heavy chain. By way of enzyme histochemistry and electrophoretic separation 

(SDS-PAGE), myosin heavy chains can be dependably separated and used to classify 

muscle fiber types. Contraction speeds for various muscle fiber types consistently 

correlate with myosin heavy chain isoform3. Many studies have shown that myosin is a 

primary determinant, but not sole determinant, of muscle function4-10. The work 

presented here seeks to improve on past studies by studying myosin isoform’s impact on 

muscle in a single controlled muscle fiber type.  

 The Cross-bridge Cycle  

The thin and thick filament were first observed to interact by “cross-bridges” which 

extend between the filaments11. Now known to be the globular heads of myosin, cross-
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bridges hydrolyze adenosine triphosphate (ATP) to power the “cross-bridge cycle”. The 

cross-bridge cycle was first proposed by Lymn and Taylor in 197112 without a detailed 

understanding of myosin structure; the first crystal structure of myosin was still over 

twenty years away from publication13.  

 

Figure 1.1: The cross-bridge cycle. The cross-bridge cycle showing the coordination of myosin’s 

ATPase function, attachment to actin, and swinging lever arm. An abbreviated section of the thin 

filament is shown in red with the plus (+) and minus (-) ends labelled. Myosin heavy chain is shown 

in blue, and the two light chains in green. The full length of the myosin rod, the thick filament, and 

the second head of the myosin dimer are not shown for clarity. In “rigor,” the myosin is attached to 

the thin filament with an empty nucleotide binding site. The lever arm is in the post-powerstroke 

position. 1: ATP (yellow) binds to myosin and causes detachment from the thin filament. 2: 

Hydrolysis of ATP into ADP and Pi (yellow/red) causes the recovery stroke and moves the lever arm 

into the pre-powerstroke position. 3: Myosin attaches to the thin filament. 4: Release of ADP and Pi 

is coordinated with the powerstroke.  

 

Starting the description of the cross-bridge cycle in the “rigor” state, myosin is 

bound to actin without ATP (Figure 1.1). The rigor state exhibits the post-powerstroke 

positioning of the myosin tail or “lever arm”. Myosin releases actin once ATP binds in 

the nucleotide binding site. Hydrolysis of ATP resets the position of the lever arm and 

the actin-binding site adopts a conformation with a high affinity for actin. Upon actin 
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binding, the nucleotide binding site releases the hydrolysis products, ADP and Pi. 

Release of the hydrolysis products is coordinated with the swing of the lever arm, which 

is known as the “powerstroke”. This returns myosin to rigor state in the post-

powerstroke position. The change in angle between the myosin head and tail drives the 

sliding of the filaments in what is known as the swinging lever arm hypothesis14.  

 Mechanical Properties of Muscle 

The powerstroke of the myosin cross-bridge cycle generates a force attempting to 

slide the thick and thin filaments past each other. If the length of a muscle is fixed then 

contraction velocity will be zero and the cycling cross-bridges will produce force known 

as isometric force. Different lengths of a given muscle will produce different isometric 

forces in what is known as the force-length relationship. The amount of force produced 

is dependent on the overlap between the thick and thin filaments. The overall shape of 

the force-length relationship is approximately an upside down parabola15. An optimal 

sarcomere length with a large amount of overlap between the filaments results in a peak 

isometric force. At long sarcomere lengths there is minimal overlap between the thick 

and thin filaments resulting in a small number of cross-bridges and reduced force. 

Overly short sarcomeres also exhibit reduced force, thought to be the result of z-discs 

contacting the ends of the thick filament or, alternatively, thin filaments colliding at the 

middle of sarcomere.  

If the length of a muscle is allowed to shorten, then the muscle will have a positive 

contraction velocity at the cost of reduced force. A basic inverse relationship exists 

between the force a muscle can generate and its contraction velocity (Figure 1.2). A 

faster velocity lowers the force, whereas a slower velocity allows a higher force. This is 

known as the force-velocity relationship (FVR)16. The FVR can be characterized by a 

series of isotonic or isokinetic shortenings. In the isotonic method, constant forces less 

than isometric force are applied and the resultant shortening speed is measured. In the 

isokinetic method, the muscle is allowed to shorten at a constant speed and the resultant 

force is measured. A specific sarcomere length is used to measure the FVR because 

muscle will perform differently at various lengths.  
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Force scales proportionally with the cross section of a given muscle. Therefore, 

force is normalized to cross-sectional area (i.e. force becomes tension) in order to 

compare forces across different muscle samples. Similarly, velocity scales proportionally 

with the length of a given muscle. Therefore, velocity is normalized to muscle length in 

order to compare velocities across different muscle samples. 

 

Figure 1.2: The force-velocity relationship. An example force-velocity relationship of muscle. The 

data points represent individual isotonic or isokinetic events. Vmax is maximum shortening velocity. 

Fmax is isometric force. 

 Cardiomyopathies 

Debilitating myopathies, including cardiomyopathies, are an important field of 

research affecting an estimated 1 in 500 people in the general population17,18. 

Cardiomyopathies are diseases of the heart muscle characterized by structural and 

functional abnormalities. Inheritable mutations in sarcomeric proteins are a common 

cause of cardiomyopathies, with over 300 mutations found in myosin heavy chain 

(MYH7 gene, β-cardiac & type I myosin) alone19,20. Common classes of cardiomyopathy 

include dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), restricted 

cardiomyopathy (RCM), left ventricular noncompaction (LVNC), and arrhythmogenic 

cardiomyopathy (AVC)21. The severity of symptoms vary and often present themselves 

after several decades21. Treatment options are primarily restricted to alleviating 

symptoms by using β (beta) blockers and calcium channel blockers18,22. While genetic 

screening has identified many point mutations, the mechanisms that lead to symptoms 
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are not readily apparent. The molecular pathways that result in diseased heart muscle 

tissue are poorly understood and are further complicated by the hundreds of known 

mutations21,22. Experiments investigating mutations in myosin have led to a binary “gain 

or loss of function” hypothesis with limited understanding of the mutations’ structural 

impacts22. Insights into the effect of myosin sequence on myosin structure and muscle 

function are beneficial to advancing cardiomyopathy treatments.  

1.2 Myosin Structure and Subdomains 

 Proteolytic Digestion and SDS-PAGE Provided the First Insights into 

Myosin Structure 

Muscle myosin is a hexamer of two heavy chains, each with its own essential light 

chain, also known as “alkali light chain”, and regulatory light chain. The myosin heavy 

chain has two primary domains: the tail, or “rod,” which dimerizes with another myosin 

heavy chain tail and aggregates into thick filaments, and the catalytic domain, also 

known as the “globular head” or just “head,” which exhibits ATPase activity. An 

undimerized section of the tail, known as the lever arm helix, is immediately below the 

catalytic domain and has binding sites for the essential light chain and regulatory light 

chain.  

Before the first x-ray crystallography structure of myosin was solved23, the 

subdomains of myosin were identified by their apparent molecular masses on gels after 

partial proteolytic digestion24. The subdomain originally identified as 50k has an upper 

and lower portion that form a cleft which is the actin-binding site (Figure 1.3 and Figure 

1.4). The N-terminus subdomain, originally identified as 25k, forms the nucleotide 

binding site along with the upper 50k and lower 50k. The C-terminus was originally 

identified as 25k and comprises the lever arm helix. 
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Figure 1.3: Proteolytic subdomains of the myosin catalytic domain. The subdomains of the myosin 

head as determined by proteolytic digestion. Subdomains include the upper 50k (red), lower 50k 

(yellow), 25k (green), and 20k (blue). The subdomain boundaries reveal the flexible linkers exposed 

to digestion. The ELC (orange), which can be separated without proteolytic digestion, is included for 

consistency. The full length of the lever arm helix and regulatory light chain are not shown. PDB 

4QBD.  

 X-Ray Crystallography Revealed Allosteric Motions of Myosin Subdomains 
During the Cross-Bridge Cycle 

Solving the myosin S-1 structure led to an immediate wealth of new knowledge to 

reinterpret and better understand the cross-bridge cycle23. With a detailed understanding 

of myosin structure, the cross-bridge cycle can be examined by describing the allosteric 

motions of myosin subdomains (Figure 1.4). Upon the binding of an ATP molecule, 

switch-2 shifts towards ATP and closes the nucleotide binding site. Simultaneously, the 

lower 50k rotates relative to the upper 50k. This rotation forces a translation of the Src 

homology 1 domain (SH1) helix against the lower portion of the relay. The relay kinks 

at residue 493 and swings out the relay loop, bringing along the tightly interfaced 

converter subdomain. This motion, amplified by the converter, causes a swing of the 

entire lever arm through approximately 60° and a 10 nm step. These movements 

describe the recovery stroke, i.e. the resetting of the lever arm from the post-powerstroke 

position to the pre-powerstroke position (blue to orange in Figure 1.6). This “closed” 
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form of myosin enables ATP hydrolysis. Once hydrolysis occurs, switch-2 moves to the 

“open” position and the actin binding domain shifts conformation to develop a high 

affinity for actin. Actin binding induces further changes that allow for the release of 

ADP and Pi and the powerstroke (orange to blue in Figure 1.6)25. While these details of 

the subdomain allosteric motions have been characterized, relation of these structural 

motions to modulation of muscle function has been lacking 26,27.  

 

Figure 1.4: Allosteric motions initiated in the nucleotide binding pocket propagate to the lever arm. 

The allosteric “cogs and gears” of the myosin head as determined by x-ray crystallography studies. 

The nucleotide binding site (shown with partially transparent spheres) is characterized by three 

conserved loops: the Pi-loop (magenta), switch-1 (orange), and switch-2 (cyan). The consensus 

sequences are G-E-S-G-A-G-K-S/T for Pi-loop, N-x-N-S-S-R for switch-1, and D-x-S-G-F-E for 

switch-2. The relay helix and loop (red) interface with the converter (blue). Additionally, the 

converter interacts with the lever arm helix (green) and essential light chain (yellow). Note the 

orientation of this structure is the same as Figure 1.3 and places the converter on the left. PDB 

4QBD. 
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Figure 1.5: The converter forms well conserved contacts with neighboring subdomains. A magnified 

view of Figure 1.4 with space-filling spheres showing the converter (blue) in contact with the SH1 

helix (orange), relay (red), lever arm helix (green), and ELC (yellow). The converter forms a 

continuous peptide with the SH1 helix and the lever arm helix whereas the contacts with the relay 

and ELC are strictly non-covalent.  The converter uses a three-stranded beta sheet to form a tight 

interaction with both the SH1 helix and the relay loop. The highly conserved sequence S/T-K-V/I-F-

F-K/R-A-G makes up the middle strand and leads into the lever arm helix. The penultimate 

invariant glycine allows for a sharp turn in the peptide backbone and marks the start of the lever 

arm helix. The solvent-exposed strand which forms the rest of the relay interface also has a highly 

conserved sequence: F/Y-R-I/L-G-H/N. The invariant arginine forms a salt bridge with an aspartate 

on the relay loop. Further details of the converter structure and sequence are described in section 

3.3. Note the orientation of this structure has the converter rotated about 45° towards the 

foreground relative to Figure 1.4. PDB 4QBD. 

 

1.3 The Myosin Converter Subdomain 

 The Converter Subdomain is Critical for Connecting the Nucleotide Binding 
Pocket to the Lever Arm  

Myosin functionality depends on an allosteric pathway that connects the nucleotide 

binding site to the lever arm. This allosteric pathway harnesses the energy derived from 

ATP into the powerstroke. The converter forms the necessary intermediate structure 

between the relay and lever arm to “convert” the conformation of the nucleotide binding 



 

     10

site into the swing of the lever arm. Specifically, the converter interfaces with the SH1 

helix, relay, lever arm helix, and ELC (Figure 1.5).  

The importance of the converter in coupling the nucleotide binding site to the lever 

arm has been experimentally confirmed by decoupling ATPase activity from lever arm 

motion. One study interrupted conserved hydrophobic interactions in the relay-converter 

interface with mutations I505A or F763A28. Another study cleverly put trinitrophenol, a 

large functional group, on a reactive lysine in the converter to sterically block lever arm 

motion29. Both studies found the lever arm swing was abolished while simultaneously 

maintaining ATPase activity.  
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Figure 1.6: The converter enables the myosin powerstroke and recovery stroke. Two overlaid 

myosin structures showing the differences in the pre-powerstroke (PDB 1QVI, orange) and post-

powerstroke (PDB 1SR6, blue) positions of the converter, relay, and lever arm. The relay-converter 

interface remains intact throughout the cross-bridge cycle30. Note this structure orients the 

converter in the foreground. These myosin structures are oriented similarly to the myosin structures 

in Figure 1.1. 

 

Another study found proper matching of the converter and lever arm sequences is 

necessary for nominal function (see green/blue interface in Figure 1.5). Seki et al. tested 

Dictyostelium-Chara myosin chimeras with in vitro motility assays31. They found that 

combining a Chara catalytic domain with a Dictyostelium rod domain slowed gliding 

velocity relative to the native Chara. However, in a second experiment, they further 

modified their Chara-Dicty chimera by replacing the residues of the lever arm helix that 

interact with the converter to the native Chara sequence. This second chimera increased 

motility relative to the first chimera. This work highlighted the precise matching of the 

converter sequence with the lever arm helix sequence. While interesting, this study was 
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limited to isolated proteins in vitro and merely reinforced the importance of the 

converter to lever arm helix interaction without providing any structural insight on the 

velocity modulation.  

In addition to mutagenesis studies, molecular dynamics simulations have reaffirmed 

the converter’s role in the powerstroke and recovery stroke32-36. 

The converter has also been studied in myosin VI, an unconventional myosin which 

walks “backwards” towards the minus end of actin. A large 53 residue insert in the 

converter has been implicated the unique myosin VI walking direction as well as a 

variable step size37-41.  

1.4 Drosophila melanogaster 

 Drosophila is the Ideal System to Study the Effect of Converter Variation on 
Muscle Function  

Drosophila melanogaster, commonly known as the fruit fly, is an ideal system for 

studying the converter subdomain and its influences on muscle function. A major 

strength for Drosophila is its single gene (Mhc) for muscle myosin heavy chain42. 

Myosin isoforms are generated by alternative splicing at six exons. Fifteen isoforms of 

the possible 480 are known to be expressed43-45.  
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Figure 1.7: Drosophila myosin S-1 with alternative exons. Colors are as follows: exon 3 (green), exon 

7 (pink), exon 9 (red), exon 11 (blue), remainder of the canonical converter not coded by exon 11 

(cyan), C-terminus of the ELC (orange) and the rest of the ELC (yellow). The number of bars below 

each alternatively spliced region indicate the number of variants. The ELC is encoded by a separate 

gene (Mlc1). Note this structure orients the converter to the right. PDB 4QBD.  

 

Exon 11 encodes the converter subdomain and has five variants which are expressed 

in different muscle groups of the fruit fly (Table 1.1). This naturally occurring variation 

in the converter provides an excellent platform to study the converter’s influence on 

muscle function. In addition to exon 11, exons 3, 7, and 9 encode sequences in the 

myosin catalytic domain and have 2, 4, and 3 variants respectively (Figure 1.7). Exon 15 

has two variants and encodes a sequence in the S-2 hinge region. Exon 18 is included or 

excluded and alters the length of the C-terminus. The rest of the exons are constitutive 

and encode identical sequences in all of the muscle myosin heavy chain isoforms.  
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Table 1.1: The five Drosophila converters. The five converter sequences encoded by the alternative 

versions of exon 11 in the Drosophila myosin heavy chain, and the primary muscle tissues where 

they are found45. Residue numbering from PDB 4QBD is used. ‡11b found by cDNA transcript in an 

embryonic cDNA screen45. (*) indicates identities. (:) indicates strong conservation. (.) indicates 

weak conservation. Sequences from the Universal Protein Resource46. Identifiers are listed in Table 

A.9. Note that the exon 11 variants are lettered by their position on the MYH gene instead of their 

order of discovery.  

 Exon 11 Encoded Primary Sequences (residues 723-761)

  Muscle group  723       733       743       753     761

11a  indirect flight muscle (IFM)  YMILAPAIMAAEKVAKNAAGKCLEAVGLDPDMYRIGHTK  
11b  embryonic/larval muscle‡  YQILNPRGIKDLDCPKKASKVLIESTELNEDLYRIGHTK

11c  jump muscle (TDT)  YQILNPAGIVGVDDPKKCGSIILESTALDPDMYRIGHTK

11d  embryonic/larval muscle  YQILNPKGIKGIEDPKKCTKVLIESTELNDDQYRLGNTK

11e  embryonic/larval muscle  YKIMCPKLLQGVEKDKKATEIIIKFIDLPEDQYRLGNTK

      * *: *  :   .  *:.    ::   *  * **:*:**
 

Techniques for dissecting Drosophila muscles have been successfully 

developed47,48. The heart tube, indirect flight muscle (IFM), and tergal depressor of the 

trochanter (TDT, also known as the “jump muscle”) have been extensively utilized in 

structure-function studies and as disease models47,49-59. The TDT’s high force generation 

and large shortening distances are employed in this work to study the converter’s 

influence on the force-velocity relationship.  
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Figure 1.8: Schematic showing preparation of the TDT for use on a mechanics rig.  A: Split half 

thorax (dorsal side at top, head side at left). B: Intact TDT removed from thorax, separated from 

the cuticle (top) and partially separated from the tendon (bottom). C: The tendon is completely 

removed and the two halves of the TDT are filleted open. D: A section of 8-10 fibers in the middle of 

one layer of the TDT are selected and pared down. E: The TDT section is clipped with aluminum 

foil T-clips (55% modified). F: Picture of clipped and mounted TDT as sketched in panel E. G: 

Magnified view of panel F showing sarcomeres.  

 

The combination of tractable genetics and muscle methodology makes Drosophila 

an unrivaled system for studying the converter and its relationship with muscle function. 

Other model systems fall short in either their genetics or level of complexity. Common 

organisms for studying muscle such as rabbit, mice, or frogs, either lack genetic 

manipulation techniques or have families of myosin genes which preclude controlled 

expression of mutated myosin60. Additionally, organisms that do have genetic tools to 

express mutated myosin such as Dictyostelium do not have mechanically testable muscle 

tissue61. Drosophila, with its amenable genetics, developed muscle methodology, and 
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five natural variants of exon 11, is the ideal system to study the converter and its 

structure-function relationship with muscle.  

Lastly, Drosophila has a crystal structure for muscle myosin solved at a resolution 

of 2.23 Å (PDB 4QBD, Figure 1.7). This obviates the need to develop homology models 

from other species such as chicken or scallop as previously done 44,62. Moreover, the 

converter has often only been partially resolved or completely unresolved in other 

crystal structures13,23,63-65. In contrast the converter and surrounding subdomains are fully 

resolved in Drosophila structure. While having the Drosophila crystal structure for 

myosin is not strictly necessary, it does add significantly to the accuracy and strength of 

this work.  

 Two Drosophila Converters Have Been Partially Characterized in Isolated 
Myosin and Indirect Flight Muscle 

Two Drosophila converters have been previously investigated: the indirect flight 

muscle myosin isoform and embryonic muscle myosin isoform. The indirect flight 

muscle myosin isoform (IFI) contains 11a and is known to be a “fast” myosin, whereas 

the embryonic muscle myosin isoform (EMB) contains 11d and is known to be a “slow” 

myosin. Transplanting the 11a converter into the EMB background quickened several 

kinetic properties including gliding velocity, optimal muscle oscillation frequency, and 

rate of tension redevelopment66,67. Similarly, transplanting the 11d converter into the IFI 

background slowed those same properties66,67. To the best of my knowledge, these 

studies are the first and only, to directly investigate the converter’s influence on muscle. 

These chimeras were further studied by Miller et al. using stopped flow, measuring 

several transient kinetics of the cross-bridge cycle68. ADP release rates were found to be 

extremely fast for both native isoforms and both chimeras, and rates of ATP-induced 

detachment from actin did not correlate with in vitro gliding velocity. This study 

concluded detachment kinetics were likely not limiting the shortening velocity of muscle 

expressing these chimeras68. While certainly informative, these studies were limited to 

only 11a and 11d and did not posit any structural mechanisms.  
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1.5 Research Aims 

The converter is universally accepted as a necessary structure for the proper 

function of myosin. Despite this acceptance, there exists a paucity of studies exploring 

the effect of converter sequence variety on muscle function. Furthermore, the few 

studies that have found that the converter can modulate muscle function have not 

proposed any structural mechanism to explain such modulation66,67.  

This study seeks to expand the analysis of the previously studied 11a and 11d 

Drosophila converters to all five converter variants (11a through 11e) to address gaps in 

the literature. Using a wide range of converter sequences, this thesis aims to characterize 

the converter’s modulation of muscle function and identify a molecular mechanism that 

explains any such modulation.  

To this end, the present work begins by characterizing force-velocity relationships 

of muscle expressing five different converters (Chapter 2), continues with examination 

of the structural differences of those converters in static (Chapter 3) and dynamic 

(Chapter 4) settings, and finishes with development of a heavy meromyosin system to 

better study the converter’s influence on cross-bridge kinetics (Chapter 5). Two 

overarching mechanisms of the converter will be presented and discussed, as well as 

related to human myosins and cardiomyopathies (Chapter 6).  
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2. The Drosophila Myosin Converter Alters Force-Sensitivity and 

Shortening Velocity 

2.1 Introduction 

The inverse relationship between force generation and shortening velocity is a 

defining characteristic of muscle contraction. This force-velocity relationship (FVR) is 

seen not only in muscle fibers but even in a small ensemble of myosin heads in a laser 

trap69,70. In 1938, A. V. Hill empirically derived the relationship between muscle 

shortening and liberated heat (Equation 2.1) where 

  (2.1) 

F is tension, F0 is isometric tension, v is velocity, a is the shortening heat constant, and b 

is the rate of energy liberation constant69. The ratio a/F0 determines the extent of 

curvature: higher a/F0 values indicate a more linear FVR, lower a/F0 values indicate a 

more curved FVR. A. F. Huxley reproduced Hill’s equation using strain-dependent 

cross-bridge kinetic rates71. Models that use strain-independent rate constants produce 

linear FVRs, suggesting that FVR curvature is derived from strain-dependent cross-

bridge kinetics72,73. Strain-dependent properties have been observed experimentally in 

single myosin S-1 heads. Greenburg et al. found load-dependent detachment rates in β-

cardiac myosin74. Kad et al. found ADP release rate was slowed for smooth muscle 

myosins under load75. While the myosin head position relative to the docking site on 

actin (strain) has not been directly measured, strain is proportional to force (or load) by 

assuming cross-bridges act as springs according to Hooke’s Law71. While no studies, to 

our knowledge, have directly measured load-dependent cross-bridge rates in contracting 

muscle, many studies have shown load-dependence indirectly with measures of a/F0. 

Muscle fibers expressing distinct myosin isoforms from human and rat muscles have 

different a/F0 values5,76, demonstrating myosin sequence determines, at least in part, 

a/F0.  

Unresolved is what domain or domains of the myosin structure contribute to the 

hyperbolic nature of the FVR.  Studies of myosin have focused on the impact of flexible 

loops on ATPase activity and in vitro actin motility but not the FVR77-80. For example, 
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the size and flexibility of loop 1 directly affects the rate of smooth muscle myosin ADP 

release81. While informative, these studies have conflicting results, have been limited to 

isolated muscle, and have not tested the influence of myosin structural subdomains on 

FVR curvature in muscle. 

The Drosophila system has enabled mechanical evaluation using intact muscle and 

has revealed domains other than these flexible loops to be critical for setting functional 

properties of myosin and muscle67,82-86. Techniques for mechanically testing intact 

Drosophila muscles, namely the indirect flight muscle (IFM) and tergal depressor of the 

trochanter (TDT, or jump muscle) have been successfully developed, creating an 

unprecedented system for testing the effect of myosin structure variation on muscle 

performance47. The single muscle myosin heavy chain gene in Drosophila contains four 

alternatively spliced exons in the catalytic domain: exons 3, 7, 9, and 11, coding for 

sections in the n-terminus, near the nucleotide binding pocket, in the relay helix/loop, 

and in the converter, respectively. These alternative exons were systematically 

genetically exchanged creating 8 chimera fly lines67,83,85,87. A key finding of these 

chimera studies is the importance of the converter subdomain. Exon 11 has five variants 

in Drosophila (a, b, c, d, and e) and codes for approximately three-quarters of the 

canonical converter (Figure 1.7). Exchanging the converter endogenously found in IFM 

(11a) with that endogenously found in embryonic muscle (11d) causes numerous 

changes in both isolated myosin and intact muscle including actin sliding velocity, actin-

stimulated ATPase rate, actin affinity, oscillatory power generation, and optimal 

oscillation frequency66,67.  

The converter interfaces with the relay subdomain and the essential light chain and 

is part of the structural pathway that connects the nucleotide binding site to the lever 

arm. The converter subdomain is a critical component for enabling the lever arm 

powerstroke and recovery stroke28. Given the location of the converter and established 

importance to the lever arm powerstroke, it is likely involved in load-sensing and 

modulation of cross-bridge kinetics. We have observed the converter altering load-

sensitive kinetics88. If load-sensitive cross-bridge rates do alter FVR curvature as 

proposed by A. F. Huxley and the converter modulates load-sensitivity, we should see 

changes in a/F0 of the FVR.  
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Using Drosophila jump muscle we find that the converter alters FVR curvature 

(a/F0) and maximum shortening velocity when fit with Hill’s equation69. Analysis with 

A. F. Huxley’s model (1957) suggests these FVR changes are the result from the 

converter altering the detachment rate of negatively strained cross-bridges (g2)9,71.  

2.2 Materials and Methods 

 Transgenic Drosophila Lines 

The control fly line pwMhc2, which expresses the native 11c converter in the jump 

muscle, contains a wild-type myosin transgene expressed in Mhc10, a Drosophila line 

null for myosin89 and is referred to here as TDT-11c. Four fly lines were created by 

swapping exon 11a, 11b, 11d, or 11e into the pwMhc2 transgene in the Mhc10 

background as described previously88 and are referred to here as TDT-11a, TDT-11b, 

TDT-11d, and TDT-11e, respectively. Flies were raised at 25°C on a 12- hour light-dark 

schedule.   

 Tergal Depressor of the Trochanter (TDT) Muscle Mechanics 

Muscle fibers were prepared as previously described 47,49. Briefly, the TDT (jump 

muscle) is dissected from a two to three day old female fly and chemically 

demembranated in 1% Triton-X100 for one hour. The TDT is pared down to 6-8 fibers 

and clipped on either end with aluminum t-clips with approximate final dimensions of 

150 µm in length, 100 µm in width, and 50 µm in depth. The prepared fiber bundle is 

mounted on a mechanics rig between a piezo motor and an aker’s gauge force transducer 

in relaxing solution (pCa 8.0, 12 mM MgATP, 30 mM creatine phosphate, 600 U/ml 

creatine phosphokinase, 1 mM free Mg2+, 5 mM EGTA, 20 mM BES (pH 7.0), 200 mM 

ionic strength, adjusted with Na methane sulfonate, 1 mM DTT) and stretched to a 

starting sarcomere length of 3.6 µm49. The fiber is transferred to pre-activating solution 

(relaxing solution, with pCa 8.0 and no EGTA) for two minutes and then to activating 

solution (relaxing solution, with pCa 5.0 and no EGTA) at 15°C. Isometric tension is 

measured once force has plateaued. One force clamp is then performed (see below) 

before immediately returning the fiber to relaxing solution. The fiber is restretched to the 

original starting length and the process is repeated for additional force clamps. Fibers 
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that exhibited drops in isometric tension greater than 10% during the first four force 

clamps are discarded, as well as any fibers unable to shorten at loads less than 5% of 

isometric tension.  

 Force-Velocity Relationship 

To measure force velocity properties, force clamps were conducted starting from 

1% and ending with 90% of isometric force as previously described (Figure 2.1)49. In 

our setup, feedback from the force transducer determined the velocity at which the piezo 

motor shortened the fiber based on a preset force level. To generate a single force-

velocity data point from each force clamp, the average velocity and average force from 5 

ms to 13 ms was calculated, the earliest window that force was reliably clamped.  

The force-velocity points were fit to Hill’s equation (Equation 2.1) where F is 

instantaneous tension, F0 is isometric tension, v is instantaneous velocity, and a and b 

are fit-determined parameters69. Note F is used to represent tension instead of the 

traditional P, in order to avoid confusion with power. Detailed definitions of force-

velocity parameters are in Table 2.1. 

The force-velocity points were also fit A. F. Huxley’s model with Equation 2.2 

 1 1 exp ∗ ∗ ∗ 1 ∗
∗ ∗

 (2.2) 

where F/F0 is tension as a fraction of isometric tension, v is velocity, f1 is the attachment 

rate of detached myosin, g1 is the detachment rate of attached myosin, g2 is the 

detachment rate of negatively strained attached myosin, and h is a constant related to the 

distance over which a cross-bridge can generate force9,71. h is valued at 0.025 as done 

previously9. Thirteen to eighteen fibers for each line were individually fit using 

Microsoft Excel add-in Solver (Frontline Systems). 
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Table 2.1: Nomenclature of the force-velocity relationship. List of terms, abbreviations, and 

definitions related generally the force-velocity relationship and specifically to A. V. Hill’s 1938 

equation. Note Fopt/F0 and vopt/v0 are algebraically equivalent and have been previously referred to as 

M10,90. 

ML/s muscle lengths per second; rate of 
length change divided by starting 
length 

a Hill parameter; vertical asymptote 
at F = -a  

b Hill parameter; horizontal 
asymptote at v = -b 

F instantaneous tension in mN/mm2 
F0 measured maximum activated 

tension in mN/mm2 

a/F0 normalized Hill parameter  
F/F0 prescribed tension for force clamp 

as a fraction of F0 
Fopt = (a2 + aF0)1/2 - a; optimal 

tension for maximum power in 
mN/mm2 

Fopt/F0 optimal tension for maximum 
power as a fraction of isometric 
tension in % 

 

v recorded velocity at F/F0 in ML/s 
v0 = (b)(a/F0)-1; maximum velocity 

at F=0 in ML/s  
vopt = (-ab + (a2b2 + ab2F0)1/2)(a-1); 

optimal velocity for maximum 
power in ML/s 

vopt/v0 optimal velocity for maximum 
power as a fraction of maximum 
velocity in % 

vlin maximum velocity as calculated 
by a linear regression extrapolated 
to zero force using the four fastest 
force-velocity points 

P = vF; power in W/L 
P0 = voptFopt; maximum power in 

W/L 
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Figure 2.1: Force clamps. Representative force and length traces used to generate a force-velocity 

curve. This example is the same TDT-11c fiber as shown in Figure 3. Force clamps ranged from 1% 

to 90% of isometric force. Force traces are paired with length traces of the same shade of gray. 

Vertical dashed lines indicate the time window used to measure force and calculate velocity. 

 

 Jumping Ability Assay 

Female flies two to three days old were tested for jumping ability at 15ºC. The 

wings of the flies were removed while under CO2 anesthesia and given at least two hours 

to recover and acclimate to the testing temperature. Flies were prompted to jump by 

using a pen tip, and their jump distances were marked and measured on the testing paper. 

The longest three jumps out of ten for each fly were averaged. Ten flies were tested for 

each line. 
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2.3 Results 

 FVR Curvature, Shortening Velocity, and Isometric Tension 

All fibers consistently clamped force within 5 ms and maintained the established 

force for at least 20 ms (Figure 2.1). The tension-velocity points displayed the typical 

hyperbolic shape and were fit well by Hill’s equation (R2 > 0.97 for all fibers, Figure 

2.2). 

The converter-exchanged fiber types displayed a 2.4-fold range of a/F0 values, the 

mathematical expression of FVR curvature (Figure 2.3B and Figure 2.5A). A higher a/F0 

value indicates a more linear FVR, while a lower value indicates a more curved FVR. 

TDT-11a displayed the lowest a/F0 value, 23.1% lower than the control TDT-11c, 

whereas TDT-11d displayed the highest a/F0 value, 84.6% higher than the control. The 

relative order of a/F0 values from lowest to highest was TDT-11a < TDT-11e < TDT-

11c < TDT-11b < TDT-11d with a 2.4-fold range.  

Maximum shortening velocity (v0) was determined using Hill’s equation (see 

Methods) and displayed several statistically significant differences (Figure 2.3A and 

Figure 2.5C). TDT-11a fibers displayed the fastest v0, a 13.1% increase relative to 

control TDT-11c fibers. Fibers expressing 11d displayed the slowest v0, a 28.8% 

decrease relative to control TDT-11c fibers. The relative order of v0 from fastest to 

slowest was same as a/F0, TDT-11a > TDT-11e > TDT-11c > TDT-11b > TDT-11d, 

with 1.6-fold range. A second method of determining maximum shortening velocity by 

extrapolating the linear regression of the four fastest force-velocity points to F = 0 (vlin) 

agreed well with v0 with a 1.5-fold range and similar relative order of TDT-11e > TDT-

11c > TDT-11a > TDT-11b > TDT-11d (Figure 2.5D).  

Isometric tension (F0) generated by the fibers displayed no statistically significant 

differences between lines (Figure 2.3A and Figure 2.5E).  
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Figure 2.2: Representative force-velocity relationships. Representative TDT-11a, TDT-11b, TDT-

11d, and TDT-11e fiber curves each shown with the same representative TDT-11c fiber curve. 

Individual force clamp points are fitted by Hill’s equation (lines) with R2 values of 0.994, 0.997, 

0.989, 0.998, and 0.996 for TDT-11a, TDT-11b, TDT-11c, TDT-11d, and TDT-11e, respectively.   
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Figure 2.3: Average force-velocity relationships. A: Force-velocity relationships for all five 

converter lines generated using averaged parameters derived from fitting Hill’s equation to our 

FVR data (see Figure 2.5). B: Force-velocity curves from panel A normalized to isometric tension to 

maximum velocity, highlighting the differences in FVR curvature. 

 Power Generation 

We found no statistically significant differences in maximum power (P0) between 

the five lines (Figure 2.4 and Figure 2.5F). However, optimal velocity (vopt) and optimal 

tension (Fopt) displayed some significant differences (Figure 2.4, Figure 2.5G, and 

Figure 2.5H). Fibers expressing 11d displayed the slowest vopt, a 20.4% decrease relative 

to control TDT-11c fibers. The relative order of vopt from fastest to slowest was the same 

as v0 and a/F0, TDT-11a > TDT-11e > TDT-11c > TDT-11b > TDT-11d, with a 1.3-fold 

range. In addition to the slowest vopt, TDT-11d fibers displayed the highest Fopt, 11.8% 

higher than the control TDT-11c fibers. Fopt had a 1.4-fold range and relative order from 

highest to lowest of TDT-11d > TDT-11c > TDT-11b > TDT-11e > TDT-11a. Relative 

optimal velocity, vopt/v0, and relative optimal tension, Fopt/F0, reported as percentages of 

their respective maxima, displayed the same relative order and similar significant 

differences as vopt and v0 (Figure 2.5I).  
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Figure 2.4: Power generation. Power curves for all five converter lines plotted against (A) velocity 

and (B) tension generated using average parameters derived from fitting Hill’s equation to our FVR 

data (see Figure 2.5).  

 

 Jumping Distances 

All fly lines were able to jump an average distance of at least 1 cm (Figure 2.5J). 

The relative order of jumping distance from farthest to shortest was the same as that of 

v0: TDT-11a > TDT-11e > TDT-11c > TDT-11b > TDT-11d.  
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Figure 2.5: Drosophila jump muscle mechanical properties and jump distances. Force-velocity 

relationship parameters were measured using the force clamp technique and fit using Hill’s 

equation: (F + a)(v + b) = (F0 + a)(b). a/F0 is the FVR curvature measure. b is a fit parameter. vo is 

maximum shortening velocity. vlin is maximum shortening velocity determined by extrapolation to 

zero force using the four fastest velocities. Fo is isometric tension measured immediately prior to 

each force clamp. P0 is maximum power generated. vopt is the velocity at which maximum power was 

produced. Fopt is the tension at which maximum power was produced. vopt/v0 and Fopt/F0 are optimal 

velocity and optimal tension normalized to maximum velocity and isometric tension, respectively. 

Note vopt/v0 and Fopt/F0 are algebraically equivalent and have been previously referred to as M10,90. 

Jump distance was measured using live flies with their wings removed. All values are mean ± S.E.M. 

Black bars indicate significant difference between lines by One-way ANOVA with Holm-Sidak 

pairwise comparisons with p < 0.05 (SigmaPlot v11.0). For completeness values are also shown in 

table form in Appendix: Table A.1, Table A.2, and Table A.3.  

 

2.4 Discussion 

 Relation to Physiological Function 

The reported contractile properties characterized for the five converter lines agree 

with the physiological demands of the Drosophila muscle groups in which they are 
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found. Fibers expressing 11a, found in the indirect flight muscle, exhibited the fastest 

shortening velocity (v0) and most curved FVR (lowest a/F0). The indirect flight muscle 

of insects undergoes extremely fast oscillations (200Hz in Drosophila), the fastest of any 

muscle type, alternating between contractions of the dorsal longitudinal muscles and the 

dorsal ventral muscles, needing to relax as fast as it contracts.  

Fibers expressing the native converter 11c, while producing the highest observed 

maximum power (P0), were outperformed in jump distance by TDT-11a fibers. It is not 

clear why 11a, a sequence likely evolved specifically for the indirect flight muscle, 

would also produce peak performance in the TDT. Reasons for explaining why the TDT-

11c line, with the highest P0, did not jump the farthest are discussed below. 

TDT-11d fibers exhibited high isometric tension, and a high optimal tension for 

maximum power. This agrees with its function in embryonic/larval forms of Drosophila, 

where slow but sustained contraction is needed for crawling.  

Unexpectedly, the mechanics data for fibers expressing 11b also confirms its role, or 

lack of role in the fruit fly. While detected in an embryonic cDNA screen, 11b is not 

found to be explicitly expressed in any muscle group 45. Speculatively a vestigial exon 

with low expression levels, TDT-11b fibers exhibited low velocity, tension, and power 

when compared to the other converter lines.  

Fibers expressing 11e, found in embryonic/larval muscles, curiously displayed 

properties most similar to TDT-11a fibers. It is possible that 11e enables faster kinetics 

to balance the slower kinetics of 11d, also expressed in the embryonic/larval muscles. 

Reasons for the unexpected behavior of TDT-11e fibers are discussed in 2.4.4 and 4.4.1. 

 Jump Distance Correlates with Maximum Velocity and not Maximum 
Power 

TDT-11a flies jumped further than any other line including the TDT-11c control 

line. However, TDT-11a fibers did not produce the greatest power output, rather they 

produced the highest maximum shortening velocity and optimal velocity. Overall the 

best correlation with jump distance was v0 followed by vopt (r2 = 0.84 and 0.72, 

respectively). P0, F0, and Fopt had much weaker correlations (r2 ≤ 0.02). This suggests 

that of the parameters measured, muscle shortening speed is the most critical for 

jumping.  
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To further investigate this intriguing result, we can estimate where on the FVR the 

TDT muscles are operating during a jumping event. Does the TDT operate at high force, 

at high power output in the middle of the FVR, near maximum shortening velocity, or 

across a range of the FVR? The estimated average cross-sectional area (CSA) of the 

entire TDT is 0.0225 mm291. We found that the TDT-11c fiber average isometric tension 

was 65.0 mN/mm2. Therefore an estimate of the total maximum possible force output, 

(F0)(CSA), of TDT-11c is 1.46 mN. Zumstein et al. found that Drosophila jump force 

increases linearly from jump initiation and obtains a peak force of about 137 µN per leg 

at take-off (5.0 ms)91. Presuming that essentially all of force for take-off comes from the 

jump muscle, we compare the estimated peak force of 137 µN to the estimated 

maximum force of 1.46 mN and determine the TDT likely operates from 0-9% of F0 (0-

6.1 mN/mm2 in TDT-11c) during a jump. The matching velocities would be 100-65% of 

v0 (5.9-3.8 ML/s in TDT-11c). These calculations suggest the TDT is operating in the 

high velocity end of the FVR and not near maximum power. This explains the 

correlation observed between jump distance and v0 but not P0. The results of Eldred et al. 

(discussed further below) similarly found the jump distance of the flies correlated with v0 

and not P0 
49.   

 The Converter is Important for Jump Muscle Shortening Velocity but not 
Force Generation 

Comparing our current results with Eldred et al. we can determine the impact of the 

converter compared to the other alternatively spliced exons49. Eldred et al. studied the 

jump muscle force-velocity relationship expressing a slower embryonic myosin (EMB) 

against the TDT-11c control. Both EMB and TDT-11d express the 11d converter, but 

differ in all other alternatively spliced exons 45. This means any changes relative to the 

control observed in both TDT-11d and EMB are likely set by the common 11d 

converter.  

Jump distance, maximum shortening velocity, optimal velocity, and maximum 

power all decreased in EMB and TDT-11d relative to TDT-11c. Jump distance 

decreased 57% and 14%, respectively. v0 decreased 37% and 29%, respectively. vopt 

decreased 37% and 20%, respectively. P0 decreased 13% for both. While the EMB 

decreases were larger than those of TDT-11d (except for P0), these comparisons suggest 
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the converter alone can induce dramatic changes to velocity and jump distance. This 

agrees well with the results of this study, finding many statistically significant 

differences for v0, vopt, and jump distance (Figure 2.5, panels C, G, and J).  

In contrast, EMB increased isometric tension relative to TDT-11c (43%), whereas 

TDT-11d slightly decreased relative to TDT-11c (3%). This suggests the converter does 

not play a dominant role in setting force where other alternative exons are likely 

important. This also supports the results of this study where no significant differences 

were found in F0 (Figure 2.5E). 

 The Converter Has Similar Effects in Two Muscle Types 

These five converters have also been expressed and studied in the indirect flight 

muscles (IFM)88. The adult muscle converters, 11a and 11c, enabled faster and more 

powerful IFM muscles compared to embryonic and larval converters, 11b, 11d, and 

11e88. Specifically, wing beat frequency, maximum power, and optimal frequency of 

oscillation were all increased in 11a and 11c relative to 11b, 11d, and 11e. While these 

muscles operate differently (the IFM contracts in high-frequency low-amplitude 

oscillations and the TDT contracts in a single high-speed high-amplitude jump), the 

findings of these two studies are complimentary. 11a and 11c generally perform faster 

with more power, whereas 11b and 11d perform slower with less power.  

However, expression of 11e in the IFM resulted in slowed kinetics and lowered 

work and power relative to the native IFM isoform, whereas expression of 11e in the 

jump muscle resulted in nominal or faster performance relative to the native TDT 

isoform. The reason for 11e having variable effects dependent on the muscle type may 

lie in the converter’s interaction with the relay subdomain. Alternatively-spliced exon 9 

has three variants: 9a, 9b, and 9c. Only six positions are variable in the relay variants, 

two of which interact with the converter (residues 506 and 508). In 9a, position 506 is 

neutral (N) and 508 is charged (D). In 9b and 9c, position 506 is charged (D and E, 

respectively) and 508 is neutral (A and T, respectively). These positions are shown to 

interact with the invariant R756 in the converter62,92,93. Exon 11e is always paired with 

either 9b or 9c in embryonic/pupal muscles94, and exhibits different actin sliding velocity 

for these two exon 9 variants 95. The IFM only expresses exon 9a, whereas the TDT 
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expresses both 9a and 9b. The abnormal pairing of exon 11e with exon 9a may explain 

the depressed IFM performance; whereas the normal pairing of exon 11e with exon 9b 

may have avoided a similar result in the TDT.  Additionally, expression of ELC 

isoforms differs between the TDT and IFM and may explain 11e’s variable behavior. A 

theory describing the role of the ELC isoform is discussed later in 4.4.1. 

 a/F0 and v0 Correlate Negatively 

In many studies, it has regularly been observed that a/F0 and v0 correlate positively, 

i.e. muscle fiber types that have faster maximum shortening velocities also have more 

linear FVR curvatures (and thus higher maximum power also)90. The findings here found 

the opposite, i.e. fibers that had faster maximum shortening velocities had more curved 

FVRs (and thus similar maximum powers)(Figure 2.6).  

 

Figure 2.6: Negative correlation between maximum shortening velocity and FVR curvature. A: All 

fibers from the five converter types. B: Means of each converter type with linear regression.  The 

slope is -8.77 ML/s and the y-intercept is 8.23 ML/s.  

 

The explanation likely lies in the fact that the aforementioned studies used different 

muscle fiber types (e.g. type I or type IIa) that did not control all protein isoforms. This 

study in contrast was well-controlled with the myosin isoform as the only variable in a 

single muscle fiber type. Gilliver et al. observed a positive correlation between a/F0 and 
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v0 when comparing type I and type IIa human muscle fibers, but a negative correlation 

between a/F0 and v0 when looking at the variation within each fiber type10. The findings 

of Gilliver et al. suggest that the natural relationship of a/F0 and v0 is a negative 

correlation. This makes sense when considering that a negative relationship between 

a/F0 and v0 results in minimal variation in maximum power output. In contrast, if a/F0 

and v0 were to correlate positively, this would result in large variation in power 

generation. Gilliver et al. further concluded that there is one factor that affects F0 and a 

second factor that affects a/F0 and v0
10. This agrees excellently with the work presented 

here: the converter is a factor that directly affects a/F0 and v0 simultaneously but not F0.  

 Relating FVR Curvature to Cross-bridge Kinetics Using A. F. Huxley’s 1957 
Model 

A. F. Huxley’s landmark 1957 paper created a mathematical model of cross-bridge 

kinetics that could predict muscle force, shortening velocity, and heat liberation. This 

simple two-state model (myosin attached (1) or detached (2) from actin) has stood up 

remarkably well against the test of time. To determine if the converter is altering the 

force-velocity relationship by changing the underlying cross-bridge kinetics, all TDT 

force-velocity data were fit to Huxley’s 1957 model by Equation 2.2. Hill’s equation 

relies on the two fitted constants: a and b. Huxley’s model also fits only two constants: 

g2 and the sum f1 + g1. These are rates from Huxley’s original two-state cross-bridge 

model. f1 and g1 are fitted together as a sum and not separated in Equation 2.2. f1 is the 

attachment rate for detached myosin, g1 is the detachment rate for attached myosin, and 

g2 is the detachment rate for negatively strained attached myosin. Negatively strained 

cross-bridges occur when a myosin head fails to detach quickly and is dragged beyond 

the useful range of the powerstroke as the muscle continues to shorten. The fitted rates 

are reported in Table 2.2 and all derived properties are reported in Table A.4. While the 

ratio of (f1 + g1) and g2 for Drosophila matched well with that for rat soleus fibers 

(0.21), the individual values for (f1 + g1) and g2 are much higher for Drosophila (13 to 

19-fold for (f1 + g1) and 9 to 14-fold for g2) 96. These drastic increases in rates are 

plausibly due to the higher temperature used for Drosophila (15°C versus 12°C), but are 

more likely reflective of faster kinetics of the myosin isoform and muscle fiber makeup.  
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Table 2.2: Cross-bridge rate constants from fitting TDT force-velocity data to A. F. Huxley's 1957 

model. f1 is the attachment rate of detached myosin. g1 is the detachment rate of attached myosin. g2 

is the detachment rate of negatively strained attached myosin (i.e. myosin heads dragging against 

shortening muscle). The units for f1 + g1 and g2 are s-1. All values are mean ± S.E.M. Superscript 

letters indicate significant difference between lines by ANOVA. Numbers between brackets indicate 

number of fibers tested. 

  f1 + g1 g2 (f1 + g1)/g2  

TDT-11a [13] 57.91 ± 2.78 244.2 ± 10.2b,d
 0.243 ± 0.018b,d  

TDT-11b [12] 61.74 ± 4.60 189.2 ± 12.5a,e 0.333 ± 0.024a,d  

TDT-11c [12] 63.49 ± 3.97 221.4 ± 16.4d 0.292 ± 0.014d  

TDT-11d [12] 62.79 ± 11.7 159.3 ± 14.0a,c,e 0.421 ± 0.034a,b,c,e  

TDT-11e [18] 60.17 ± 2.52 240.5 ± 10.8b,d 0.258 ± 0.014d  

 

Maximum shortening velocity, maximum power, optimal velocity, optimal force, 

and relative optimal velocity & force derived from Huxley’s model agree well with those 

from Hill’s equation are reported in Table A.4. Significant differences between the five 

lines are identical for all properties when using Hill’s equation or Huxley’s model 

(Figure 2.5 and Table A.4). Maximum shortening velocity is overestimated in slow 

fibers and underestimated in fast fibers (Huxley relative to Hill) as observed before 

(Figure 2.7A)9. Maximum power agrees excellently in an almost 1:1 ratio (Figure 2.7B).  
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Figure 2.7: Comparison of maximum shortening velocities between fitting with Hill's equation and 

Huxley's model. All data from all fibers are shown with linear regressions. A: Comparison of 

maximum velocities fit with Hill’s equation and Huxley’s model. The y-intercept is 0.32 ML/s. The 

slope is 0.91. B: Comparison of maximum powers fit with Hill’s equation and Huxley’s model. The 

y-intercept is -0.13 W/L and the slope is 0.98.  

 

Simmons and Jewell previously equated a/F0 to (f1 + g1)/g2
9,97. In this data there is a 

clear relationship between a/F0 and (f1 + g1)/g2, but it is not a 1:1 relationship. A linear 

fit of the data (Figure 2.8A) gives a slope of 0.65. Using an exponential fit gives a much 

better fit (Figure 2.8B). It should be noted that adjusting the constant h from Equation 

2.2 could allow for overall better agreement between a/F0 and (f1 + g1)/g2. However, 

adjusting h would not alter the non-linearity of the relationship seen in Figure 2.8. 

Furthermore a/F0 cannot equal (f1 + g1)/g2 because if (f1 + g1) and g2 are sufficient to fit 

Huxley’s model, then it would reason that a/F0 would also be sufficient to fit Hill’s 

equation. We know this not to be true since both a/F0 and b need to be adjusted for 

proper fitting using Hill’s equation (Figure 2.5). Thus while a/F0 and (f1 + g1)/g2 are 

clearly related (Figure 2.8), they should not be considered equal.  
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Figure 2.8: Comparison of (f1 + g1)/g2 and a/F0. A: Linear regression with a y-axis intercept of 0.11 

and slope of 0.65. B: Three term exponential fit (see Equation A.1). 

 Apparent Rate Constants of the Cross-Bridge Cycle Suggest Detachment-
Limited Velocity and Detachment-Dependent Load-Sensitivity in the TDT 

There were minimal differences in f1 + g1 across the five lines, a 1.1-fold range, with 

no significant differences. In contrast, g2 values varied significantly across the five lines, 

a 1.6-fold range, with the relative order (fastest to slowest) TDT-11a > TDT-11e > TDT-

11c > TDT-11b > TDT-11d, which correlates well with FVR curvature (r2 = 0.96) and 

maximum shortening velocity (r2 = 0.99).  

Huxley’s model is a detachment limited model where the myosin’s detachment rate 

from actin determines maximum shortening velocity. Specifically it is the g2 rate of 

negatively strained cross-bridges that defines maximum shortening velocity (Figure 

2.9A). While a muscle is shortening, any cross-bridges that do not detach quickly will be 

dragged into the negatively strained region. The population of negatively strained cross-

bridges is dependent on velocity. At maximum velocity, the population will be at a 

maximum. At zero velocity or isometric tension, the population of negatively strained 

heads should be zero.  

The altered FVR curvature is also explained by altered g2 rates when paired with the 

velocity-dependent population of negatively strained cross-bridges. As velocity increases 

towards maximum velocity, the population of negatively strained cross-bridges increases 
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and their detachment rates (g2) come into play, extending the FVR in converter types 

with faster g2 rates and ending the FVR short in converter types with slower g2 rates 

(Figure 2.9A). The influence of the converter type on g2 is apparent when comparing 

Figure 2.9A with Figure 2.9C. If the converter were instead modifying f1 + g1 then the 

FVR curvature would change without modifying maximum shortening velocity as seen 

in Figure 2.9B.  

What modulates the non-linear relationship between force and velocity in muscle? 

The results here suggest the converter subdomain, in whole or in part, is the structure 

directly responsible for setting FVR curvature. Fitting rates of the two-state Huxley 

model71 to the force-velocity data suggests that g2, the detachment rate of negatively 

strained cross-bridges, is the kinetic step affected by the converter subdomain variation.   
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Figure 2.9: The independent effects of g2 and f1 + g1 on the force-velocity relationship. A: Force-

velocity relationships with various values of g2 from Huxley’s 1957 model (Equation 2.2). f1 + g1 is 

set to 60 s-1, the approximate average of the five converter types. B: Force-velocity relationships with 

various values of f1 + g1 from Huxley’s 1957 model (Equation 2.2). g2 is set to 200 s-1, the 

approximate average of the five converter types. Tension is normalized to isometric tension in both 

panels. C: Average force-velocity relationships of the five converter lines from Figure 2.3. Tension 

did not vary significantly between any of the five converter lines (Figure 2.5) and is normalized to 

isometric tension to match panels A and B.  
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3. Structural Analysis of the Drosophila Myosin Converters  

3.1 Introduction 

A fundamental question has been left unaddressed in previous studies on the 

Drosophila converter: what is it about the converter’s sequence that results in altered 

myosin and muscle kinetics? The multitude of studies investigating 11a and 11d through 

the fly lines IFI (indirect flight muscle isoform: exons 3b, 7d, 9a, 11a, EMB (embryonic 

muscle isoform: exons 3a, 7a, 9b, 11d), IFI-EC (exons 3b, 7d, 9a, 11d), and EMB-IC 

(exons 3a, 7a, 9b, 11a), did not discuss the sequence differences between the exchanged 

converters66-68,88,98.  

In this chapter I begin by observing the critical interfaces of the converter with the 

relay, lever arm helix, and essential light chain (ELC). I characterize several important 

pockets of interaction that “glue” together the three separate strands of the converter. 

Subsequently I quantify the differences between the five converter sequences within the 

scope of primary sequence amino acid properties and small protein motifs. I then 

propose a mechanism relating these sequence differences to modulation of the force-

velocity relationship.  

3.2 Methods 

 Primary Sequence Analysis 

The five primary sequences for 11a, 11b, 11c, 11d, and 11e were analyzed for the 

following amino acid properties: type, mass, size, charge, hydropathy, rotational degrees 

of freedom, polarity, and aromaticity. Hydropathy scale was developed by Monera et al. 
99.  

 Homology Modeling and Structure Analysis 

Molecular Operating Environment (M.O.E. 2013.08) was used to generate the 

homology models of myosin S-1 containing the sequences for 11a, 11b, 11c, 11d, and 

11e  using the Drosophila myosin structure (PDB 4QBD) as a template.  
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Small protein motifs of the homology models were assessed using PDBeMotif: 

alpha-beta motif, Asx motif, Asx turn, beta-bulge, beta-bulge loop, beta turn, gamma 

turn, nest, niche, schellmann loop, S/T motif, S/T helix staple, and S/T turn 100. Detected 

motifs were manually confirmed by inspecting the sequence, hydrogen bond interatomic 

distances, and phi-psi angles using PyMOL (The PyMOL Molecular Graphics System 

v1.7)101. The occurrences of each motif were counted and compared across the converter 

types. 

3.3 Results  

The converter contains four distinct secondary structures coded by exon 11 (Figure 

3.1: Sequences and secondary structures of the converter.Figure 3.1). First, there is a 

long fourteen-residue stretch that is referred to as the beta turn ribbon due to six beta 

turns contained within it (723-736). While this strand is not a genuine beta turn ribbon102 

as it contains partial alpha helices, non-sequential beta turns, and uncharacterized loops, 

the name beta turn ribbon is used out of convenience. The beta turn ribbon interacts with 

the lever arm (723-726) and the ELC (727-736). Second, eleven residues form an alpha 

helix in the middle of the converter (737-747). The alpha helix is isolated within the 

converter and does not interact directly with the relay, lever arm helix, or ELC. Third, 

seven residues following the alpha helix form a loop (748-754). The loop forms the 

majority of the converter’s interface with the lever arm helix. Finally, the last seven 

residues encoded by exon 11 form a beta sheet strand (and the turn preceding the next 

beta sheet strand). These last seven residues are a part of the beta sheet that interfaces 

with the relay.   

Three additional secondary structures in the converter are outside of the exon 11 

encoded region (Figure 3.1). Prior to exon 11, the first beta sheet strand emerges from 

the SH1 helix and then continues into an alpha helix positioned behind the exon 11 alpha 

helix. The middle strand succeeds exon 11 and leads into the lever arm helix.  
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B Primary Sequence of Drosophila converters 
Exon 11    beta turn ribbon  alpha helix  loop beta sheet strand 

  723            737         748     755   761  

11a  YMILAPAIMAAEKV AKNAAGKCLEA VGLDPDM YRIGHTK  

11b  YQILNPRGIKDLDC PKKASKVLIES TELNEDL YRIGHTK  

11c  YQILNPAGIVGVDD PKKCGSIILES TALDPDM YRIGHTK  

11d  YQILNPKGIKGIED PKKCTKVLIES TELNDDQ YRLGNTK  

11e  YKIMCPKLLQGVEK DKKATEIIIKF IDLPEDQ YRLGNTK  

Figure 3.1: Sequences and secondary structures of the converter. A: The secondary structures of the 

canonical converter from N-terminus to C-terminus: (0) beta sheet strand and alpha helix, (1) beta 

turn ribbon, (2) alpha helix, (3) loop, (4) beta sheet strand, (5) beta sheet strand leading into the 

lever arm helix. (1-4) are in the exon 11 encoded region (blue and violet). (0, 5) are regions of the 

converter outside of exon 11 (cyan). Other colors as follows: relay (red), SH1 helix (orange), lever 

arm helix (green), and ELC (yellow). PDB 4QBD. B: Sequences of the Drosophila converters 

encoded by exon 11. Underline color of secondary structure matches those in panel A. Numbering 

according to PDB 4QBD.  

 

 

The five homology models do not differ in these secondary structures and they have 

indistinguishable backbones (Figure 3.2). However, it should be noted that changes to 
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the converter structure may be present in vivo during the cross-bridge cycle while the 

converter is experiencing dynamic conditions. The converter has multiple positions 

during the cross-bridge cycle and is subjected to stresses from the relay, SH1 helix, and 

lever arm. These homology models are static, energy-minimized, and from a single 

cross-bridge state derived from the non-physiological conditions of a crystal. Thus, 

while these structures provide much atomic detail they are nonetheless a limited 

snapshot of the converter’s full dynamic range.   

 

 

Figure 3.2: Overlaid homology models of all five converters. Energy minimized homology models 

were made using the Drosophila embryonic muscle myosin structure (PDB: 4QBD). Exon 11 

backbone atoms of the homology models had an rmsd < 0.56 Å compared to the template structure 

and display indistinguishable secondary and tertiary folds. Carbon atoms and the backbone ribbon 

are green (11a), yellow (11b), orange (11c), magenta (11d), and blue (11e). For consistency and 

convenience, these are brighter versions of the colors used in Chapter 2. Nitrogen atoms are blue, 

oxygen atoms are red, and hydrogen atoms are gray (non-polar hydrogens not shown). The 

backbone of residues outside of the exon 11 encoded converter are shown in gray. 
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 The Converter-Relay Interface is Characterized by a Large Number of 
Identities 

The section of the exon 11 sequence that interacts with the relay contains mostly 

identities (Figure 3.3). The two positions that are not identities nonetheless are similar 

variations. These include 1) residue 757, points away from the converter (I, L, I, L, L in 

11a through 11e, respectively) and 2) residue 759 interacts directly with the relay (H, H, 

H, N, N in 11a through 11e, respectively). Further, residue 506 on the relay loop has 

three variants encoded the alternatively spliced exon 9 (N, D, E in 9a through 9c, 

respectively). All other residues of the relay that interact with the converter are invariant.  

 

Figure 3.3: The converter-relay interface is strongly conserved. Residues that vary between the five 

exon 11 variants are show in yellow. Colors are as follows: exon 11 converter (blue), converter 

outside of exon 11 (cyan), relay (red), SH1 helix (orange), lever arm helix (green), and ELC (yellow). 

Atom colors are in the style of Figure 3.2. PDB 4QBD. 11d and 9b shown. Notably while there are 

many known cardiomyopathy mutations in the relay (red) and converter beta sheet (cyan), none 

exist specifically in the exon 11 encoded beta sheet strand (blue, 755-761) or the relay loop (red, 501-

508)20. 
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 An Invariant Lysine Keeps the Alpha Helix N-terminus in Contact with the 
Beta Sheet 

K738 is invariant across the five converters. Located at the start of the alpha helix, 

the lysine side chain points towards the beta sheet (Figure 3.3). The lysine’s hydrocarbon 

chain (four CH2 groups) interacts with an invariant tyrosine outside of exon 11, and the 

positively charged nitrogen interacts with the backbone carbonyls of 758 and 759. These 

interactions, conserved in all five converters, are likely critical to maintaining the 

converter’s structure under dynamic conditions.   

 Conserved Hydrophobic Residues Populate the Converter-Lever Arm 
Interface 

Hydrophobic residues of exon 11 that interact with the lever arm helix are highly 

conserved (Figure 3.4). Y723 and I725 are identities, and 726 is well conserved (L, L, L, 

L, M in 11a through 11e, respectively).  The loop between the alpha helix and the beta 

strand interacts with the lever arm helix and shows xyz. Residue L750 is an identity. 

Residue 748 is partially conserved (V, T, T, T, I, in 11a through 11e, respectively). It 

should be noted that the polar hydroxyl of threonine in this position is predicted to point 

away from the lever arm helix as part of an S/T helix staple (described further in 3.3.13) 

and the nonpolar CH2 group is predicted to point towards the lever arm helix. Residue 

749 is also variable (G, E, A, E, and D, in 11a through 11e, respectively), though this 

residue is on the periphery of the converter-lever interaction.  
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Figure 3.4: Hydrophobic interactions connect the converter and the lever arm helix. Invariant and 

strongly conserved hydrophobic residues make up the interaction between the converter and the 

lever arm helix. Non-conserved residues 754 and 749 are labelled. Residue 754 forms an interaction 

with residue 751 backbone amine or residue 768 side chain (see 3.3.4). Colors are as follows: exon 11 

converter (blue), converter outside of exon 11 (cyan), relay (red), lever arm helix (green), and ELC 

(yellow). Atom colors are in the style of Figure 3.2. PDB 4QBD.  11d shown. Notably while there are 

many known cardiomyopathy mutations in the relay (red) and converter beta sheet (cyan), none 

exist specifically in the exon 11 encoded beta sheet strand (blue, 755-761) or the relay loop (red, 501-

508)20. Notably there are no known cardiomyopathy mutations in any of depicted residues that form 

the hydrophobic pocket (723-726, 748-754, 768-772, 774-776, 779, 780, and 782)20. 

 Residue 754 Has Variable Contact with the Top of the Lever Arm Helix 

Residue 754 is in the loop and contacts the top of the lever arm helix (Figure 3.4). A 

hydrophobic interaction occurs between V768 and the methionine in 11a and 11c, or the 

leucine in 11b. Additionally a glutamine in 11d and 11e forms a hydrogen bond with the 

backbone amine of 751 (in the loop) and a possible, longer-range polar interaction with 

Q771. While the strength of these interactions might be inconsequential due to the well 

conserved hydrophobic pocket just beneath, it is nonetheless curious why this residue is 

not more conserved. The variants for residue 754 suggest mutually exclusive 

interactions: 11a, 11b, and 11c strengthen the interaction between the loop and lever arm 

helix, whereas the 11d and 11e strengthen the structured turn of the loop (751-754).  
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 Contacts Between the Beta Turn Ribbon and Alpha Helix Vary Across the 
Five Converters 

The beta ribbon of the converter sits directly underneath the alpha helix. While the 

interactions are largely hydrophobic, there is variety in the sequences. Residues 740 (A, 

A, C, C, and A, in 11a through 11e, respectively), 744 (C, L, I, L, and I, in 11a through 

11e, respectively), and 731 (M, I, I, I, and L, in 11a through 11e, respectively) form the 

core of interaction. While residue 731 is conserved as an aliphatic residue with a 

consistent size, residues 740 and 741 display different sizes. Alanines are smaller than 

cysteines, which are even smaller than leucines and isoleucines. These varying size 

suggests the beta turn ribbon is positioned closer to the alpha helix in some converters. 

11a would have the closest predicted position, followed by 11b and 11e with 

intermediate positions, and 11c and 11d with the farthest positioning.  

 An Invariant Salt Bridge and Conserved Hydrophobic Pocket Lock the 
Loop in Place  

The loop between the alpha helix and the beta sheet strand appears to be disordered 

at first glance (Figure 3.5). The loop sequence has several non-conserved residues and 

the loop structure to meander on its way from the alpha helix to the beta sheet strand. 

However upon closer inspection, two elements limit the loop’s motion. D753 and R756 

form an invariant salt bridge that prevents the upper portion of the loop from shifting. 

Additionally a hydrophobic interaction cements the lower portion of the loop. L750 

(invariant) forms a hydrophobic pocket with Y755 (invariant), and 745 (I/L). These 

hydrophobic residues also participate in the larger hydrophobic interaction with the lever 

arm which also includes Y723, V768, M772, F775, and 726 (L/M) as seen in Figure 3.4. 
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Figure 3.5: The loop's conformation is stabilized by a conserved hydrophobic triad and an invariant 

salt bridge. Residues 745, 750, and 755 form a hydrophobic triad limiting the range of motion for 

the loop. Similarly, invariant D753 limits the loop’s motion by forming a salt bridge with invariant 

residue R756. Colors are as follows: exon 11 converter (blue), converter outside of exon 11 (cyan), 

relay (red), SH1 helix (orange), lever arm helix (green), and ELC (yellow). Atom colors are in the 

style of Figure 3.2. PDB 4QBD. 11d shown.  

 The N-terminus Cap of the Alpha Helix is Unique in 11a 

The side chains of residues 734, 739, and 743 form a coordinated pocket, which 

keeps the beta ribbon pinned to the alpha helix (near the N-terminus of the alpha helix). 

This pocket is likely critical for maintaining the structure of the converter while 

transmitting motion between the relay and the ELC. If this pocket were interrupted, the 

position of the relay and the ELC would likely be decoupled.  

In 11b, 11c, 11d, and 11e, this is facilitated by a hydrophobic interaction of 

hydrocarbons. The position 739 is a lysine in these four converters with the lysine’s 

hydrocarbon chain participating in the hydrophobic pocket. In 11c and 11e, position 734 

is a valine and the position 743 is an isoleucine. Alternatively, 734 is a leucine in 11b 

and isoleucine in 11d. In both 11b and 11d, position 743 is a valine. The summed size of 

the residues is the same in all four cases, indicating the pocket size is important to 

maintain.  
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In 11a this interaction is instead charged/polar, utilizing glutamate, asparagine, and 

lysine. As this pocket is solvent exposed, it is possible that this pocket is weakened in 

11a as the charged residues would have their charges dispersed by water molecules 

(known as solvent screening).  

 

Figure 3.6: A triad connecting the beta turn ribbon to the alpha helix is uniquely hydrophilic in 11a. 

A: Residues 734, 739, and 743 form a polar triad in 11a capping the alpha helix N-terminus. B: This 

triad is hydrophobic in 11b, 11c, 11d, and 11e. Colors are as follows: exon 11 converter (blue), 

converter outside of exon 11 (cyan), lever arm helix (green), and ELC (yellow). Atom colors are in 

the style of Figure 3.2. PDB 4QBD. 11d shown in panel B. 

 The Core of the Converter-ELC Interface is Mostly Conserved 

The converter’s interface with the ELC is a critical part of its function in 

powerstroke and recovery stroke. A relevant question is if any of the residues in exon 11 

that contact the ELC are not conserved. There are three positions in the exon 11 region 

of the converter that directly contact the ELC: positions 724, 725, and 728. Two of these 

positions are identities (I725 and P728). Position 724 is somewhat conserved and is most 

distinct in 11a (M, Q, Q, Q, and K in 11a through 11e, respectively).  
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 The ELC Generates Two Isoforms by an Alternatively Spliced Exon Coding 
for the C-Terminus 

The essential light chain found in Drosophila muscle has two isoforms that differ by 

the last fourteen residues on the C-terminus (Table 3.1). These isoforms are generated by 

alternative splicing, similarly to the myosin heavy chain. One isoform is found 

exclusively in the IFM, whereas the second is found in all other muscle tissues103. The 

alternatively spliced region contains only three identities and has two notable charge 

switches at residues 150 and 155. For clarity ELC residue numbering will be italicized. 

The homology models predict that these fourteen residues do not contact the converter 

(Figure 3.7). However, it is likely that during other cross-bridge conformations the last 

seven residues could contact the converter, which would be influenced by lever arm 

movement and ELC movement. Previously, it has been speculated that the differences in 

charge between ELC isoforms could be important in determining the degree of 

interaction with the converter44.  

Table 3.1: Sequences of the alternatively spliced ELC C-terminus. A: Sequences of the exon 11 

encoded converter. Residues likely to interact with the ELC C-terminus are bolded. B: Sequences of 

the last fourteen alternatively spliced residues of the ELC. Residues likely to interact with converter 

are underlined. The exon 11 sequences are offset to vertically align (approximately) with the 

predicted interactions in the ELC C-terminus sequence.  

A Primary Sequences

MHC exon 11     723       733       743       753     761

11a      YMILAPAIMAAEKVAKNAAGKCLEAVGLDPDMYRIGHTK  

11b      YQILNPRGIKDLDCPKKASKVLIESTELNEDLYRIGHTK

11c      YQILNPAGIVGVDDPKKCGSIILESTALDPDMYRIGHTK

11d      YQILNPKGIKGIEDPKKCTKVLIESTELNDDQYRLGNTK

11e      YKIMCPKLLQGVEKDKKATEIIIKFIDLPEDQYRLGNTK

B  

ELC C-terminus  142 146 150  155

IFM   PFLARMCDRPDQLK  

non-IFM   QFVQRLMSDPVVFD

 

The first seven residues of the alternatively spliced ELC C-terminus form a well-

defined alpha helix. This helix is anchored by several hydrophobic interactions involving 

143 (invariant, F), 144 (conserved, L/V), and 147 (conserved, M/L). The helix is further 

stabilized by a salt bridge between invariant residues R146 and D130.  
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In contrast, the last seven residues of the alternatively spliced ELC C-terminus 

should be relatively mobile. A stabilizing salt bridge could be formed with the lever arm 

helix (R797) in the IFM isoform (D149), or instead be a weaker polar interaction in the 

non-IFM isoform (S149). In the IFM isoform, R150 is well positioned to form salt 

bridges with E83 and D152. In contrast the non-IFM isoform D150 would not form 

either of these interactions. Q153 of the IFM isoform could interact with E83, whereas 

V153 of the non-IFM isoform would likely not. The final residue, 155, is positively 

charged in the IFM-isoform (K) and negatively charged in the non-IFM isoform (D).  

These ELC residues could interact with residues 729 and 732 of the converter given 

an appropriate conformation of the lever. The size and charge of residues 729 and 732 

vary across the five converter types (Table 3.1). Both residues are large positively 

charged or polar residues in 11b, 11d, and 11e. In contrast, both 11a and 11c have small 

neutral residues at these positions. It is even possible that residue 735 of exon 11 

(positively charged K in 11a, negatively charged D/E in 11b through 11e) could interact 

with residue 155 of the ELC (positively charged K in the IFM isoform, negatively 

charged D in the non-IFM isoform).  
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Figure 3.7: Ca2+ ion binding motif in the ELC. The Ca2+ ion binding motif, the EF hand (pink), of 

the ELC (yellow) is positioned in between the converter beta turn ribbon (blue) and alternatively 

spliced ELC C-terminus (orange). The following residues are rendered with sticks: the exon 11 

residues predicted to be able to interact with the ELC C-terminus, the charged residues of the ELC 

C-terminus, and the residues of the EF hand involved Ca2+ ion coordination. The remainder of the 

canonical converter outside of the exon 11 encoded region is colored cyan. The lever arm helix is 

colored green. Atom colors are in the style of Figure 3.2. PDB 4QBD. 11d and IFM isoform of ELC 

shown. Italics indicate ELC residues. 

 

 Ca2+ Binding Motif in the ELC Positioned Between ELC and Converter 
Variations 

Another salient observation is the existence of an EF hand in the ELC (Figure 3.7). 

This Ca2+ ion binding motif (residues 93-104 of the ELC) is sandwiched in between the 

ELC C-terminus residues and the converter beta turn ribbon. 44,104. The loop of the EF 

hand comprises one strand of a two stranded beta sheet. The second strand is formed by 

residues immediately preceding the alternatively spliced C-terminus.  

 The 11a Converter Contains an Excessive Number of Alanines 

Primary sequence analysis revealed alanine content varies distinctly in the converter 

sequences (Figure 3.8 and Table 3.2). Exon 11a contains 8 alanine residues, whereas the 

other four exon 11 variants contain 2 or less. Alanine has a methyl (CH3) side chain, the 
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second smallest side chain of all the amino acids. The abundance of all amino acid types 

is reported in Table A.5. 

 Hydropathy Varies Widely Between the Converter Sequences 

The converter sequences vary in hydropathy with a relative order of 11a > 11e > 11c 

> 11b > 11d (hydrophobic to hydrophilic) (Table 3.2). Assessing hydrophobicity of only 

solvent-exposed residues of exon 11 (residues 727, 729, 730, 732-736, 738, 739, 742, 

743, 746, 747, 749, 751-754, 756, 757) reveals the same relative order.  
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Figure 3.8: Sequence of the five Drosophila converters and a molecular view of the converter 

structure. A: The five converter sequences encoded by the alternative versions of exon 11 in the 

Drosophila myosin heavy chain, and the primary muscle tissues where they are found45. Residue 

numbering from 4QBD is used. Bold letters indicate identities. Underlined letters indicate alanines. 

Š and Ť indicate serine and threonine residues, respectively, involved in helix staples. Ň and Ď 

indicate asparagine and aspartate residues, respectively, involved in Asx motifs. The dashed 

magenta lines underline the four residue sequences involved in beta turns and match the beaded 

magenta lines in panel C. *11b found by cDNA transcript in an embryonic cDNA screen45. B: 

Drosophila Myosin S-1, PDB 4QBD. The essential light chain is colored in yellow, the converter in 

rainbow (see color bar in panel A). C: Enlarged image of the converter coded by exon 11d), rotated 

ninety degrees relative to panel B. Note that the solvent-exposed surface is facing the reader. 

Nitrogen atoms are blue, oxygen atoms are red, and polar hydrogen atoms are gray (non-polar 

hydrogens not shown). This coloration of side chain atoms is used in all applicable subsequent 

figures. All backbone atoms and side chain carbon atoms are in rainbow. Beaded lines denote 

hydrogen bonds of Asx motifs (yellow), S/T helix staples (cyan), and beta turns (magenta). D: 

Enlarged example of an Asx motif from panel C (asparagine in this example) with a hydrogen bond 

between the side chain hydroxyl of 751 and amine of 753, and the associated beta turn between 751 

and 754. E: Enlarged example of an S/T helix staple from panel C (threonine in this example) with a 

hydrogen bond between the side chain hydroxyl of 748 and carbonyl of 745. F: Enlarged example of 

a beta turn from panel C with a hydrogen bond between the amine of 726 and carbonyl of 723.  

 

 Hydrogen-Bond Based Motifs Differ in Quantity in the Converters  

The presence of Asx motifs, S/T helix staples, and beta turns are found to 

differentiate the five converters (Figure 3.8 and Table 3.2). The abundance of all small 

protein motifs are reported in Table A.6. Asx motifs are beta turns combined with an 

aspartate or asparagine residue where the sidechain oxygen forms a hydrogen bond with 

the backbone amine, which is two or three residues closer the C-terminus (Figure 3.8D). 

11a and 11e contain fewer Asx motifs (1 and 0, respectively) than 11b, 11c, and 11d (2, 

3, and 3, respectively).  

S/T helix staples are defined by a serine or threonine in an alpha helix, in which the 

side chain hydroxyl bends towards the helix’s N-terminus and forms a hydrogen bond 

with a backbone carbonyl that is three or four residues away (Figure 3.8E). Similarly, 
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11a and 11e contain fewer S/T helix staples (0 and 1, respectively) whereas 11b, 11c, 

and 11d contain more (3 each).  

Beta turns are “U-turns” of four residues in which a hydrogen bond occurs between 

the first residue’s backbone carbonyl and the fourth residue’s backbone amine (Figure 

3.8F). All five homology models contain the same beta turns because the five backbones 

are unchanged and beta turns do not involve side chains. Despite not involving side 

chains, beta turns exhibit sequence preferences based on phi-psi angles. These 

preferences stabilize protein conformation105,106. 11a and 11e have the least preferred 

sequence potentials (1.11 and 1.07, respectively) whereas 11b, 11c, and 11d have higher 

preferred sequence potentials (1.32, 1.37, and 1.35, respectively).   

An additional hydrogen bond-based motif is noted at residue 754 in 11d and 11e 

(first described in 3.3.4). The side of Q754 forms a hydrogen bond with the backbone 

amine of 751. In 11a, 11b, and 11c 754 is nonpolar (M/L) and does not form the same 

interaction.  

The common defining feature of these motifs is stabilizing hydrogen bonds, not 

otherwise found in alpha helices or beta sheets. These additional bonds reduce 

movement of local sidechain and backbone atoms, likely stabilizing the conformation of 

the entire subdomain. 



 

     55

Table 3.2: Structural features that differentiate the five converters. The converters display divergent 

features in both primary sequence and small structural motifs. Hydropathy calculated as the 

average amino acid hydropathy value99 with a potential range of  

-55 (most hydrophilic) to 100 (most hydrophobic). Hydropathy was also calculated for solvent 

exposed residues (727, 729, 730, 732-736, 738, 739, 742, 743, 746, 747, 749, 751-754, 756, 757). The 

count of hydrogen bond (“H-bond”) motifs include Asx motifs, S/T helix staples, and the unnamed 

glutamine motif discussed in 3.3.4. Beta turn stability values are the average positional potentials for 

all residues involved in beta turns105. All nine beta turns (Figure 3.8) found in exon 11 are type I, 

except the beta turn involving residues 731-734 (type II’)100. 

  
Hydropathy 

Hydropathy  
(solvent exposed 

residues only) 

Alanine 
count 

H-bond 
Motif 
count 

Beta 
Turn 

stability 
11a  27.9 10.7 8 1 1.11 

11b  16.3 -1.10 1 5 1.32 

11c  20.1 5.29 2 6 1.37 

11d  11.9 -8.86 0 7 1.35 

11e  20.6 5.71 1 2 1.07 

 

3.4 Discussion 

 Conserved and Invariant Residues Highlight Critical Junctions 

Despite having only 11 identities out of 39 residues in the exon 11 sequence, the 

converter manages to conserve important allosteric connections. The converter uses its 

three-stranded beta to sheet to interact with the relay and SH1 helix. Two of these three 

strands are outside of the exon 11 sequence and thus are invariant. The one strand with 

the exon 11 encoded region is highly conserved, nonetheless. Residue 759 (H, H, H, N, 

N in 11a through 11e, respectively) is the only variable residue contacting the relay. All 

residues contacting the SH1 helix are invariant. Even the side chains of this beta sheet 

strand that point away from the relay and SH1 helix are conserved. Residue 757 (I, L, I, 

L, L in 11a through 11e, respectively) is strongly conserved and Y755 is invariant.  

The converter’s interaction with the lever arm helix is also strongly conserved. This 

interaction is fascinating as essentially all of the converter’s substructures contact the 

lever arm helix. The beginning of the beta turn ribbon and the loop make up most of the 

contact area, but the alpha helix C-terminus and beta sheet are also nearby. This 
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interaction is entirely hydrophobic, involving invariant residues (Y723, L750, and Y755) 

and strongly conserved residues (L/M725, I/L745) from the exon 11 encoded region.  

The converter’s interactions with the ELC are also conserved to a lesser degree than 

the interactions with the relay and lever arm helix. Preceding the exon 11 encoded 

region, three invariant residues (D718, K720, and M721) form contacts with the ELC. In 

the exon 11 encoded region, I725 and P728 are invariant residues that contact the ELC. 

Residue 724 (M, Q, Q, Q, K in 11a through 11e, respectively) is not conserved. A 

possible influence of 724 on Ca2+ ion binding is discussed in the next section (3.4.2). 

Another residue of interest is 729 (A, R, A, K, K in 11a through 11e, respectively). The 

long reach of the positively charged R/K in 11b, 11d, and 11e could interact with several 

negatively charged residues of the ELC (E83, D84, and E87). Residue 729 could also 

contact the ELC C-terminus residues given enough backbone contortion in the beta turn 

ribbon, ELC, and/or lever arm. 

In addition to the three interactions of the converter with neighboring subdomains, 

there are several intra-converter conserved interactions. Invariant K738 pins the alpha 

helix N-terminus to the beta sheet. Residues 734, 739, and 743 form a triad in all five 

converters, which cap the alpha helix N-terminus. The stack of hydrophobic residues 

that interacts with the lever arm helix serves a second purpose: to glue together the right 

side of the converter. The start of the beta turn ribbon, the alpha helix C-terminus, the 

loop, and the start of the beta sheet strand all interact via hydrophobic residues.   

 The Ca2+ Ion Binding Motif in the ELC is Likely Modulated by the 
Combined Influence of the Converter and ELC Isoform 

The EF hand of the ELC is positioned directly between the variable ELC C-

terminus and variable exon 11 converter (Figure 3.7). The EF hand’s affinity for Ca2+ 

ions is likely modulated by both the ELC isoform and the exon 11 variant. The binding 

event itself effects the local conformation of the protein chains107. As Ca2+ is associated 

with activated muscle function, any increase in Ca2+ ion affinity caused by the ELC 

isoform or exon 11 variants would likely alter myosin functionality.  

Unfortunately, no Ca2+ sensitivity experiments have been conducted for muscle 

controlled expression of the various Drosophila converters or ELC isoforms, leaving us 

without any information about the Ca2+ binding ability of the various ELC-converter 
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pairs. Alternatively, there is information on the Ca2+-ATPase activity of the 11a/11d 

chimeras 66. Pairing the 11d converter with the IFM isoform of the ELC increased the 

Ca2+-ATPase activity relative to the 11a converter in both the IFI background (exons 3b, 

7d, 9a) and EMB background (exons 3a, 7a, 9b). However, the relative location of Ca2+ 

ions in these experiments is in the nucleotide binding site in coordination with ATP. 

Thus, any influence of binding Ca2+ the ELC is not resolved with Ca2+-ATPase activity.  

An appropriate experiment to test the effect of Ca2+ binding the ELC would be an 

unregulated, in vitro motility assay titrated with Ca2+. The gliding velocity of myosin 

and actin without any thin filament regulatory elements (troponin and tropomyosin) 

would be measured in a range of Ca2+ concentrations. This would also be measured with 

various Mg2+ concentrations to appropriately test the different effects of the two metal 

cations (EF hands can also bind Mg2+ ions). ATP would be pre-complexed with Mg2+ to 

minimize Ca2+ in the nucleotide binding site. 

Additionally residue 724 of exon 11, which contacts the ELC is not conserved (M, 

Q, Q, Q, K, in 11a through 11e, respectively). This residue is near the EF hand, and 

could interact with D93, E95, or N97 of the ELC given enough distortion of the EF 

hand.  

 Exon 9 Variants Suggest a Salt Bridge in the Converter-Relay Interface is 
Unnecessary for Function 

The relay subdomain of Drosophila myosin is encoded by exon 9 and has three 

variants (9a, 9b, and 9c). In stark contrast to exon 11, exon 9 encodes almost entirely 

invariants residues.  There are only 6 variant residues of the total 57 (491, 495, 501, 502, 

506, 508, 517, and 518). Residues 491, 495, 501, and 502 do not directly contact the 

converter, rather they likely influence the relay’s contact with the N-terminal subdomain 

in the pre-powerstroke position. Similarly, residues 517 and 518 are distant from the 

converter and likely influence other interactions. Residue 508 is near the SH1 helix and 

may affect the relay’s response to the SH1 helix translation. Residue 506 is the only 

residue that directly interacts with the converter, specifically with R756 (Figure 3.3). 

This interaction has been probed previously by a study investigating the mutation R756E 

and its potential role in causing a cardiomyopathy. Kronert et al. found the mutant 

R756E disrupted myosin muscle function, but could be rescued by N506K108. In other 
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words, they found that by reversing the salt bridge, myosin function was maintained. 

However, residue 506 is not negatively charged in 9a; it is instead a polar asparagine. 

The 9a relay is found only in the indirect flight muscle and jump muscles of 

Drosophila45. This suggests the salt bridge is not necessary for proper function. In the 

context of the force-velocity relationship, any modulating effect is unclear as both 9a 

and 9b are expressed in the jump muscle.  

 11a is Consistently Unique from the Other Converters 

11a regularly distinguishes itself from the other converters. Decreased residue size 

in 11a is common (727, 729, 730, 732, 733, 742, 744, 747, and 749). Changes to polarity 

and charge are equally common in accordance to the following: gain of polarity (744), 

loss of polarity (724, 727, 732, 741, 747, and 748), gain of charge (734, 743, and 751), 

loss of charge (729, 736, 739, 742, 749, and 752), and even reversal of charge (735).  

The eight alanines in the 11a sequence are often the mode of action that implement 

these changes. The small hydrocarbon side chain of alanine decreases interactions with 

other residues and shifts the hydropathy character towards hydrophobic. One might 

surmise nature was conducting alanine scanning experiments on the fruit fly and that the 

“a” in 11a stands for alanine.  

Even the availability of phi-psi backbone angles are often changed for 11a (Table 

3.3). Glycine, having a simple hydrogen sidechain, allows for a wider range of phi-psi 

angles and expands potential backbone conformations109. Proline, having a sidechain 

that is bonded to the backbone, has a narrower range of allowed phi-psi angles and limits 

potential backbone conformations109. 11a often has glycine or proline, whereas three or 

four of the other converters do not (742 and 752). Similarly, 11a does not have glycine 

or proline unlike three or four of the converters (730, 733, 737 and 749). This results in 

the 11a converter having a more restricted backbone in some places (730, 733, 752) and 

less restricted in others (737, 749, 742). Another important note is G742 in 11a which 

sits in the middle of the alpha helix. Glycine is often a helix breaker, suggesting that the 

11a alpha helix may melt or bend under certain stressors. In comparison the other 

converters have fewer changes in backbone restrictions (Table 3.3). 11b has one change, 
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11c has two, 11d has none, and 11e has three. It should be noted 11c also has a unique 

glycine in the alpha helix (G741).  

All of the unique features of 11a suggest that the 11a alpha helix is the least stable 

compared with those of the other converters. There are no S/T helix staples along the 

length of the helix (Figure 3.8). There is a glycine at residue 742. There is no initiating 

proline at the N-terminus unlike 11b, 11c, and 11d. The N-terminus capping motif 

connecting the alpha helix to the beta turn ribbon is likely weaker in 11a due its solvent 

exposed hydrophilic triad (3.3.7). The glycine at 749 suggests the C-terminus is also ill-

defined. The apparent instability of the 11a alpha helix is not shown in the backbone 

structure of the static homology models (Figure 3.2) and is likely only observable under 

dynamic conditions.  

Table 3.3: Changes in backbone phi-psi angle restrictions. Exon 11 encoded residues are underlined 

where a glycine or proline is present in one but not all exon 11 variants. More restricted backbones 

(xP or Gx) are colored blue. Less restricted backbones (Px or xG) are colored red.  

 A Primary Sequence (residues 723-761)
   beta turn ribbon  alpha helix  loop beta sheet strand 

   723            737         748     755   761 
11a   YMILAPAIMAAEKV AKNAAGKCLEA VGLDPDM YRIGHTK   
11b   YQILNPRGIKDLDC PKKASKVLIES TELNEDL YRIGHTK 
11c   YQILNPAGIVGVDD PKKCGSIILES TALDPDM YRIGHTK 
11d   YQILNPKGIKGIED PKKCTKVLIES TELNDDQ YRLGNTK 
11e   YKIMCPKLLQGVEK DKKATEIIIKF IDLPEDQ YRLGNTK 

 

 Variable Stiffness in the Converter: A Mechanism for Setting FVR 
Curvature and Maximum Shortening Velocity? 

With the notable exception of myosin VI37, structural studies have repeatedly shown 

the myosin converter in a single consistent conformation. This led to the conclusion that 

it operates as a “rigid body”, simply shifting positions between the pre- and post-

powerstroke states with no significant changes to internal conformation63,64,110,111. While 

the converter likely does not change internal conformation, it does significantly change 

position between the extremes of the pre-power stroke and post-power stroke positions. 

The transition energy between these states is likely directly regulated by the amino acid 

properties of the converter. The idea of transition regulation is supported by a study that 
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found a mutation in the SH1 helix reduced activation energy of recovery stroke112. With 

the changes to force-velocity properties observed in this study, the question is: how can 

the converter modulate such properties without significantly changing conformation? 

The converter has direct influences on FVR curvature, maximum shortening velocity, 

and the modeled g2 rate of detachment for negatively strained cross-bridges (Figure 2.5 

and Table 2.2). 

Alanine confers structural flexibility in proteins due to its small side chain (-CH3) 

which additionally is not particularly hydrophobic or hydrophilic. Asx motifs, S/T helix 

staples, and beta turns all provide stabilizing interactions by hydrogen bonding. Looking 

at the relative quantities of alanines, Asx motifs, S/T helix staples, and beta turn 

sequence preference, exon 11a has the least stabilized (most flexible) molecular 

structure. Exon 11d has the most stabilized (most compliant) structure, and exons 11b, 

11c, and 11e fall somewhere in between (Table 3.2).  

Hydropathy also varies in the exon 11 sequences, correlating well with a/F0 (r2 = 

0.83), v0 (r2 = 0.90), and g2 (r2 = 0.83). 11a has the most hydrophobic sequence, followed 

sequentially by 11e, 11c, 11b, and 11d with the most hydrophilic sequence. Hydropathy 

of solvent exposed residues correlates even better with a/F0 (r2 = 0.97), v0 (r2 = 0.97), and 

g2 (r2 = 0.95). What rational explanation could be offered for converter hydropathy and 

how it influences load sensitivity, maximum shortening velocity, or the g2 detachment 

rate? The hydrophobic effect, in the context of proteins, is the observation that 

hydrophobic amino acids (such as phenylalanine, leucine, isoleucine, valine, alanine, 

methionine, and tryptophan) minimize their exposure to solvent water molecules by 

burying themselves in the interior of proteins. This allows water molecules to maximize 

hydrogen bonds, thus minimizing the system’s potential energy. Applying this principle 

to the converter subdomain of myosin, we can conclude that any increase in 

hydrophobicity in the largely solvent exposed converter would result in a higher 

(unfavorable) energy. As the converter contains a beta sheet and alpha helix that likely 

do not spontaneously unfold or refold, any exposed hydrophobic residues would be 

unable to bury themselves in the nonpolar interior. They would instead exist in a highly 

energetic and volatile state, readily exploring any alternative conformations. Notably 

most of the residue positions that exhibit variable hydropathy between the five converter 
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sequences are found in solvent-exposed positions. The higher energy of the solvent 

exposed residues could be interpreted as a highly flexible converter that transitions more 

easily between the pre- and post-powerstroke positions of the cross-bridge cycle. It can 

also be interpreted that by allowing the converter to detect load better for faster g2 

detachment rates, it is communicating allosteric changes faster to the actin and 

nucleotide binding sites.  

In summary, the variations in alanine content, hydrogen bond motifs, and 

hydropathy are largely contained in the beta turn ribbon, alpha helix, and loop (Figure 

3.8). These sections also contain many changes in backbone angle restrictions between 

the converters with glycine and proline variants (Table 3.3). This evidence points to a 

change in compliance at various points in the converter, specifically in the solvent 

exposed sections of the alpha helix, beta turn ribbon, and loop. This variable compliance 

is likely changing the converter’s ability to transition between states in the cross-bridge 

and its ability to communicate load through allosteric changes. These changes provide 

structural explanations for the observed changes to FVR curvature, maximum shortening 

velocity, and detachment rate of negatively strained cross-bridges.  
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4. Molecular Dynamics of the Five Alternate Drosophila Myosin 

Converters Reveal New Importance for Lever Arm Motion 

Perpendicular to the Powerstroke  

4.1 Introduction 

Computational studies of protein structure are an integral part of understanding the 

structural mechanisms behind large-scale motions. The myosin converter has been 

investigated in several computational studies32-36,113,114. These studies have only 

addressed the converter’s motion during the powerstroke and recovery stroke, 

reaffirming its established role in the cross-bridge cycle. This work seeks to find 

motions, if any, that provide a structural mechanism explaining modulation of the force-

velocity relationship.  

Myosins featuring the five Drosophila converters are simulated using molecular 

dynamics. Validity of the results are confirmed using an elastic network model. Principal 

motions of the converter and neighboring subdomains are characterized. Shifting 

converter-relay and converter-ELC interfaces are correlated with force-velocity 

relationship parameters. Finally, a mechanism relating transient contacts between the 

converter and ELC is related to kinetics seen in the TDT and indirect flight muscles.  

 

4.2 Methods 

 Preparation of Protein Structures for Molecular Dynamics 

Homology models similar to those of Chapter 3 were used but additionally included 

bound actin, bound ADP, modeling of unresolved loops, and addition of explicit solvent.  

Actomyosin, i.e. myosin with bound actin, was used for simulated molecular 

dynamics. Structures of Drosophila myosin (PDB 4QBD) and Oryctolagus actin (PDB 

4A7F) were manually docked in Molecular Operating Environment 2013.08 (MOE) 

using the actomyosin structure (PDB 4A7F) as a template. Cross-species actomyosin is 

suitable due to the high conservation of both myosin and actin. The myosin structure 

used has a truncated lever which terminates at residue 805. As truncated myosin still 
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exhibits ATPase activity and motility115,116, the effect of the truncation on the nature of 

the interaction between the catalytic domain and the ELC should be negligible. 

Adenosine-diphosphate (ADP), residues 1-4, and residues 626-642, were not resolved in 

the myosin structure (PDB 4QBD), thus they were added25. The missing loops were 

modeled in using the webserver ModLoop. Mg2+-ADP was modeled using myosin V 

with bound MgADP.BeFx as a template (PDB: 1W7J). ADP parameters from the 

AMBER database were translated into the GROMACS format.  

 

Figure 4.1: Actomyosin structure used in MD simulation and AD-ENM. Five versions of this 

structure, each featuring a different exon 11 sequence (Table 1.1), were used in the MD simulations. 

Myosin heavy chain (gray) and essential light chain (yellow) are from PDB 4QBD. Colors are as 

follows: exon 11 converter (blue), converter outside of exon 11 (cyan), relay (red), SH1 helix 

(orange), and lever arm helix (green). Actin monomer (yellow) is originally from PDB 4A7F. 

Adenosine diphosphate (ADP) and a complexed magnesium ion (Mg2+) are in the nucleotide binding 

site of myosin.  

 

The AMBER99sb-idln force-field was used for the all-atom molecular dynamics 

simulations in GROMACS 4.5.4117. After an initial energy minimization in 
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GROMACS117, the structure was further equilibrated for 100 ns in a coarse-grained 

forced field utilizing a SMOG model. The thirty-nine residues of exon 11 (initially 

sequence 11d) were exchanged for 11a, 11b, 11c, and 11e using the homology modeling 

tool in MOE. All regions except exon 11 (residues 723-761) and amino acids within 4.5 

Ǻ of exon 11 residues were frozen during the modeling. A temperature of 310K and 

Born solvation were used. All five structures exhibited similar secondary structure folds 

as observed in Chapter 3 (Figure 3.2). For each structure, the protein was placed in an 

orthogonal box using periodic boundary conditions (a = 112 Å, b = 184 Å, c = 134 Å). 

Water molecules were added along with physiological concentrations of potassium and 

chloride ion to produce a net zero charge. Energy minimization with steepest descent 

was performed using GROMACS. Then, 100 ps NVT and NPT equilibration steps were 

performed. Finally, five copies for each of the five unique structures (expressing 11a, 

11b, 11c, 11d, or 11e) with unique random starting velocities were created as input for 

unconstrained molecular dynamics in GROMACS v4.54. Twenty-five separate 

simulations were run for 100 ns for a total of 2.5 µs using XSEDE supercomputing 

resources (~73 CPU-years). 

 Elastic Network Modeling 

AD-ENM (Analysis of Dynamics of Elastic Network Model) web server was 

utilized as positive control to measure global motions of the actomyosin structure. AD-

ENM uses an elastic network model to examine a PDB structure and ignores side 

chains34. Default parameters were used in the analysis (distance cutoff for coarse-

graining: 0, distance cutoff for elastic interaction between alpha carbons: 10). In addition 

to showing the dominant motions of the molecule, the web server provides information 

on the location of pivot points of the molecule as a whole34.  

4.3 Results 

 Molecular Dynamics Show Good Agreement with Elastic Network  

The system remained stable and well-folded as expected for equilibrium molecular 

dynamics with RMSD values under 0.8 Å for all simulations (Figure 4.2). Actin, the 

lever arm helix, and the ELC showed the most dramatic motion while the core of the 
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myosin head showed the most reserved motions (Figure 4.3A). To independently 

confirm the observations seen in the molecular dynamics, an analysis of dynamics of an 

elastic network model (AD-ENM), henceforth referred to as the “elastic network”, was 

run using the webserver34. The elastic network provided data on distinct, dynamical 

domains for each normal mode that exhibit motion relative to each other (Figure 4.3B). 

The normal modes of the elastic network produced similar, if not indistinguishable, sets 

of distinct domains compared to the MD results. Specifically, the lever/ELC and actin 

were distinct domains showing the most motion. The core of myosin had two distinct 

domains in the elastic network, whereas the myosin core in MD sometimes had a similar 

dual-region motion and sometimes acted as a single domain. The elastic network 

consistently showed a kink in the relay helix (border between two domains), in good 

agreement to MD observations. The pivot point at the top of the lever and in the middle 

of the lever, while present, was more variable in exact location in the elastic network 

than in MD. A pivot point start of the lever and a kink in the relay helix were observed, 

in good agreement with many previous studies27,34. A second pivot point between the 

converter and ELC was observed in both the MD simulations and elastic network, 

previously referred to as the pliant region111. Overall, the similarities produced by the 

two separate methods provide high confidence in the results of the MD simulations.  
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Figure 4.2: RMSD of backbone atoms for all 25 simulations. Vertical axis is RMSD of backbone 

atoms relative to the respective starting structure (0 to 1 Å). Horizontal axis is the time step (0 to 

10,000 ps). Rows are runset 1 through runset 5 from top to bottom. Columns are converter types 11a 

through 11e from left to right. 
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Figure 4.3: Molecular Dynamics and AD-ENM capture canonical pivot points in myosin Structure. 

A: Representative average structure from MD simulation (11a in this example) colored by root 

mean square fluctuation (RMSF) of each alpha carbon. RMSF values ranged from 0.12 to 1.71 Å. 

Pivot points observed in the elastic network (borders between neighbor domains) agreed well with 

pivot points seen in MD simulations (changes in RMSF). B: AD-ENM output colored by dynamic 

domains of the first normal mode. Other normal modes produced similar dynamic domains. 

 

 Converter-Relay Coordination and the Lever Arm Swing are the Dominant 
Motions 

Principal component analysis (PCA) was conducted for a subset of residues 

including the converter, relay, SH1-SH2 helices, N-terminus, lever arm helix, and ELC. 

PCA generates orthogonal atomic displacement vectors. Each principal component (PC) 

vector describes a particular correlated motion with individual amplitudes for each atom. 

This analysis was performed on a limited set of atoms to specifically determine the 

allosteric motions of the converter and neighboring subdomains (see A.3 for detailed 

description). PC vectors are ranked according to how much of the total motion they 

describe. When summed, PC vectors describe all motion.  
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The top four PC vectors described the lever arm motion and converter-relay 

coordination for all five converter types and accounted for 65 to 95% of total motion 

(Figure 4.4, Figure 4.5, and Figure 4.6). The first PC vector describes the lever arm 

moving in a direction perpendicular to the powerstroke (Figure 4.5A). This motion is 

consistent for all five converter types, accounting for 44% to 73% of total motion. The 

second PC vector describes the lever arm moving within the plane of the powerstroke 

(Figure 4.5B). This motion was similarly consistent for all converter types, accounting 

for 8% to 15% of total motion. These first two PC vectors show unchanging interfaces 

between the converter and relay and also the converter and ELC. These motions confirm 

that the relay, converter, and ELC subdomains move together in coordination.  

 The third and fourth PC vectors show the converter rotating relative to the relay and 

ELC and accounted for 3% to 6% of total motion (Figure 4.5C). This motion can be 

described by imagining the relay, converter, and ELC as a gear train. As the converter 

(the middle gear) rotates clockwise, the relay and ELC (outside gears) rotate counter-

clockwise (and vice versa). The subdomains rotate in place instead of translating relative 

to one another. The physiological relevance of this motion is not immediately clear. This 

motion describes minimal translation of the lever arm and therefore would be 

unproductive for the powerstroke or recovery stroke. It instead shows deformation of the 

converter-relay and converter-ELC interfaces. This could plausibly describe the elastic 

element of cross-bridges. Force applied to the lever arm could temporarily pull apart 

these two interfaces before snapping back to complete the powerstroke or recovery 

stroke.  
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Figure 4.4: Normalized eigenvalues for the top five components of the subset. Percentages shown for 

each PC vector’s contribution to total motion. The first and second components, describing 

movement of the lever arm, contributed 44-73% and 8-15% respectively. The third and fourth 

components, describing coordination of the converter and relay, contribute a combined 3-6%. 

Components above the fifth rank (not shown) quickly drop to less than 1% contributions. 
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Figure 4.5: Porcupine plots with 3D-projected displacement vectors show major motions of the 

converter and lever arm. A: Motion perpendicular to the powerstroke (first PC vector for all 

converter types). B: Motion parallel to the powerstroke (second PC vector for all converter types). 

Note panel B is rotated approximately 90° relative to panel A. C: Motion showing rotation the 

converter and ELC rotating in opposite directions (combination of third and fourth PC vectors for 

all converter types). Converter type 11d used as representative structure. Structure projections were 

aligned to the relay subdomain prior to generation of the displacement vectors.  
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Figure 4.6: Overlap of the first five PC vectors for the converter and neighboring subdomains across 

the five converter types. The heat map shows the dot product between each of the pairs of the top 

five PC vectors for the five converter types. Orthogonal vectors have a dot product of zero. Parallel, 

i.e. identical, vectors have a dot product of one. The first two PC vectors have very high overlap 

between the five converter types.  

 

 Variable Mobility of the Converter Secondary Structures  

The stiffness mechanism in 3.4.5 proposes that the converters have variable stiffness 

according to their exon 11 sequence. While this simulation did not include direct force 

on the converter, we can observe the equilibrium motions of the residues (Figure 4.7). 

The converter residues display high root mean square fluctuations (RMSF) in the beta 

turn ribbon in all converter types, particularly in the five residues immediately preceding 
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the alpha helix (713-736). 11a displays higher RMSF than the other converter types for 

most residues. In the alpha helix specifically, 11a has a high RMSF relative to the rest of 

the converter types. Residue 759 has a high RMSF relative to neighboring residues, and 

is highest in 11a. This is likely a consequence of the high RMSF of spatially nearby 

residues in the alpha helix (e.g. 738). 11e has a notable peak above the other converter 

types at residue 749. The reason for this standout behavior is not immediately apparent, 

although it might be due to the unique nearby proline at residue 751 in 11e.  

These findings support the idea that the converter has variable stiffness according to 

its primary sequence. They also support the idea that 11a in particular has the most 

flexible structure with the most alanines, most hydrophobic sequence, and least 

hydrogen bond motifs.  
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11a GFPNRMMYPDFKMRYMILAPAIMAAEKVAKNAAGKCLEAVGLDPDMYRIGHTKVFFRA  

11b               YQILNPRGIKDLDCPKKASKVLIESTELNEDLYRIGHTK  

11c               YQILNPAGIVGVDDPKKCGSIILESTALDPDMYRIGHTK  

11d               YQILNPKGIKGIEDPKKCTKVLIESTELNDDQYRLGNTK  

11e               YKIMCPKLLQGVEKDKKATEIIIKFIDLPEDQYRLGNTK  

Figure 4.7: Stability of the converter residues. Root mean square fluctuations (RMSF) of the 

converter alpha carbons. RMSF is calculated as the standard deviation from the mean position for 

each residue across the time course of the simulation. Sequences in the table are aligned with the 

graph. Residues outside of exon 11 are the same across all isoforms and are included in the 11a row. 

The start of each secondary structure of exon 11 is indicated with underlined residues in the 11a 

row.  

 Instability of the Converter Helix Correlates with Maximum Shortening 
Velocity 

Structural analysis of the converter alpha helix revealed several differences between 

the converter types. 11a and 11c each have a glycine in their sequence which may act as 

helix breakers (Table 3.3). S/T helix staples occur in varying amounts (Table 3.2). 

Furthermore 11a has several alanines in the helix sequence and likely weaker N-

terminus capping motif (3.3.7). From these structural differences it was concluded that 
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the helix stability would vary between the converters, with 11a specifically predicted to 

be the least stable.  

Alpha helices are defined by a small range of phi and psi angles centered around 

approximately -60° and -45°, respectively118. The helix stability can be assessed by 

observing the phi-psi backbone angles of the course of the simulations. In plotting the 

amount of time that the individual residues spend in phi-psi angles allowed for an alpha 

helix, 11a stands out as notably less stable at several residues (Figure 4.8).   

Another method for assessing the helix stability is to compare the observed phi-psi 

angles to those of an ideal helix. On average, 11a deviates the most from an ideal helix 

throughout the simulations (Figure 4.9A). When looking at the change in deviations, we 

found a spread of values for the five converters similar to those of maximum shortening 

velocity seen in the TDT (Figure 4.9B and C).  
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Figure 4.8: Percent of time spent as a helix the converter alpha helix. The amount of time each exon 

11 residue spends as a helix as defined by phi-psi angles118,119. The 11a alpha helix is least stable, 

particularly at residues 739, 743, 744, and 745. 
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Figure 4.9: Deviation from an ideal helix correlates with maximum shortening velocity across the 

five converter types. Mean (A) and standard deviation (B) of the root mean square deviations 

(RMSD) from the phi-psi angles of an ideal helix (units: degrees). RMSD is calculated for residues 

737 to 747 for each time step. C: Correlation of RMSD standard deviation and maximum shortening 

velocity for the five converter types (r2 = 0.85). There are also correlations with a/F0 (r2 = 0.67), g2 (r2 

= 0.77), and jump distance (r2 = 0.96).  

 Shifting Converter Interfaces Correlate with Force-Velocity Properties 

The primary motivation for these simulations was to identify a structural mechanism 

which could explain the changes in force-velocity properties of the TDT. Are there 

atomic motions which differentiate the five converter types similarly to maximum 

shortening velocity or FVR curvature? To answer this question, distances between 

residues were calculated for the same subset of residues used for PCA (i.e. the converter 

and neighboring subdomains, see Figure 4.5) and correlated against TDT force-velocity 

properties (Figure 2.5). Pairwise distances between 453 residues were correlated against 

the 10 force-velocity properties, producing a total of 2,047,560 correlations (see A.3 for 

methodology details). Correlations with an r2 value greater than 0.9 were plotted on 

structures to identify any clustering of strong correlations suggestive of structural 

mechanisms. Correlations that had high r2 values by chance, i.e. false positives, were 

filtered out by discarding isolated correlations and only considering large clusters of 

strong correlations.  

 Faster g2 Detachment Rates Correlate with Tighter Converter-Relay 
Interfaces 

Detachment rate of negatively strained cross-bridges (g2) correlates with the mean 

distance between the converter beta sheet and relay loop across the five converter types 

(Figure 4.10). 11a exhibits the shortest distance between the relay loop and converter 

beta sheet and also exhibits the fastest g2. 11d exhibits the longest distance between the 

relay loop and converter beta sheet and also exhibits the slowest g2. Two representative 

examples of distance distributions are shown in panels E-G and H-J of Figure 4.10.  

The same correlations are not seen between the relay loop and the relay helix, nor 

the converter beta sheet and converter helix. Therefore these distances primarily 
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represent altered positions of the relay and the converter as rigid wholes as opposed to 

shifting secondary structures of the individual subdomains.  

The tightness of the converter-relay interface provides an evident explanation for 

modulating the g2 detachment rate of negatively strained cross-bridges. Disruptions to 

the Drosophila converter-relay interface result in slowed (but not necessarily abolished) 

kinetics108. A tighter interface would enable more efficient transmission of allosteric 

motions. The strain on the lever would thus be communicated back to the nucleotide and 

actin binding sites more quickly. The tightness of the relay-converter interfaces also 

correlates well with FVR curvature, maximum shortening velocity, and jump distance 

(see Figure 4.10 caption).  
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Figure 4.10: Mean distances between the relay loop and the converter beta sheet correlate with g2 

detachment rates across the five converter types. A: Close-up the converter (blue) and relay (red) 

with all mean distances that correlate with g2detachment rates across the five converter types (r2 > 

0.9). B: g2detachment rates data as previously presented in Table 2.2. C: Representation of a smaller 

distance between the relay and converter in 11a. D: Representation of a larger distance between the 

relay and converter in 11d. E: Close-up the converter (blue) and relay (red) with the distance 

between residue 506 and 754 labelled (magenta line). F: Distance distributions of group 506 to group 

754 over the course of the simulation (0.005 nm bin size). Data points fit to the equation for a normal 

distribution (Equation A.3). G: Correlation plot between g2 detachment rate and the mean distance 

as calculated from data in panel F (r2 = 0.95). There are also correlations with a/F0 (r2 = 0.98), v0 (r2 

= 0.97), and jump distance (r2 = 0.81). H: Close-up the converter (blue) and relay (red) with the 

distance between residue 506 and 757 labelled (magenta line). I: Distance distributions of group 506 

to group 757 over the course of the simulation (0.004 nm bin size). Data points fit to the equation for 

a normal distribution (Equation A.3). J: Correlation plot between g2 detachment rate and the mean 

distance as calculated from data in panel I (r2 = 0.95). There are also correlations with a/F0 (r2 = 

0.98), v0 (r2 = 0.90), and jump distance (r2 = 0.60). Colors for panels F and I match those in G and J.  

 Faster g2 Detachment Rates Correlate with Rotated ELC  

Detachment rate of negatively strained cross-bridges (g2) correlates with the mean 

distance between the converter and the ELC across the five converter types (Figure 

4.11). 11a exhibits the longest distance between the converter and ELC and also exhibits 

the fastest g2. 11d exhibits the shortest distance between the converter and ELC and also 

exhibits the slowest g2. These changing distances correspond to the first PC vector, i.e. 

the lever arm moving perpendicular to the powerstroke. The distance distributions reveal 

two (or three) peaks indicating that the ELC is moving between multiple stable positions 

(Figure 4.11F/I). The see-saw rotation of the ELC also correlates well with FVR 

curvature, maximum shortening velocity, and jump distance (see Figure 4.11 caption). 

The lack of the regulatory light chain (RLC) may influence this apparent rotation. 

The RLC would dampen any ELC rotation relative to a static lever arm helix. However 

if the whole lever arm were to move, as seen in the first PC vector, then the ELC would 

still rotate as observed here.   
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Figure 4.11: See-Saw Rotation of the ELC correlates with g2 detachment rate. A: Mean distances 

emanating from the ELC (yellow) that correlate with g2 detachment rates across the five converter 

types (r2 > 0.9). B: g2 detachment rate data as previously presented in Table 2.2. C: Representation 

of the ELC rotated towards the N-terminus and away from the converter in 11a. D: Representation 

of the ELC rotated away from the N-terminus and towards the converter in 11d. Pink arrows mark 

shifts in the position of the ELC. E: Close-up the converter (blue) and relay (red) with the distance 

between residues 26 (N-terminus) and 101 (ELC) labelled (magenta line). F: Distance distributions 

of residue 26 to 101 over the course of the simulation (0.004 nm bin size). Data points fit to the 

equation for a double normal distribution (Equation A.4). G: Correlation plot between g2 

detachment rate and the mean distance as calculated from data in panel F (r2 = 0.94). There are also 

correlations with a/F0 (r2 = 0.87), v0 (r2 = 0.98), and jump distance (r2 = 0.88). H: Close-up the 

converter (blue) and relay (red) with the distance between residues 727 (converter) and 81 (ELC) 

labelled (magenta line). I: Distance distributions of residue 727 to group 81 over the course of the 

simulation (0.004 nm bin size). Data points fit to the equation for a double normal distribution 

(Equation A.4). J: Correlation plot between g2 detachment rate and the mean distance as calculated 

from data in panel I (r2 = 0.95). There are also correlations with a/F0 (r2 = 0.84), v0 (r2 = 0.96), and 

jump distance (r2 = 0.84). Colors for panels F and I match those in G and J.  

 The Isoform-Dependent Interactions Between the ELC C-Terminus and the 
Converter  

Potential interactions between the converter and the ELC C-terminus were discussed 

in Chapter 3. In light of the observations that the ELC C-terminus does in fact move 

closer to the converter during dynamic conditions (Figure 4.5 and Figure 4.11), these 

interactions bear newfound importance and are diagramed in Figure 4.12. Invariant E83 

of the ELC acts as a bridge between the converter’s beta turn ribbon and ELC C-

terminus (Figure 4.12). This negatively charged residue can interact with Q153 of the 

IFM isoform ELC but would interact minimally with V153 of the non-IFM isoform. On 

the converter side, all variants of residue 729 (A, R, A, K, K in 11a through 11e, 

respectively) have a hydrophobic interaction with E83. Residue 732 of the converter 

forms a salt bridge, polar interaction, or no interaction with E83 depending on the exon 

11 variant (A, K, V, K, Q in 11a through 11e, respectively). Residue 732 can also form 

hydrogen bonds with Q153 (ELC IFM isoform). 

Occurrences of these transient hydrogen bonds from the simulations are plotted in 

Figure 4.13 and Figure 4.16 (specifically E83 to Q153, E83 to 732, and 732 to Q153). 
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The IFM-only isoform of the ELC was used in the simulations. The bond distance 

between donor atom and acceptor atom varies. The average distance is 0.3 nm and can 

be as short as 0.25 nm. A cutoff of 0.35 nm is used to define the occurrence of hydrogen 

bond (see dashed lines in Figure 4.13).  

The hydrogen bond between E83 to Q153 is well populated across all five 

converters (Figure 4.13A). These ELC residues are invariant across all of the 

simulations.   

The most highly populated hydrogen bond is E83 to 732 (Figure 4.13D). 11b and 

11d (K732) form salt bridges with E83. 11e (Q732) can also form a polar hydrogen bond 

with E83. 11a and 11c, despite have nonpolar side chains (A732 and V732, respectively) 

still populate occasional distances less than 0.35 nm, likely due to nonpolar interactions 

with the hydrocarbons of E83.  

The connection between the converter and the ELC C-terminus, i.e. 732 and Q153, 

was sparsely populated in only 11b and 11d (Figure 4.13G). 11a, 11c, and 11e did not 

have any hydrogen bond events across the simulations. This is likely due largely to the 

length of the 732 side chain. 11b and 11d have a long side chain (lysine) for residue 732 

which can form a hydrogen bond with the side chain oxygen of Q153. 11a and 11c both 

have short nonpolar side chains (A and V, respectively) for residue 732 that do not reach 

Q153, nor would they be able to form a hydrogen bond. Residues 732 of 11e, despite 

having the capability to form a hydrogen bond (Q732), did not reach Q153 with any 

distances less than 0.35 nm throughout the simulation time course.  
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Figure 4.12: Interactions between the ELC C-terminus and the converter centered on an invariant 

glutamate in the ELC. A: IFM isoform of the ELC (yellow/orange, italic numbering) and exon 11d 

of the converter (cyan/blue) are shown. The pink circle indicates electrostatic and polar interactions. 

These interactions are dependent on the ELC isoform and the converter type. Residue E83 of the 

ELC is invariant. B: Diagram showing all possible combinations of the two ELC isoforms and the 

five exon 11 variants for residues 83, 153, 729, and 732 (see panel A). Residues are represented by 

rectangles. The fill color indicates the subdomain as colored in panel A. The outline color indicates 

charge and polarity. The size of the starburst indicate relative interaction strength. The net 

interaction strength relative to other combinations in the same row is indicated in the corner as 

strong (S) or weak (W).   
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Figure 4.13: Transient hydrogen bonds between the converter and ELC C-terminus. A-C: Q153 to 

E83. D-F: 732 to E83. G-I: 732 to Q153. The atoms used in the distance measurements are marked 

with pink circles in B, C, E, F, H, and I. The dashed lines in A, D, and G indicate the cutoff used for 

a hydrogen bond, 0.35 nm. The side chain nitrogen of Q153 was used for the distance measurements 

when paired with E83. The side chain oxygen of Q153 was used for the distance measurements when 

paired with 732. The closer of the two E83 carboxyl oxygens in any given frame was used for the 

distance measurements. The following atoms were used for the variable residue 732: beta carbon 

(A732 in 11a), side chain nitrogen (K732 in 11b), the nearest gamma carbon (V732 in 11c), side 

chain nitrogen (K732 in 11d), and side chain nitrogen (Q732 in 11e). In the case of 11e where Q732 

and Q153 both have side chain oxygens and nitrogens, the opposite pair with the shorter distance in 

any given frame was used for the distance measurement. Colors in panels D and G are the same as 

those labelled in panel A. Colors in panels B, C, E, F, H, and I are the same as Figure 4.12. Exon 11d 

is shown in B, E, and H. The IFM isoform of the ELC is shown.  

4.4 Discussion 

 Transient Interactions Between the ELC C-Terminus and the Converter: A 
New Mechanism for Setting the Speed of Muscle Kinetics  

The top ranked PC vector which accounts for 44% to 73% of total motion across the 

five converters shows the lever arm swinging in a plane perpendicular to the 

powerstroke (Figure 4.5). The significance of this perpendicular motion was unclear, as 

it has no relevance in the classic (two dimensional) description of the cross-bridge cycle 

(Figure 1.1). However when combined with the observation of transient hydrogen bonds 

between the converter and ELC C-terminus (Figure 4.12 and Figure 4.13), a possible 

role for the perpendicular PC vector arises. This motion causes the ELC to swing back 

and forth between the N-terminus and the converter, and the ELC C-terminus can act as 

a latch to capture and sustain the interaction with the converter (Figure 4.14). Until a 

better name is devised, this conformation seen in Figure 4.14B will be referred to as the 

Converter-ELC Associated Stronger or the CEASE state for short. This CEASE state is 

observed in all converter types.  

The various pairings of exon 11 and ELC isoform can produce interactions that 

would stabilize the CEASE state to various degrees (Figure 4.12). The CEASE largely 

only occurs when multiple close range interactions are present (Figure 4.16). This 
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suggests that the CEASE state is only stabilized when enough interactions accumulate 

and a critical threshold is crossed.  

The 11b and 11d converters, compared to the other converters, can strongly stabilize 

the CEASE state with either ELC isoform. Residues 729 and 732 have long and 

positively charged side chains in 11b and 11d. In contrast, the 11a and 11c converters 

have short nonpolar residues at residues 729 and 732 and are not predicted to strongly 

stabilize an interaction with the ELC in the CEASE state as well as the other converter 

types. The 11e converter has a glutamine at residue 732 and is predicted to stabilize the 

CEASE state strongly with the IFM ELC isoform but not the non-IFM ELC isoform. 
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Figure 4.14: The CEASE state: enhanced contact between the converter and ELC strengthened by 

hydrogen bonds between alternatively spliced regions. A: Position of the lever arm in which the 

ELC (yellow/orange) is strongly associated with the N-terminus (gray) and weakly associated with 

the converter (cyan/blue). B: Position of the lever arm in which the ELC is strongly associated with 

the converter and weakly associated with the N-terminus (CEASE state). Strong and weak 

interactions are marked with filled and unfilled circles, respectively. Dashed curved arrows indicate 

the relative motion along the first PC vector. C: Simplified diagram of panel A showing the lever 

arm positioned near the N-terminus and away from the converter. D: Simplified diagrams of panel 

B showing the lever arm positioned away from the N-terminus and towards the converter. Transient 

hydrogen bond contacts are shown with the small straight arrows.  
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Figure 4.15: Quantification of the CEASE state. A: Distance distribution of residue 732 (alpha 

carbon) to Q153 (alpha carbon). The dashed line represents the cutoff used to quantify the CEASE 

state. B and C: Molecular view and cartoon diagram of the distance between alpha carbons of 

residue 732 and Q153 (pink circles). 
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Figure 4.16: Accumulation of hydrogen bonds leads to the CEASE state. Hydrogen bond 

occurrences (black blocks) and the CEASE state occurrences (colored blocks). For each converter 

type (see left axis), the top row is the CEASE state occurrences (see dashed line in Figure 4.15A), the 

second row is the E83 to Q153 hydrogen bond occurrences (see dashed line in Figure 4.13A), the 

third row is E83 to 732 hydrogen bond occurrences (see dashed line in Figure 4.13D), and the fourth 

row is 732 to Q153 hydrogen bond occurrences (see dashed line in Figure 4.13G) across the time 

course of the simulation (x axis). The CEASE state is most commonly observed for long stretches 

only when two or three hydrogen bonds are also observed. 

 

The proposed stability of the CEASE state is correlated with muscle kinetic speed in 

both the TDT and the IFM. The relative order of FVR curvature, maximum shortening 

velocity, and g2 detachment rate is 11a > 11e > 11c > 11b > 11d as reported for the TDT 

force-velocity relationships. More generally, 11a, 11c, and 11e are the faster converter 

types and 11b and 11d are the slower converter types. This agrees with the previous 

predictions where only 11b and 11d stabilize the CEASE state when paired with the non-

IFM ELC isoform (Figure 4.12).  

Recently published experiments expressing these same converters in the IFM found 

similar findings to the TDT with the exception of 11e88. IFM fibers expressing 11a and 

11c exhibited faster rates of tension development, wing beat frequencies, and optimal 

oscillation frequencies. IFM fibers expressing 11b, 11d, and 11e exhibited slower values 

for the same measurements. The switching of 11e from the faster group to the slower 



 

     90

group agrees with the predicted stability of the CEASE state when paired with the IFM 

isoform of the ELC (Figure 4.12). 

How can increased stability of the CEASE state slow muscle kinetics? Looking at 

the previously observed changes in g2, the obvious connection is that the CEASE state 

corresponds to the conformation of negatively strained cross-bridges. To the best of my 

knowledge, the conformation of negatively strained cross-bridges has not been observed 

or studied. Therefore relating the CEASE state to the conformation of a negatively 

strained cross-bridge is limited to speculation. Nonetheless, the stability of the CEASE 

state, i.e. possibly the stability of negatively strained cross-bridges, would explain 

changes in the detachment rate g2. We can presume that the CEASE state of the lever 

arm would be allosterically connected to a “strongly attached” state of the actin binding 

site. In order for myosin to release actin when negatively strained, it would have to also 

move the lever arm out of the CEASE state. Any stabilization of the CEASE state would 

prevent detachment from actin, thus lowering the detachment rate. This would explain 

the stabilized CEASE state and slower g2 detachment rates seen in 11b and 11d. 

Similarly it would also explain the less stable CEASE state and faster g2 detachment 

rates seen in 11a, 11c, and 11e.  

 

 Stiffness Mechanism and the CEASE State 

How does the stiffness mechanism pair with the CEASE state? The stiffness 

mechanism is based on the converter’s aggregate sequence properties including alanine 

content, hydrogen bond content, hydropathy, and backbone restrictions. The CEASE 

state is based on simulation data including a motion perpendicular to the powerstroke, 

rotation of the ELC, and transient contacts involving the ELC C-terminus. The stability 

of the CEASE state would likely be strengthened by a stiffer converter, and weakened by 

a more compliant converter. If the converter has many stabilizing hydrogen bond motifs 

and minimal alanines (e.g. 11d), then it should be slower to break the CEASE state once 

established. If the converter is compliant and is readily exploring new conformations 

(e.g. 11a), then the CEASE state should be easily broken. The proposed stiffness 

mechanism and CEASE state work well with each other.  
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5. A Protocol for Drosophila Heavy Meromyosin Isolation and 

Characterization of Steady-State ATPase Activity 

5.1 Introduction 

Myosin, the ATP-hydrolyzing enzyme, has long been studied for understanding 

muscle contraction and muscle-related disease, i.e. myopathies and cardiomyopathies. 

Myosin has a head domain which exhibits all catalytic activity and a long tail domain. 

Muscle myosin, also known as conventional myosin or myosin II, forms dimers by an 

alpha helical coiled coil of two tail domains. The tail domains do not coil all the way to 

head domains, but instead leave an uncoiled section as a flexible linker. The tail, flexible 

linker, and catalytic head of myosin have been separated by partial proteolytic digestion 

and described as the rod, subfragment-2 (S-2), and subfragment-1 (S-1), respectively120. 

These digestions have been enabled by the differences in solubility of the domains120. 

The rod domain will aggregate in physiological salt concentrations where the catalytic 

domain and S2 linker will remain soluble. In addition to isolating S-1, it has also been 

possible to obtain S-1 with the flexible linker S-2 still attached. Part of S-2 forms the 

coiled coil, resulting in heavy meromyosin (HMM), dimers of catalytic heads without 

the insoluble rod domain 115.  

Drosophila myosin has been isolated and tested for actin-Mg2+-ATPase activity, 

Ca2+-ATPase activity, step size, and in vitro motility66,121,122. More recently Drosophila 

S-1 has been isolated and used in stopped-flow experiments to measure ADP release rate 

and ATP-induced dissociation from actin62,68,123-126.  

While S-1 has been successfully used from the Drosophila system, HMM better 

represents native myosin due to its dimerized structure and inclusion of the regulatory 

light chain. Any mechanisms involving inter-head communication or the regulatory light 

chain are unobservable using S-144. The goal of this study was to produce Drosophila 

HMM as a more physiologically accurate myosin subfragment for testing in both steady-

state and transient ATPase kinetics.  

Drosophila HMM was successfully purified at yield of 50 µg per 200 flies. We 

additionally isolated full-length myosin and S-1 from Drosophila indirect flight muscles 
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to measure steady-state ATPase characteristics. Full-length myosin and S-1 performed 

similarly to previously published values62,66,68,121,122,125,127. S-1 and HMM produced 

similar rates to each other for Ca2+-ATPase, basal Mg2+-ATPase, and actin-saturated 

Mg2+-ATPase. HMM had a tighter binding affinity to actin than S-1, requiring 68% less 

actin to half-maximum Mg2+-ATPase activity. Our results demonstrate the viability and 

improved functionality of Drosophila HMM over S-1.  

5.2 Materials and Methods 

 Isolation of Drosophila Full-length Myosin 

Isolation of full-length myosin was achieved previously121. It is described here in 

full to account for all modifications from the original protocol. Distilled water (18 

megohm) was used for all solutions. Except where noted all steps were carried out in a 

4°C cold room. Indirect flight muscles from 180 to 200 flies of the w11-18 genotype were 

removed from split thoraces at 6°C in York Modified Glycerol for Dissection (YMGD: 

20 mM K-PO4 pH 7, 2 mM MgCl2, 1 mM EGTA, 20 mM DTT, 50% v/v glycerol, and 

protease inhibitor (Roche cOmplete mini protease inhibitor cocktail tablets, 1 tablet per 

10 ml)). The dissected muscles were spun down at 8,600 rcf and 4°C for 5 minutes. The 

pellet was resuspended in 1 ml of YMGT (YMGD with 2% v/v Triton X-100) and 

incubated on ice for 30 minutes. After incubation with YMGT the sample washed of 

Triton X-100 and glycerol by being spun down (8,600 rcf for 5 minutes) and 

resuspended in 1 ml of YMW (YMGD without glycerol). The washed sample was spun 

down (8,600 rcf for 5 minutes) and resuspended in 165 µl of Myosin Extraction Buffer 

(MEB: 50 mM K-PO4 pH 7, 1M KCl, 0.5 mM EGTA, 5 mM MgCl2, 10 mM sodium-

pyrophosphate, and 20 mM DTT). The sample was split into two equal volumes and 

incubated on ice for 15 minutes. The samples were spun down (8,600 rcf for 5 minutes) 

and the supernatants were transferred to new 1.5 ml tubes containing 1.3 ml of 10 mM 

DTT (16.8-fold dilution) and left overnight on ice to precipitate myosin. Both samples 

were pelleted at 100,000 rcf at 4°C for 15 minutes and resuspended in 13.5 µl each of 

Wash B (2.4 M KCl, 0.5 mM EGTA, 100 mM Histidine pH 6.8, and 20 mM DTT). 

Myosin still bound to actin was precipitated by slowly adding 94.5 µl of 10 mM DTT 

and 0.25 mM ATP (8-fold dilution of KCl concentration in Wash B). The precipitates 
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were pelleted by centrifugation at 60,000 rcf and 4°C for 30 minutes. The supernatants 

were removed to two tubes prefilled with 990 µl of 10 mM DTT (10.2-fold dilution) and 

left on ice for at least one hour to precipitate myosin. The myosin was pelleted by 

centrifugation at 100,000 rcf and 4°C for 15 minutes. For experiments using full-length 

myosin, the pellets were resuspended and combined in 40 µl total of Myosin Storage 

Buffer (MSB: 20 mM MOPS pH 7, 500 mM KCl, 2 mM MgCl2, and 20 mM DTT). 

Otherwise, the pellets were resuspended in 60 µl each of High Salt Digest Buffer 

(HSDB: 20 mM MOPS pH 7, 480 mM KCl, 1 mM EDTA, and 20 mM DTT) for S-1 and 

HSDB with 2 mM MgCl2 for HMM. Full-length myosin concentration was determined 

at 280 nm absorbance using a molar attenuation coefficient of 0.53 cm-1·(mg/ml)-1 and a 

molecular mass of 200 kDa126. Full-length myosin was tested within one day of 

purification. 

 

 Preparation of S-1 by Partial Proteolytic Digestion 

Partial digestion of full-length myosin by alpha-chymotrypsin was used to produce 

S-1 as previously described with the following modifications 68. Continuing from the 

full-length myosin isolation, both sample tubes of myosin in 60 µl HSDB were 

incubated in a 20°C water bath for five minutes. 1.8 µl of 10 mg/ml TLCK-treated 

alpha-chymotrypsin dissolved in HSDB were added to the sample tubes for a final 

concentration of 0.3 mg/ml. The samples were mixed well by pipette and incubated for 

another 6 minutes, mixing again halfway through. Proteolysis was stopped by addition 

of 0.9 µl 200 mM PMSF dissolved in ethanol for a final concentration of 3.3 mM. The 

samples were immediately diluted 16-fold with 930 µl each of No Salt Storage Buffer 

(NSSB: 20 mM MOPS, pH 7, 5 mM MgCl2, 1 mM EGTA, and 2 mM DTT) and left on 

ice for one hour to precipitate rod fragments and undigested full-length myosin. Samples 

were clarified by centrifugation (200,000 rcf at 4°C for 23 minutes). Supernatants were 

combined and concentrated to approximately 100 µl with spin filters (3,000 rcf at 4°C, 

Amicon Ultra 50 kD MWCO). Filters were pre-wetted before use to improve yield by 

completely filling the filter with NSSB and spinning at 3,000 rcf for 2 minutes. Use of 

the 50 kD MWCO filters was effective at removing alpha-chymotrypsin from the sample 
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(Figure 5.7). S-1 concentration was determined at 280 nm absorbance using a molar 

attenuation coefficient of 0.75 cm-1·(mg/ml)-1 and a molecular mass of 115 kDa126. S-1 

was tested within one day of purification.  

 Preparation of HMM by Partial Proteolytic Digestion 

HMM was prepared using the same protocol as S-1 with the only difference being 

the inclusion of 2 mM MgCl2 in the HSDB (see Methods: Isolation of Drosophila Full-

Length Myosin). HMM concentration was determined at 280 nm absorbance using a 

molar attenuation coefficient of 0.580 cm-1·(mg/ml)-1 and a molecular mass of  175 

kDa115. HMM was tested within one day of purification.  

 

 Method for Determining Myosin Concentration Affects ATPase Rates 

The concentrations of Drosophila full-length myosin, S-1, and HMM are measured 

by absorbance at 280 nanometers as has been previously reported (Table 5.1) 
62,66,68,121,122,126,127. To compare the results of this study directly to previous studies, the 

same molar attenuation coefficients (also known as extinction coefficients) and 

molecular masses are used to calculate steady-state ATPase rates (Table 5.2).  

The origin of these values originates with Margossian and Lowey115 using rabbit 

myosin. While perfectly acceptable for relative comparisons (as will be done here), these 

values are outdated for absolute measurements of protein concentration. New molar 

attenuation coeffecients have been calculated directly from the sequences of Drosophila 

myosin heavy chain (UniProt identifier: P05661-24), essential light chain (UniProt 

identifier: P06742), and regulatory light chain (UniProt identifier: P18432) using the 

ExPASy ProtParam web server128. The sequence used for full-length myosin included 

myosin heavy chain in its entirety and both light chains. S-1 included the myosin heavy 

chain sequence truncated after residue 805 as observed in 4QBD and the essential light 

chain. HMM used the average molar attenuation coefficient from three myosin heavy 

chain sequences: truncated after residue 1271, residue 1331, and residue 1368 (the 

placement of these specific truncations is discussed below), with the essential and 

regulatory light chains. 
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In addition to calculating new molar attenuation coefficients from Drosophila 

sequences, new molecular masses were calculated directly from these sequences as well. 

The masses of myosin heavy chain (in its complete and truncated forms) and the 

essential light chain that were calculated from the sequence matched those seen on SDS-

PAGE gels and therefore were used without any modification. The regulatory light chain 

however, presented a disparity between the sequence-calculated mass and that seen on 

gels. While the sequence predicts a weight of 22 kDa for the RLC, the two isoforms 

appear at 30 and 33 kDa as previously observed129. This is likely due to uncharacterized 

post-translational modifications to the RLC. Thus for calculating molecular mass, the 

average of 30 and 33 kDa was used for the RLC. Steady-state ATPase results calculated 

using the sequence-calculated molar attenuation coefficients and molecular masses are 

reported additionally in Table A.8.   

 

Table 5.1: Molar Attenuation Coefficients and Molecular Masses for Determining Protein 

Concentration for Drosophila myosin and its subfragments. * Values from Margossian and 

Lowey115. ‡ Values calculated from Drosophila sequences and SDS-PAGE gels as described in 

section 5.2.3. Note that the molecular masses for full-length myosin and HMM are for single heads, 

as all ATPase rates are calculated per ATPase site as discussed in 5.2.4.  

 Previously Published Values Sequence-Calculated Values 

 

*Molar 
attenuation 

coefficient at 
280 nm 

Units: cm-1 
(mg/ml)-1 

*Molecular 
Mass 

Units: kDa 
Publications that 
use these values 

‡Molar 
attenuation 

coefficient at 
280 nm 

Units: cm-1 
(mg/ml)-1 

‡Molecular 
Mass 

Units: kDa 
Full-length 

myosin 
0.53 200 66,121,122,126,127 0.486 270.4 

S-1 0.75 115 62,68,124-126 0.798 108.6 
HMM 0.60 175 N/A 0.580 200.5 

 

 Actin Purification 

Monomeric g-actin was previously prepared from chicken skeletal muscle as 

described before after several rounds of polymerization-depolymerization121,130. Chicken 

actin has been successfully used with Drosophila myosin before and is preferred over 

the low yield of Drosophila actin preparations122. G-actin was polymerized to f-actin in 
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10 mM imidazole, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, and 2 mM DTT and 

stabilized with 1.1 molar equivalents of phalloidin overnight131. The phalloidin stabilized 

f-actin was dialyzed against the appropriate reaction buffer. 

 Ca2+-ATPase Assays 

Steady-state Ca2+-activated ATPase rates were measured using malachite green / 

ammonium molybdate to detect phosphate production as described previously with the 

following modifications62,66. Activity was measured in a 1 ml reaction mixture 

containing 10 mM imidazole pH 6, 0.1M KCl, and 10 mM CaCl2 at 20-21°C. Full-length 

myosin was added to ~10 nM final concentration. HMM or S-1 were added to ~100 nM 

final concentration. ATP was added to initiate the reaction to a final concentration of 1 

mM. Time points were taken every 2 minutes by removing 50 µl of the reaction into 700 

µl of Malachite Green Reagent (MGR: 0.02% malachite green oxalate, 0.05% triton x-

100, 0.2% Na-molybdate, and 37% HCl). The color development reaction was quenched 

after 90 seconds by adding 200 µl of 1.8 N perchloric acid. A650 was measured 90 

seconds thereafter. Ca2+-activated ATPase activity remained linear for at least 12 

minutes before plateauing. Activity measured in µM phosphate per µM head per second 

was determined by linear regression using parameters derived from a phosphate standard 

curve. Activity was measured in the linear temporal range of the reaction and the linear 

concentration range of the phosphate standard curve.  

 Mg2+-ATPase Basal and Actin-Activated Assays 

Full-length myosin Mg2+-ATPase activity was measured using the methods similar 

to Ca2+-ATPase but with different buffer conditions (20 mM imidazole pH 6, 20 mM 

KCl, 5 mM MgCl2, 0.1 mM CaCl2, 10 mM DTT, and 2 mM ATP)66. Experiments were 

conducted at 20-21°C. Full-length myosin was added to the reaction mixture to a final 

concentration of ~400 nM. Varying amounts of actin were added to the reaction mixture 

(0 to 7 µM). Absorbance values from actin-only (no myosin) controls were subtracted 

from actin-myosin samples. The basal (no actin) Mg2+-ATPase rate was subtracted from 

all rates before fitting to the Michaelis-Menten equation (Equation A.5) using SigmaPlot 
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(Systat Software Inc., version 11.0). Statistical differences between kcat and Km were 

done use Student’s t-test as described125.   

HMM and S-1 Mg2+-ATPase activity was measured similarly for full-length as 

described above except for using a no salt buffer (10 mM imidazole pH 6, 1 mM MgCl2, 

0.1 mM CaCl2, and 1 mM ATP)62. HMM and S-1 were added to a final concentration of 

~100 nM. Actin concentrations of 0-70 µM were required to fully activate HMM and 

S-1.  

  Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to characterize full-length myosin, S-1, and HMM. 8-16% gradient and 7.5% Mini-

PROTEAN TGX Precast Protein Gels from Biorad were used. 8-16% gels were run at 

200 volts for 30 to 33 minutes. 7.5% gels were run at 150 volts for 60 minutes. Samples 

were diluted 1:2 with 2x Laemmli sample buffer from Biorad and heated at 60°C for five 

minutes. The running buffer comprised 25 mM Tris, 192 mM glycine, and 0.1% (w/v) 

SDS. Precision Plus Protein Standards from Biorad were used as molecular weight 

markers. About 5 µg of sample was loaded per well. 

Non-denaturing “native” gels were used to confirm HMM dimerization. Samples 

were diluted 1:2 with 2x native sample buffer (62.5 mM Tris, pH 6.8, and 2.5 % 

glycerol). The running buffer comprised 25 mM Tris and 192 mM glycine. Samples 

were kept on ice during preparation. The gel was run at 100 volts for 2 hours. The gel 

tank apparatus was placed on ice while running. Precision Plus Protein WesternC 

Standards were used as molecular weight markers. About 5 µg of sample was loaded per 

well. 

5.3 Results and Discussion 

 Full-length Myosin, S-1, and HMM were Successfully Produced with 
Minimal Contaminants 

HMM was successfully purified by alteration of the S-1 protocol (addition of 2 mM 

MgCl2 to the digestion buffer). Removal of alpha-chymotrypsin from S-1 and HMM 

preparations was successfully achieved by using a 50 kD MWCO spin filter (Figure 5.7). 
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The full-length myosin was consistently contaminant-free (Figure 5.1 and Figure 5.2). 

Minor amounts of mid-weight post-digestion products contaminated S-1 and HMM (see 

~60 kD band in Figure 5.3 and Figure 5.5).  Additionally a common but minor 

contaminant of S-1 appears to be the longest species of HMM (Figure 5.3 and Figure 

5.5).  

 

Figure 5.1: SDS-PAGE gel (8-16%) of Drosophila full-length myosin showing associated light 

chains. Lane 1: molecular weight markers (from the top: 250, 150, 100, 75, 50, 37, 25, 20, and 15 

kDa), Lane 2: full-length myosin preparation. 
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Figure 5.2: SDS-PAGE gel (8-16% gradient) of Drosophila heavy meromyosin (HMM) preparation. 

Lane 1: HMM preparation, Lane 2: molecular weight markers (from the top: 250, 150, 100, 75, 50, 

37, 25, 20, and 15 kDa), Lanes 3 and 4: clarifying pellets post-digestion, Lanes 5 and 6: full-length 

myosin, Lanes 7 and 8: pellets after Wash B step.  
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Figure 5.3: SDS-PAGE gel (8-16% gradient) of Drosophila HMM and S-1. Lane 1: molecular weight 

markers (from the top: 250, 150, 100, 75, 50, 37, 25, 20, and 15 kiloDaltons), Lane 2: HMM 

preparation showing essential light chain and faint regulatory light chains, Lane 3: empty, Lane 4: 

S-1 preparation showing the essential light, no regulatory light chains, and a minor contamination of 

HMM.  

 Three Myosin Heavy Chain Species of Varying Length Result from Alpha-
Chymotrypsin Digestion 

HMM displays three closely spaced bands on the gel, suggesting three separate 

lengths of digested myosin heavy chain that were cleaved in the S2 domain. They 

appeared as one disperse band on 8-16% gradient gels (Figure 5.2 and Figure 5.3) or as 

three distinct bands on 7.5% gels (Figure 5.4). In contrast, S-1 preparations only 

exhibited one band in all preparations. To confirm that the HMM species varied in 

length at the C-terminus in the rod and not at the N-terminus in the catalytic domain, 

purified S-1 was subjected to the same digest conditions as HMM. Only one band of S-1 

was observed after being put through HMM digest conditions, confirming that the three 

bands of HMM are not the result of clipping in the catalytic domain (Figure 5.5).   
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Figure 5.4: SDS-PAGE gel (7.5%) showing the three distinct species of HMM. Lane 1: molecular 

weight markers (from the top: 250, 150, 100, and 75 kDa), Lane 2: HMM preparation showing three 

different length species of HMM. 

 

Figure 5.5: SDS-PAGE gel (7.5%) showing S-1 after HMM digest protocol. Lane 1: molecular 

weight markers (from the top: 250, 150, 100, 75, and 50 kDa), Lane 2: S-1 preparation showing just 

one band, indicating the HMM triple banding is not due to cuts at the N-terminus. Small amount of 

contaminating HMM is present. 
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 HMM Forms Dimer and Retains Both Essential Light Chain and 
Regulatory Light Chain 

As the two basic features that distinguish HMM from S-1 are dimerization of the 

myosin heavy chains and retention of the light chains, we confirmed both of these 

features using SDS-PAGE and native (non-denaturing) PAGE. A native gel reveals three 

high-weight bands for HMM ranging approximately 250 to 450 kD (Figure 5.6), 

representing three complete HMM species (dimerized heavy chains with associated light 

chains). No bands were observed below 250 kD, confirming HMM remains fully 

assembled and does not dissociate into any monomeric peptides. The existence of only 

three dominant bands on the native gel suggests that the species of different length only 

dimerize with like species, and largely do not intermix with unlike lengths. There is a 

very faint fourth band between the lower two bands, indicating a minor amount of 

heterodimers comprising the smallest and middling lengths. The largest species appears 

to be the most abundant, even after accounting for the heavier weight.  

SDS-PAGE gels show both regulatory light chain isoforms retained for full-length 

(Figure 5.1) and HMM (Figure 5.2 and Figure 5.7) but not S-1 (Figure 5.3 and Figure 

5.7).  
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Figure 5.6: Native (non-denaturing) gel (7.5%) showing HMM is dimerized. Lane 1: molecular 

weight markers (from the top: 250, 150, 100, and 75 kiloDaltons), Lane 2: HMM preparation 

showing three species of HMM above 250 kiloDaltons. 
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Figure 5.7: SDS-PAGE gel (8-16% gradient) showing removal of alpha-chymotrypsin from 

preparations. Lane 1: S-1 purified using 5 kDa MWCO filter retains alpha-chymotrypsin at 23 

kiloDaltons. Lane 2: molecular weight markers (from the top: 250, 150, 100, 75, 50, 37, 25, 20, and 

15 kiloDaltons), Lanes 3 and 4: HMM purified using 50 kiloDalton MWCO filter lacks alpha-

chymotrypsin.  

 

 Full-Length Myosin Performed Similarly to Previous Studies 

All steady-state parameters measured for full-length myosin were within a factor of 

two compared to previously published values (Figure 5.9 and Table 5.2). The Ca2+-

ATPase rate was slightly higher (12.7 s-1·head-1 compared with 8.3121, 9.6122, 7.666, and 

7.0127). The basal Mg2+-ATPase rate similar (0.20 s-1·head-1 compared with 0.11121, 

0.19122, 0.2066, and 0.20127). The maximum Mg2+-ATPase rate at saturating actin was 

lower (0.45 s-1·head-1 compared with 2.15122, 0.9066, and 1.83127). The affinity for actin 

(Km) was similar (0.56 µM compared with 0.44122, 0.7066, and 0.28127). 
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 S-1 Has Small Differences Compared to Previous Studies 

Most steady-state parameters measured for S-1 were within a factor of two 

compared to previously published values (Table 5.2). The Ca2+-ATPase rate was lower 

(3.27 s-1·head-1 compared with 5.33125). The basal Mg2+-ATPase rate slightly lower 

(0.043 s-1·head-1 compared with 0.08368, 0.07462, and 0.090125). The maximum Mg2+-

ATPase rate at saturating actin was similar (2.77 s-1·head-1 compared with 2.4762 and 

2.54125). The affinity for actin (Km) was weaker (27.17 µM compared with 5.3862 and 

5.77125). 

The small differences between S-1 in this study and previously published studies 

may be attributable to contaminating full-length myosin. Early attempts of S-1 

purification using the previously published protocol often retained a small amount of 

undigested myosin. This problem was fixed by increasing the post-digestion dilution 

ratio to properly precipitate all full-length myosin. If small amounts of contaminating 

full-length myosin remained in the S-1 samples for previous publications, the steady-

state ATPase parameters would shift similar to the differences observed above. Any 

contaminating full-length myosin would significantly increase the Ca2+-ATPase rate and 

basal Mg2+-ATPase rate of S-1 samples due to the approximate 2-fold greater activity in 

these values for full-length over S-1. The maximum Mg2+-ATPase rate would be 

minimally affected by contaminating full-length myosin since S-1 has a 2-fold faster 

rate. The Km would be significantly reduced as full-length myosin has a much stronger 

binding affinity.  

 

 HMM Exhibits Similar ATPase Activity and Tighter Actin Binding Affinity 
Compared to S-1 

HMM displayed similar Ca2+-activated ATPase rates to S-1 (2.38 and 3.27 

s-1·head-1, respectively), and where approximately 5-fold lower than full-length myosin 

(12.65 s-1·head-1)(Table 5.2). The same trends were observed between the three myosins 

for basal Mg2+-activated ATPase rates (0.054, 0.043, and 0.195 s-1·head-1 for HMM, S-1, 

and full-length myosin, respectively)(Table 5.2). HMM and S-1 displayed similar 

maximum ATPase rates (kcat) at saturating actin concentrations (2.59 and 2.77 s-1·head-1, 
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respectively), and were approximately 5-fold higher than full-length myosin (0.45 

s-1·head-1)(Table 5.2 and Figure 5.10).  

The actin concentration for half-maximal ATPase rate (Km) varied significantly 

between the three myosins (p < 0.01 for all comparisons, Student’s unpaired t-test). Full 

length had the tightest Km at 0.56 µM, followed by HMM with 12.07 µM, and S-1 with 

the largest Km at 27.17 µM (Table 5.2). The large Km for myosin subfragments has been 

observed before132. One possible explanation for this wide range of actin affinities is the 

degree of myosin assembly. Full-length myosin assembles into partial thick filaments at 

the salt concentration used (20mM KCl). One myosin head binding would hold the actin 

filament closer in space for multiple neighboring myosin heads to more easily bind actin. 

HMM forms dimers in solution, allowing for the aforementioned cooperativity for one 

neighboring myosin head. S-1, in contrast, comprises monomers in solution and would 

not have any inter-head cooperativity for binding actin. Catalytic efficiency (kcat/Km) was 

highest in full-length myosin, followed by HMM and S-1 (0.84, 0.23, and 0.10 

s-1·head-1·µM-1, respectively). 
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Figure 5.8: Example actomyosin ATPase experiment. Representative malachite green experiment 

showing the actomyosin values tared to actin only values. The slope calculated from this example is 

2.30 µM/min. This sample used 38.8 nM HMM and 18.8 µM actin. The final calculated ATPase 

activity was 0.99 s-1·head-1.   

 

Figure 5.9: Steady-state Mg2+-ATPase activity for full-length myosin. Data fit by the Michaelis-

Menten equation (Equation A.5). 
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Figure 5.10: Steady-state Mg2+-ATPase activity for HMM and S-1. Data fit by the Michaelis-Menten 

equation (Equation A.5) for HMM (filled circles and solid line) and S-1 (open circles and dashed 

line).  

Table 5.2: Steady-state ATPase activity of Drosophila full-length myosin, S-1, and HMM. Values are 

mean ± S.D. Three individual preparations were used each for HMM, S-1, and full-length myosin. 

All ATPase parameters for full-length myosin differed from the respective S-1 and HMM values 

(Student’s unpaired two-tailed t-test, p < 0.05). * S-1 and HMM values for Km and kcat/Km are 

significantly different from each other (Student’s unpaired two-tailed t-test, p < 0.05). Buffer 

conditions for full-length myosin differed from those of HMM and S-1 for basal Mg2+-ATPase rate, 

kcat, Km, and kcat/Km measurements (see 5.2.7). Myosin concentrations were calculated using methods 

of previously published studies as discussed in 5.2.4.  

 
Basal Ca2+-

ATPase Rate  
(s-1 ·head-1) 

Basal Mg2+-
ATPase Rate 
(s-1 ·head-1) 

Maximal 
ATPase Rate, 

kcat  
(s-1 ·head-1) 

Actin 
Concentration 

at ½ kcat,  
Km (µM) 

kcat / Km 
(s-1 ·head-1 

·µM-1) 
Full-length 12.65 ± 2.04 0.195 ± 0.024 0.446 ± 0.023 0.555 ± 0.138 0.840 ± 0.149 

S-1 3.27 ± 0.42 0.043 ± 0.011 2.77 ± 0.30 27.17* ± 3.25 0.104* ± 0.018 

HMM 2.38 ± 0.35 0.054 ± 0.015 2.59 ± 0.07 12.07* ± 2.92 0.230* ± 0.065 

 Uses for Drosophila Heavy Meromyosin 

All Drosophila myosin experiments would benefit from using Drosophila HMM. 

HMM provides a distinct advantage over full-length myosin in that it is fully soluble in 
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low salt concentrations and does not assemble into thick filaments. This allows for use in 

stopped-flow apparatuses and with a wider range of salt concentrations. While S-1 also 

exhibits these solubility benefits, HMM is the more complete myosin subfragment. 

HMM includes the regulatory light chain in addition to the essential light chain, the S-2 

flexible linker, and dimerized heads. Not only does this provide more physiological 

accuracy, research questions involving inter-head cooperativity and the regulatory light 

chain can be investigated.  

Combined with the genetic tools developed for Drosophila melanogaster, many 

questions can now be answered that were previously unachievable with single-headed 

S-1 or low-salt insoluble full-length myosin. Applicable techniques include 

stopped-flow, optical laser trap, x-ray crystallography, and regulated thin filament actin 

gliding assays. 

The creation of Drosophila HMM opens the door for a slew of experimental 

questions. Firstly the transgenic converter lines can be investigated. Loaded in vitro 

motility assays can shed light on the converter’s load sensitivity. Alpha-actinin, an actin 

binding protein, induces frictional load and causes reduction in gliding velocity133. If 

differential responses are seen between the five converters, then this would suggest that 

the converter’s load-sensitivity is contained within the actomyosin interaction. If the 

responses to alpha-actinin are similar across the five converters, then this would suggest 

that more muscle proteins or a more complete muscle structure are required observe the 

converter’s modulation of load-sensitivity.  

As a second investigation, one or more steps of the cross-bridge cycle could be 

investigated using a stopped-flow apparatus. Phosphate release would be an excellent 

first kinetic rate to measure, as this has been suggested to be rate-limiting for Drosophila 

myosin activity82,134. Measurement of ADP release rate would provide evidence for or 

against an attachment-limited model for Drosophila myosins and more generally fast 

myosins. For time considerations, it is recommended 11a and 11d be investigated first 

since they often display opposing properties.  

Drosophila HMM can also be used to answer questions relating to myopathies and 

specifically cardiomyopathies. Mutations can be expressed in native Drosophila myosin 

sequences as before58,124,125,127,135. Additionally the Swank Lab is currently making fast 
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progress in expressing human beta cardiac myosin (MYH7) in Drosophila. This would 

provide much improvement over an expensive and labor-intensive mammalian muscle 

cell expression system 136.  
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6. Conclusions and Future Directions 

6.1 Do Human Myosin Converters Also Use Stiffness and CEASE 

State Mechanisms? 

 Human Converter Stiffness is Similar Across Adult Skeletal Muscle Myosins 
but not All Muscle Myosins 

Relevant questions include: Is the stiffness mechanism proposed for the Drosophila 

converter applicable to humans? Do the human converters have similar diversity in 

alanine content, hydrogen bond motifs, and hydropathy? If so, do force-velocity 

properties correlate with such apparent stiffness changes? Gliding velocities from 

unloaded actin motility assays are used as the representative property. Such velocities 

are free from the many factors that differentiate muscle fiber types and thus can 

elucidate differences between myosin isoforms.  

The converters of type IIx, IIa, IIb, and I/β-cardiac are considerably more conserved 

than the Drosophila converters (Table 6.1). Focusing on just the “fast” types (IIx, IIa, 

and IIb), the converters are identical, except for two positions in the alpha helix (G/A 

and D/E substitutions). Including type I/β-cardiac in the alignment demonstrates 73% 

(30 of 41) of the positions are identities compared to 28% (11 of 39) in Drosophila. In 

fact, when comparing these four human converters, there are only four positions that are 

not identities or strongly conserved. These four human converters have similar stiffness 

metrics: 3 or 4 alanines each, hydropathy in a small range (17.9 to 19.9), and 2 helix 

staples each (Table 6.1). This finding largely nullifies the possibility of human adult 

skeletal muscle function being modulated by converter stiffness as proposed in section 

3.4.5 for Drosophila. While the converter residues in these isoforms may change 

stiffness, the high degree of conservation simply does not match the high degree of 

diversity in the Drosophila sequences.  

The differences seen in gliding motility for type IIx, IIa, and I/β-cardiac (1.26, 0.84, 

and 0.33 µm/s, respectively)137 are likely due to other sequence variations in the myosin 

heavy chain or light chains. Other vertebrate species, including rabbit, mouse, and rat, 

are similar to the human in their adult skeletal muscle myosins. The type II myosins 

exhibit faster gliding velocities than the type I myosins for all four species137. The 
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converter sequence for type II myosins is nearly identical across these four species 

(Table 6.2). Similarly, the converter sequence for type I/β-cardiac myosin is also nearly 

identical across the same species (Table 6.3). 

Expanding the search to all human muscle myosins, not just types IIx, IIa, IIb, and 

I/β-cardiac, there is more variation in the converter sequence. Alanine content ranges 

from 1 to 5, hydropathy ranges 16.5 to 28.9, and helix staple content ranges from 0 to 3 

(Table 6.1). These ranges are very similar to those of the five Drosophila converters (0 

to 8, 11.9 to 27.9, and 0 to 3, respectively).  

One of the converters predicted to be the stiffest with the least alanines (1) and most 

helix staples (3) is in the α-cardiac myosin (MYH6). vanBuren et al. studied the 

differences between α-cardiac and β-cardiac (MYH7) myosin and found the α-cardiac 

isoform had a 3-fold higher gliding velocity138 than β-cardiac. The α-cardiac isoform is 

predicted to be stiffer with two less alanines, similar hydropathy, and one more helix 

staple relative to the β-cardiac isoform. These faster and stiffer features of the α-cardiac 

isoform contradict the findings of the Drosophila converters. This discordant finding can 

potentially be attributed to sequence differences in other areas of the myosin head, 

including the nucleotide binding pocket and the actin-binding domain138.  

The human muscle myosin converter predicted to be the most compliant with the 

most alanines (5), most hydrophobic sequence (28.9), and least helix staples (0) is in the 

smooth muscle isoform (MYH11). The three non-muscle myosin-II isoforms (MYH9, 

MYH10, and MYH14) and smooth muscle myosin were recently characterized for 

blebbistatin inhibition. The controls (no blebbistatin) had a range of gliding velocities 

with 0.21, 0.34, 0.36, and 0.44 µm/s (MYH9, MYH10, MYH11, and MYH14, 

respectively). These four myosin converters have 2 to 5 alanines, a large range of 

hydropathy values (19.6 to 28.9), and the same number of helix staples (0). The smooth 

muscle myosin converter (MYH11) is predicted to be the most compliant, with the most 

alanines and most hydrophobic sequence of these four myosin converters. Consistent 

with the Drosophila findings, the smooth muscle myosin did have the fastest gliding 

velocity.  
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Table 6.1: Stiffness metrics of human muscle myosin converters. Human muscle myosin converter 

sequences aligned to the exon 11 encoded region of Drosophila. (*) indicates identities. (:) indicates 

strong conservation. (.) indicates weak conservation. Conservation symbols exclude Drosophila 

sequences. Sequences retrieved and aligned using UniProt46,139. UniProt identifiers listed in Table 

A.9. Hydropathy values calculated as in Table 3.2. Non-muscle myosins derived from genes MYH9, 

MYH10, and MYH14 are included due to their conventional myosin-II structure. (sm) stands for 

smooth muscle. (a), (b), and (c) stand for non-muscle myosin 2a, non-muscle myosin 2b, and non-

muscle myosin 2c, respectively. Residues predicted to interact the E83 of the ELC are underlined. 

Drosophila and Human muscle myosin converters Alanine 
count 

Hydro-
pathy 

Helix
Staple
countDrosophila    beta turn ribbon  alpha helix  loop beta sheet strand 

11a  YMILAPAIMAAEKV-- AKNAAGKCLEA VGLDPDM YRIGHTK   8 27.9 0 

11b  YQILNPRGIKDLDC-- PKKASKVLIES TELNEDL YRIGHTK  1 16.3 3 

11c  YQILNPAGIVGVDD-- PKKCGSIILES TALDPDM YRIGHTK  2 20.1 3 

11d  YQILNPKGIKGIED-- PKKCTKVLIES TELNDDQ YRLGNTK  0 11.9 3 

11e  YKIMCPKLLQGVEK-- DKKATEIIIKF IDLPEDQ YRLGNTK  1 20.6 1 

Human     

MYH1 (IIx)  YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

MYH2 (IIa)  YKVLNASAIPEGQFID SKKASEKLLAS IDIDHTQ YKFGHTK  4 19.9 2 

MYH4 (IIb)   YKVLNASAIPEGQFID SKKASEKLLGS IEIDHTQ YKFGHTK  3 19.5 2 

MYH7 (I/β)  YRILNPAAIPEGQFID SRKGAEKLLSS LDIDHNQ YKFGHTK  3 17.9 2 

MYH13  YRILNASAIPEGQFID SKNASEKLLNS IDVDREQ FRFGNTK  3 17.0 2 

MYH3  YRVLNASAIPEGQFID SKKACEKLLAS IDIDHTQ YKFGHTK  4 21.4 1 

MYH6 (α)  YRILNPVAIPEGQFID SRKGTEKLLSS LDIDHNQ YKFGHTK  1 18.0 3 

MYH7B  YRILNPSAIPDDTFMD SRKATEKLLGS LDLDHTQ YQFGHTK  2 16.5 2 

MYH8  YKVLNASAIPEGQFID SKKASEKLLAS IDIDHTQ YKFGHTK  4 19.9 2 

MYH9 (a)  YEILTPNSIPKG-FMD GKQACVLMIKA LELDSNL YRIGQSK  2 25.4 0 

MYH10 (b)  YEILTPNAIPKG-FMD GKQACERMIRA LELDPNL YRIGQSK  3 20.3 0 

MYH11 (sm)  YEILAANAIPKG-FMD GKQACILMIKA LELDPNL YRIGQSK  5 28.9 0 

MYH14 (c)  YEILTPNAIPKG-FMD GKQACEKMIQA LELDPNL YRVGQSK  3 19.6 0 

MYH15  YCILNPRTFPKSKFVS SRKAAEELLGS LEIDHTQ YRFGITK  2 22.8 1 
 * :*   ::*.. *:. .::.   :: : :::*    ::.* :*     
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Table 6.2: Stiffness metrics of fast vertebrate muscle myosin converters. Fast vertebrate muscle 

myosin converter sequences aligned to the exon 11 encoded region of Drosophila. (*) indicates 

identities. (:) indicates strong conservation. (.) indicates weak conservation. Sequences retrieved and 

aligned using UniProt46,139. UniProt identifiers listed in Table A.9. Hydropathy values calculated as 

in Table 3.2. Non-identical residues relative to the sequence for human MYH1 (IIx) are underlined.   

Fast vertebrate muscle myosin converters Alanine 
count 

Hydro-
pathy 

Helix
Staple
count

   beta turn ribbon  alpha helix  loop beta sheet strand 

Human     

MYH1 (IIx)  YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

MYH4 (IIb)   YKVLNASAIPEGQFID SKKASEKLLGS IEIDHTQ YKFGHTK  3 19.5 2 

Mouse      

MYH1 (IIx)  YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

MYH4 (IIb)   YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

Rat      

MYH1 (IIx)  YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

MYH4 (IIb)   YKVLNASAIPEGQFID SKKASEKLLGS IDIDHTQ YKFGHTK  3 18.9 2 

Rabbit      

MYH4 (IIb)  YKVLNASAIPEGQFID SKKASEKLLGS IDVDHTQ YKFGHTK  3 18.3 2 
 **************** *********** *::**** *******     

 

Table 6.3: Stiffness metrics of slow vertebrate muscle myosin converters. Slow vertebrate muscle 

myosin converter sequences aligned to the exon 11 encoded region of Drosophila myosin. (*) 

indicates identities. (:) indicates strong conservation. (.) indicates weak conservation. Sequences 

retrieved and aligned using UniProt46,139. UniProt identifiers listed in Table A.9. Hydropathy values 

calculated as in Table 3.2. Non-identical residues relative to the sequence for human MYH7 (I/β) are 

underlined.   

Slow vertebrate muscle myosin converters Alanine 
count 

Hydro-
pathy 

Helix
Staple
count

   beta turn ribbon  alpha helix  loop beta sheet strand 

Human     

MYH7 (I/β)  YRILNPAAIPEGQFID SRKGAEKLLSS LDIDHNQ YKFGHTK  3 17.9 2 

Mouse      

MYH7 (I/β)  YRILNPSAIPDDTFVD SRKATEKLLGS LDIDHTQ YQFGHTK  2 16.6 2 

Rat      

MYH7 (I/β)  YRILNPSAIPDDTFVD SRKATEKLLGS LDIDHTQ YQFGHTK  2 16.6 2 

Rabbit      

MYH7 (I/β)  YRILNPAAIPEGQFID SRKGAEKLLSS LDIDHNQ YKFGHTK  3 17.9 2 
 ******:***: .*:* ***::****.* *****.* *:*****     
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 The Human ELC C-Terminus is Truncated Relative to Drosophila 

The isoforms of the Drosophila converter and ELC demonstrate various CEASE 

state stabilities. Do the human converters have the potential for transient contacts 

between the converter beta turn ribbon and ELC C-terminus? If so, would these contacts 

stabilize the CEASE state? Are there long polar/charged residues on the converter and 

ELC C-terminus that form interactions centered on an invariant glutamine? 

There are three essential light chain isoforms found in human skeletal and cardiac 

muscle. MYL3 codes for an isoform found in cardiac ventricular and slow (type I) 

fibers. MYL1 codes for an isoform found in fast (type II) muscle fibers. MYL4 codes for 

an isoform found in cardiac atrial fibers. Another gene MYL6 is alternatively spliced to 

code for one isoform found with non-muscle myosins and a second isoform found in 

smooth muscle. The sequences for all five of these human ELC isoforms align well with 

the Drosophila ELC isoforms, including conservation of the calcium binding site in the 

C-terminus. The three human skeletal/cardiac isoforms contain a proline/alanine rich N-

terminus extension not seen in the Drosophila ELC isoforms or the MYL6 human 

isoforms. This N-terminus extension is known to interact with actin140. 

The C-terminus in all five aforementioned human ELC isoforms is shorter by five 

residues than the Drosophila isoforms (Table 6.4). The human ELC isoforms end with 

the final helix and do not have a flexible tail that could readily interact with the 

converter during the CEASE state (as depicted in Figure 4.12).  

E83 is invariant in the human ELC isoforms similarly to the two Drosophila 

isoforms. Residues 729 and 732 of the Drosophila myosin converter were found to have 

variable contacts with the E83 (see underlined residues in Table 6.1). 11a and 11c have 

small residues (A/V) that could not significantly interact with residues 83 and 153 of the 

ELC, whereas 11b, 11d, and 11e have longer residues (R/K/Q) that can make salt 

bridges and hydrogen bonds. 

The beta turn ribbon in human muscle myosin converters is one or two residues 

longer than that of Drosophila (Table 6.1). Residue 729 is small in the cardiac and 

skeletal myosins (A/S/V) similarly to those of Drosophila 11a and 11c. In contrast, 

residue 729 is longer and charged/polar in non-muscle and smooth muscle myosins 

(N/R), similar to Drosophila 11b, 11d, and 11e.  



 

     116

Residue 732 is an invariant proline in the human converters according to the 

alignment in Table 6.1. However the next residue (733) is long and charged in the 

human converters and may serve as a functional equivalent to Drosophila residue 732. 

In cardiac and skeletal converters this residue is negatively charged (E/D). However, in 

non-muscle and smooth muscle myosins it is positively charged (K). This suggests that 

residue 733 of the cardiac and skeletal myosins has poor interaction with the E83 of the 

ELC (negative to negative charge), whereas residue 733 of the non-muscle and smooth 

muscle myosins forms a salt bridge with E83.  

Altogether these findings suggest the cardiac and skeletal converters have weaker 

connections to the ELC (similar to Drosophila 11a and 11c), whereas the non-muscle 

and smooth muscle myosin converters have stronger connections to the ELC (similar to 

Drosophila 11b and 11d). 

The alternative splicing of MYL6 (non-muscle and smooth muscle isoforms) occurs 

in the same region as the Drosophila ELC isoforms. In addition to binding the converter 

in Drosophila, this alternatively spliced region could impact the EF hand in both 

Drosophila and humans. The calcium binding EF hand is preserved in these ELC 

isoforms (bold residues in Table 6.4).  

Stabilization of the CEASE state appears to be different in humans compared to 

Drosophila. There is no ELC C-terminus extension that could interact with E83 or the 

converter beta turn ribbon. However, there are polar and positively charged residues on 

the human converter (729 and 733) of non-muscle and smooth muscle isoforms that 

could interact with E83. Despite these differences in the CEASE state stabilization, the 

conservation of the EF hand motif and the similar location of alternatively spliced 

regions suggest other parallel mechanisms between the human ELC isoforms and the 

Drosophila ELC isoforms.  
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Table 6.4: ELC C-termini in Drosophila and human isoforms.  (*) indicates identities. (:) indicates 

strong conservation. (.) indicates weak conservation. Sequences retrieved and aligned using 

UniProt46,139. UniProt identifiers listed in Table A.9. The calcium binding EF hand residues are in 

bold (the first thirteen residues). Alternatively spliced domain residues in Drosophila and human 

MYL6 are underlined.   

ELC C-terminus Primary Sequences

Drosophila 
IFM   DKEENGTMLLAELQHALLALGESLDDEQVETLFADCMDPEDDEGFIPYSPFLARMCDRPDQLK

non-IFM   DKEENGTMLLAELQHALLALGESLDDEQVETLFADCMDPEDDEGFIPYSQFVQRLMSDPVVFD

Human  

Cardiac ventricular & slow  DKEGNGTVMGAELRHVLATLGERLTEDEVEKLMAG---QEDSNGCINYEAFVKHIMSS-----

Fast skeletal   DKESNGTVMGAELRHVLATLGEKMTEAEVEQLLAG---QEDANGCINYEAFVKHIMSG-----

Cardiac atrial  DKEGNGTVMGAELRHVLATLGEKMKEEEVEALMAG---QEDSNGCINYEAFVKHIMSI-----

Non-muscle  DKEGNGTVMGAEIRHVLVTLGEKMTEEEVEMLVAG---HEDSNGCINYEAFVRHILSG-----

Smooth muscle  DKEGNGTVMGAEIRHVLVTLGEKMTEEEVEMLVAG---HEDSNGCINYEELVRMVLNG-----

  *** ***:: **::*.* :*** : : :** *.*.    ** :* * *. ::  : .      

 

6.2 Human Cardiomyopathies and Drosophila Muscle Modulation in 
the Converter: Shared Mechanisms? 

 Human Cardiomyopathy Mutations in the Converter Occur in the Same 
Place as Sequence Variety in Drosophila 

How relevant is the converter to cardiomyopathies? Reviews of cardiomyopathy 

mutations find the converter to be a hotspot in β-cardiac myosin141,142. Mapping known 

cardiomyopathy mutations found in human β-cardiac myosin (aka type I), there are 27 

discovered mutations in 17 positions within the converter (Table 6.5)20,142. 

The strongly conserved converter-relay and converter-lever arm helix interfaces 

contain no cardiomyopathy mutations20,142. In Drosophila, the exon 11 beta sheet strand 

(i.e. the relay interface) is strongly conserved (5 of 7 are identities). There are no known 

cardiomyopathy mutations in this beta sheet strand. Additionally, there are none in the 

interfacing residues of the relay loop. The hydrophobic pocket between the lever arm 

helix and the converter is also strongly conserved. There are no known cardiomyopathy 

mutations in this region either.  

The cardiomyopathy mutations are located in the same place as the majority of the 

Drosophila sequence variety, i.e. the beta turn ribbon and the alpha helix (Table 6.5). 
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There are 8 positions in the beta turn ribbon and 3 positions in the alpha helix which 

have known cardiomyopathy mutations. These are the areas of interest in both the 

stiffness mechanism and CEASE state.  

Table 6.5: Cardiomyopathies occur in same location as divergent Drosophila sequences. Human β-

cardiac myosin converter aligned to the exon 11 encoded region of Drosophila. (*) indicates 

identities. (:) indicates strong conservation. (.) indicates weak conservation. Sequences retrieved and 

aligned using UniProt46,139. UniProt identifiers listed in Table A.9. Drosophila residues predicted to 

interact the E83 of the ELC are underlined. Known mutations in β-cardiac myosin are presented in 

red beneath their respective underlined positions20,142. Mutations in bold have been characterized in 

human muscle fibers143-145. Note MYH7 codes for a single myosin isoform that is found in both the 

heart (β-cardiac) and slow muscle (type I). Numbering according to human myosin.  

Drosophila and Human muscle myosin converters 
Drosophila    beta turn ribbon  alpha helix  loop beta sheet strand 

11a  YMILAPAIMAAEKV-- AKNAAGKCLEA VGLDPDM YRIGHTK  

11b  YQILNPRGIKDLDC-- PKKASKVLIES TELNEDL YRIGHTK

11c  YQILNPAGIVGVDD-- PKKCGSIILES TALDPDM YRIGHTK

11d  YQILNPKGIKGIED-- PKKCTKVLIES TELNDDQ YRLGNTK

11e  YKIMCPKLLQGVEK-- DKKATEIIIKF IDLPEDQ YRLGNTK

   * *: *  :   .     *:.    ::    *  *  **:*:**
Human    723  728  733   738  743         754  

MYH7 (I/β)  YRILNPAAIPEGQFID SRKGAEKLLSS LDIDHNQ YKFGHTK

  C  SLVPTL EP M  TMNWED           H 
  G  K   MA  E V     R

          S    L
               T 

 

 It should be noted that the discovered cardiomyopathy mutations are not prenatal 

lethal. Symptoms can be mild and do not arise until later in life. This suggests that 

mutations in β-cardiac myosin modulate function as opposed to abolishing function. 

Similarly, the proposed stiffness and CEASE state mechanisms both modulate function 

without abolishing it. This finding plays on the idea that there is a subtle line between 

useful tweaking of protein function (e.g. mutations that differentiate myosin isoforms for 

various muscle types) and harmful protein dysfunction (e.g. mutations that cause 

cardiomyopathy). Since the mutations in β-cardiac myosin do cause disease, this 

suggests that the heart tissue is ill-suited for such modulated function, i.e. the mutation 
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effect depends on the muscle environment. Myosin isoform performance is likely 

context specific, working well with certain muscle fiber types and poorly with others.  

 Alanine Content and Backbone Angle Restrictions Change in 
Cardiomyopathy Mutations 

Three alanines of human β-cardiac myosin are mutated in known cardiomyopathies 

(A728V, A729P, A742E)(Table 6.5). There are also several mutations involving glycine 

and proline (R723G, P727L, A729P, P731L/A/S, G733E, Q734P, and G741W/R). These 

mutations change allowed backbone phi-psi angles. Most of the mutations are away from 

alanine, away from glycine, and towards proline. This suggests that many of these 

cardiomyopathy mutations are causing an increased stiffness in the alpha helix and beta 

turn ribbon. This is well aligned with the idea that the converter modulates muscle 

function by changing the stiffness of the alpha helix and beta turn ribbon.    

 Cardiomyopathy Mutations in the Beta Turn Ribbon Suggest Modulation of 
Converter-ELC Interface 

In Drosophila the length and charge of residues 729 and 732 are important to the 

stability of the proposed CEASE state. In human β-cardiac myosin, the equivalent 

residues, A728 and E732, are short and negatively charged, respectively, suggesting a 

reduced interaction with E83 of the ELC (Table 6.1). The only known cardiomyopathy 

mutation of these residues is A728V (Table 6.5). The effect of this mutation is unclear. 

Alanine to valine is a relatively conserved mutation, however this could possibly be 

affecting the nonpolar interaction with E83.  

The lack of dissimilar mutations at these positions suggest modulation of the 

CEASE state is not a prominent cardiomyopathy mechanism. Despite this, the location 

of cardiomyopathies highlight the importance and modulation of the converter-ELC 

interface.  

 Cardiomyopathy Mutation in the Converter Increases Myosin Head 
Stiffness 

A literature review reveals that, to the best of my knowledge, only 3 of the 27 

mutations within the exon 11 converter have been characterized for their effects on 

muscle function143-145. As a brief aside, this gap in the literature highlights the need for 
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detailed structure-function studies on the myosin converter. The three mutations that 

have been studied are R723G, I736T, and G741R (marked in bold in Table 6.5).  

Hypertrophic cardiomyopathy patients with mutations R723G and I736T had 

soleous fibers (expressing type I/β-cardiac myosin) extracted, then characterized for 

multiple properties including calcium sensitivity, fiber stiffness, isometric force, and 

maximum shortening velocity143,144. A prominent result was that R723G increased 

stiffness of the myosin head nearly 3-fold; in contrast I736T had no change in stiffness. 

This increased stiffness accounted for a higher isometric force (about 20% higher 

relative to controls). While it is not immediately apparent how R723G would alter the 

converter’s structure or its interaction with the ELC to cause an increase in myosin head 

stiffness, this finding, nonetheless, corroborates the idea that the converter’s stiffness is 

critical to its mechanical function.  

Kawana et al. studied R723G and G741R in β-cardiac myosin S-1 expressed from 

mouse myoblast C2C12 cells145. These isolated myosins were characterized for various 

properties including intrinsic force, ATPase activity, and actin gliding velocity 

(unloaded and loaded). R723G exhibited a lower intrinsic force and faster gliding 

velocity; in contrast G741R had no changes in these properties.  

The increased intrinsic force of the myosin head from Kawana et al. is at odds with 

the increased isometric force of the soleous fiber from Seebohm et al144,145. In addition to 

intrinsic force of the myosin head, muscle fiber force is also dependent on stiffness and 

the number of available heads.  

 ELC Cardiomyopathy Mutations Center on the EF hand 

There are 11 known cardiomyopathy mutations at 10 positions in the cardiac 

ventricular ELC (MYL3). These mutations center on the Ca2+ ion binding EF hand and 

the lever arm helix. Two residues, E143 and E152, are directly involved in coordination 

of a Ca2+ ion. Both have known cardiomyopathy mutations to lysine, which would 

eliminate the side chain oxygens and abolish the EF hand’s ability to bind calcium. With 

the possible exception of E143K, none of the cardiomyopathy mutations directly 

interface with the converter.  
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Table 6.6: Known ELC cardiomyopathy mutations. All known mutations occurring in the MYL3 

gene as reviewed by Andersen et al146. LAH stands for lever arm helix.  

Cardiac Ventricular ELC (MYL3) Cardiomyopathy Mutations 

domain     

N-terminus  E56G   

N-terminus  A57G 

LAH binding  V79I 

LAH binding  V79L 

LAH binding  R81H 

LAH binding  G128C 
EF hand  E143K 

EF hand  M149V 

EF hand  E152K 

EF hand  R154H 

EF hand  H155D 

EF hand  M173V 

 

 

Figure 6.1: Cardiomyopathy mutations in the ELC. The ten residues known to be mutated in the 

cardiac ventricular ELC (MYL3) are rendered with sticks and spheres. Mutations center on the EF 

hand motif (pink) and lever arm helix (green). The exon 11 encoded converter is shown in blue and 

the rest of the converter in cyan. The Drosophila model (PDB 4QBD) is used. The location of the 

first two mutations (bottom right) are approximate due to poor alignment of human and Drosophila 

sequences in the N-terminus. All other mutation locations are well conserved. Note the A/P rich N-

terminus tail seen in human ELC, but not Drosophila ELC, is not depicted here.   
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6.3 The Converter as the Elastic Element  

A similarity in all commonly accepted models of cross-bridge function is the 

inclusion of an elastic element71,147-149. The generation of force is made by straining the 

elastic element, and the sliding of filaments is achieved by releasing this strain. The 

converter has long been suspected to be the elastic element because it is located at the 

crucial junction between the catalytic domain and lever arm. An electron microscopy 

study of insect flight muscle in rigor showed movement of the lever arm, but not the 

catalytic domain, after an applied stretch. This suggests the lever arm or converter is the 

elastic element150. As further evidence, a cardiomyopathy mutation in the converter 

(R723G, discussed above) was found to increase fiber stiffness under rigor conditions151.  

The stiffness mechanism directly supports the idea that the converter is the elastic 

element. Furthermore, the stiffness mechanism proposes that the converter’s compliance 

is tunable for muscle functionality. A stiffer converter is used to decrease load 

sensitivity, maximum shortening velocity, and detachment rate of negatively strained 

cross-bridges, whereas a more compliant converter is used to increase these same 

properties. 

Glasheen et al. measured rigor stiffness in IFM fibers using exchanged Drosophila 

converters (unpublished, Glasheen et al.). Rigor condition is induced by removing ATP 

from the bathing solution, causing all myosin cross-bridges to attach to actin and become 

locked in the post-powerstroke position. Without ATP, the myosin heads cannot release 

actin or go through the recovery stroke. Thus measurements of elastic modulus (by low 

amplitude oscillations at 500 Hz) should provide an accurate measure of cross-bridge 

stiffness. Fibers expressing 11a, 11d, and 11e showed similar stiffness whereas 11b 

showed reduced stiffness (11c was not tested). While these results support the idea that 

the converter is the elastic element, they are divergent from the conclusions of this work. 

In particular, the stiffness mechanism predicts 11a and 11d should have distinct rigor 

stiffness values. It is possible that the converter’s variable stiffness is only functional 

during active cross-bridge cycling or large fast excursions invoking negatively strained 

cross-bridges.  
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6.4 Further Testing of the Converter 

 Simulation of Activation Energy During the Powerstroke and Recovery 
Stroke for the Five Drosophila Converters 

A proposed in silico experiment is the simulation of the converter’s transition during 

the powerstroke and recovery stroke. The five homology models containing the different 

Drosophila converters used in this work feature myosin in the post-powerstroke 

position. Five additional homology models featuring myosin in the pre-powerstroke 

position have already been created using PDB 1QVI as a template63. The approach, 

known as molecular kinematics using minimum energy pathways, would be utilized as 

previously done for myosin32. This method generates energy-optimized intermediates 

connecting the two end states of the protein. This pathway allows for observation of 

subdomain movements and the order in which they occur, as well as the overall time of 

the transition. Both directions (powerstroke and recovery stroke) would be simulated for 

all five converters. The transition time would be related to the activation energy of the 

system with Equation 6.1, as utilized before32 where 

 ∗ ∗  (6.1) 

the rate constant (k) of a reaction is related to the reaction’s activation energy (E), the 

constants are the pre-exponential factor (A), the Boltzmann constant (B), and the 

absolute temperature measured in kelvins (T). The rate constant (k) can be calculated 

from molecular dynamics simulations using the divided saddle theory152. As necessary, 

the recovery stroke could be prioritized over the powerstroke if there are limited 

supercomputing resources. The converter’s involvement in the recovery stroke has been 

previously simulated allowing for comparison with previous studies and increased 

support this simulation’s results32,33,35,36,153.  The 11a and 11d could be prioritized as 

needed, as they have proven to be the most distinct from each other both on the 

molecular level (sequence and structure) and muscle level (force-velocity relationship).  

The stiffness mechanism predicts that 11a would move between states faster than 

11d with a lower transition energy. Specific observations that would strongly support the 

stiffness mechanism include 1) partial melting of the converter helix in 11a but not (or to 
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a lesser degree) in 11d, and large deviations in either the 2) converter helix residues or 3) 

beta turn ribbon residues immediately before the entire converter rotates.  

The CEASE state mechanism would similarly suggest that 11a would move 

between the post and pre-powerstroke states at a faster rate. However, the CEASE state 

is likely to be minimally populated as the molecular kinematics would direct the lever 

arm away from the CEASE state (specifically, in the plane of the powerstroke, see 

Figure 4.5B). While it is possible for the CEASE state to occur at any point along the 

powerstroke pathway, it would not be along the pathway directed by the molecular 

kinematics.  

 ELC Isoform Exchange Experiments 

A major discrepancy between the TDT experiments and IFM experiments is the 

ELC isoform. The IFM-only isoform of the ELC was present in the IFM experiments, 

while the non-IFM isoform of the ELC was present in the TDT experiments. The 

CEASE state provides an explanation for the variable behavior of 11e (fast kinetics in 

the TDT and slow kinetics in the IFM, see 4.4.1).  

Expression of the IFM-only isoform of the ELC in the TDT muscle would allow for 

the force-velocity relationship to be characterized for a new set of converter-ELC pairs. 

The CEASE state mechanism predicts that 11a and 11c would remain in the fast kinetics 

group, and 11b and 11d would remain in the slow kinetics group. However, the 11e 

converter would switch to the slow kinetics group. This prediction is based on the 

creation of the E83 to 153 interaction. Switching from valine to glutamine, 153 would 

form a hydrogen bond with E83. This interaction would contribute to the aggregation of 

hydrogen bonds in the 11e pairing with the IFM ELC isoform and stabilize the CEASE 

state, thus slowing the kinetics. Expression of the IFM ELC isoform in the TDT would 

likely slow the TDT kinetics of all the converter types, but would affect 11e the most by 

crossing a threshold of hydrogen bond accumulation. If 11a and 11c exhibit fast TDT 

kinetics and 11b, 11d, and 11e exhibit slow TDT kinetics after the ELC isoform 

exchange, this would be evidence in support of the CEASE state mechanism.  



 

     125

 Development and Use of Novel Converter Sequences 

Creation and study of novel converter sequences would greatly benefit the stiffness 

and CEASE state mechanisms. A three-step plan is proposed involving sequence design, 

molecular dynamics simulation, and creation of transgenic flies for determining force-

velocity relationships. 

The stiffness mechanism proposes the importance of alanine content, hydropathy, 

hydrogen bond motifs, and changes in backbone phi-psi angle restrictions. Are certain 

features more important than others? What minimal changes can be made to transform a 

highly compliant converter (e.g. 11a) into a highly stiff converter (e.g. 11d)? Will adding 

alanines while maintaining hydropathic character increase the stiffness? Will adding or 

removing a glycine from the converter helix significantly alter the stiffness? Several 

novel converters addressing these questions are presented (Table 6.7). 

Table 6.7: Novel exon 11 sequences testing the stiffness mechanism. 

  Residues 723-761 

1 11a mimic – similar alanine 
content and hydropathy 

YMILAPAAIVGIDLGKQAAAVIIEAAGLAGDLYRLGHTK 

2 11a mimic – similar hydropathy 
but no alanines 

YMILVPVVIVGIDLGKQVIMVIIEVVGLVGDLYRLGHTK 

3 11a mimic – similar alanine 
content but hydrophilic  

YKIMAPAGMAAEKDAKKAAKKCLEATELDDDQYRIGHTK 

4 11d mimic – similar alanine 
content and hydropathy 

YQILNPRGIGGLDEPKKVSRILLETSDLDEDNYRLGNTK 

5 11a mimic – no glycine in the 
alpha helix (G742S) 

YMILAPAIMAAEKVAKNAASKCLEAVGLDPDMYRIGHTK   

6 11c mimic – no glycine in the 
alpha helix (G741S) 

YQILNPAGIVGVDDPKKCSSIILESTALDPDMYRIGHTK 

 

The CEASE state focuses on the interactions between the converter residues 729 

and 732 with the ELC residues E83 and 153. There are nonpolar interactions (e.g. 729 

with the CH2 groups of E83), salt bridges (e.g. K732 with E83), and polar hydrogen 

bonds (e.g. Q153 and E83). Are some of these interactions more important than others? 

Can E83 be shortened to D83 and maintain functionality? Is a positive charge on residue 

729 important for interacting with E83 or is the nonpolar interaction sufficient? Is the 

11e residue Q732 critical for its differential behavior in the TDT and IFM? Will 

swapping the residues 729 and 732 between the converter types wholly, partially, or fail 
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to change the muscle kinetics? Several novel converters addressing these questions are 

presented (Table 6.8). 

Table 6.8: Novel exon 11 and ELC sequences testing the CEASE state mechanism. 

  Converter Residues 723-761 

1 11a mimic – with 11d 729 and 
732 side chains 

YMILAPKIMKAEKVAKNAAGKCLEAVGLDPDMYRIGHTK 

2 11b mimic – with 11a 729 and 
732 side chains 

YQILNPAGIADLDCPKKASKVLIESTELNEDLYRIGHTK 

3 11c mimic – with 11d 729 and 
732 side chains 

YQILNPKGIKGVDDPKKCGSIILESTALDPDMYRIGHTK 

4 11d mimic – with 11a 729 and 
732 side chains 

YQILNPAGIAGIEDPKKCTKVLIESTELNDDQYRLGNTK 

5 11e mimic – with 11a 729 and 
732 side chains 

YKIMCPALLAGVEKDKKATEIIIKFIDLPEDQYRLGNTK 

6 11e mimic – with 11d 732 side 
chain 

YKIMCPKLLKGVEKDKKATEIIIKFIDLPEDQYRLGNTK 

7 11b mimic – with R729I YQILNPIGIKDLDCPKKASKVLIESTELNEDLYRIGHTK 

8 11d mimic – with K729I YQILNPIGIKGIEDPKKCTKVLIESTELNDDQYRLGNTK 

9 11e mimic – with K729I YKIMCPILLQGVEKDKKATEIIIKFIDLPEDQYRLGNTK   

  ELC Residues 142-155 

10 IFM isoform mimic with 
Q153V 

PFLARMCDRPDVLK 

11 non-IFM isoform mimic with 
V153Q 

QFVQRLMSDPVQFD 

 

The novel converters would be tested in molecular dynamics simulations as detailed 

in Chapter 4. Conducting the simulations would be relatively straightforward as they 

have already been proven achievable. The entire process of creating the initial structures, 

running the simulation on GROMACS, and analyzing the trajectories has been 

established. Many of the GROMACS files and analysis scripts would be reused. The 

supercomputing resources (core-hours) needed are already known. This knowledge 

would ease the process of submitting a research proposal and attaining the large amount 

of needed supercomputing resources.  

Metrics for the stiffness mechanism would include RMSF values for the beta turn 

ribbon and alpha helix, and deviations from an ideal helix, and percent time spent as a 

helix. For example, if novel sequences #1 and 4 of Table 6.7 produced similar results as 

their respective mimics, this would suggest that the aggregate stiffness of the converter 
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is more important than the stiffness of specific points. As another example, if novel 

sequences #5 and #6 of Table 6.7 produced similar results as their respective mimics, 

this would suggest that the glycines in the converter helix are inconsequential. The 

activation energy simulations described in 6.4.1 could also be used to test the novel 

converters.  

Metrics for the CEASE state mechanism would include observation of the transient 

hydrogen bonds as seen in Figure 4.16. For example, if novel sequences #1 and #4 of 

Table 6.8 produced similar hydrogen bond distributions as their respective donor 

converter types, this would suggest that 729 and 732 are sufficient for transforming 

CEASE state stability. As another example, if the ELC mutation E83D causes a 

reduction in the CEASE state stability, this would suggest that hydrophobic interactions 

with E83 are critical.  

If the novel converters exhibit behavior in the simulations as predicted by the 

stiffness and CEASE state mechanisms, then transgenic Drosophila lines would be 

created to measure force-velocity curves as further supporting evidence. This would 

reveal if the novel converters produce the predicted FVR curvatures, maximum 

shortening velocities, and g2 detachment rates of the novel sequences.  
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A. Appendix 

A.1 Force-Velocity Properties of TDT Muscle Expressing the Five 
Drosophila Converters  

Table A.1: Drosophila jump muscle fiber force-velocity parameters. Drosophila jump muscle force-

velocity curve parameters were measured using the force clamp technique and were fit by Hill’s 

equation. a/F0 is the FVR curvature measure. b is a fit parameter. v0 is maximum shortening 

velocity. vlin is maximum shortening velocity determined by extrapolation to zero force using the 

four fastest velocities. F0 is isometric tension measured at zero velocity. ML is muscle length. All 

values are mean ± S.E.M. Superscript letters indicate significant difference between lines by 

ANOVA. Numbers between brackets indicate number of fibers tested. 

 

Table A.2: Drosophila jump muscle fiber power generation. P0 is maximum power generated. vopt is 

the velocity at which maximum power was produced. Fopt is the tension at which maximum power 

was produced. vopt/v0 and Fopt/F0 are optimal velocity and optimal tension normalized to maximum 

velocity and isometric tension, respectively. Note the values for optimal velocity and optimal tension 

relative to their maxima are algebraically equivalent. All values are mean ± S.E.M. Superscript 

letters indicate significant difference between lines by ANOVA. Numbers between brackets indicate 

number of fibers tested. 

  P0 (W/L) vopt (ML/s) Fopt (mN/mm2) vopt/v0 & Fopt/F0 (%)  

TDT-11a [13] 30.7 ± 2.2 1.88 ± 0.05d 16.5 ± 1.4d 28.5 ± 0.8b,d  

TDT-11b [12] 27.2 ± 2.4 1.60 ± 0.09 16.9 ± 1.8d 32.8 ± 0.9a  

TDT-11c [12] 36.1 ± 3.0 1.81 ± 0.12d 20.2 ± 2.3 31.0 ± 0.6d  

TDT-11d [12] 31.4 ± 2.6 1.44 ± 0.09a,c,e 22.6 ± 2.1a,b,e 35.4 ± 1.1a,c,e  

TDT-11e [18] 30.3 ± 1.7 1.84 ± 0.06d 16.6 ± 0.8d 29.8 ± 0.6d  

 

 

 

 

  a/F0 (unitless) b (ML/s) v0 (ML/s) vlin (ML/s)  F0 (mN/mm2) 

TDT-11a [13] 0.20 ± 0.02b,d 1.28 ± 0.10d 6.67 ± 0.31b,d 5.58 ± 0.14d  57.6 ± 3.8 

TDT-11b [12] 0.33 ± 0.04a 1.60 ± 0.16 4.92 ± 0.35a,e 4.91 ± 0.27  51.6 ± 2.9 

TDT-11c [12] 0.26 ± 0.02 1.49 ± 0.10 5.90 ± 0.44d 5.59 ± 0.41d  65.0 ± 3.7 

TDT-11d [12] 0.48 ± 0.06a,e 1.81 ± 0.13a,c 4.20 ± 0.39a,c,e 4.06 ± 0.30a,c,e  63.0 ± 4.8 

TDT-11e [18] 0.23 ± 0.02d 1.38 ± 0.08d 6.24 ± 0.28b,d 6.09 ± 0.22d  55.5 ± 2.4 
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Table A.3: Drosophila jump distance. Jump distances of flies with wings removed. All values are 

mean ± S.E.M. Superscript letters indicate significant difference between lines by ANOVA. 

Numbers between brackets indicate number of fibers tested. 

  jump distance (cm) 

TDT-11a [10] 2.13 ± 0.05b,c,d

TDT-11b [10] 1.47 ± 0.10a

TDT-11c [10] 1.62 ± 0.10a

TDT-11d [10] 1.39 ± 0.07a,e

TDT-11e [10] 1.80 ± 0.10d

 

Table A.4: Derived force-velocity properties from fitting TDT force-velocity data to A. F. Huxley's 

1957 model. Parameter units are same as those reported in Table A.1 and Table A.2. All values are 

mean ± S.E.M. Superscript letters indicate significant difference between lines by ANOVA. 

Numbers between brackets indicate number of fibers tested. Significant differences are identical to 

those data fit by Hill’s equation. Parameters were determined by solving of optimization problems 

using Microsoft Excel add-in Solver (Frontline Systems). 

 

Three-term exponential function relating (f1 + g1)/g2 to a/F0 where the values for y0, 

a, and b in Figure 2.8 are 0.044, 0.78, and 1.44, respectively.  f is (f1 + g1)/g2 and x is 

a/F0. 

  

 0 ∗ 1 exp ∗  (A.1) 

 

  v0,h P0,h vopt,h  Fopt,h  vopt,h/v0,h & Fopt,h/F0,h  

TDT-11a [13] 6.22 ± 0.25b,d 29.7 ± 7.9 1.96 ± 0.06d 15.4 ± 1.31d 26.5 ± 0.9b,d

TDT-11b [12] 4.85 ± 0.32a,e 26.6 ± 2.4 1.67 ± 0.10 15.9 ± 1.06d 30.7 ± 1.07a

TDT-11c [12] 5.66 ± 0.42d 35.3 ± 2.9 1.89 ± 0.13d 18.9 ± 1.25 29.1 ± 0.67d

TDT-11d [12] 4.11 ± 0.35a,c,e 30.8 ± 2.5 1.48 ± 0.10a,c,e 21.7 ± 2.09a,b,e 33.9 ± 1.34a,c,e

TDT-11e [18] 6.13 ± 0.27b,d 29.5 ± 1.7 1.96 ± 0.07d 15.2 ± 0.78d 27.3 ± 0.73d
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A.2 Sequence and Structural Properties of the Five Drosophila 
Converters  

Table A.5: Amino acid count for Drosophila exon 11 sequences. 
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11a 3 2 3 0 1 3 8 3 1 0 0 2 2 1 2 0 2 1 4 1 

11b 3 1 6 0 1 0 1 2 2 2 0 2 2 1 3 1 3 2 5 2 

11c 5 2 3 0 1 1 2 4 2 2 0 2 3 1 1 1 4 1 3 1 

11d 4 1 4 0 1 0 0 3 3 1 0 2 2 0 3 2 3 3 6 1 

11e 5 1 4 1 1 1 1 2 2 0 0 2 2 0 3 2 3 1 7 1 
 

Table A.6: Small protein motifs for the five Drosophila converters. Abundance of small protein 

motifs of the homology models was measured using PDBeMotif100. Detected motifs were manually 

confirmed by inspecting the sequence, hydrogen bond interatomic distances, and phi-psi angles 

using PyMOL101. All Asx turns were contained with Asx motifs.  
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11a 3 1 1 0 0 9 1 0 0 0 0 0 0 

11b 3 2 2 0 0 9 1 0 0 0 0 3 0 

11c 3 3 3 0 0 9 1 0 1 0 0 3 0 

11d 3 3 3 0 0 9 1 0 1 0 0 3 0 

11e 3 0 0 0 0 9 1 0 0 0 0 1 0 
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Table A.7: Aggregate properties of the five Drosophila converters. Reported masses are in units of 

Daltons and are the sums of the exon 11 sequence. Volumes are in units of cubed Å and calculated 

using the ProteinVolume webserver154. Rotational degrees are summed from individual values: I (4), 

V (3), L (4), F (2), C (2), M (4), A (1), G (0), T (3), S (2), W (2), Y (3), P (0), H (2), E (3), Q (4), D (2), 

N (3), K (5), and R (6). Hydropathy values are the average of the exon 11 sequence99. Charged 

residues are D, E, H, K, and R. Neutral polar residues are T, S, Y, G, N, Q, and N. Aliphatic 

residues are I, V, M, A, and L. 
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11a 4344 4626 102 27.9 10 2 7 19 3 

11b 4582 5011 122 16.3 14 2 11 11 3 

11c 4412 4655 103 20.1 10 0 12 13 3 

11d 4564 4764 122 11.9 13 1 14 9 2 

11e 4664 5166 127 20.6 14 2 9 12 3 

 

A.3 Methodology for Molecular Dynamics  

To quantify conformational changes in the converter and neighboring subdomains, 

453 residues were assessed:  N-terminus (1-112), relay (472-538), SH1 (687-708), 

converter (709-767), lever arm helix (768-805), and ELC (806-959). These residues 

were used for the principal components analysis (PCA) and the search for correlations 

with force-velocity properties. For PCA, only the backbone atoms were used (side 

chains were discarded).  

For the correlation search, only alpha carbons were used to reduce computation 

time. 102,378 distances were analyzed from pairs of the 453 residues as calculated from 

Equation A.2 for each converter type. The mean and standard deviation calculated for 

each group was correlated with the force-velocity parameters from Chapter 2 (Figure 

2.5). As a refresher, these values include isometric tension (F0), maximum power (P0), 

maximum shortening velocity (v0), and force-velocity relationship curvature (a/F0) 

among others. Parameters which were well separated and had many significant 

differences between the five converter types were prioritized. A total of 2,047,560 

correlations were generated from 102,378 mean distances, 102,378 standard deviations, 
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and 10 mean force-velocity parameters across the five converter types (102,378·2·10). 

The distance distribution of any correlations of interest were further examined for 

normal or normal-like distributions (Equation A.3) across the simulation time course to 

ensure that the local potential well was sufficiently sampled.  

Formula for calculating the number of unique pairs between n groups. 

 1 ∗  (A.2) 

Probability density of the normal distribution where 

 ∗  (A.3) 

σ is the standard deviation and µ is the mean of x, but this equation is from SigmaPlot.  

Probability density of the double normal distribution where 

 ∗ ∗  (A.4) 

σ is the standard deviation of the first distribution. µ is the mean of x of the first 

distribution. a is the standard deviation of the second distribution. b is the mean of x of 

the second distribution, but again from SigmaPlot.  

A.4 Methods for Isolation of Myosin and Subfragments 

Michaelis-Menten equation describing enzyme kinetics where 

 
∗

 (A.5) 

v is the rate of the reaction in units of ATP per second per enzyme site. M is the 

maximum turnover rate kcat in units of ATP per second per enzyme site. S is the 

substrate actin in units of µM. K is the Michaelis constant KM, the substrate 

concentration at which v is one half of kcat.  

 



 

     143

Table A.8: Steady-state ATPase values for Drosophila myosin and subfragments using sequence-

calculated molar attenuation coefficients and molecular masses. Values are mean ± S.D. Three 

individual preparations were used each for HMM, S-1, and full-length. All ATPase parameters for 

full-length myosin differed from the respective S-1 and HMM values (Student’s unpaired two-tailed 

t-test, p < 0.05). * S-1 and HMM values for Km are significantly different from each other 

(Student’s unpaired two-tailed t-test, p < 0.05). Buffer conditions for full-length myosin differed 

from those of HMM and S-1 for basal Mg2+-ATPase rate, kcat, and Km measurements (see 5.2.7). 

Myosin concentrations were calculated using sequence-calculated molar attenuation coefficients and 

molecular masses as discussed in 5.2.4. 

 
Basal Ca2+-

ATPase Rate  
(s-1 ·head-1) 

Basal Mg2+-
ATPase Rate 
(s-1 ·head-1) 

Maximal 
ATPase Rate, 

kcat  
(s-1 ·head-1) Km (µM) 

kcat / Km 
(s-1 ·head-1 

·µM-1) 
Full-length 15.68 ± 2.52 0.242 ± 0.030 0.553 ± 0.029 0.555 ± 0.138 1.041 ± 0.184 

S-1 3.29 ± 0.42 0.043 ± 0.011 2.78 ± 0.30 27.17* ± 3.25 0.104* ± 0.018 
HMM 2.64 ± 0.39 0.060 ± 0.016 2.87 ± 0.08 12.07* ± 2.92 0.255* ± 0.072 

A.5 UniProt Identifiers for Converter Sequences 

Table A.9: UniProt identifiers for converter sequences. 

 Myosin heavy chain gene UniProt identifier 
 Drosophila (fruit fly) 

TDT-11a >P05661-24 
TDT-11b >P05661-24* with exon 11b instead of 11a, residues 723-761 

TDT-11c >P05661-25 

TDT-11d >P05661-24* with exon 11d instead of 11a, residues 723-761 

TDT-11e >P05661-24* with exon 11e instead of 11a, residues 723-761 

 Homo sapien (human) 
MYH1 (IIx) >P12882 
MYH2 (IIa) >Q9UKX2 

MYH4 (IIb)  >Q9Y623 

MYH7 (I/beta) >P12883 

MYH13 >Q9UKX3 

MYH3 >P11055 

MYH6 >P13533 

MYH7B >A7E2Y1 

MYH8 >P13535 

MYH9 >P35579 

MYH10 >P35580 

MYH11 >P35749 

MYH14 >Q7Z406 

MYH15 >Q9Y2K3 



 

     144

 Mus musculus (mouse) 
MYH1 (IIx) >Q5SX40 

MYH4 (IIb)  >Q5SX39 

MYH7 (I/beta) >A2AQP0 

 Rat rattus (rat) 
MYH1 (IIx) >F1LRV9 
MYH4 (IIb)  >Q29RW1 

MYH7 (I/beta) >B6RK61 

 Oryctolagus (rabbit) 

MYH4 (IIb)  >Q28641 

MYH7 (I/beta) >P04461 

  

ELC gene  

 Drosophila (fruit fly) 

MLC1 (non-IFM) >P06742-1 

MLC1 (IFM) >P06742-2 

Homo sapien (human)  

MYL3 (cardiac ventricular & slow) >P08590 

MYL4 (fast skeletal) >P12829 

MYL1 (cardiac atrial) >P05976 

MYL6nm (non-muscle) >P60660 

MYL6-sm (smooth muscle) >P60660-2 

 

 

 


