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 Abstract  

 
The Effects of Oxidative Modifications on Cardiac and Skeletal Muscle 

 
by  
 

Sean Michael Gross 
 

Doctor of Philosophy in Integrative Biology  
 

University of California, Berkeley  
 

Professor Steven Lehman, Chair 
 
 
Biological systems are frequently exposed to reactive oxygen species (ROS), which can be 
damaging to cellular function.  Recent research suggests that ROS can also be used as signaling 
agents, modifying protein functions post-translationally, by reversibly modifying cysteines.  The 
contractile functions of both skeletal and cardiac muscle are responsive to reactive oxygen 
species, but the mechanisms are unknown.  We therefore developed methods to quantify, which 
cysteines are modified by exposure to oxidative reagents, and used these methods as a gateway 
for testing different mechanisms for how ROS affect function.  From these techniques, we found 
that nearly every myofilament protein in both cardiac and skeletal muscle has one or more 
cysteines that can be modified by ROS in the environment of the myofilament lattice.  
Interestingly, we found that both the cysteines modified and the effects from ROS exposure 
depended on the contractile state of the muscle. Exposure in a relaxing buffer (ATP present) 
modified a large number of myosin thiols, and decreased the maximum ATPase and calcium 
sensitivity when compared to untreated myofibrils.  In contrast, ROS exposure in a rigor buffer 
(no ATP) decreased the number of modified myosin thiols and increased the modification of 
actin when compared to treatment in relaxing buffer.  Exposure in rigor buffer did not change the 
maximum myofibril ATPase, but did increase the basal ATPase and calcium sensitivity.  
Complementary studies in fast skeletal muscle tested the ability of different cysteine reagents to 
change calcium sensitivity. We found that different reagents affected calcium sensitivity in 
opposite directions, and found evidence that the difference in direction was due to differences in 
the type of modification, rather than a difference between cysteine sites. We narrowed down the 
proteins responsible for these effects to actin, essential light chain, tropomyosin and the myosin 
heavy chain.  Further eliminating proteins with cysteines not unique to fast muscle, we found 
two cysteines in the myosin heavy chain, both in the neck region, that are the most likely to be 
responsible for the changes in calcium sensitivity.   In summary these experiments shed 
significant light on a variety of mechanisms by which ROS can modify the contractile function 
of cardiac and skeletal muscle.  These results may be important for understanding and eventually 
treatment of diseases that have been found to produce oxidative modifications and decreased 
function of muscle, including heart failure, muscular dystrophy, arthritis and cancer. 
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INTRODUCTION 
Skeletal muscle is central to everyday movement, but under duress muscle function can fail.  
Attempts to explain why contractile function declines have focused on changes in metabolites.  
In permeabilized muscle the addition of hydrogen ion and phosphate, both products of ATP 
hydrolysis, decrease maximum force and calcium sensitivity. Yet in many physiological 
situations, changes in metabolite concentrations poorly correlate with muscle function.  This is 
most apparent in individuals suffering from heart failure.  These individuals are faced with 
significant impairments in their ability to produce muscular force, but muscle metabolites remain 
normal.  Further complicating the sole dependence of muscle function on metabolites is the state 
of potentiation, in which, instead of force decreasing from repeated contractions, the opposite 
occurs and force increases. Twitch potentiation has been attributed to phosphorylation of the 
regulatory light chain, but the mechanism behind muscle fatigue in heart failure is unknown.  
These conditions both indicate that mechanisms beyond the accumulation and depletion of 
metabolites can be responsible for changing muscle function.   
 
Post-translational modifications are critical to the function of the heart and provide an 
alternative for modifying skeletal muscle function 
One alternative for changing skeletal muscle function is through the post-translational 
modification of proteins.  In cardiac muscle one of the primary mechanisms for regulating force 
production is the phosphorylation of myofilament proteins, where eight of the ten myofilament 
proteins are phosphorylated on over 30 different sites.  Yet in skeletal muscle, except for the 
regulatory light chain, myofilament proteins are not thought to be phosphorylated.  A second 
modification that appears important is the modification of cysteines, but it is unclear which 
myofilament cysteines are modified and if they have an affect on contractile function.  This led 
us to initiate a series of experiments testing for post-translational modifications in skeletal  and 
cardiac myofilament proteins.  From these experiments it soon became clear that nearly every 
myofilament protein was post-translationaly modified, but it was not clear which type of 
modifications were occurring. The experiments presented in the following chapters focus on the 
exploration of oxidative modifications in myofilament proteins.     
 
Reactive oxygen species modify amino acids and affect muscle function 
Reactive oxygen species (ROS) including hydrogen peroxide, superoxide, and the hydroxyl 
radical, are ubiquitous in biological systems and extensive control systems have evolved to 
prevent and reverse their damaging effects.  Although, a majority of the effects from ROS have 
been attributed to irreversible protein damage, recent work has indicated that ROS can act as a 
signaling agent by reversibly modifying cysteines.   
  
The contractile function of skeletal muscle is sensitive to reactive oxygen and nitrogen species.  
This has been nicely illustrated by the simultaneous measurement of calcium and force while 
single muscle fibers are exposed to hydrogen peroxide.  In this preparation calcium sensitivity is 
the first variable to change, followed by changes in calcium release and maximum force. Similar 
results have been found in mechanically skinned fibers where each step in the excitation 
coupling process can be separately analyzed.  Importantly, the effects from hydrogen peroxide 
were reversed by the cysteine reducing agent, dithiotheritol, indicating that a cysteine was 
critical to this response, and the effects were not due to irreversible damage. In sum, the results 
from these experiments suggest that the myofilaments have a cysteine target that is more 
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sensitive to modification then proteins in the sarcoplasmic reticulum involved in calcium release.  
Yet, neither the cysteine responsible for this effect nor the myofilament proteins with accessible 
cysteines are known. 
 
Novel methods were developed to analyze cysteine modifications 
Studying the modification of cysteines within a mass of proteins requires a method that ideally 
targets cysteines, simultaneously identifies multiple cysteine containing proteins, and can 
quantify differences between treatments.  Two traditional methods for measuring cysteine 
modifications involve monitoring the total thiol status with Ellman’s reagent or completing a 
western blot using antibodies that are specific for a single type of modification.  Recording total 
thiol status with Ellman’s reagent fails to indicate which proteins are being modified, and the 
total thiol status can be dependent on a few highly expressed proteins.  Western blots are limited 
by both the quality of the antibody, and the western blot procedure where the range of 
measurable concentrations is narrow, proteins of high and low molecular weights are not equally 
transferred to the membrane, and quantification is poor.   
 
To overcome these limitations we developed methods to identify and quantify which cysteines 
are modified in the myofilament lattice. To identify reactive cysteines we co-opted reagents that 
have previously been used for structural studies in muscle.  These cysteine specific reagents 
differ in their reversibility, fluorescence and structure, which make them amenable to labeling 
proteins in a number of different ways. Importantly, using fluorescent cysteine reagents allows 
the modified proteins to be accurately quantified in a gel without the steps necessary for a 
western blot and the limitations in quantification found for western blots.  Using these techniques 
allows a targeted approach because we are able to quantify the change in cysteine thiols by 
identifying the number of cysteines within the primary sequences of different proteins.  We have 
used these techniques to address two questions: 
 
1. Is there a difference in the accessible cysteines between fast and slow muscle, and is this 
important to differences seen in contractile function in response to ROS? 
 
2. Is there a difference in the accessible cysteines when a muscle is producing force versus when 
it is relaxed, and does this have an affect on contractile function? 
 
Physiological Revalence 
Investigations into the acute affects of reactive oxygen species are physiologically and clinically 
relevant.  Many diseases are associated with increases in ROS.  This is most apparent in diseases 
that produce an inflammatory state within the body.  For example, in models of chronic heart 
failure, cancer, muscular dystrophy, and arthritis a decline in muscle performance and an 
increase in protein oxidation have all been recorded.  Additionally, when muscle is repetitively 
activated causing function to decline, part of the change can be attributed to myofilament 
oxidation.  Therefore, the results from these experiments are important in understanding and 
treating the fatigue and loss of mobility that occur from these diseases.   
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MECHANISM FOR INCREASING CALCIUM SENSITIVITY BY ROS IN CARDIAC 
MUSCLE 
 
Abstract 
Cardiac muscle is sensitive to reactive oxygen species (ROS). Most measurements of calcium 
sensitivity following ROS exposure have shown a decrease, but others have measured no change 
or even an increase. One difference between studies was the contractile state when ROS were 
applied. We therefore sought to characterize ROS-induced changes in myofilament proteins and 
their functional effects under different conditions of [Ca2+] and [ATP]. First, we identified all 
accessible cysteines by exposing myofibrils to tetramethylrhodamine-5-maleimide (TMR), a 
fluorescent maleimide probe specific for cysteines, followed by SDS-PAGE. We then varied the 
calcium concentration and the presence of ATP when myofibrils were treated with TMR.  We 
found that the only myofilament proteins with changes in their cysteine accessibility were 
troponin C, actin and myosin.  Cysteines in troponin C were responsive to calcium, whereas actin 
and myosin had cysteines that were responsive to ATP.  To find corresponding functional 
effects, we measured ATPase rates in myofibrils exposed to the cysteine reagent 2-2 
dithiodipyridine (DTDP) under rigor or relaxing solutions. Exposure to DTDP in relaxing 
solution decreased both the maximum ATPase rate and the calcium sensitivity compared to 
myofibrils not exposed to DTDP. In contrast, when DTDP exposure occurred in rigor solution, 
both the basal ATPase rate and calcium sensitivity were increased from control.  When 
experiments were repeated in a buffer with 3 mM ATP and calcium (pCa 5.0) there was an 
increase in calcium sensitivity similar to what occurred in rigor buffer.  This increase in calcium 
sensitivity also occurred with the cysteine alkylating agent n-ethylmaleimide (NEM) and the 
physiological oxidant nitric oxide, indicating that the increased calcium sensitivity was not a 
result of protein disulfides and can occur with physiological oxidants.  In conclusion, we found a 
mechanism by which oxidants alter the ATPase activity of myosin and increase the calcium 
sensitivity of cardiac myofibrils that is dependent on the muscle’s contractile state.   
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INTRODUCTION 
Cardiomyocytes are frequently exposed to concentrations of reactive oxygen species (ROS) that 
can be detrimental to the function of the heart (Schroder, 2008).  This is most apparent during 
cardiac stunning when a burst of ROS depresses contractile function and alters the calcium 
sensitivity of force production (reviewed in Bolli and Marban, 1999).  The impaired contractility 
is not caused by reduced calcium concentrations, but instead is due to direct changes to the 
myofilament proteins (Gao, 1995).  However, the myofilament proteins responsible remain 
unclear.   
 
The direct effects of ROS upon muscle function have primarily been attributed to the 
modification of cysteines.  Other amino acids including methionine and tyrosine can be modified 
by ROS, but due to the low bond energy and nucleophilicity of the SH group, cysteine is the 
most reactive ROS target.  Proteomic analyses of the heart have identified extensive cysteine 
modifications from ROS that have hinted toward roles of myosin, tropomyosin and actin in 
altering function, but every myofilament protein except troponin T and the regulatory light chain, 
which do not contain cysteines, can be modified by ROS (Brennan, 2004; Canton, 2004; 
Hertlendi, 2008; Saurin, 2004).  Thus, it is clear that cysteines are modified by ROS, but it is not 
clear which cysteines modify contractile function.   
 
The lack of clarity for how ROS affects function has been complicated by experiments that have 
produced different, sometimes contradictory effects. For example, most measurements of 
calcium sensitivity from stunned tissue have shown a decrease in calcium sensitivity (Hoffman, 
1993), but other studies have measured no change or even an increase (Van Eyk, 1998).  Part of 
the variability has been attributed to the "indirect" effects of ROS on the myofilaments, as ROS 
activates signaling pathways and proteases that indirectly change the myofilament proteins 
through phosphorylation and proteolysis (Avner, 2010; Van Eyk, 1998; van der Velden, 2004).  
But, even the "direct" effects of ROS on in vitro muscle preparations have been inconsistent 
possibly due to the type of ROS used and the conditions under which ROS was added (Robert, 
1991; MacFarlane, 1992; MacFarlane 1994; Mekhfi, 1996; Hertlendi, 2008; Dai, 2007).  
 
In different experiments, muscle has been exposed to ROS while the muscle was relaxed, 
activated, or in rigor so different results could be due to differences in cysteine accessibility 
based on the muscle’s contractile state. By varying [calcium] or [ATP] in a muscle preparation, 
we would expect differences in both the cysteines that are accessible to ROS and the functional 
effects.  Furthermore, if cysteine accessibility depends on the contractile state, this dependence 
can be used as a tool to determine which protein modifications are critical to mechanical 
function.  
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METHODS 
Animals 
All ventricular samples in these experiments were collected from Long-Evans Rats.  Following 
carbon dioxide exposure and cervical dislocation, ventricles were surgically removed, minced, 
and homogenized in a rigor buffer similar to intracellular ionic strength and ion concentrations, 
but lacking ATP.  This buffer is referred to as rigor buffer and was composed of 120 mM 
potassium acetate, 50 mM Hepes, 4 mM magnesium chloride and 5 mM EGTA with a pH of 
7.0.  The ventricular homogenate was repeatedly washed in rigor buffer with 1 % Triton - X 100 
(Solaro, 1971) and spun at 16.1 RCF for 5 minutes to remove glycolytic and membranous 
proteins.  The enriched myofibril preparation was stored at -20•C in 50% glycerol 50% rigor 
until future use.   
 
Direct labeling of accessible cysteines 
The number of cysteines present in the rat myofilament proteins was determined from the 
primary sequences accessed from the UniProt database.  To analyze the cysteines modified in the 
myofilament proteins, we created a framework that divided cysteines into two categories.  The 
cysteines present in each category could change based on the contractile state of muscle.  The 
first category contained cysteines that are ‘protected’ from modification either within a protein or 
by a separate protein.  The second category contains cysteines that are ‘accessible’ to different 
cysteine reagents and can therefore be modified.  To identify cysteines in each of these 
categories we used a direct labeling protocol.   
 
For direct labeling of cysteines, myofibrils were first reduced with 10 mM dithiotheritol (DTT) 
in rigor buffer for 30 minutes.  Myofibrils were then washed to remove DTT and prepared for 
labeling.  To identify cysteines accessible within the myofilament lattice, myofibrils were treated 
for one hour at 25• C in rigor buffer or relaxing buffer with 200 uM of the fluorescent cysteine 
alkylating reagent, tetramethylrhodamine-5-maleimide (TMR).  We estimated the ratio of moles 
of TMR to moles of myofibril thiols at 10:1, assuming the content of myofibril thiols was ~68 
nmol / mg myofibril protein (Robert, 1991). TMR was prepared as a 10 mM stock solution in 
dimethylformamide (DMF). The reaction of myofilament cysteines with TMR was quenched by 
the addition of 10 mM DTT.  
 
Quantification of accessible cysteine  
To quantify the number of accessible cysteines that had been directly labeled, two different 
standards were prepared.  For the first standard, myofibrils were denatured in the SDS page 
sample buffer and 200 uM TMR was added.  The remaining free TMR was quenched after 30 
minutes with 50 mM DTT.  This standard provided a measure of the total number of cysteines, 
which includes accessible and protected cysteines.  For the second standard, myofibrils were first 
treated in rigor buffer for 60 minutes with 1mM of the non-fluorescent cysteine alkylating 
reagent n-ethylmaleimide (NEM) to ‘block’ all accessible cysteines.  The proteins were then 
denatured in SDS PAGE sample buffer, to expose previously protected cysteines not modified by 
NEM.  The newly accessible cysteines were labeled with 200 uM TMR.  The reaction continued 
for 30 minutes and the remaining TMR was quenched with 50 mM DTT.  This standard reveals 
the number of cysteines within each protein that are protected in the myofilament environment. 
 
Measurement of cysteine sensitivity 
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For measurements of the sensitivity of accessible cysteines to modification, myofibrils were 
treated with 10, 25, 50, 100, 250, and 500 uM TMR, and the reaction was quenched after five 
minutes with the addition of 10 mM DTT.   
 
The effects of calcium on cysteine accessibility were determined by treating myofibrils with 250 
uM TMR for five minutes in eight different rigor calcium solutions that ranged from pCa 5.0 to 
8.5.  The reaction was quenched after five minutes with 10 mM DTT.  To analyze changes in 
troponin C we found it necessary to add 10 mM EGTA to the SDS PAGE sample buffer.  EGTA 
chelates calcium bound to troponin C and causes the protein to focus at a higher relative 
molecular weight.  It also allowed the two distinct troponin C bands produced from incorporation 
of the fluorescent TMR to be visualized within the SDS PAGE gel.   
 
SDS PAGE Electrophoresis 
Following all treatments, samples were run in 5% separating, 12.5% resolving SDS PAGE gels.  
Immediately following electrophoresis, gel proteins with incorporated TMR were visualized 
using a Typhoon scanner and 532 nm excitation and 580 nm emission wavelengths.  After 
scanning, gels were fixed for 30 minutes (50% methanol and 10% acetic acid), washed in water, 
and stained overnight with Sypro Ruby to visualize every protein independent of its cysteine 
content.  Gels stained overnight were placed in de-stain solution (10% methanol and 7% acetic 
acid) for 30 minutes, washed twice with water for five minutes, and scanned using 488 nm 
excitation and 610 nm emission wavelengths.   
 
Myofibril ATPase 
To determine myofibril ATPase, myofibrils were first reduced in rigor buffer with 10 mM DTT 
for at least 30 minutes and then washed twice in rigor buffer to remove residual DTT.  The 
myofibrils were then treated with oxidant (see oxidant treatments below) and washed twice with 
rigor buffer that included 1mg/ml bovine serum albumin to remove all traces of oxidant or 
treatment buffer.  Myofibrils were then resuspended in rigor buffer with BSA and added into 10 
separate tubes.  To initiate the ATPase reaction, calcium solutions (pCa 5 - 8.5) that contained 4 
mM ATP (final concentration 3 mM) were added to the tubes.  The pCa solutions were made by 
mixing volumes of a relaxing (pCa 8.5) and activating buffer (pCa 5.0) based on the 
MaxChelator online program to achieve the desired calcium concentration.  The ATPase reaction 
was allowed to proceed for five minutes and was stopped with the addition of perchloric acid and 
malachite green solution.  Fifteen minutes after the addition of malachite green the plate was 
read at 650 nm.  All samples were measured in duplicate. 
 
Myofibril cysteine treatments 
For the ATPase assays myofibrils were treated with several cysteine-specific reagents. 2-2 
dithiodipyridine (DTDP), an aromatic disulfide that reacts with protein thiols to form a mixed 
disulfide, was prepared as a 20mM stock solution in 50% ethanol and myofibrils were treated for 
four minutes with concentrations that ranged from 75 uM to 150 uM (15-30 nmoles).  NEM, 
which irreversibly alkylates thiols, was made as a 20 mM stock solution in rigor and myofibrils 
were treated for five minutes at 75uM.  S-Nitroso-N-acetyl-DL-penicillamine (SNAP), a nitric 
oxide (NO) donor, was made up fresh for each treatment as a 40 mM stock solution in rigor.  
Myofibrils were immediately exposed to 2 mM SNAP for five minutes.  SNAP treated samples 
were protected from light, which can reverse protein nitrosylation.   
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Statistical Analysis 
Statistical significance was assessed through use of student’s t-test with Prism 5.0 software.  A p-
value < 0.05 was considered significant.  The pCa50 was determined by fitting ATPase rates as a 
function of calcium concentrations using a Hill equation with Prism 5.0 software.  Values unless 
otherwise noted are means ± SEM. 
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RESULTS 
Accessible cysteines were measured in ventricular myofibrils 
To determine which myofilament proteins have cysteines that are accessible by ROS, rat 
ventricular myofibrils were directly labeled with the fluorescent cysteine reagent, TMR.  The 
myofilament proteins myosin heavy chain (MHC), actin, tropomyosin (Tm), troponin I (TnI), 
essential light chain (ELC), and TnC were all labeled in the gels, indicating each had accessible 
cysteines (Table 1, Figure 1, 2).   The only myofilament proteins not labeled were troponin T and 
the regulatory light chain, both of which have no cysteines in their primary sequence.   
  
To quantify the number of accessible cysteines in rigor buffer for each protein, we compared the 
fluorescence between samples that had cysteines directly labeled in a rigor buffer with samples 
that had all cysteines labeled in a denaturing buffer. Using this approach we determined that 
troponin C had two accessible cysteines (Cys 35, Cys 84), troponin I had a single accessible 
cysteine, ELC had one accessible cysteine, tropomyosin had one partially accessible cysteine 
(Cys 190), actin had two accessible cysteines, and the myosin heavy chain had approximately 
eight accessible cysteines (Table 1). Therefore, among these proteins approximately half of all 
cysteines are accessible in the environment of the myofilament lattice and could be responsible 
for altering cardiac function. 
 
One technique to identify a functionally important cysteine is to seek a ‘hyper-reactive’ cysteine 
that is more sensitive than all other cysteines to being modified.  To determine if one protein had 
a cysteine that was especially sensitive, myofibrils were treated with the lowest concentration of 
TMR (10uM) that would still allow visualization within the SDS page gels, and progressively 
higher concentrations of TMR that nearly saturates accessible cysteines.  At the lowest 
concentration of TMR all myofilament proteins had some degree of modification (Figure 3).  
When the fluorescence between different proteins was compared, MHC, actin and several high 
molecular weight proteins had the greatest fluorescence.  This assay may suggest a hyper-
reactive cysteine in one of these proteins, but each of these proteins contain multiple cysteines, 
and we were unable to delineate if one of these was especially reactive.  In summary, these 
results suggest that at any given ROS concentration multiple protein cysteines will be modified 
and as a consequence, the identification of one protein with a modified cysteine does not rule out 
the prospect that other cysteines are modified and having an affect. 
 
Effect of ATP on cysteine accessibility 
We hypothesized that cysteine accessibility would be altered between a rigor (0 mM ATP) and 
relaxed (3 mM ATP) contractile state.   To test this, we directly modified cysteines in relaxing 
and rigor buffers.  Under these conditions, we observed changes in the cysteine accessibility of 
the myosin heavy chain, and actin (Figure 4). In the gels, myosin’s fluorescence was lower in 
rigor than in relaxing solution suggesting that 1-2 cysteines were protected. For actin, the change 
in cysteine accessibility between rigor and relaxing buffers was different.  When exposed to the 
fluorescent probe in relaxing buffer there was a single actin band visible in the gel, but when 
exposed in rigor buffer there were two actin bands (Figure 4).  The presence of two bands 
indicates that a fraction of actin had been uniquely modified by TMR in rigor.  The second band 
could be due to an increase in molecular weight from one fraction of actin incorporating multiple 
480 Dalton TMR molecules, or it could be due to the incorporation of a single probe that alters 
the structure of actin enough that it focuses at a higher molecular weight.  The lack of the entire 
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band shifting vertically may suggest that only actins that were part of a rigor bond with myosin 
had a change in their cysteine accessibility. In summary, between the rigor and relaxing buffers, 
differences in cysteine accessibility were restricted to the myosin heavy chain and actin.   
 
Effect of calcium on cysteine accessibility 
The ability of ATP to change the accessibility of cysteines suggested additional differences 
might occur as the concentration of calcium was modulated over physiological ranges.  To test 
this, myofibrils were exposed to a rigor buffer with pCa concentrations ranging from 5.0 to 8.5. 
When the protein fluorescence was compared across calcium concentrations, only troponin C 
showed significant changes in reactivity.  At low calcium concentrations (pCa 8.5) there were 
two troponin C bands with the majority of fluorescence in the top band, indicating its two 
cysteines (Cys 35 and Cys 84) were modified.  At higher calcium concentrations fluorescence 
was larger in the lower band indicating that one or both cysteines of troponin C had decreased 
accessibility (Figure 4).  When the relative fluorescence between the two bands was compared 
across calcium concentrations the pCa50 was 6.3, which was similar to pCa50 values recorded 
from ATPase assays (see below). These results indicate that the accessibility of cysteines in 
troponin C are affected by calcium.   
 
Effects of treatment under rigor or relaxing buffers on myofibril ATPase 
Since the accessibility of thiols in only three proteins were altered by the presence of ATP and 
calcium, we tested for changes in function that would parallel the accessible cysteine results. 
Using myofibril ATPase assays, we found that when myofibrils were treated for 5 minutes in a 
relaxing buffer with 100 uM of the cysteine reagent DTDP, both the calcium sensitivity and 
cooperativity decreased when compared to untreated myofibrils (Table 2, Figure 5). In addition, 
following DTDP treatment both the basal and maximum ATPase decreased when compared to 
untreated myofibrils.  In contrast, when myofibrils were exposed to the same treatment in a 
buffer that lacked ATP, the calcium sensitivity significantly increased.  Further, the maximum 
ATPase failed to decrease while there was a significant increase in the basal ATPase.  Thus, 
between a rigor and relaxing buffer, when only actin and myosin had changes in their cysteine 
accessibility, there were significant differences in calcium sensitivity and myosin ATPase. 
 
Effects of cysteine reagents on skeletal myofibril ATPase 
To determine whether the changes in myofibril ATPase were unique to cardiac myofibrils, we 
tested for similar effects in skeletal myofibrils.  For this experiment, we used myofibrils from a 
fast muscle that contains the skeletal isoform of troponin C, which lacks accessible cysteines.  
Interestingly, treatment in rigor buffer with 150uM DTDP failed to produce the same ATPase 
changes found in cardiac myofibrils (data not shown).  We then tested a second cysteine reagent, 
NEM, under rigor and relaxing conditions and found similar effects to those in cardiac muscle 
(Table 2).  Treatment in relaxing buffer decreased both the maximum ATPase and calcium 
sensitivity, whereas treatment in rigor buffer did not affect the maximum ATPase, but did 
increase the basal ATPase and calcium sensitivity.  Although it is unclear why DTDP treatment 
of skeletal myofibrils did not have similar effects in rigor as those found in cardiac myofibrils, 
the NEM data show the changes in ATPase can be extended to other muscle types.   
 
Effects of treatment under activating buffer on myofibril ATPase 
Although rigor conditions are useful in vitro to control for a specific variable, in vivo their 



  12 

existence is rare.  In a beating heart, however, myosin cross bridges will cycle through a state 
that should briefly expose and protect the same cysteines as in rigor solution.  We therefore 
treated myofibrils in an activating buffer (Ca2+ and ATP) with 75uM DTDP for four minutes 
(Table 3, Figure 6).  Treatment in the activating buffer limited changes in the maximum and 
basal ATPase, but the increase in calcium sensitivity from control conditions remained (pCa50 = 
6.40). These results suggest that the same cysteine/s that increased calcium sensitivity in rigor 
solution can also be modified when the muscle is producing force.   
 
Effects of other cysteine reagents on myofibril ATPase 
Treatment with DTDP can produce a mixed disulfide (RS-SX) or a protein-protein disulfide (RS-
SR).  To determine the type of cysteine modification that was producing the change in calcium 
sensitivity we treated myofibrils with NEM, which cannot produce protein disulfides.  Similarly 
to DTDP treatment, 75 uM NEM in activating buffer increased the calcium sensitivity (pCa50 
6.34), indicating the increase was not due to protein disulfide formation (Figure 4).  Both NEM 
and DTDP are non-physiological reagents specific for cysteines.  To test a third compound that 
occurs in vivo we used the NO donor SNAP.  When 2 mM SNAP (which we estimate would 
liberate a maximum NO concentration of 2.1 uM based on results from Spencer, 2009) was 
added to cardiac myofibrils in activating conditions the pCa50 similarly increased (pCa50 6.31) 
(Figure 6).  Thus, the increased calcium sensitivity is dependent on cysteines, is not due to the 
formation of a disulfide between two proteins, and can occur with a range of reagents including 
nitric oxide.   
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DISCUSSION 
When cardiac muscle has been exposed to ROS, conflicting effects on contractile function have 
been observed.  In this report we demonstrate that a portion of these effects can be explained by 
the muscle's activation state during ROS exposure.  We found that if ROS exposure occurs while 
muscle is in a relaxed state, calcium sensitivity and myofibril ATPase decrease.  In contrast, if 
ROS exposure occurs while muscle is in rigor or is actively hydrolyzing ATP, there is an 
increase in calcium sensitivity without a loss of maximum ATPase.  We are able to attribute 
these changes to the modification of the amino acid cysteine, and we have found a correlation 
between ATPase changes and the labeling of cysteines in the myosin heavy chain and actin.  
When viewed through a clinical perspective, these opposing effects on cardiac function could 
produce two different mechanisms for cardiac stunning, which may have opposite functional 
outcomes.   
  
Almost all myofilament proteins have accessible cysteines, but only TnC, Actin and MHC 
have cysteines whose access is activation dependent 
To address the mechanism for how ROS modifies contractile function we controlled for the type 
of amino acid modification, and the muscle’s contractile state.  Using direct labeling of 
cysteines, we found that the myosin heavy chain, actin, tropomyosin, troponin I, essential light 
chain, and troponin C each have accessible cysteines that could be responsible for changing 
contractile function. These results match previous reports which have also found that when 
hearts are exposed to conditions that elicit ROS production, or when exogenous ROS is directly 
applied to cardiac preparations every myofilament protein, except troponin T and the regulatory 
light chain, have a cysteine that can be modified by ROS (Canton, 2004; Brennan, 2004, Saurin, 
2004; Hertlendi, 2008).  The breadth of cysteine modifications under these conditions prevented 
us from attributing any change in function to the cysteine from a single protein.  In contrast, 
when we varied the myofilament structure by altering the presence of ATP and calcium, we 
found just three proteins had changes in their thiol accessibility, actin, troponin C, and myosin.  
The limited change in thiol accessibility was highly advantageous because it allowed changes in 
function to be correlated with changes in the accessibility of these three proteins.   
 
Accessibility of Troponin C cysteines depends on the calcium concentration and presence of 
ATP 
Troponin C has two cysteines, Cys 35 and Cys 84, and we found that both cysteines can be 
modified within the myofilament lattice.  In addition, we found that as the calcium concentration 
increased, the fraction of troponin C that had incorporated two labels decreased.  These results 
are similar to Putkey etal (1997), who found that accessibility of Cys 35 within troponin C was 
decreased as calcium increased.  It is unlikely that the modification of cysteines in troponin C 
were responsible for the changes in myofibril ATPase.  In the experiment by Putkey they found 
that the calcium affinity of troponin C was not affected by thiol modification.  In addition, we 
found an increase in calcium sensitivity in both the absence and presence of calcium, when 
troponin C cysteine modifications would be different. We also found that when fast myofibrils, 
which do not contain an accessible cysteine in troponin C, were treated in rigor there were 
similar changes in calcium sensitivity.  Therefore, we believe the major effect on calcium 
sensitivity that occurs in rigor or activating conditions was not due to troponin C cysteines.   
 
Accessibility of myosin and actin cysteines depends on ATP presence 
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The cardiac isoform of the myosin heavy chain (MYH6) has 14 cysteines, five in the tail region, 
and nine in the head region.  Of the cysteines in the head region, two have received the majority 
of interest because their modification inhibits myosin ATPase activity (SH1 and SH2).  The 
modification of SH1 is favored under relaxing conditions and inhibited in rigor conditions (Duke 
1976; Root, 1991), but the accessibility of myosin’s other cysteines are less understood.  Actin 
has five cysteines and primarily one cysteine (Cys 374) is modified in response to oxidative 
stress (Chen, 2006), but a second cysteine (Cys 10) has been noted to become accessible in rigor 
conditions (Duke 1976).  In myosin, we found approximately 8 accessible cysteines in relaxing 
buffer, and approximately 6 in rigor buffer.  One interpretation for the decrease was that a 
fraction of cysteines that were accessible under relaxing conditions became protected under rigor 
conditions from blocking by actin or structural changes from the difference in hydrolytic state.  
A second interpretation was that the changes in cysteine accessibility were more complex, and a 
fraction of cysteines became accessible in rigor while a larger fraction became protected.  We 
were unable to rule out either of these two explanations, but the experiments of Barany (1975) on 
living frog muscles would suggest extensive differences in the cysteines accessible depending on 
the muscle’s contractile state.   Within actin we found approximately two cysteines accessible in 
relaxing buffer.  Interestingly, we found what was likely a new group of accessible cysteines in 
rigor, which was highly sensitivity to modification (Figure 3). 
 
Modifications in Myofibril ATPase depends on ATP presence 
When cysteine-specific reagents were added in relaxing buffer, there was a decrease in myofibril 
ATPase.  In contrast, when cysteine reagents were added in rigor buffer, the maximum ATPase 
did not change, instead there was an increase in basal ATPase and calcium sensitivity. The 
decrease in myofibril ATPase in relaxing buffer was likely from the modification of SH1 or SH2, 
as these cysteines are established to inhibit myosin ATPase and SH1 is highly reactive in 
relaxing conditions (Duke, 1976).  The changes in enzymatic function that occurred in rigor and 
activating buffer are less clear, but are likely caused by the modification cysteines in either actin 
or myosin, as we observed no other changes in the cysteines modified between these two 
conditions.  Based on prior results it seems likely that SH1 was partially protected in rigor 
(Duke, 1976; Root, 1991), while a second myosin cysteine became accessible and played a role 
in the increase in calcium sensitivity.  Yet, we were unable rule out a role from actin, which had 
increased cysteine modifications in rigor.   
 
The increased calcium sensitivity from oxidant exposure in rigor buffer could be due to changes 
in cross bridge cycling or changes in thin filament calcium regulation.   Based on prior results it 
seems likely that both effects occurred.  When actomyosin is treated with NEM rigor bonds 
form, which are resistant to dissociation with ATP (Pemrick, 1976).  This appears to have two 
effects on myofibril function.  The first is that the rigor bonds tether myosin to actin and increase 
the likelihood of other unmodified myosin heads interacting with actin (Titus, 1989; Root, 1991; 
Bobkova, 1997).  Secondarily, strong binding cross bridges can decrease the rate of calcium 
dissociation from troponin C (Robinson, 2004) and in both skeletal and cardiac permeabilized 
fibers this increases the calcium sensitivity (Swartz, 1992; Fitzsimons, 2001). 
 
The effects that occurred between rigor and relaxing buffer likely involved a number of 
cysteines.  Unfortunately based on the number of actin and myosin cysteines we are not able to 
attribute any effect to one specific cysteine.  Although we were able to rule out that these effects 
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were due to the formation of disulfides between proteins because the effects were similar from a 
reagent that can lead to protein disulfides (DTDP), and a reagent that is unlikely to produce 
disulfides.   
 
Cardiac Stunning 
Our results have important implications for the decrease in cardiac function known as cardiac 
stunning.  This impairment in cardiac function, which is associated with ischemia-reperfusion, 
has been found in patients following balloon angioplasty, an acute myocardial infarction, 
cardiopulmonary bypass surgery, and stress induced ischemia. During the ischemic period, as the 
tissue begins to deplete its energy reserves, contraction stops from the decrease in pH and 
increase in phosphate, which both significantly reduce calcium sensitivity.  Following 
reperfusion there is a burst of ROS that can be accompanied by calcium overload from reverse 
flow of the sodium calcium exchanger (Bolli, 1999).  Our results suggest that the degree of 
energy depletion and calcium overload will have critical effects on tissue survival.  A short 
ischemic period with minimal changes in intracellular calcium would keep myosin in a relaxed 
state.  ROS exposure under these conditions would modify thiols that would decrease force 
production until the thiol modification could be reversed.  In contrast, a more prolonged period 
of ischemia that leads to a significant calcium overload would leave myosin bound to actin and 
modify thiols that would lead to unregulated ATP hydrolysis.  In this stressed state when the 
energy supply is already limited, the unregulated myosin ATPase would quickly lead to ATP 
depletion and cell death.  Therefore, function would be impaired independent of the calcium 
overload and energy depletion, but the consequences between the two states would be vastly 
different.   
 
Cysteines are well conserved between different myosins 
The effects observed may not be isolated in cardiac muscle and to the state stunned tissue, but 
instead may occur in a vast array of tissue types.  There are 15 isoforms of Myosin II, most of 
which are expressed in different types of striated muscle.  Surprisingly for a protein of such large 
size, the cysteines are highly conserved among isoforms.  For example, there are 13 cysteines 
conserved between the alpha isoform expressed in the heart (14 total cysteines), and the IIX 
isoform expressed in fast skeletal muscle (16 cysteines).  Additionally between cardiac myosin 
and smooth muscle myosin (MYH11) only 39.8% of the amino acids are identical, but seven of 
the nine cysteines found in the head region of cardiac myosin are conserved in the smooth 
isoform.  This level of cysteine conservation suggests that effects identified in cardiac muscle are 
likely to occur in skeletal, smooth, and other tissue types.   
 
Comparison of Prior Results 
The difference in functional effects from ROS between different contractile states, and the 
conservation of cysteines between different myosins helps clarify previous results.   When in-
vitro preparations from cardiac, slow or fast muscle are relaxed, adding ROS can decrease the 
pCa50 and maximum force production (Hertelendi, 2008; MacFralane; Lamb, 2003).  In contrast, 
if the tissue is activated or in rigor when ROS is added, calcium sensitivity can increase, often 
without a loss of force or ATPase (Roberts, 1991; MacFarlane, 1994; Lamb, 2003; Avner, 2010; 
Prochniewicz, 2008)).  Our results suggest these opposite effects are due to protection or 
exposure of cysteines between actin and myosin.  Our experiments also suggest that the specific 
oxidant may not be as important as the state of activation under which oxidant exposure 
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occurred, and therefore the length of time intact cells are activated while exposed to oxidants is 
critical to tightly control.   
 
Although we found changes in calcium sensitivity that occurred under conditions when only 
myosin and actin had changes in their cysteine accessibility, other cysteine modifications may 
also be producing functional effects.  For example, we found that a brief exposure of DTT 
following DTDP treatment in rigor produced a further increase in calcium sensitivity (data not 
shown).  This suggests an additional modification that decreased calcium sensitivity, but was 
hidden by the much larger increase in calcium sensitivity.  Although the structures of actin and 
myosin are known, due to the large number of cysteines within the myosin head that could 
theoretically affect either ATP hydrolysis or the interaction of myosin with actin, we are not able 
to attribute a single cysteine to these effects. It should also be noted that these experiments do not 
address all potential modifications that occur with ROS in vivo.  Modifications to other amino 
acids besides cysteine, and indirect changes of ROS through phosphorylation and proteolysis 
have all been found in cardiac muscle treated with oxidants and can have functional effects.   
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CONCLUSION 
This study addressed the modification of cardiac myofilament cysteines in response to ROS.  We 
found extensive cysteine accessibility within the myofilament lattice, but only three proteins had 
changes based on the muscle’s contractile state.  Actin and myosin were responsive to rigor 
conditions, whereas troponin C was responsive to the calcium concentration.  These changes in 
cysteine accessibility were paralleled by changes in function when treatments were added during 
different contractile states.   
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Table 1 
The protein fluorescence from the modification of cysteines in relaxing buffer was compared 
against a standard that had all cysteines labeled in a denaturing buffer (n = 3).  From this value 
and the number of cysteines in each protein, the number of accessible cysteines was estimated.   
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Table 2 
pCa - ATPase parameters from rat ventricular myofibrils treated in rigor and relaxing buffer with 
150uM DTDP for four minutes, and rabbit EDL myofibrils treated for five minutes with 100 uM 
NEM.  Values are sample means ± SEM.  *Statistically significant difference vs. control (P < 
0.05) 
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Table 3 
pCa - ATPase parameters of myofibrils treated in activating buffer with different cysteine 
reagents.  Values are sample means ± SEM.  *Statistically significant difference vs. control (P < 
0.05). 
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Figure 1 
The location and numbering of cysteines in actin, myosin, and the troponin complex.  Actin: 
PDB: 2Y83 (Narita, 2011).  Cardiac troponin (Blue = troponin C, Green = troponin I, Red = 
Troponin t) (PDB: 1J1E) Takeda, 2003), Chicken fast myosin with cysteine numbering based on 
the rat alpha cardiac isoform  (PDB: 2MYS), (Rayment, 1993).   
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Figure 2 
A: Direct labeling of accessible cysteines within cardiac myofibrils using TMR and 2D 
electrophoresis.  Proteins that had accessible cysteines are yellow (TMR and total protein co-
localize) whereas proteins without cysteines are green (troponin t, and RMLC). B. To identify 
cardiac troponin C as having accessible cysteines, samples were treated with TMR and then ran 
in a 1D gel with calcium in the sample buffer (pCa 5.0) and without calcium (pCa 8.5).  The 
same gel was scanned twice as in figure A, although the scans were not superimposed.   
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Figure 3 
TMR scan of SDS PAGE gel to visualize cysteines modified from treatment of myofibrils for 
five minutes with progressively greater concentrations of TMR in rigor buffer.  The regulatory 
light chain does not have cysteines and has been used as a loading control from the Sypro total 
protein scan.   
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Figure 4 
A: TMR fluorescence of myofilament cysteines protected in rigor buffer, accessible in rigor 
buffer, and accessible in relaxing buffer.  B.  TMR fluorescence of Troponin C bands from 
myofibrils treated under rigor or relaxing conditions with pCa’s ranging from 8.37 to 5.02.  The 
TMR probe when incorporated to a protein adds 480 Daltons, thus the lower band represents a 
single cysteine modified, and the upper band represents two modified cysteines.   
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Figure 5  
ATPase-pCa relationships from rat ventricular myofibrils treated with 150uM DTDP in relaxing 
or rigor conditions for four minutes.  
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Figure 6 
ATPase-pCa relationship from control myofibrils and myofibrils treated under activating 
conditions with 75uM DTDP, 75uM NEM, or 2mM SNAP an NO Donor.  Values are means ± 
SEM; n=4. 
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The identification and effects from cysteine modifications in fast skeletal muscle 
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The identification and effects from cysteine modifications in fast skeletal muscle 
 
ABSTRACT 
Many cell types use reactive oxygen species (ROS) as second messengers to modify protein 
functions. In fast skeletal muscle, the calcium sensitivity of force production can be increased or 
decreased by ROS. Cysteine is the most likely amino acid responsible for this effect, but neither 
the identity of cysteines accessible to ROS nor the nature of modification is known. Using a 
bioinformatic approach, we identified 30 cysteines in fast muscle that could be ROS targets, 9 of 
which are unique to fast muscle isoforms. Using fluorescent labeling techniques, we determined 
that about half of the cysteines are not accessible to ROS in the myofilament lattice. Skeletal 
troponin C had only one cysteine, which was not accessible; so only six myofilament proteins 
with 14 cysteines might modify calcium sensitivity. By testing myofibrils exposed to several 
cysteine reagents, we identified reagents that produce opposite effects on calcium sensitivity.  
This failed to eliminate any cysteine candidates, because each reagent acted on the same set of 
cysteines, but suggests that the direction of change in calcium sensitivity is dependent on the 
type of cysteine modification.  We eliminated four additional cysteine candidates after testing for 
changes in calcium sensitivity from glutathione treatment following protein extractions, 
substitutions, or by using fibers with different isoforms.  That left the essential light chain, 
tropomyosin, actin, and the myosin heavy chain with cysteines that when modified may alter 
calcium sensitivity.  Of these four proteins only the myosin heavy chain contains cysteines 
unique to fast muscle. Therefore, on structural grounds we argue that the myosin heavy chain is 
the most likely candidate to produce a unique effect in fast skeletal muscle from ROS. 
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INTRODUCTION 
Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide (O2

●), and the 
hydroxyl radical (●OH), are so toxic to life that cells have evolved ways to eradicate them. 
However, many recent studies have shown that healthy cells can also use ROS to reversibly alter 
function (Avner, 2010; Paulsen and Carroll, 2009).  This is evident when skeletal muscle is 
exposed to ROS, and in response there is a change in the calcium sensitivity of force production 
(Andrade, 1998; Andrade, 2001; Moopanar, 2006).  Interestingly, calcium sensitivity can be 
increased or decreased, depending on the oxidant treatment.  Calcium sensitivity was decreased 
from nitric oxide donors, but increased from hydrogen peroxide (Andrade, 1998a; Andrade 
1998b). By applying reducing agents calcium sensitivity returned to its original value, indicating 
the effects were due to the reversible modification of cysteine and not due to irreversible damage 
(Andrade, 1998a).  However, the proteins responsible for these effects are not known.         

The effects of ROS on intact fibers have been replicated with permeabilized fibers.  This is 
important because in these preparations cysteines can be directly targeted for modification, and 
other effects from ROS including changes in protein phosphorylation and calcium release cannot 
affect contractile function.  In these fibers, elegant work by Lamb etal (2003) has determined that 
the cellular redox buffer, glutathione, can modify cysteines to increase calcium sensitivity (RS-
GSH), whereas cysteine reagents that modify cysteines in other ways, such as nitrosylation (RS-
NO), have minimal or even opposite effects on calcium sensitivity.  Importantly for 
understanding the mechanism behind these effects, when the same reagents were applied to slow 
muscle fibers rather than fast muscle fibers, the effects on calcium sensitivity were blunted 
(Lamb, 2003; Spencer, 2009).  Therefore, it could be reasoned that a cysteine unique to fast 
muscle can be modified in different ways to change calcium sensitivity, whereas the same 
cysteine is not present in slow muscle.  

Despite extensive demonstrations of effects from ROS on skeletal muscle, and evidence that a 
myofilament cysteine may be responsible, there have been few attempts to determine which 
myofilament proteins are modified.   This stems largely because of the variety of amino acid 
modifications possible from ROS. Reactive species can target methionines, tyrosines, and 
cysteines among others, and each amino acid might be modified in a number of ways.  To 
determine a mechanism, every modification at each amino acid must be identified.  In an original 
attempt to correlate protein changes from ROS with changes in muscle function, Prochniewicz et 
al (2008) measured all the amino acid modifications in myosin after applying hydrogen peroxide 
to permeabilized muscle fibers.  They found significant effects on fiber contractile function and 
myosin methionine oxidation, but the modification of other myofilament proteins was not 
investigated.   
 
In this report instead of analyzing all the amino acid modifications within a single protein, we 
have focused on the modification cysteines, and analyzed all the myofilament proteins.  This 
approach significantly reduces the number of potential sites that could affect contractile function 
to the number of cysteines in the myofilament proteins.  It also allows the elimination of 
cysteines that do not produce a functional effect because they are either protected within the 
myofilament environment, or when modified do not alter protein structure in a way that changes 
function.   
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METHODS 
Tissue Preparation 
Myofibrils were prepared from the extensor digitorum longus muscle (EDL) of white New 
Zealand rabbits, and from the EDL of Long Evans rats.  Muscles were dissected, minced, and 
homogenized in a solution similar to the intracellular solution of muscle, but lacking ATP.  This 
buffer, referred to as rigor buffer, was composed of 120 mM KCl, 4 mM MgCl2, 5 mM EGTA, 
and 50 mM HEPES, pH 7.0. The homogenized muscle was spun down at 16.1 relative 
centrifugal force (RCF) for 10 minutes and the supernatant containing mostly cytosolic proteins 
was discarded. The pellet was then resuspended in rigor buffer with 1% Triton-X 100 and spun 
down again to remove membranous proteins.  This sequence was repeated twice. The enriched 
myofibril pellet was then resuspended in 50% rigor, 50% glycerol and stored at -20·C for future 
use.  
 
Direct Labeling of Total and Accessible Cysteines 
The primary sequences of myofilament proteins were accessed from the UniProt database.  To 
determine the cysteines that are found in both fast and slow muscle and which are unique to fast 
muscle, sequences from fast and slow isoforms were aligned using the SIM Alignment Tool.   
 
To analyze cysteines in the environment of the myofilament lattice we use the terms ‘accessible’ 
and ‘protected’.  The ‘protected’ cysteines are those that reside within a protein or part of a 
protein-protein interaction site and cannot be modified by cysteine reagents under physiological 
conditions.  We define ‘accessible’ cysteines as those that can be modified by cysteine reagents 
within the environment of the myofilament lattice (Figure 1).  
 
For direct labeling of accessible cysteines, myofibrils were incubated in rigor buffer for at least 
30 minutes with 10 mM of the reducing agent, dithiotheritol (DTT), to reverse any cysteine 
oxidation that had occurred during storage.  Myofibrils were then washed twice in rigor buffer to 
remove DTT.  The reduced myofibrils were then exposed in relaxing buffer for 60 minutes to 
200 uM tetramethylrhodamine-5-maleimide (TMR), a fluorescent non-reversible agent that 
alkylates cysteines.  The ratio of TMR to myofibril thiols was estimated at 10:1 based on the 
measurement of 68 nmol thiols / mg cardiac myofibrils (Robert, 1991). The remaining TMR that 
had not reacted with myofibril cysteines after 60 minutes was quenched by the addition of 10 
mM DTT.   
 
To quantify the number of accessible cysteines in physiological conditions, a myofibril standard 
that had all cysteines labeled was used. Complete labeling was accomplished by denaturing the 
proteins in SDS PAGE sample buffer and adding 200 uM TMR.  Based on the difference in the 
protein band fluorescence between the intact and denatured samples, and the number of cysteines 
present in the primary sequence, the number of accessible cysteines was estimated.   
 
Indirect Labeling of Accessible Cysteines 
The ability of different cysteine reagents to modify myofilament proteins was tested by indirectly 
labeling cysteines.  Reduced myofibrils were first treated with a cysteine reagent (see ‘Myofibril 
Treatments’ below) for 90 minutes (~10:1 ratio of reagent to myofibril thiols).  The cysteine 
reagent was then removed and myofibrils were treated with 200uM TMR for 90 minutes to 
fluorescently label cysteines that did not react with the cysteine reagent.  We have also used this 
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technique to label only protected cysteines by blocking accessible cysteines in rigor buffer with 
the non–fluorescent alkylating reagent n-ethylmaleimide (NEM), and then denaturing the 
proteins and labeling the newly exposed cysteines.   
 
Measurement of Cysteine Sensitivity 
Cysteines that are accessible under physiological conditions may have low or high rates of 
modification based on their local environment.  To measure the rate and sensitivity of proteins to 
modification, reduced myofibrils were treated with different concentrations of the cysteine-
alkylating reagent TMR (50, 100, 250, 500, 750 uM) for five minutes in relaxing solution (rigor 
solution with 3 mM ATP pH 7.0).  The reaction of TMR with myofibril cysteines was quenched 
by the addition of 10 mM DTT from a 1 M stock.   
 
SDS PAGE Electrophoresis 
Following all treatments, myofibril samples were solubilized in SDS PAGE sample buffer and 
were run on 5 % stacking and 12.5 % resolving SDS PAGE gels.  Immediately following 
electrophoresis, gels were scanned using a Typhoon scanner (Excitation 532 nm / Emission 580 
nm) to identify proteins that fluoresced from incorporation of TMR.  After the scan, gels 
were fixed in 50 % methanol and 10 % acetic acid for 30 minutes and incubated overnight with 
the fluorescent protein stain Sypro Ruby.  The following day, gels were washed for 30 minutes in 
solution containing 10 % methanol and 7% acetic acid, followed by two five-minute water 
washes, and scanned to visualize all proteins (Excitation 488 nm / Emission 610 nm). 
 
2-Dimensional Electrophoresis 
For two-dimensional electrophoresis, myofibril samples that had been directly labeled with TMR 
were loaded onto 4 % acrylamide tube gels with ampholines pH 3-10.   Samples were focused 
using the non-equilibrium pH gel electrophoresis (NEPHGE) protocol for four hours at 400 v.  
The NEPHGE format optimizes focusing of basic proteins such as troponin I.  After focusing, 
the tube gels were placed in DTT followed by iodoacetamide for 15 minutes each, loaded onto 
the top of 13 % SDS page resolving gels (without a stacking gel) and run until the dye front 
reached the bottom of the gel.  The gels were first scanned to visualize cysteines modified with 
TMR, then fixed (50 % methanol, 10 % acetic acid), and stained overnight with Sypro Ruby to 
visualize all proteins as described above. 
 
Myofibril ATPase 
Myofibrils were incubated for at least 30 minutes at room temperature with 10 mM DTT in rigor 
buffer to reduce any oxidation that occurred during storage.  Samples were then washed twice in 
rigor buffer to remove DTT and treated with oxidant in relaxing solution (see myofibril 
treatments below).  Following treatment myofibrils were washed twice to remove residual 
oxidant in rigor buffer that contained 1mg/ml bovine serum albumin.  The myofibril ATPase 
reaction was started by the addition of rigor solution containing 3 mM ATP and calcium that 
varied from pCa 5.0 to pCa 8.5.  The calcium solutions were made by mixing set volumes of the 
relaxing buffer with activating buffer (relaxing buffer containing calcium), based on the 
Maxchelator program.  The ATPase reaction continued for five minutes at room temperature and 
was stopped with perchloric acid and malachite green solution.  The absorbance at 650 nm was 
read after 15 minutes from a 96 well plate spectrophotometer.   
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Myofibril Treatments 
2-2’-Dithiodipyridine (DTDP), an aromatic disulfide that reacts with protein thiol groups to form 
a mixed disulfide, was prepared as a 10 mM stock in 25% ethanol, and myofibrils were treated 
for four minutes at a concentration of 100 uM. 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), also 
an aromatic disulfide that reacts with thiol groups, was prepared as a 5 mM stock in rigor and 
myofibrils were treated with 100 uM DTNB for 5 minutes.  Glutathione (GSH), a tripeptide 
intracellular reducing agent, was prepared as a 100 mM stock in rigor with the pH readjusted 
with KOH.  For treatment, GSH was added at a final concentration of 5 mM for two minutes.  N-
ethylmaleimide (NEM), an alkylating reagent that covalently modifies cysteines was prepared as 
a 15 mM stock in rigor buffer and myofibrils were treated for 5 minutes with 100 uM.  Sodium 
Iodoacetate (IA), another alkylating reagent that contains a negative charge, was tested at 
concentrations ranging from 100uM to 1mM and with durations up to 90 minutes.   All 
treatments were performed at room temperature.   
 
Troponin Exchange 
Purified Troponin (Sigma) was reduced with DTT, and then treated with 100 uM NEM to 
alkylate all free cysteines.  Myofibrils were then incubated overnight at 4·C with the NEM-
troponin in rigor solution that also contained calcium and 5mM DTT based on the protocol of 
Brenner etal (1999).    
 
Regulatory Light Chain Extraction 
The regulatory light chain was extracted from myofibrils based on the protocol of Szczesna 
(1996).  Briefly, myofibrils were treated with rigor solution containing 10mM DTNB for 5 
minutes.  Myofibrils were then spun down and resuspended in a low salt buffer (20 mM KCl, 10 
mM Imidazole, 10 mM EDTA, pH 7.0 with KOH) for 15 minutes.  10mM DTT was then added 
from a 1M stock and incubation continued for 30 minutes.  Myofibrils were spun down, and 
incubated in the low salt buffer containing 10 mM DTT for 45 minutes.   Following RMLC 
extraction, myofibrils were incubated overnight at 4·C in rigor buffer containing 5 mM DTT and 
purified skeletal troponin (Sigma) to replace troponin C, which is also extracted in the 
procedure.   
 
Analysis 
Myofibril pCa-ATPase values were fit to a Hill equation using GraphPad Prism version 5.0 
software.  Student t-tests were used to determine statistically significant differences between 
control and treatment.  A p-value < 0.05 was used for significance.   
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RESULTS 
Using direct labeling of proteins, we identified myofilament proteins that had accessible 
cysteines.  
An analysis of the amino acid sequences from the fast isoforms of the myofilament proteins 
myosin (MHC, RMLC and ELC), actin, tropomyosin (Tm), and troponin (Tn) reveals 30 
cysteines of the 3,571 total amino acids (less than 1% of the total).  Cysteines common between 
fast and slow isoforms could produce effects in both muscles, whereas cysteines unique to fast 
muscle could only affect that muscle.  Of the 30 total cysteines, 9 are unique to fast muscle and 
not present in slow isoforms.   The nine cysteines unique to fast muscle are found in the 
regulatory light chain (2), Troponin C (1), Troponin I (2), essential light chain (1), and fast 
isoforms of the myosin heavy chain (3) (Table 1).   
 
Using direct labeling of cysteines (Figure 1) in combination with one- and two-dimensional 
electrophoresis, we found that each myofilament protein, except troponin C, had cysteines that 
are accessible within the environment of the myofilament lattice based on their fluorescence 
labeling (Figure 2).   Because several myofilament proteins have multiple cysteines, we 
quantified the number of accessible cysteines by using a preparation of myofibrils that had all 
cysteines labeled in a denaturing buffer.   We found that in the essential light chain both 
cysteines (Cys 63 and Cys 176) were accessible in a relaxing buffer.  The regulatory light chain 
had two accessible cysteines, but only a portion of cysteines were accessible, indicating a 
population of protein, rather than a population of cysteines that were inaccessible.  Troponin I 
had one cysteine that was primarily accessible in the relaxing buffer.  Actin has five cysteines in 
its primary sequence, and approximately one fifth of the fluorescence was present in the relaxing 
condition indicating a single reactive cysteine.  In the myosin heavy chain 48% of the 
fluorescence was present in relaxing conditions suggesting 7 out of 16 cysteines were accessible 
in relaxing conditions.  Thus, of the 30 cysteines in fast muscle, we eliminated approximately 
half the total cysteines (16) as candidates for changing contractile function because they were 
either protected within the interior of a protein or were part of a protein-protein interaction site 
(Table 1).    
 
Using different concentrations of tetramethylrhodamine-5-maleimide we quantified the 
modification of myofilament cysteines  
Having narrowed down the list of cysteines to those that were accessible, we next quantified the 
incorporation of TMR between proteins.  This approach can identify cysteines that are extremely 
sensitive to modification, or extremely resistant to modification.  Testing a range of TMR 
concentrations we found that nearly all proteins reached a point of saturation in their ability to 
incorporate TMR near 750 μM.  At this concentration the myosin heavy chain accounted for 
nearly half of the incorporated probe in the gels, with progressively less probe concentrated in 
the other myofilament proteins (Figure 3).  When we lowered the concentration of TMR (50 μM) 
we found that myosin was still the primary protein modified within the gels (36%).   
 
Although the MHC had incorporated the largest fraction of TMR, the heavy chain also has 
significantly more cysteines than the other myofilament proteins. To account for this bias, we 
exposed myofibrils to 10 μM TMR, the lowest concentration that would still allow measurement 
in the gels, and compared the fluorescence of each protein normalized to its own maximum (e.g. 
fluorescence of RMLC at 10 μM normalized by fluorescence of RMLC at 750 μM (Figure 3)).  
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At 10 μM TMR, we found in order of the greatest relative modification Tm (39%), TnI (38%), 
actin (20%), myosin (18%), and the three light chain isomers (ELC1, ELC2 and RMLC) 11-
13%. We also measured the modification of myofilament proteins at several TMR concentrations 
between 10 uM and 750 μM to determine their relative rates of modification. We found that the 
relative saturation curves for all proteins except actin and MHC were similar. In summary, at 
every concentration of TMR several proteins were modified, and no protein had exceptionally 
high or low cysteine reactivity that would allow elimination as a candidate for changing calcium 
sensitivity.   
 
By testing myofibrils exposed to several cysteine reactants, we identified reagents that 
produce opposite effects on calcium sensitivity by producing different modifications. 
To eliminate cysteines that were not producing functional effects because they were not 
modified; we tested several cysteine reagents that differ in their physical structure (Figure 4).  
We first tested the glutathione treatments of Lamb etal (2003).  Treatment with 100 uM DTDP 
decreased myofibril ATPase calcium sensitivity (pCa50 6.17), whereas 100 uM DTDP followed 
by 5 mM GSH increased calcium sensitivity (pCa50 6.31).  Using indirect labeling, we 
determined that DTDP was acting on all cysteines that we had identified as accessible with 
TMR.  We therefore could not eliminate any cysteine candidates for this response.  We 
attempted to directly glutathionylate cysteines using the oxidized form of glutathione (GSSG) 
instead of using DTDP, but found no significant change in cysteines modified from GSSG 
except for occasionally the ELC, indicating that GSSG is not an effective agent for modifying 
cysteines.   
 
The results from pairing DTDP with glutathione suggested that glutathione, was acting on the 
same cysteines as DTDP, but producing a different effect.  One likely explanation for this 
difference was the dissimilar structures of DTDP and GSH, therefore we tested DTNB, an 
aromatic disulfide similar to DTDP that produced a hydrophilic instead of a hydrophobic 
modification. When myofibrils were treated with 100 uM DTNB the calcium sensitivity 
increased.  We tested DTNB’s access to cysteines and found that it modified the same population 
of cysteines as DTDP, indicating the type of cysteine structural modification was important.   
 
Instead of modifying cysteines with a reversible aromatic disulfide we next tested the cysteine-
alkylating agent N-ethylmaleimide (NEM).  Treatment of myofibrils with 100uM n-
ethylmaleimide (NEM) decreased calcium sensitivity (6.06), and reacted with the same cysteines 
as TMR.  In an attempt to alkylate cysteines in a manner that produced a hydrophilic 
modification instead of NEM’s hydrophobic modification, we treated myofibrils with sodium 
iodoacetate (IA).  This reagent had no effect on any measure of myofibril ATPase, which was 
matched by its inability to react with myofibril cysteines. To rule out that the lack of effect was 
due to the different reactive group we treated myofibrils with iodoacetamide, which is identical 
to iodoacetate except for the lack of a negative charge, and we found that iodoacetamide was 
able to react with myofilament cysteines.  In summary, using multiple cysteine reagents we 
found that different reagents reacted with the same cysteines, but produced opposite effects on 
calcium sensitivity.   
 
Testing calcium sensitivity after protein extractions, substitutions, and using fibers with 
different isoforms, we eliminated four cysteines. 
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As a separate approach to decrease the number of candidate cysteines, we used several 
techniques that each eliminated 1-2 cysteines, and then tested if the loss of these cysteines 
prevented the increase in calcium sensitivity from glutathione.  To eliminate cysteines in 
troponin, we compared the calcium sensitivities of myofibrils containing native troponins to 
myofibrils whose troponins had been exchanged with troponins that had cysteines blocked with 
NEM. With exchanged troponin the pCa50 was 6.20, and following DTDP/GSH treatment the 
pCa50 increased to 6.34 (Table 2).  This result confirms that troponin I and troponin C were not 
responsible for changes in calcium sensitivity. 
 
To test the regulatory myosin light chain (RMLC) as a candidate, we chemically extracted the 
regulatory light chain.  Densiometric analysis from SDS PAGE gels indicated that the RMLC 
was ~70% extracted. Myofibrils that had undergone the extraction protocol had a pCa50 of 6.2.  
Following treatment with DTDP and glutathione the pCa50 increased to 6.318 (Table 2).  We 
concluded that RMLC was also not responsible for increasing calcium sensitivity. 
 
To rule out cysteine 63 in the essential light chain as a candidate, we repeated the DTNB 
treatment on rabbit myofibrils.  The rabbit essential light chain has a serine rather than the 
cysteine present in the rat isoform at site 63.  Following DTNB treatment the pCa50 increased 
from 6.21 to 6.36, therefore ruling out Cys 63 present in the rat essential light chain (Table 2).   
 
Comparing the cysteine candidates remaining between fast and slow muscle, only the 
myosin heavy chain has cysteines unique to fast muscle 
Of the original eight proteins (30 cysteines) we have eliminated four proteins whose cysteines 
were either not accessible or did not inhibit the glutathione affect.  That left ELC, Tm, actin, and 
MHC as proteins that may be responsible for modifying calcium sensitivity from ROS in fast and 
slow muscle.  However, only the myosin heavy chain contains cysteines that are unique to fast 
muscle.  Two of these unique cysteines are located within the IQ binding domains of the myosin 
heavy chain that are critical to myosin function (Figure 5).  This suggests that modification of 
one or both of these unique cysteines may be responsible for altering calcium sensitivity only in 
fast muscle.   
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DISCUSSION 
When fast skeletal muscle is exposed to oxidants, calcium sensitivity can increase or decrease, 
but the mechanism is unknown (Andrade, 1998a; Andrade, 1998b). In this report, we 
investigated the role that cysteines play in modifying calcium sensitivity from ROS.  We found 
that within the myofilament proteins, there are 30 cysteines and 16 of these are inaccessible to 
modification when in the environment of the myofilament lattice.  Using different cysteine 
reagents we found that the type cysteine modification was important to the direction of change in 
calcium sensitivity.  We then performed ATPase assays when cysteines were selectively 
modified in RMLC, ELC, and troponin, and found they did not inhibit the increase in calcium 
sensitivity from glutathione.  From these elimination experiments we conclude that cysteines in 
the essential light chain, actin, tropomyosin and the myosin heavy chain may produce effects 
from ROS, whereas troponin and the regulatory light chain do not affect the calcium sensitivity.  
Based on the presence of unique cysteines within the neck region of fast isoforms of the myosin 
heavy chain, we suggest their modification produces effects unique to fast skeletal muscle.   
 
Only a fraction of cysteines are accessible to ROS in the environment of the myofilament 
lattice 
There are 3,571 amino acids in the thick and thin filament proteins we analyzed, and ROS could 
modify the majority of these sites.  In this report, we considered only modifications to cysteine, 
because of its high rate of modification by ROS and its established role as a sensor within 
numerous proteins.  In the eight myofilament proteins we analyzed, we found 30 cysteines 
(Table 1).  To determine whether each of the 30 cysteines were accessible within the 
myofilament lattice, we treated myofibrils with a cysteine specific fluorescent probe, 
tetramethylrhodamine-5-maleimide (TMR).  Then by performing electrophoresis we could 
identify, based on the fluorescence of each protein, which cysteines the probe could access and 
which cysteines were protected from modification.  We used TMR because it is photostable, pH 
insensitive, and has high specificity for cysteines.  Additionally, in tests with other fluorescent 
agents, we found that TMR had the widest accessibility and highest rate of reaction with 
cysteines within the myofilament lattice.  Cysteine probes have previously been used to label 
single proteins in muscle structural studies (Brenner, 1999; Katoh, 1989), but have not been used 
in a systematic way to quantify cysteine accessibility. We believe these probes provide a 
powerful tool in ROS studies based on the variety of possible measurements as demonstrated 
here, and their potential to identify modifications with in vivo preparations. 
 
Even though not all cysteines are accessible to ROS, almost all myofibril proteins had at least 
one accessible cysteine.  We found that the myosin heavy chain, actin, tropomyosin, troponin I, 
regulatory light chain, and essential light chain contain at least one accessible cysteine.  Only 
troponin C and troponin T had no accessible cysteines in fast muscle.  Although we had hoped to 
eliminate candidate proteins based on a high or low rate of modification, we could not identify a 
protein that had cysteines that were especially reactive or non-reactive.  These results imply that 
not all modified cysteines affect muscle function, as nearly every thick and thin filament protein 
would be modified upon ROS exposure.  This also suggests that experiments testing for 
mechanisms from other ROS such as the highly reactive and indiscriminate hydroxyl radial will 
be exceedingly difficult, because the identification of an oxidized protein is not by itself 
indicative that it is functionally important.   
 



  40 

Our measurements of accessible cysteines in the environment of the myofilament lattice match 
previous studies in isolated proteins.  Within the isolated troponin complex, the cysteine within 
troponin C is not reactive, and only one of the three cysteines in TnI has been measured as 
reactive, Cys 133 (Chong, 1982).  Actin has primarily one accessible cysteine within muscle 
(Cys 374), but accessibility to a second site (Cys 10) may occur depending on the muscle’s 
contractile state (Duke, 1976).  The regulatory myosin light chain contains two cysteines in the 
fast isoform and zero cysteines in the slow isoform. In isolated myosin both cysteines in the 
regulatory light chain are accessible (Huber 1989; Katoh, 1989).  The myosin heavy chain has 16 
cysteines and depending on the conditions of measurement 6-10 cysteines are accessible 
(Evangelista, 2010; Nogueira, 2009; Prochniewicz, 2008).   
 
Cysteine reagents can increase, decrease, or have no effect on calcium sensitivity 
Having identified 14 accessible cysteines, we treated myofibrils with several cysteine reagents to 
eliminate accessible cysteines that were not producing functional affects.  We used multiple 
reagents for two reasons.  The first reason was that different reagents might have access to 
different cysteines.  Therefore, the ability or inability of one reagent to access a cysteine could be 
used to eliminate proteins that have no effect on calcium sensitivity.  The second reason was to 
determine whether a reagent’s structure could be an indicator of its effect on calcium sensitivity.  
For example, is the hydrophilicty or the size of glutathione important for producing an effect 
when incorporated into a myofilament protein? Ultimately, we tested five different reagents 
DTDP, DTNB, IA, NEM, and GSSG/GSH (Figure 4).  Each of these reagents are specific for 
cysteines based on a reactive disulfide, maleimide or iodoacetate group, and have also been used 
in prior experiments on muscle function.  We found that two of these reagents, DTDP and NEM, 
decreased calcium sensitivity, whereas two other reagents, GSH and DTNB, increased calcium 
sensitivity. One other reagent, iodoacetate had no effect on calcium sensitivity.   The measured 
changes in calcium sensitivity for NEM, DTDP, DTDP/GSH and IA match previous results 
(NEM: Perkins, 1997; DTDP & GSH: Lamb, 2003; IA: Ruff, 1991), whereas DTNB has been 
found to decrease calcium sensitivity a result contrary to our own (Wilson, 1991).  The 
experiments by Wilson etal were conducted under vastly different conditions (pH 8.5 vs. 7.0, 
force vs. ATPase), which may explain the different results.   
 
Interestingly, although the cysteine reagents were producing opposite effects on calcium 
sensitivity, we found that DTDP, NEM and DTNB each reacted with the same population of 
cysteines.  DTDP, and NEM are both hydrophobic modifications.  On the other hand, glutathione 
and DTNB are both charged and hydrophilic.  In light of their different structures, it is possible 
that a single cysteine may change the direction of change in calcium sensitivity by being 
modified in different ways.   
 
Cysteines present in TnI, ELC, and RMLC cannot be responsible for increasing calcium 
sensitivity  
The elimination of inaccessible cysteines reduced the number of proteins that could be 
modifying calcium sensitivity.  Through a different approach, we tested the ability of specific 
cysteines to inhibit the effect of DTDP/GSH, a treatment that increases calcium sensitivity.  We 
used DTDP/GSH because the reagents react specifically with cysteines, they produce an effect 
only in fast skeletal muscle, and the increase in calcium sensitivity is opposite of the more 
common decrease that can be seen with rundown and fiber damage.  
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We found that when troponin I was blocked with NEM and exchanged back into the myofibril 
preparation, the increase in calcium sensitivity from GSH remained.  These results match those 
of Brenner etal (1999) who found that when Cys 133, a cysteine unique to troponin I was labeled 
with a bulky probe and exchanged back into a muscle fiber there was no change in maximum 
force or calcium sensitivity. Likewise, we found that if the regulatory light chain was extracted 
or the unique essential light chain was eliminated, the increase in calcium sensitivity remained 
after DTDP/GSH treatment. These experiments left cysteines in tropomyosin, ELC, actin and 
MHC that could be producing functional affects when modified by ROS.   
 
The modifications of cysteines present in actin and tropomyosin have been correlated with 
changes in function (Crosbie, 1994; Chen, 2006; Pizarro, 2009; Williams, 1982), while the 
modifications of cysteines in ELC have not been tested for functional affects to our knowledge.  
In the myofilament, tropomyosin forms a dimer, where Cys 190 in one tropomyosin is directly 
aligned with the same cysteine in the second protein of the dimer.  The formation of a disulfide 
bond between these two cysteines has been found in cardiac muscle following ischemia-
reperfusion, and we have also found that tropomyosin can form a disulfide in skeletal muscle 
(data not shown).  It is unclear whether this modification affects muscle force and ATPase 
activity, but clear affects on the flexibility of the protein from disulfide formation have been 
measured (Williams, 1982).  Within actin, Cys 374 appears the most sensitive to modification in 
vivo, and in hearts subjected to ischemia-reperfusion this site can be glutathionylated (Chen, 
2006).  Experiments that tested actin glutathionylation found a decreased cooperativity of 
tropomyosin binding (Chen, 2006), and a decreased rate of actomyosin ATPase (Pizarro, 2009).  
 
Fast isoforms of the myosin heavy chain contain unique cysteines in the neck region  
Although it is possible that cysteines in the essential light chain, tropomyosin and actin when 
modified could produce effects in fast and slow skeletal muscle, the fact that glutathione 
increases calcium sensitivity only in fast skeletal muscle (Lamb, 2003) suggests that cysteines 
common between the two fiber types are not responsible for the unique effect.  Of these proteins 
only the myosin heavy chain contains cysteines unique to fast isoforms.  Thus the elimination of 
all other unique cysteines suggests myosin may be responsible for the increase in calcium 
sensitivity from glutathione.     
 
Fast isoforms of the myosin heavy chain contain 16 cysteines, and 10 are found in the neck and 
head region important for myosin’s ability to hydrolyze ATP and produce force (Figure 5).  Two 
of the cysteines unique to the fast isoforms are Cysteine 799 located within the IQ motif used for 
essential light chain binding, and Cys 820 which is immediately preceding the first apolar amino 
acid of the regulatory light chain IQ motif.  The first six sites of the IQ motif, IQxxxR, are 
thought to be critical for confirmation of the light chains and their positioning on the neck region 
(Houdusse, 1995).  This would suggest that modification of one of these myosin cysteines would 
alter positioning of the light chains.  This is important because phosphorylation of the regulatory 
light chain, or extraction of the essential light chain, brings about significant effects on calcium 
sensitivity and myosin function (Sczenza, 1996; Vanburen, 1994).  In addition, these two thiols 
in the neck region have been identified as the most reactive of myosin’s thiols in relaxing 
conditions (Schaub, 1978).  Thus there is good reason to believe these cysteines may be 
functionally important.   



  42 

 
Deciphering the role of specific oxidative modifications is exceedingly difficult.  When ROS 
exposure occurs in vivo multiple amino acid modifications are likely, and the testing of each of 
these changes would be a significant undertaking. Therefore in this report we have focused on a 
subset of the vast array of possible modifications.  Even amongst this subset the range of 
possibilities are large. Further work is needed to rule out other possible explanations for the 
changes in calcium sensitivity from cysteine modification.  For example, because we could not 
specifically modify Cys 799 or Cys 820 without modifying other cysteines of the myosin heavy 
chain, we cannot confirm that the myosin heavy chain is responsible for changing calcium 
sensitivity.  Additionally, it is possible that the cysteines in RMLC do have an effect, but the 
inability to completely extract the RMLC may have left enough protein to maintain changes in 
calcium sensitivity.  We were not able to investigate two proteins, titin, and myosin binding 
protein c, due to difficulty in analyzing their cysteines, but these proteins in skeletal muscle have 
no known affect on calcium sensitivity.  The next logical experiment to rule out these other 
possibilities would be site directed mutagenesis.  These would not be trivial experiments, 
because of the difficulty in expressing myosin in cell culture systems and the necessity of myosin 
to be in the myofilament lattice to observe these effects.  Additionally, the number of different 
myosin isoforms expressed in skeletal muscle would make the sole expression of a myosin 
lacking one or both of these cysteines difficult in an animal model. 
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CONCLUSION 
In conclusion, we determined based on the primary sequences of myofilament proteins and the 
use of the fluorescent cysteine reagent (TMR), that there are 14 accessible myofilament cysteines 
that could modify calcium sensitivity when exposed to ROS.  When testing different types of 
cysteine reagents we found that the type of cysteine modification was important to the direction 
of change in calcium sensitivity rather than the reaction with different cysteines.  After further 
elimination experiments we were left with three proteins, the essential light chain, actin and 
tropomyosin, that have cysteines that may produce changes in slow and fast myofilament 
function, and one protein, the myosin heavy chain, that likely contains the cysteine necessary for 
the ROS/Glutathione increase in calcium sensitivity unique to fast muscle.  
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Table 1 
The number of cysteines in the primary sequence was determined from the fast isoforms of rat 
myofilament proteins accessed from the UniProt database.  For myosin, which contains multiple 
fast isoforms, myosin 2b, the predominant isoform expressed in adult fast rat muscle was used.  
For tropomyosin, which expresses predominantly two isoforms in slow and fast skeletal muscle, 
the alpha isoform was used.  Cysteines that were accessible and modified by TMR in a relaxing 
buffer were determined based on the difference in protein band fluorescence between samples 
with all cysteines labeled in denaturing buffer, and cysteines labeled within the myofilament 
lattice with TMR. Cysteines not accessible were considered protected within the interior of a 
protein or as part of a protein-protein interaction site.  Unique cysteines that are found only in 
fast isoforms were determined by aligning fast and slow isoforms, and eliminating cysteines 
found in slow muscle. *The unique cysteine (Cys 63) found in the essential light chain of the rat 
isoform is not found in the corresponding rabbit isoform.   
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Table 2 
Calcium – ATPase parameters from rat fast myofibrils treated with 100 uM DTDP for five 
minutes followed by 5 mM glutathione for 2 minutes.  
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Figure 1 
Methodology used to modify (A), and quantify (B) myofilament cysteines.   
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Figure 2 
A. Indirect and direct labeling were used to identify cysteines that were accessible and protected 
within the environment of the myofilament lattice.  B: The inability of troponin C to be modified 
within the environment of the myofilament lattice was determined by treating myofibrils directly 
with TMR and running the sample with or without calcium in the sample buffer.  Calcium results 
in troponin C focusing at a higher molecular weight.  C: 2-dimensional gel illustrating the 
modification of troponin I, LC1 and LC2 using direct labeling with TMR.  Troponin T, which 
lacks cysteines, did not react with the probe.  Note that TMR is zwitterionic and therefore does 
not produce charge variants when incorporated into proteins within the 2d gels, but does add 480 
daltons to the mass of the protein.  
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Figure 3 
A: Myofibrils were treated with seven different concentrations of TMR for five minutes and the 
fluorescence of each protein was normalized to its value at 750uM (n = 4).  B: At 50uM and 
750uM TMR the relative fluorescence between proteins was compared across myofilament 
proteins (n = 4). *Several high molecular weight (M.W.) proteins incorporated TMR, which have 
been grouped together for quantification.     
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Figure 4 
pCa-ATPase relationships after treatment of fast rat myofibrils with four different reagents. B: 
Structures of reagents used to test calcium sensitivity and cysteine reactivity. C: TMR 
Fluorescence scan of myofibrils indirectly labeled following treatment with the cysteine 
reagents.   
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Figure 5 
Alignment of cysteines between the five isoforms of the myosin heavy chain commonly 
expressed in adult skeletal and cardiac muscle.  B. Within the myosin structure from Rayment 
(1993), (Head region = red, Neck region = blue) Cys 796 and Cys 817, both cysteines unique to 
fast myosin isoforms, are localized within the neck region (PDB: 2MYS).  C. Amino acid 
sequences of the neck region containing the two unique fast myosin cysteines.  The two IQ 
domains have been colored teal.   
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FUTURE DIRECTIONS 
Muscles can produce large or small forces when given the same neural input.  These changes 
have largely been attributed to changes in metabolite concentrations, but other factors likely play 
a role.  In this thesis we have determined the role that oxidative modifications of myofilament 
proteins may be playing in modifying force.  These experiments provide one of the first attempts 
at tackling a mechanism for how oxidative modifications alter muscle function.  As a 
consequence, these experiments have pushed the development of new techniques, and opened up 
novel questions for exploration.  Below are several areas for future exploration.   
 
1. Identification and characterization of myosin cysteines 
Fast myosin heavy chains have 16 cysteines.  Two of these cysteines (SH1 & SH2) have clear 
functional effects in isolated myosin, but these measurements are non-physiological and do not 
account for the consequences of myosin within the myofilament lattice.  These shortcomings 
were first made clear when SH1, which inhibits isolated myosin ATPase, was 50% labeled in 
muscle fibers, but produced no functional affects (Crowder, 1984).  In our experiments we find 
7-9 of myosin’s cysteines are labeled under relaxing conditions.  Our work and that of Crowder 
would suggest that not only is SH1 acting differently in the myofilament lattice compared to 
isolated myosin, but also the assumption in the literature about the specificity of cysteine 
modifications may be incorrect.  This has likely created confusion within the literature through 
attribution of affects to SH1 or SH2 that are really the consequence of other myosin cysteine 
modifications.    
 
To push the field forward there should be an assessment using mass spectroscopy of which 
myosin cysteines are available under different conditions within the fiber.  Additionally, the 
cysteine targets of different reagents should be analyzed.  These identifications are important 
because they would allow reconciliation between the myosin and fiber experiments.  We have 
attempted preliminary experiments along these lines, but have been limited by the large size of 
myosin and the necessity to extensively sample all 16 cysteines.  In these experiments it is not 
just necessary to sample enough peptides to allow a protein identification, but each peptide must 
be sampled repeatedly to determine that each site is modified, and it was not purely by chance 
that the modification occurs in the mass spectra.   
 
The identification of modified sites would allow extrapolation to the 15 other myosin heavy 
chain isoforms that may express the same cysteine.  Therefore, the effect we identified in cardiac 
muscle, or other effects may be expanded to other tissue types.  The most clinically relevant 
tissue to test would be smooth muscle (bronchial and vascular), which is regularly exposed to 
ROS and whose function could be modulated by the muscle’s activation state.   
 
2. Site Directed Mutagenesis  
The identification of modified sites should be paralleled by a combination of site directed 
mutagenesis and tests of function.  This will be especially important to confirm our suggestion 
that cysteines in the neck region of myosin can increase or decrease calcium sensitivity of fast 
myosins.  We believe these experiments may be difficult because of the number of cysteines (16) 
and the difficulty in expressing a functioning myosin in existing cell culture systems.  To 
complete this experiment, the cysteine mutant heavy chain would need to be expressed in mouse 
or rat myoblast cell lines, purified, and used in reconstituted myofibrils or in a motility assay 
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with filamentous myosin.  Unfortunately, these types of assays may not produce the effect of 
glutathione, which we believe requires the structure from the myofilament lattice.   
  
3. Quantification of in vivo modifications 
It is unclear what fraction of cysteine modifications we needed to modify function, or the 
concentration of ROS needed to produce this effect.  Prior attempts at answering these questions 
have quantified the total thiols modified in a mass of proteins.  Unfortunately, this number has 
little practical relevance because, the concentration and number of cysteines varies for different 
proteins, and many cysteine modifications are functionally silent.  This lack of quantification has 
raised serious concerns about the physiological relevance of ROS, which has been further 
exacerbated by the high concentrations of hydrogen peroxide (1-10mM) necessary to alter 
function in skinned fibers. In preliminary data we have found the ability to modify cysteines 
without the addition of reactive oxygen species.  Instead, the addition of metals such as 
manganese promotes the formation of ROS from oxygen present in the solution, which can then 
modify cysteines.   
 
Using the fluorescent switch technique, it would be possible to quantify the amount of 
modification to individual proteins in response to a dose of ROS.  We have conducted 
preliminary experiments by treating living muscle fibers with hydrogen peroxide, but ran into 
problems with getting complete blocking of non-modified cysteines.  These problems should be 
surmountable with some troubleshooting and additional control experiments.  As an example of 
the feasibility of these experiments, in the 1970’s the Barany group injected NEM, a cysteine 
specific alkylating reagent, into living frogs and the degree of incorporation within different 
myofilament proteins was quantified. 
 
4. Additional Post-Translational Modifications  
The finding that cysteine modifications can produce multiple functional effects, lends support to 
the idea that post-translational modifications are a common way to regulate skeletal muscle 
function.   In further experiments in the lab nearing completion, we have identified 
phosphorylation in the same skeletal muscle proteins. Therefore, future research should be 
directed toward determining which phosphorylation sites are producing functional affects, the 
kinases that target these sites, and the signals that activate/inhibit these kinases.   Additionally, 
ROS are known to activate signaling pathways that can alter the phosphorylation of cardiac 
myofilments (Avner, 2010).  Therefore, future experiments in skeletal muscle should identify 
both direct and indirect effects of ROS on the myofilament proteins. 
 
5. Translational Studies 
The excessive production of ROS occurs in numerous physiological states that are critical to 
health.  Cardiac stunning as already mentioned in Chapter 2 is one example, but sepsis, cancer, 
heart failure and arthritis are other diseases that have been associated with increased ROS 
production and modification of muscle function.  Additionally, models of muscular dystrophy 
have been associated with increased ROS production.  Therefore future ‘translational’ 
experiments should explore the oxidative modifications found in these tissues and the ability of 
different treatments to abrogate the devastating effects on muscle from these diseases.   
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Supplementary Data 1 
Amino acid sequences used for quantification of total cysteines for cardiac muscle. 
 
Alpha Myosin Heavy Chain 
>sp|P02563|MYH6_RAT Myosin-6 OS=Rattus norvegicus GN=Myh6 PE=2 SV=2 
MTDAQMADFGAARYLRKSEKERLEAQTRPFDIRTECFVPDDKEEYVKAKIVSREGGKV
TAETENGKTVTVKEDQVMQQNPPKFDKIEDMAMLTFLHEPAVLYNLKERYAAWMIYT
YSGLFCVTVNPYKWLPVYNAEVVAAYRGKKRSEAPPHIFSISDNAYQYMLTDRENQSIL
ITGESGAGKTVNTKRVIQYFASIAAIGDRSKKDNPNANKGTLEDQIIQANPALEAFGNAK
TVRNDNSSRFGKFIRIHFGATGKLASADIETYLLEKSRVIFQLKAERNYHIFYQILSNKKP
ELLDMLLVTNNPYDYAFVSQGEVSVASIDDSEELLATDSAFDVLGFTAEEKAGVYKLTG
AIMHYGNMKFKQKQREEQAEPDGTEDADKSAYLMGLNSADLLKGLCHPRVKVGNEY
VTKGQSVQQVYYSIGALAKSVYEKMFNWMVTRINATLETKQPRQYFIGVLDIAGFEIFD
FNSFEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLQACIDLIEKPMGI
MSILEEECMFPKATDMTFKAKLYDNHLGKSNNFQKPRNVKGKQEAHFSLVHYAGTVD
YNILGWLEKNKDPLNETVVGLYQKSSLKLMATLFSTYASADTGDSGKGKGGKKKGSSF
QTVSALHRENLNKLMTNLRTTHPHFVRCIIPNERKAPGVMDNPLVMHQLRCNGVLEGIR
ICRKGFPNRILYGDFRQRYRILNPAAIPEGQFIDSGKGAEKLLGSLDIDHNQYKFGHTKVF
FKAGLLGLLEEMRDERLSRIITRIQAQARGQLMRIEFKKMVERRDALLVIQWNIRAFMG
VKNWPWMKLYFKIKPLLKSAETEKEMANMKEEFGRVKDALEKSEARRKELEEKMVSL
LQEKNDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMTERLEDEEEMNAELTA
KKRKLEDECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDEIIAKLTKEKK
ALQEAHQQALDDLQAEEDKVNTLTKSKVKLEQQVDDLEGSLEQEKKVRMDLERAKRK
LEGDLKLTQESIMDLENDKLQLEEKLKKKEFDISQQNSKIEDEQALALQLQKKLKENQA
RIEELEEELEAERTARAKVEKLRSDLTRELEEISERLEEAGGATSVQIEMNKKREAEFQK
MRRDLEEATLQHEATAAALRKKHADSVAELGEQIDNLQRVKQKLEKEKSEFKLELDDV
TSHMEQIIKAKANLEKVSRTLEDQANEYRVKLEEAQRSLNDFTTQRAKLQTENGELARQ
LEEKEALIWQLTRGKLSYTQQMEDLKRQLEEEGKAKNALAHALQSARHDCDLLREQYE
EEMEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEAVEA
VNAKCSSLEKTKHRLQNEIEDLMVDVERSNAAAAALDKKQRNFDKILAEWKQKYEESQ
SELESSQKEARSLSTELFKLKNAYEESLEHLETFKRENKNLQEEISDLTEQLGEGGKNVH
ELEKIRKQLEVEKLELQSALEEAEASLEHEEGKILRAQLEFNQIKAEIERKLAEKDEEMEQ
AKRNHLRVVDSLQTSLDAETRSRNEALRVKKKMEGDLNEMEIQLSQANRIASEAQKHL
KNAQAHLKDTQLQLDDAVRANDDLKENIAIVERRNTLLQAELEELRAVVEQTERSRKL
AEQELIETSERVQLLHSQNTSLINQKKKMDADLSQLQTEVEEAVQECRNAEEKAKKAIT
DAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIALKGGKKQLQKLEA
RVRELENELEAEQKRNAESVKGMRKSERRIKELTYQTEEDKKNLVRLQDLVDKLQLKV
KAYKRQAEEAEEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAKQKM
HDEE 
 
Alpha Cardiac Actin 
>sp|P68035|ACTC_RAT Actin, alpha cardiac muscle 1 OS=Rattus norvegicus GN=Actc1 PE=1 
SV=1 
MCDDEETTALVCDNGSGLVKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYV
GDEAQSKRGILTLKYPIEHGIITNWDDMEKIWHHTFYNELRVAPEEHPTLLTEAPLNPKA
NREKMTQIMFETFNVPAMYVAIQAVLSLYASGRTTGIVLDSGDGVTHNVPIYEGYALPH
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AIMRLDLAGRDLTDYLMKILTERGYSFVTTAEREIVRDIKEKLCYVALDFENEMATAAS
SSSLEKSYELPDGQVITIGNERFRCPETLFQPSFIGMESAGIHETTYNSIMKCDIDIRKDLY
ANNVLSGGTTMYPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQ
MWISKQEYDEAGPSIVHRKCF 
 
Alpha Tropomyosin 
>sp|P04692|TPM1_RAT Tropomyosin alpha-1 chain OS=Rattus norvegicus GN=Tpm1 PE=1 
SV=3 
MDAIKKKMQMLKLDKENALDRAEQAEADKKAAEDRSKQLEDELVSLQKKLKGTEDEL
DKYSEALKDAQEKLELAEKKATDAEADVASLNRRIQLVEEELDRAQERLATALQKLEE
AEKAADESERGMKVIESRAQKDEEKMEIQEIQLKEAKHIAEDADRKYEEVARKLVIIESD
LERAEERAELSEGKCAELEEELKTVTNNLKSLEAQAEKYSQKEDKYEEEIKVLSDKLKE
AETRAEFAERSVTKLEKSIDDLEDELYAQKLKYKAISEELDHALNDMTSI 
 
Troponin T 
>sp|P50753|TNNT2_RAT Troponin T, cardiac muscle OS=Rattus norvegicus GN=Tnnt2 PE=1 
SV=2 
MSDAEEEVVEYEEEQEEEDWSEEEEDEQEEAVEEEDGEAEPDPEGEAEAEEDKAEEVGP
DEEARDAEDGPVEDSKPKPSRLFMPNLVPPKIPDGERVDFDDIHRKRMEKDLNELQTLIE
AHFENRKKEEEELISLKDRIEKRRAERAEQQRIRNEREKERQNRLAEERARREEEENRRK
AEDEARKKKALSNMMHFGGYIQKAQTERKSGKRQTEREKKKKILAERRKVLAIDHLNE
DQLREKAKELWQSIHNLEAEKFDLQEKFKQQKYEINVLRNRINDNQKVSKTRGKAKVT
GRWK 
 
Troponin I 
>sp|P23693|TNNI3_RAT Troponin I, cardiac muscle OS=Rattus norvegicus GN=Tnni3 PE=1 
SV=2 
MADESSDAAGEPQPAPAPVRRRSSANYRAYATEPHAKKKSKISASRKLQLKTLMLQIAK
QEMEREAEERRGEKGRVLSTRCQPLVLDGLGFEELQDLCRQLHARVDKVDEERYDVEA
KVTKNITEIADLTQKIYDLRGKFKRPTLRRVRISADAMMQALLGTRAKESLDLRAHLKQ
VKKEDIEKENREVGDWRKNIDALSGMEGRKKKFEG 
 
Troponin C 
>tr|Q4PP99|Q4PP99_RAT Cardiac troponin C OS=Rattus norvegicus GN=Tnnc1 PE=2 SV=1 
MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGQNPTPEELQE
MIDEVDEDGSGTVDFDEFLVMMVRCMKDDSKGKSEEELSDLFRMFDKNADGYIDLDE
LKMMLQATGETITEDDIEELMKDGDKNNDGRIDYDEFLEFMKGVE 
 
Myosin Essential Light Chain 
>sp|P16409|MYL3_RAT Myosin light chain 3 OS=Rattus norvegicus GN=Myl3 PE=1 SV=2 
MAPKKPEPKKDDAKTAAPKAAPAPAAAPAAAPEPERPKEAEFDASKIKIEFTPEQIEEFK 
EAFQLFDRTPKGEMKITYGQCGDVLRALGQNPTQAEVLRVLGKPKQEELNSKMMDFET
FLPMLQHISKNKDTGTYEDFVEGLRVFDKEGNGTVMGAELRHVLATLGERLTEDEVEK
LMAGQEDSNGCINYEAFVKHIMAS 
 
Myosin Regulatory Light Chain 



  60 

>sp|P08733|MLRV_RAT Myosin regulatory light chain 2, ventricular/cardiac muscle isoform 
OS=Rattus norvegicus GN=Myl2 PE=1 SV=2 
MSPKKAKKRLEGGSSNVFSMFEQTQIQEFKEAFTIMDQNRDGFIDKNDLRDTFAALGRV
NVKNEEIDEMIKEAPGPINFTVFLTMFGEKLKGADPEETILNAFKVFDPEGKGSLKADYV
REMLTTQAERFSKEEIDQMFAAFPPDVTGNLDYKNLVHIITHGEEKD 
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Supplementary Data 2 
Amino acid sequences used for quantification of total cysteines in slow and fast skeletal muscle 
 
>tr|Q4PP99|Q4PP99_RAT_Cardiac_troponin_C_OS=Rattus_norvegicus_GN=Tnnc1_PE=2_SV
=1 
MDDIYKAAVEQLTEEQKNEFKAAFDIFVLGAEDGCISTKELGKVMRMLGQNPTPEELQE
MIDEVDEDGSGTVDFDEFLVMMVRCMKDDSKGKSEEELSDLFRMFDKNADGYIDLDE
LKMMLQATGETITEDDIEELMKDGDKNNDGRIDYDEFLEFMKGVE 
 
>tr|Q304F3|Q304F3_RAT_RCG32327_OS=Rattus_norvegicus_GN=Tnnc2_PE=2_SV=1 
MTDQQAEARSYLSEEMIAEFKAAFDMFDADGGGDISVKELGTVMRMLGQTPTKEELDA
IIEEVDEDGSGTIDFEEFLVMMVRQMKEDAKGKSEEELAECFRIFDRNADGYIDAEELAE
IFRASGEHVTDEEIESLMKDGDKNNDGRIDFDEFLKMMEGVQ 
 
>sp|P09739|TNNT3_RAT_Troponin_T,_fast_skeletal_muscle_OS=Rattus_norvegicus_GN=Tnn
t3_PE=2_SV=2 
MSDEETEQVEEQYEEEEEAQEEEVQEEAPEPEEVQEEEKPRPKLTAPKIPEGEKVDFDDI 
QKKRQNKDLMELQALIDSHFEARKKEEEELIALKERIEKRRAERAEQQRIRAEKERERQ
NRLAEEKARREEEDAKRRAEDDLKKKKALSSMGANYSSYLAKADQKRGKKQTAREM
KKKILAERRKPLNIDHLSDDKLRDKAKELWDTLYQLETDKFEFGEKLKRQKYDITTLRS
RIDQAQKHSKKAGATAKGKVGGRWK 
 
>sp|Q7TNB2|TNNT1_RAT_Troponin_T,_slow_skeletal_muscle_OS=Rattus_norvegicus_GN=
Tnnt1_PE=2_SV=3 
MSDTEEQEYEEEQAEDEEAVEEEAPEEPEPVAEREEERPKPSRPVVPPLIPPKIPEGERV 
DFDDIHRKRMEKDLLELQTLIDVHFEQRKKEEEELIALKDRIERRRAERAEQQRFRTEKE 
RERQAKLAEEKMRKEEEEAKKRAEDDAKKKKVLSNMGAHFGGYLVKAEQKRGKRQT
GREMKLRILSERKKPLNIDYMGEDQLREKAQELSEWIHQLESEKFDLMEKLKQQKYEIN
VLYNRISHAQKFRKGAGKGRVGGRWK 
 
>sp|P04466|MLRS_RAT_Myosin_regulatory_light_chain_2,_skeletal_muscle_isoform_OS=Rat
tus_norvegicus_GN=Mylpf_PE=2_SV=2 
MAPKKAKRRAAAEGSSNVFSMFDQTQIQEFKEAFTVIDQNRDGIIDKEDLRDTFAAMGR
LNVKNEELDAMMKEASGPINFTVFLTMFGEKLKGADPEDVITGAFKVLDPEGKGTIKKQ
FLEELLTTQCDRFSQEEIKNMWAAFPPDVGGNVDYKNICYVITHGDAKDQE 
 
>sp|P13413|TNNI1_RAT_Troponin_I,_slow_skeletal_muscle_OS=Rattus_norvegicus_GN=Tnn
i1_PE=1_SV=2 
MPEVERKSKITASRKLMLKSLMLAKAKECWEQEHEEREAEKVRYLSERIPTLQTRGLSL
SALQDLCRELHAKVEVVDEERYDIEAKCLHNTREIKDLKLKVLDLRGKFKRPPLRRVRV
SADAMLRALLGSKHKVSMDLRANLKSVKKEDTEKERPVEVGDWRKNVEAMSGMEGR
KKMFDAAKSPTLQ 
 
>sp|P27768|TNNI2_RAT_Troponin_I,_fast_skeletal_muscle_OS=Rattus_norvegicus_GN=Tnni
2_PE=2_SV=2 
MGDEEKRNRAITARRQHLKSVMLQIAATELEKEESRRESEKQNYLSEHCPPLHIPGSMSE 
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VQELCKQLHAKIDAAEEEKYDMEVKVQKSSKELEDMNQKLFDLRGKFKRPPLRRVRM
SADAMLKALLGSKHKVCMDLRANLKQVKKEDTEKERDLRDVGDWRKNIEEKSGMEG
RKKMFESES 
 
>sp|P08733|MLRV_RAT_Myosin_regulatory_light_chain_2,_ventricular/cardiac_muscle_isofor
m_OS=Rattus_norvegicus_GN=Myl2_PE=1_SV=2 
MSPKKAKKRLEGGSSNVFSMFEQTQIQEFKEAFTIMDQNRDGFIDKNDLRDTFAALGRV
NVKNEEIDEMIKEAPGPINFTVFLTMFGEKLKGADPEETILNAFKVFDPEGKGSLKADYV
REMLTTQAERFSKEEIDQMFAAFPPDVTGNLDYKNLVHIITHGEEKD 
 
>sp|P16409|MYL3_RAT_Myosin_light_chain_3_OS=Rattus_norvegicus_GN=Myl3_PE=1_SV
=2 
MAPKKPEPKKDDAKTAAPKAAPAPAAAPAAAPEPERPKEAEFDASKIKIEFTPEQIEEFK 
EAFQLFDRTPKGEMKITYGQCGDVLRALGQNPTQAEVLRVLGKPKQEELNSKMMDFET
FLPMLQHISKNKDTGTYEDFVEGLRVFDKEGNGTVMGAELRHVLATLGERLTEDEVEK
LMAGQEDSNGCINYEAFVKHIMAS 
 
>sp|P02600|MYL1_RAT_Myosin_light_chain_1/3,_skeletal_muscle_isoform_OS=Rattus_norve
gicus_GN=Myl1_PE=1_SV=2 
MAPKKDVKKPAAAAPAPAPAPAPAPAKPKEEKIDLSAIKIEFSKEQQEEFKEAFLLFDRT 
GECKITLSQVGDVLRALGTNPTNAEVKKVLGNPSNEEMNAKKIEFEQFLPMMQAISNNK
DQGGYEDFVEGLRVFDKEGNGTVMGAELRHVLATLGEKMKEEEVEALLAGQEDSNGC
INYEAFVKHIMSV 
 
>sp|P04692|TPM1_RAT_Tropomyosin_alpha-
1_chain_OS=Rattus_norvegicus_GN=Tpm1_PE=1_SV=3 
MDAIKKKMQMLKLDKENALDRAEQAEADKKAAEDRSKQLEDELVSLQKKLKGTEDEL
DKYSEALKDAQEKLELAEKKATDAEADVASLNRRIQLVEEELDRAQERLATALQKLEE
AEKAADESERGMKVIESRAQKDEEKMEIQEIQLKEAKHIAEDADRKYEEVARKLVIIESD
LERAEERAELSEGKCAELEEELKTVTNNLKSLEAQAEKYSQKEDKYEEEIKVLSDKLKE
AETRAEFAERSVTKLEKSIDDLEDELYAQKLKYKAISEELDHALNDMTSI 
 
>sp|P58775|TPM2_RAT_Tropomyosin_beta_chain_OS=Rattus_norvegicus_GN=Tpm2_PE=2_
SV=1 
MDAIKKKMQMLKLDKENAIDRAEQAEADKKQAEDRCKQLEEEQQALQKKLKGTEDE
VEKYSESVKDAQEKLEQAEKKATDAEADVASLNRRIQLVEEELDRAQERLATALQKLE
EAEKAADESERGMKVIENRAMKDEEKMELQEMQLKEAKHIAEDSDRKYEEVARKLVIL
EGELERSEERAEVAESKCGDLEEELKIVTNNLKSLEAQADKYSTKEDKYEEEIKLLEEKL
KEAETRAEFAERSVAKLEKTIDDLEDEVYAQKMKYKAISEELDNALNDITSL 
 
>tr|D4A2S4|D4A2S4_RAT_Uncharacterized_protein_OS=Rattus_norvegicus_GN=Mybpc1_PE
=4_SV=1 
MPEPTKKEENEVPAPAPPPEEPNKDKEAGTTPAKEWSLGESPAGGEEQDKQNANSQLST
LFVEKPQTGSVKVGANITFIAKVKAEDLLRKPTVKWFKGKWMDLASKAGKHLQLKETF
ERQTRIYTFEMQIIKAKENYAGNYRCEVTYKDKFDSCSFDLEVHESTGTTPNIDIRSAFKR
SGEGQEDAGELDFSGLLKRREVKQQEEEPEIDVWELLKNANPNEYEKIAFQYGITDLRG
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MLKRLKRMRRVEKKSAAFAKILDPAYQIDKGGRVRFVVELADPKLEVKWFKNGQEIRP
STKYIFEHKGNERIMFINNCALTDDSEYYVTAGDEKCSTELFVREPPIMVTKQLEDMNA
YCGERVELEVEVSEDDANVKWFKNGEEIVPGPKSRYRIKVEGKKHTLIIEGATKADSAE
YSVMTTGGQSSAKLSVDYIEININEQIFKKTKKVTQKMCQTINMSKSLNGRLPKPAVSRQ
ESIRSCHVHSGRQHAPLITTAAYSDLTEFTIKANSYKHVPLKALLTVLDPPKIILDGLDAD
NTVTVIAGSKLRLEIPVTGEPPPKAIWSRADKAIMEGSGRIRAESYPDSSTLVIDVAERDD
SGVYNINLKNEAGEAHASIKIKVVDIPDPPVAPNVTEVGDDWCIMNWEPPVYDGGSPIL
GYFIERKKKQSSRWMRLNFDLCKETTFEPKKMIEGVAYEVRIFAVNAIGISKPSMPSKPF
VPLAVTSPPTLLAVDSVTDSSVTMKWRPPDQIGAAGLDGYVLEYCFEGTEDWITANTDL
IDKTKFTITGLPTDAKIFVRVKAINAAGASEPKYYSQPILVKEIIEPPKIRIPRHLKQTYIRR
VGEAVNLVIPFQGKPRPELTWKKDGAEIDKNQINIRNSETDTIIFIRKAERSHSGKYDLEV
KVDKYVENASIDIQIVDRPGPPQAVTIEDVWGENVALTWTPPKDDGNAAITGYTIQKAD
KKSMEWFTVIEHYHRTNATITELVIGNEYYFRVFAENMCGLSEDATMTKESAVIAKDGK
IYKNPVYEDFDFTEAPMFTQPLVNTYAIAGYNATLNCSVRGNPKPKITWMKNKVAIVD
DPRYRMFSNQGVCTLEIRKPSPYDGGTYCCKAVNDLGTVEIECKLEVKVVAQ 
 
>tr|D4A2A6|D4A2A6_RAT_Uncharacterized_protein_OS=Rattus_norvegicus_GN=Mybpc2_P
E=4_SV=1 
MPEAKPAAKKAPKGKDAPKEAPAAKQTPPAEPPKEAPPEDQSPTVEEPTGLFLKKPDSV
SVETGKDTVILAKVNGKELPGKPSIKWFKGKWQELGSKSGARFTFKESHDSASNVYTVE
LHIGKVVLGDRGDYRLEVKAKDVCDSCPFNVDVEAPRQDSSGQSLESFKRSGDGKSED
AGELDFSGLLKKREVVEEEKKKKKDDDDLGIPPEIWELLKGAKKSEYEKIAFQYGITDLR
GMLKRLKKAKVEVKKSAAFTKKLDPAYQVDRGNKIKLVVEISDPDLPLKWFKNGQEIK
PSSKYVFENVGKKRILTINKCTLADDAAYEVAVKDEKCFTELFVKEPPVLIVTPLEDQQV
FVGDRVEMSVEVSEEGAQVMWMKDGVEMTREDSYKARYRFKKDGKRHILIYSDVAQ
EDGGRYQVITNGGQCEAELIVEEKQLEVLQDIADLTVKASEQAVFKCEVSDEKVTGKW
YKNGVEVRPSKRITISHVGRFHKLVIDDVRPEDEGDYTFVPDGYALSLSAKLNFLEIKVE
YVPKQEPPKIHLDCSGKTSDNSIVVVAGNKLRLDVAITGEPPPTATWLKGDEVFTVSEGR
TRIEQRPDCSSFVIESAERSDEGRYTIKVTNPAGEDVASIFLRVVDVPDPPEAVRVTSVGE
DWAILVWEPPKYDGGQPVTGYLMERKKKGSHRWMKLNFEVFTDTTYESTKMIEGVLY
EMRVFAVNAIGVSQPSMNTKPFMPIAPTSAPQHLTVEDVTDTTTTLKWRPPDRIGAGGI
DGYLVEYCLEGSEEWVSANKEPVERCGFTVKDLPTGARILFRVVGVNIAGRSEPATLLQ
PVTIREIVEQPKIRLPRHLRQTYIRKVGEALNLVIPFQGKPRPQVVWTKGGAPLDTSRVN
VRTSDFDTVFFVRQAARSDSGEYELSVQIENMKDTATIRIRVVEKAGPAENVMVKEVW
GTNALVEWQPPKDDGNSEITGYFVQKADKKTMEWFNVYEHNRHTSCTVSDLIVGNEY
YFRVFSENICGLSDSPGVSKNTARILKTGITLKPMEYKEHDFRTAPKFLTPLMDRVVVAG
YAAALNCAVRGHPKPKVVWMKNKMEIHEDPKFLITNYQGILTLNIRRPSPFDAGTYSCR
AFNELGEALAECKLDVRAPQ 
 
 
>sp|P02563|MYH6_RAT_Myosin-6_OS=Rattus_norvegicus_GN=Myh6_PE=2_SV=2 
MTDAQMADFGAARYLRKSEKERLEAQTRPFDIRTECFVPDDKEEYVKAKIVSREGGKV
TAETENGKTVTVKEDQVMQQNPPKFDKIEDMAMLTFLHEPAVLYNLKERYAAWMIYT
YSGLFCVTVNPYKWLPVYNAEVVAAYRGKKRSEAPPHIFSISDNAYQYMLTDRENQSIL
ITGESGAGKTVNTKRVIQYFASIAAIGDRSKKDNPNANKGTLEDQIIQANPALEAFGNAK
TVRNDNSSRFGKFIRIHFGATGKLASADIETYLLEKSRVIFQLKAERNYHIFYQILSNKKP
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ELLDMLLVTNNPYDYAFVSQGEVSVASIDDSEELLATDSAFDVLGFTAEEKAGVYKLTG
AIMHYGNMKFKQKQREEQAEPDGTEDADKSAYLMGLNSADLLKGLCHPRVKVGNEY
VTKGQSVQQVYYSIGALAKSVYEKMFNWMVTRINATLETKQPRQYFIGVLDIAGFEIFD
FNSFEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLQACIDLIEKPMGI
MSILEEECMFPKATDMTFKAKLYDNHLGKSNNFQKPRNVKGKQEAHFSLVHYAGTVD
YNILGWLEKNKDPLNETVVGLYQKSSLKLMATLFSTYASADTGDSGKGKGGKKKGSSF
QTVSALHRENLNKLMTNLRTTHPHFVRCIIPNERKAPGVMDNPLVMHQLRCNGVLEGIR
ICRKGFPNRILYGDFRQRYRILNPAAIPEGQFIDSGKGAEKLLGSLDIDHNQYKFGHTKVF
FKAGLLGLLEEMRDERLSRIITRIQAQARGQLMRIEFKKMVERRDALLVIQWNIRAFMG
VKNWPWMKLYFKIKPLLKSAETEKEMANMKEEFGRVKDALEKSEARRKELEEKMVSL
LQEKNDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMTERLEDEEEMNAELTA
KKRKLEDECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDEIIAKLTKEKK
ALQEAHQQALDDLQAEEDKVNTLTKSKVKLEQQVDDLEGSLEQEKKVRMDLERAKRK
LEGDLKLTQESIMDLENDKLQLEEKLKKKEFDISQQNSKIEDEQALALQLQKKLKENQA
RIEELEEELEAERTARAKVEKLRSDLTRELEEISERLEEAGGATSVQIEMNKKREAEFQK
MRRDLEEATLQHEATAAALRKKHADSVAELGEQIDNLQRVKQKLEKEKSEFKLELDDV
TSHMEQIIKAKANLEKVSRTLEDQANEYRVKLEEAQRSLNDFTTQRAKLQTENGELARQ
LEEKEALIWQLTRGKLSYTQQMEDLKRQLEEEGKAKNALAHALQSARHDCDLLREQYE
EEMEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEAVEA
VNAKCSSLEKTKHRLQNEIEDLMVDVERSNAAAAALDKKQRNFDKILAEWKQKYEESQ
SELESSQKEARSLSTELFKLKNAYEESLEHLETFKRENKNLQEEISDLTEQLGEGGKNVH
ELEKIRKQLEVEKLELQSALEEAEASLEHEEGKILRAQLEFNQIKAEIERKLAEKDEEMEQ
AKRNHLRVVDSLQTSLDAETRSRNEALRVKKKMEGDLNEMEIQLSQANRIASEAQKHL
KNAQAHLKDTQLQLDDAVRANDDLKENIAIVERRNTLLQAELEELRAVVEQTERSRKL
AEQELIETSERVQLLHSQNTSLINQKKKMDADLSQLQTEVEEAVQECRNAEEKAKKAIT
DAAMMAEELKKEQDTSAHLERMKKNMEQTIKDLQHRLDEAEQIALKGGKKQLQKLEA
RVRELENELEAEQKRNAESVKGMRKSERRIKELTYQTEEDKKNLVRLQDLVDKLQLKV
KAYKRQAEEAEEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAKQKM
HDEE 
 
>sp|P02564|MYH7_RAT_Myosin-7_OS=Rattus_norvegicus_GN=Myh7_PE=2_SV=2 
MADREMAAFGAGAPFLRKSEKERLEAQTRPFDLKKDVFVPDDKEEFVKAKIVSREGGK
VTAETENGKTVTVKEDQVMQQNPPKFDKIEDMAMLTFLHEPAVLYNLKERYASWMIY
TYSGLFCVTVNPYKWLPVYNAQVVAAYRGKKRSEAPPHIFSISDNAYQYMLTDRENQSI
LITGESGAGKTVNTKRVIQYFAVIAAIGDRSKKDQTPGKGTLEDQIIQANPALEAFGNAK
TVRNDNSSRFGKFIRIHFGATGKLASADIETYLLEKSRVIFQLKAERDYHIFYQILSNKKP
ELLDMLLITNNPYDYAFFSQGETTVASIDDSEEHMATDSAFDVLGFTPEEKNSIYKLTGAI
MHFGNMKFKQKQREEQAEPDGTEEADKSAYLMGLNSADLLKGLCHPRVKVGNEYVT
KGQNVQQVAYAIGALAKSVYEKMFNWMVTRINATLETKQPRQYFIGVLDIAGFEIFDFN
SFEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLQACIDLIEKPMGIM
SILEEECMFPKATDMTFKAKLYDNHLGKSNNFQKPRNIKGKQEAHFSLIHYAGTVDYNI
LGWLQKNKDPLNETVVGLYQKSSLKLLSNLFANYAGADAPVDKGKGKAKKGSSFQTV
SALHRENLNKLMTNLRSTHPHFVRCIIPNETKSPGVMDNPLVMHQLRCNGVLEGIRICR
KGFPNRILYGDFRQRYRILNPAAIPEGQFIDSRKGAEKLLGSLDIDHNQYKFGHTKVFFK
AGLLGLLEEMRDERLSRIITRIQAQSRGVLSRMEFKKLLERRDSLLIIQWNIRAFMGVKN
WPWMKLYFKIKPLLKSAETEKEMANMKEEFGRVKDALEKSEARRKELEEKMVSLLQE
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KNDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMTERLEDEEEMNAELTAKKR
KLEDECSELKRDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDEIIVKLTKEKKALQ
EAHQQALDDLQAEEDKVNTLTKAKVKLEQQVDDLEGSLDQDKKVRMDLERAKRKLE
GDLKLTQESIMDLENDKQQLDERLKKKDFELNALNARIEDEQALGSQLQKKLKELQARI
EELEEELEAERTARAKVEKLRSDLSRELEEISERLEEAGGATSVQIEMNKKREAEFQKMR
RDLEEATLQHEATAAALRKKHADSVAELGEQIDNLQRVKQKLEKEKSEFKLELDDVTS
NMEQIIKAKANLEKMCRTLEDQMNEHRSKAEETQRSVNDLTRQRAKLQTENGELSRQL
DEKEALISQLTRGKLTYTQQLEDLKRQLEEEVKAKNALAHALQSARHDCDLLREQYEE
ETEAKAELQRVLSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEAVEAV
NAKCSSLEKTKHRLQNEIEDLMVDVERSNAAAAALDKKQRNFDKILVEWKQKYEESQS
ELESSQKEARSLSTELFKLKNAYEESLEHLETFKRENKNLQEEISDLTEQLGSTGKSIHEL
EKIRKQLEAEKLELQSALEEAEASLEHEEGKILRAQLEFNQIKAEIERKLAEKDEEMEQA
KRNHLRVVDSLQTSLDAETRSRNEALRVKKKMEGDLNEMEIQLSHANRMAAEAQKQV
KSLQSLLKDTQIQLDDAVRANDDLKENIAIVERRNNLLQAELEELRAVVEQTERSRKLA
EQELIETSERVQLLHSQNTSLINQKKKMDADLSQLQTEVEEAVQECRNAEEKAKKAITD
AAMMAEELKKEQDTSAHLERMKNNMEQTIKDLQHRLDEAEQIALKGGKKQLQKLEAR
VRELENELEAEQKRNAESVKGMRKSERRIKELTYQTEEDRKNLLRLQDLVDKLQLKVK
AYKRQAEEAEEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAKGLNE
E 
 
>sp|P12847|MYH3_RAT_Myosin-3_OS=Rattus_norvegicus_GN=Myh3_PE=2_SV=1 
MSSDTEMEVFGIAAPFLRKSEKERIEAQNQPFDAKTYCFVVDSKEEYAKGKIKSSQDGK
VTVETEDNRTLVVKPEDVYAMNPPKFDKIEDMAMLTHLNEPAVLYNLKDRYTSWMIY
TYSGLFCVTVNPYKWLPVYTPEVVDGYRGKKRQEAPPHIFSISDNAYQFMLTDRENQSI
LITGESGAGKTVNTKRVIQYFATIAATGDLAKKKDSKMKGTLEDQIISANPLLEAFGNAK
TVRNDNSSRFGKFIRIHFGTTGKLASADIETYLLEKSRVTFQLKAERSYHIFYQILSNKKP
ELIELLLITTNPYDYPFISQGEILVASIDDREELLATDSAIDILGFTPEEKSGLYKLTGAVMH
YGNMKFKQKQREEQAEPDGTEVADKTAYLMGLNSSDLLKALCFPRVKVGNEYVTKGQ
TVDQVHHAVNALSKSVYEKLFLWMVTRINQQLDTKLPRQHFIGVLDIAGFEIFEYNSLE
QLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELIEKPMGIFSILE
EECMFPKATDTSFKNKLYDQHLGKSNNFQKPKVVKGKAEAHFSLIHYAGTVDYSVSG
WLEKNKDPLNETVVGLYQKSSNRLLAHLYATFATTDADGGKKKVAKKKGSSFQTVSA
LFRENLNKLMSNLRTTHPHFVRCIIPNETKTPGAMEHSLVLHQLRCNGVLEGIRICRKGF
PNRILYGDFKQRYRVLNASAIPEGQFIDSKKACEKLLASIDIDHTQYKFGHTKVFFKAGL
LGTLEEMRDERLAKLITRTQAVCRGFLMRVEFQKMMQRRESIFCIQYNIRAFMNVKHW
PWMKLFFKIKPLLKSAETEKEMATMKEEFQKTKDELAKSEAKRKELEEKLVTLVQEKN
DLQLQVQAESENLLDAEERCDQLIKAKFQLEAKIKEVTERAEDEEEINAELTAKKRKLE
DECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEELAGLDETIAKLTREKKALQEAH
QQTLDDLQAEEDKVNSLSKLKSKLEQQVDDLESSLEQEKKLRVDLERNKRKLEGDLKL
AQESILDLENDKQQLDERLKKKDFEYSQLQSKVEDEQTLSLQLQKKIKELQARIEELEEEI
EAERATRAKTEKQRSDYARELEELSERLEEAGGVTSTQIELNKKREAEFLKLRRDLEEAT
LQHEATVATLRKKHADSAAELAEQIDNLQRVKQKLEKEKSEFKLEIDDLSSSVESVSKS
KANLEKICRTLEDQLSEARGKNEETQRSLSELTTQKSRLQTEAGELSRQLEEKESIVSQLS
RSKQAFTQQIEELKRQLEEENKAKNALAHALQSSRHDCDLLREQYEEEQEGKAELQRAL
SKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDSEEQVEAVNAKCASLEKTKQ
RLQGEVEDLMVDVERANSLAAALDKKQRNFDKVLAEWKTKCEESQAELEAALKESRS
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LSTELFKLKNAYEEALDQLETVKRENKNLEQEIADLTEQIAENGKSIHELEKSRKQMELE
KADIQMALEEAEAALEHEEAKILRIQLELTQVKSEIDRKIAEKDEEIEQLKRNYQRTVET
MQGALDAEVRSRNEAIRLKKKMEGDLNEIEIQLSHANRQAAETIKHLRSVQGQLKDTQL
HLDDALRGQEDLKEQLAIVERRANLLQAEVEELRATLEQTERARKLAEQELLDSNERVQ
LLHTQNTSLIHTKKKLETDLTQLQSEVEDASRDARNAEEKAKKAITDAAMMAEELKKE
QDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQIQKLETRIRELEFELEGEQK
RNTESVKGLRKYERRVKELTYQSEEDRKNVLRLQDLVDKLQVKVKSYKRQAEEADEQ
ANVHLTKFRKAQHELEEAEERADIAESQVNKLRAKTRDFTSSRMVVHESEE 
 
>sp|Q29RW1|MYH4_RAT_Myosin-4_OS=Rattus_norvegicus_GN=Myh4_PE=2_SV=1 
MSSDAEMAVFGEAAPYLRKSEKERIEAQNKPFDAKSSVFVVDAKESYVKATVQSREGG
KVTAKTEGGATVTVKEDQVFSMNPPKYDKIEDMAMMTHLHEPAVLYNLKERYAAWM
IYTYSGLFCVTVNPYKWLPVYNPEVVAAYRGKKRQEAPPHIFSISDNAYQFMLTDRENQ
SILITGESGAGKTVNTKRVIQYFATIAVTGDKKKEEAPSGKMQGTLEDQIISANPLLEAFG
NAKTVRNDNSSRFGKFIRIHFGATGKLASADIETYLLEKSRVTFQLKAERSYHIFYQVMS
NKKPELIEMLLITTNPYDFAYVSQGEITVPSIDDQEELMATDTAVDILGFTADEKVAIYKL
TGAVMHYGNMKFKQKQREEQAEPDGTEVADKAAYLTSLNSADLLKALCYPRVKVGN
EYVTKGQTVQQVYNSVGALAKAMYEKMFLWMVTRINQQLDTKQPRQYFIGVLDIAGF
EIFDFNTLEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLAACIELIEK
PMGIFSILEEECMFPKATDTSFKNKLYEQHLGKSNNFQKPKPAKGKAEAHFSLVHYAGT
VDYNIIGWLDKNKDPLNETVVGLYQKSGLKTLAFLFSGGQAAEAEGGGGKKGGKKKG
SSFQTVSALFRENLNKLMTNLKSTHPHFVRCLIPNETKTPGAMEHELVLHQLRCNGVLE
GIRICRKGFPSRILYADFKQRYKVLNASAIPEGQFIDSKKASEKLLGSIDIDHTQYKFGHT
KVFFKAGLLGTLEEMRDEKLAQLITRTQAVCRGYLMRVEFRKMMERRESIFCIQYNVR
AFMNVKHWPWMKLYFKIKPLLKSAETEKEMATMKEDFEKAKEDLAKSEAKRKELEEK
MVALMQEKNDLQLQVQAEADGLADAEERCDQLIKTKIQLEAKIKELTERAEDEEEINAE
LTAKKRKLEDECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDENIVKLT
KEKKALQEAHQQTLDDLQAEEDKVNTLTKAKTKLEQQVDDLEGSLEQEKKLRMDLER
AKRKLEGDLKLAQESTMDIENDKQQLDEKLKKKEFEMSNLQSKIEDEQALGMQLQKKI
KELQARIEELEEEIEAERASRAKAEKQRSDLSRELEEISERLEEAGGATSAQIEMNKKREA
EFQKMRRDLEEATLQHEATAAALRKKHADSVAELGEQIDNLQRVKQKLEKEKSELKME
IDDLASNMETVSKAKGNLEKMCRTLEDQLSEVKTKEEEQQRLINELSAQKARLHTESGE
FSRQLDEKDAMVSQLSRGKQAFTQQIEELKRQLEEESKAKNALAHALQSARHDCDLLR
EQYEEEQEAKAELQRAMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEE
HVEAVNSKCASLEKTKQRLQNEVEDLMIDVERSNAACAALDKKQRNFDKVLAEWKQK
YEETQAELEASQKESRSLSTELFKVKNAYEESLDQLETLKRENKNLQQEISDLTEQIAEG
GKHIHELEKIKKQIDQEKSELQASLEEAEASLEHEEGKILRIQLELNQVKSEIDRKIAEKDE
EIDQLKRNHLRVVESMQSTLDAEIRSRNDALRIKKKMEGDLNEMEIQLNHANRQAAEAI
RNLRNTQGMLKDTQLHLDDALRGQDDLKEQLAMVERRANLMQAEIEELRASLEQTER
SRRVAEQELLDASERVQLLHTQNTSLINTKKKLETDISQIQGEMEDIVQEARNAEEKAKK
AITDAAMMAEELKKEQDTSAHLERMKKNMEQTVKDLQHRLDEAEQLALKGGKKQIQK
LEARVRELENEVENEQKRNIEAVKGLRKHERRVKELTYQTEEDRKNVLRLQDLVDKLQ
TKVKAYKRQAEEAEEQSNVNLAKFRKIQHELEEAEERADIAESQVNKLRVKSREVHTK
VISEE 
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>gi|205830438|ref|NP_001128630.1| myosin, heavy polypeptide 1, skeletal muscle, adult [Rattus 
norvegicus] 
MSSDAEMAVFGEAAPYLRKSEKERIEAQNKPFDAKSSVFVVDAKESFVKATVQSREGG
KVTAKTEGGATVTVKDDQVFPMNPPKYDKIEDMAMMTHLHEPAVLYNLKERYAAWM
IYTYSGLFCVTVNPYKWLPVYNAEVVAAYRGKKRQEAPPHIFSISDNAYQFMLTDRENQ
SILITGESGAGKTVNTKRVIQYFATIAVTGEKKKEEAPSGKMQGTLEDQIISANPLLEAFG
NAKTVRNDNSSRFGKFIRIHFGTTGKLASADIETYLLEKSRVTFQLKAERSYHIFYQIMSN
KKPDLIEMLLITTNPYDYAFVSQGEITVPSIDDQEELMATDSAIDILGFTSDERVSIYKLTG
AVMHYGNMKFKQKQREEQAEPDGTEVADKAAYLQNLNSADLLKALCYPRVKVGNEY
VTKGQTVQQVYNAVGALAKAVYEKMFLWMVTRINQQLDTKQPRQYFIGVLDIAGFEIF
DFNSLEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWEFIDFGMDLAACIELIEKPM
GIFSILEEECMFPKATDTSFKNKLYEQHLGKSNNFQKPKPAKGKVEAHFSLVHYAGTVD
YNIAGWLDKNKDPLNETVVGLYQKSSMKTLAYLFSGAAAAAEAESGGGGGKKGAKK
KGSSFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHELVLHQLRCNGV
LEGIRICRKGFPSRILYADFKQRYKVLNASAIPEGQFIDSKKASEKLLGSIDIDHTQYKFGH
TKVFFKAGLLGLLEEMRDDKLAQLITRTQAMCRGYLARVEYQKMVERRESIFCIQYNV
RAFMNVKHWPWMKLYFKIKPLLKSAETEKEMANMKEEFEKTKENLAKAEAKRKELEE
KMVALMQEKNDLQLQVQSEADSLADAEERCDQLIKTKIQLEAKIKEVTERAEDEEEINA
ELTAKKRKLEDECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDETIAKLT
KEKKALQEAHQQTLDDLQAEEDKVNTLTKAKIKLEQQVDDLEGSLEQEKKIRMDLERA
KRKLEGDLKLAQESTMDVENDKQQLDEKLKKKEFEMSNLQSKIEDEQALGMQLQKKIK
ELQARIEELEEEIEAERASRAKAEKQRSDLSRELEEISERLEEAGGATSAQIEMNKKREAE
FQKMRRDLEEATLQHEATAATLRKKHADSVAELGEQIDNLQRVKQKLEKEKSEMKMEI
DDLASNMEVISKSKGNLEKMCRTLEDQVSELKTKEEEQQRLINELTAQRGRLQTESGEY
SRQLDEKDSLVSQLSRGKQAFTQQIEELKRQLEEEVKAKSALAHALQSSRHDCDLLREQ
YEEEQEAKAELQRAMSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQDAEEH
VEAVNAKCASLEKTKQRLQNEVEDLMIDVERTNAACAALDKKQRNFDKILAEWKQKY
EETHAELEASQKESRSLSTELFKIKNAYEESLDQLETLKRENKNLQQEISDLTEQIAEGGK
RIHELEKIKKQIEQEKSELQAALEEAEASLEHEEGKILRIQLELNQVKSEIDRKIAEKDEEI
DQLKRNHIRVVESMQSTLDAEIRSRNDAIRIKKKMEGDLNEMEIQLNHSNRMAAEALRN
YRNTQGILKDTQLHLDDALRGQEDLKEQLAMVERRANLLQAEIEELRATLEQTERSRKI
AEQELLDASERVQLLHTQNTSLINTKKKLETDISQIQGEMEDIVQEARNAEEKAKKAITD
AAMMAEELKKEQDTSAHLERMKKNLEQTVKDLQHRLDEAEQLALKGGKKQIQKLEAR
VRELEGEVENEQKRNVEAIKGLRKHERRVKELTYQTEEDRKNVLRLQDLVDKLQSKVK
AYKRQAEEAEEQSNVNLAKFRKIQHELEEAEERADIAESQVNKLRVKSREVHTKIISEE 
 
>gi|113204768|gb|ABI34116.1| myosin heavy chain type IIa [Rattus norvegicus] 
MSSDSEMAVFGEAAPYLRKSEKERIEAQNRPFDAKTSVFVAEPKESFVKGTIQSKDAGK
VTVKTEAGATLTVKEDQIFPMNPPKYDKIEDMAMMTHLHEPAVLYNLKERYAAWMIY
TYSGLFCVTVNPYKWLPVYNPEVVAAYRGKKRQEAPPHIFSISDNAYQFMLTDRENQSI
LITGESGAGKTVNTKRVIQYFATIAVTGEKKKEEVTSGKMQGTLEDQIISANPLLEAFGN
AKTVRNDNSSRFGKFIRIHFGTTGKLASADIETYLLEKSRVTFQLKAERSYHIFYQITSNK
KPELIEMLLITTNPYDYPFVSQGEISVASIDDQEELMATDSAIDILGFTNDEKVSIYKLTGA
VMHYGNMKFKQKQREEQAEPDGTEVADKAAYLQGLNSADLLKALCYPRVKVGNEYV
TKGQTVEQVTNAVGALAKAMYEKMFLWMVTRINQQLDTKQPRQYFIGVLDIAGFEIFD
FNSLEQLCINFTNEKLQQFFNHHMFVLEQEEYKKEGIEWTFIDFGMDLAACIELIEKPMGI
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FSILEEECMFPKATDTSFKNKLYEQHLGKSANFQKPKVVKGKAEAHFSLIHYAGTVDYN
ITGWLDKNKDPLNETVVGLYQKSSMKTLAYLFSGAQTAEAEASSGGAAKKGAKKKGS
SFQTVSALFRENLNKLMTNLRSTHPHFVRCIIPNETKTPGAMEHELVLHQLRCNGVLEGI
RICRKGFPSRILYADFKQRYKVLNASAIPEGQYIDSKKASEKLLGSIDIDHTQYKFGHTKV
FFKAGLLGLLEEMRDDKLAQLITRTQAMCRGFLARVEYQKMVERRESIFCIQYNIRAFM
NVKHWPWMKLFFKIKPLLKSAETEKEMATMKEEFQKTKDELAKSEAKRKELEEKMVS
LLKEKNDLQLQVQAEAEGLADAEERCDQLIKTKIQLEAKIKEVTERAEDEEEINAELTAK
KRKLEDECSELKKDIDDLELTLAKVEKEKHATENKVKNLTEEMAGLDETIAKLTKEKK
ALQEAHQQTLDDLQAEEDKVNTLTKAKIKLEQQVDDLEGSLEQEKKLRMDLERAKRKL
EGDLKLAQESIMDIENEKQQLDERLKKKEFEMSNLQSKIEDEQAIGIQLQKKIKELQARIE
ELEEEIEAERASRAKAEKQRSDLSRELEEISERLEEAGGATSAQIEMNKKREAEFQKMRR
DLEEATLQHEATAATLRKKHADSVAELGEQIDNLQRVKQKLEKEKSEMKMEIDDLASN
VETVSKAKGNLEKMCRTLEDQVSELKSKEEEQQRLINDLTTQRGRLQTESGEFSRQLDE
KEALVSQLSRGKQAFTQQIEELKRQLEEEVKAKNALAHALQSSRHDCDLLREQYEEEQE
SKAELQRALSKANSEVAQWRTKYETDAIQRTEELEEAKKKLAQRLQAAEEHVEAVNAK
CASLEKTKQRLQNEVEDLMLDVERTNAACAALDKKQRNFDKILAEWKQKYEETHAEL
EASQKEARSLGTELFKMKNAYEESLDQLETLKRENKNLQQEISDLTEQIAEGGKRIHELE
KIKKQVEQEKCELQAALEEAEASLEHEEGKILRIQLELNQVKSEIDRKIAEKDEEIDQLKR
NHIRVVESMQSTLDAEIRSRNDAIRIKKKMEGDLNEMEIQLNHANRMAAEALRNYRNT
QGILKDTQLHLDDALRGQEDLKEQLAMVERRANLLQAEIEELRATLEQTERSRKIAEQE
LLDASERVQLLHTQNTSLINTKKKLETDISQIQGEMEDIVQEARNAEEKAKKAITDAAM
MAEELKKEQDTSAHLERMKKNMEQTVKDLQLRLDEAEQLALKGGKKQIQKLEARVRE
LEGEVESEQKRNVEAVKGLRKHERRVKELTYQTEEDRKNILRLQDLVDKLQAKVKSYK
RQAEEAEEQSNTNLSKFRKLQHELEEAEERADIAESQVNKLRVKSREVHTKVISEE 
 




