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Abstract 
Muscle contraction is driven by the actin-activated hydrolysis of ATP by myosin, resulting 

in the relative sliding of actin and myosin filaments. Current models propose that filament 

sliding is driven by a structural transition of myosin’s catalytic domain (CD) and light 

chain domain (LCD). The goal of this research is to measure structural transitions of 

myosin II (muscle and nonmuscle) that are associated for force generation. Structural 

measurements were made using electron paramagnetic resonance (EPR) spectroscopy. This 

work is comprised of two separate, but related, projects.  

In the first project (Chapter 3), thiol crosslinking and EPR were used to resolve 

structural transitions of myosin’s LCD and CD that are associated with force generation. 

Spin labels were incorporated into the LCD of muscle fibers by exchanging spin-labeled 

regulatory light chain (RLC) for endogenous RLC, with full retention of function. LCD 

orientation and dynamics were measured in three biochemical states: relaxation (A.M.T), 

post-hydrolysis intermediate (A.M.D.P), and rigor (A.M.D). To trap myosin in a 

structural state analogous to the elusive post-hydrolysis ternary complex A.M.D.P, we 

used pPDM to crosslink SH1 (Cys707) to SH2 (Cys697) on the CD. EPR showed that the 

LCD of crosslinked fibers has an orientational distribution intermediate between 

relaxation and rigor, and saturation transfer EPR revealed slow rotational dynamics 

indistinguishable from that of rigor. Similar results were obtained for the CD using a 

bifunctional spin label to crosslink SH1 to SH2, but the CD was more disordered than the 

LCD. We conclude that SH1-SH2 crosslinking traps a state in which both the LCD and 

CD are in a structural state intermediate between relaxation (highly disordered and 
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microsecond dynamics) and rigor (highly ordered and rigid), supporting the hypothesis 

that the crosslinked state is an A.M.D.P analog on the force generation pathway. 

In the second project, we present a method for obtaining high-resolution structural 

information of proteins using EPR of a bifunctional spin label (BSL). Two 

complimentary EPR techniques were employed to measure dynamics and orientation 

(conventional EPR) and intraprotein distances (dipolar electron-electron resonance). The 

exploitation of BSL is a key feature of this work. BSL attaches at residue positions i and 

i+4, which drastically restricts probe motion compared to monofunctional probes. For 

comparison, measurements were also made with the monofunctional spin label MSL. 

Subfragment 1 of Dictyostelium myosin II (S1dC) was used to exemplify the increased 

resolution provided by BSL. Using this approach, we demonstrate with experiments that 

BSL significantly increases resolution when measuring distance and orientation 

compared to MSL. And while this work does focus on the methodology, there is 

significant biological insight into myosin’s nucleotide-dependent structural transitions.  
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Chapter 1: Introduction to Muscle Contraction & Myosin  

Many processes that are essential to the existence of living organisms require self-

propelled movement. Examples include chromosome separation during cell division, 

molecular transport within cells, the beating action of a heart and the inhalation of fresh 

air into lungs. The powerhouses for these forms of movement, and many others, are a 

group of biological macromolecules known as motor proteins. Motor proteins use energy 

derived from ATP hydrolysis to do mechanical work. There are three types of motor 

proteins: kinesin, dynein and myosin. This work is focused on myosin, specifically 

myosin II (which includes muscle myosin).  

 

1.1 Skeletal Muscle Contraction 

Muscle contraction is an intricate process requiring precise coordination of  

neurotransmitters, ions, nucleotides, and proteins. To investigate skeletal muscle 

contraction on a molecular level, it is important to first examine muscle structure from a 

macroscopic to microscopic scale (Figure 1). Moving from the gross visualization of 

muscle tissue, the first subunit is the fascicle which is composed of a parallel bundle of 

muscle cells (also referred to as muscle fibers). Each muscle fiber contains several 

myofibrils, and each myofibril is made of several sarcomeres. The sarcomere is the 

organelle within the muscle cell that is responsible for movement (1). Each sarcomere 

contains an interdigitating lattice of myosin and actin filaments, known as the thick 

(myosin) and thin (actin) filaments. Muscle contraction is driven by the actin-activated 
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hydrolysis of ATP by myosin, resulting in the relative sliding of actin and myosin filaments 

(Figure 2). 

Myosin is the molecular motor driving muscle contraction, however, force 

production involves several other contractile proteins. As mentioned above, the primary 

component of the thin filament is actin.  Actin is a 43kD protein that myosin binds during 

muscle contraction. Under physiological conditions, actin polymerizes to form an -

helical double-stranded filament. The proteins troponin and tropomyosin bind to the actin 

filament backbone, and aid in the Ca2+ regulation of skeletal muscle contraction. 

Fascicle

Muscle fiber (cell)

Myofibril

Sarcomere

Length ~ 2.5m
 

Figure 1  Skeletal muscle structure. 
Adapted from Bloom and Fawcett, Textbook of Histology, 11th ed. Philadelphia, WB Saunders, 
1986 page 282. 
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Tropomyosin is a 65 kDa protein that forms an -helical dimer and binds to the actin 

filament. Troponin (Tn) is a three subunit complex consisting of TnC (18 kDa), TnT (30 

kDa) and TnI (30 kDa). The Tn complex binds Ca2+ and controls the conformation of 

tropomyosin on actin. During relaxation, cytosolic Ca2+ is low (~ 0.1 M), and 

tropomyosin is locked over the myosin biding site on actin. During contraction, the 

sarcoplasmic reticulum releases Ca2+, increasing the cytoplasmic Ca2+ to ~ 10 M. TnC 

then binds Ca2+ and undergoes a conformational change. This conformational change is 

relayed to TnT and TnI. TnI then unlocks tropomyosin from the myosin binding site, 

enabling myosin to bind actin.  

In addition to those mentioned above, there are other proteins associated with the 

thick (myosin) and thin (actin) filaments. Titin is a massive protein (MW greater than 3 

MDa) that contributes to muscle assembly, resting tension and sarcomere length (2). 

Myosin-Binding protein-C (c-protein) contributes to the formation and stabilization of 

Contracting Muscle

Relaxed Muscle

Myosin

Actin

S
ar

co
m

er
e

 
Figure 2  The contracting sarcomere. 
Schematic representation of the fundamental unit of muscle contraction, the sarcomere, 
emphasizing the relative sliding of actin and myosin filaments during contraction. The sarcomere 
is composed of interdigitating myosin (thick) and actin (thin) filaments. Adapted from (1).   



 

 4 

thick filaments and is thought to modulate contractility by interacting with both thick and 

thin filaments (3). Nebulin is associated with the thin filament, and is thought to play a 

role in the regulation of thin filament length and muscle contractility (4). There are 

additional proteins within the sarcomere, but the ones mentioned above are those 

predominantly associated with the thick and thin filaments. 

Muscle contraction is produced by the actin-activated hydrolysis of ATP by 

myosin (5). This results in the relative sliding of actin and myosin filaments (Figure 2). 

Mechanistic models propose that filament sliding is driven by a structural transition of the 

myosin catalytic domain (CD) from a dynamically disordered state of weak actin binding to 

an ordered state of strong actin binding, and a lever arm rotation of the light-chain domain 

(LCD)(6-9). This work presented herein focuses on these force-generating structural 

transitions of myosin.  

 

1.2 Myosin Structure 

Myosin is a dimeric protein with a molecular weight of approximately 500kD.  Each 

protomer contains a 120 kDa head and a long -helical C-terminal tail.  The two tails 

bind to form a coiled coil, which unites the two heads (Figure 3, top).  The myosin head 

(which can be isolated proteolytically as subfragment 1, or S1) consists of the N-terminal 

catalytic domain (CD) and the light-chain domain (LCD) (Figure 3, bottom).  The CD 

contains the ATP-binding pocket and the actin-binding region.  The LCD contains a 

single -helix, extending C-terminally from the CD, to which are bound two light chains, 

the essential light chain (ECL) and the regulatory light chain (RLC). 
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1.3 The Actomyosin ATPase Cycle 

During ATPase cycling, the interaction between myosin and actin can be classified (to a 

first approximation) as either weak, when ATP is bound to myosin, or strong, when ADP 

or no nucleotide is bound (11). Mechanistic models propose that force generation in 

muscle is driven by a structural transition of the myosin catalytic domain (CD) from a 

dynamically disordered state of weak actin binding to an ordered state of strong actin 

binding, and a lever arm rotation of the light-chain domain (LCD)(6-10). 

Light Chain Domain 

Regulatory LCEssential LC

Catalytic Domain

Actin 
binding 
region

Heavy
Chain

MyosinS1

ATP binding
pocket

 
Figure 3  Myosin Structure. 
Top: Cartoon illustrating the dimeric myosin molecule including the long -helical tale and two 
heads. Bottom: Crystal structure of  the myosin head (S1) (10). The catalytic domain contains the 
actin binding region and the ATP binding pocket. The two light chains are shown in green 
(essential light chain) and red (regulatory light chain). 
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A schematic model demonstrating the actomyosin ATPase is shown in Figure 4. 

This model (adapted from (12)) focuses on the coupling between myosin’s force-

producing structural transitions (based on crystal structures (13,14) and spectroscopy 

(11)) and biochemical state (defined by the active site ligand) and actin binding 

properties of myosin. The post-powerstroke rigor state (Figure 4, A)  is populated when 

myosin is in apo or ADP biochemical states. In rigor myosin has a strong actin affinity 

(Kd < 1 M) and the CD is well oriented on actin with slow (ms) dynamics. After ADP 

release, ATP binding (Figure 4, B) weakens the actin-myosin interaction, dissociating 

actin from myosin (relaxation). In relaxation myosin has a weak affinity for actin (Kd = 

PrePre--hydrolysishydrolysis
(post(post--rigor)rigor)

Pi

Strongly BoundStrongly Bound
((postpost--powerstrokepowerstroke))

LCD

CD

HydrolysisHydrolysis
((reprimingrepriming))

PostPost--hydrolysishydrolysis
(transition state)(transition state)

Phosphate releasePhosphate release
(powerstroke)(powerstroke)

Attachment

ATPADP

Detachment

A

Weakly BoundWeakly Bound
(pre(pre--powerstroke)powerstroke)

B

CD

 
Figure 4 The actomyosin ATPase cycle. 
Proposed structural changes of myosin S1 during ATPase cycling. This model focuses on the 
coupling between the force-producing structural changes and myosin’s biochemical state (defined 
by the active site ligand) and actin binding properties. Adapted from (12).   
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100 M) and the CD is dynamically disordered (s  dynamics). Myosin then hydrolyzes 

ATP to ADP.Pi, and undergoes a repriming (Figure 4, B-C). Next, the post-hydrolysis 

complex forms a weak binding complex with actin (Figure 4, C-D) (5), and there is 

evidence that force generation begins in this biochemical state, before phosphate is released 

but after isomerization (Figure 4, C-D) (15,16). The powerstroke is then completed as Pi 

is released, and myosin undergoes a force producing weak-to-strong transition (also 

referred to as a disorder-to-order transition) (Figure 4, D-A).  

 

1.4 Motivation for Research 

For several reasons, the structure of muscle (particularly striated muscle) has 

made the muscle fiber an attractive system for investigating movement in living 

organisms (12). First, the primary proteins involved in muscle contraction, actin and 

myosin, comprise 80% of the structural proteins present within the cell, enabling the 

isolation of relatively large amounts of these proteins for characterization. Second, the 

contractile organelle, the sarcomere, is highly organized and repetitive. Such organization 

has made it possible to deduce structural information, on the molecular level, from x-ray 

diffraction and microscopy. Third, muscle contraction is macroscopic. Unidirectional 

shortening of muscle has made it possible to characterize the mechanical properties of 

muscle such as length, force and velocity. The results, models and theories discussed in 

sections 1.1 – 1.3 represents a small subset of the research done to understand muscle 

contraction on a molecular level. Several disciplines, including biochemistry, physiology, 

microscopy, crystallography, and spectroscopy, have contributed to the understanding of 
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muscle contraction on the molecular level. These techniques and theories have also been 

applied to the study of the other molecular motors, kinesin and dynein. 

In this work, we used electron paramagnetic resonance spectroscopy (EPR) to 

investigate muscle contraction on a molecular level. EPR is an ideal tool for studying a 

dynamic process such as muscle contraction because it is sensitive to both orientation and 

dynamics (sections 2.6 and 2.7). Measurements using spin-labeled myosin (a spin label is 

a small organic molecule with a stable unpaired electron) were made with myosin bound 

to actin in oriented muscle fiber bundles. Therefore, unlike solution work where myosin 

is tumbling isotropically, we were able to orientate myosin using the intrinsic order of the 

muscle fiber. Fiber bundles were oriented with the long axis parallel or perpendicular to 

the applied magnetic field (H), making it possible to measure changes in myosin 

orientation relative to the actin filament axis. Spectra were acquired while perfusing the 

fiber bundle with solution, making it possible to change the biochemical state of the 

muscle during acquisition. Chapter 3 and 4 summarize this work, and demonstrate the 

power of this approach for making high resolution structural measurements of myosin in 

the presence of actin. Structural measurements were made in several biochemical states, 

but special emphasis was placed on myosin’s structural transitions that initiate force 

generation (Figure 4, D-A). These post-hydrolysis early-force complexes have remained 

elusive and difficult to study because actin (i) greatly accelerates the rate of Pi release, and 

(ii) shifts the equilibrium constant for hydrolysis toward the prehydrolysis state by a factor 

of 20 (17). 
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Chapter 2: Electron Paramagnetic Resonance 

Electron Paramagnetic resonance is a technique capable of detecting unpaired electrons. 

When an unpaired electron is placed in strong magnetic field, incident microwaves may 

be absorbed causing electron-spin reorientation (18). The EPR spectrum can then be used 

to characterize the g-factor for the sample. 

0H

h
g




    

The g-factor is a measure of the local magnetic field experienced by the electron, and it is 

a characteristic quantity of electron environment. Additionally, the observed g-factor is 

often anisotropic, that is, its value is dependent on the orientation of the molecule in the 

magnetic field (18). Consequently, EPR is useful for not only detecting unpaired 

electrons, but for gaining insight about the electron’s environment, orientation, and 

dynamics. In this work, EPR was used to measure myosin orientation and dynamics. The 

remainder of Chapter 2 covers the basic principles of EPR spectroscopy, and its 

application to measuring myosin orientation and dynamics.  

 

2.1 Angular Momentum and Spin 

In classical mechanics, a rigid body possesses two kinds of angular momentum; (a) 

orbital angular momentum (L = r x p, r is the position vector relative or origin and p is 

the momentum) associated with the motion of the center of mass and (b) spin angular 

momentum (S = I, I is the moment of inertia and  is angular velocity) associated with 
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motion about the center of mass (19). Similar to the earth revolving around the sun and 

rotating about its axis, electrons posses orbital  and spin angular momentum.  For 

electrons, the orbital angular momentum is associated with motion around the atomic 

nucleus. However, the spin angular momentum of an electron has nothing to do with its 

motion in space, even though the spin angular momentum of an electron is often 

compared to the classical notion of spin. This comparison is a useful tool conceptually, 

but it fails to describe reality because electrons are believed to be structureless point 

particles (19). Considering this ambiguous nature of electrons, it is reasonable to say that 

electrons have an intrinsic spin angular momentum (S), though not in a classical sense, in 

edition to their extrinsic orbital angular momentum (L). The spin angular momentum S 

can be described by the spin quantum number ms, where ms = ± ½. Just as nuclear 

magnetic resonance spectroscopy and magnetic resonance imaging manipulate spin states 

of protons and neutrons, electron paramagnetic resonance manipulates the spin states of 

electrons.  

2.2 The Zeeman Effect 

Magnetic resonance refers to the absorption of a photon causing spin to reorient, or flip. 

In EPR it is the electron spin that flips after absorbing a photon, but only in the presence 

of a strong magnetic field. In the presence of a magnetic field, the degeneracy of the spin 

states is broken. That is,  in the absence of a magnetic field , E between spin states is 0. 

In the presence of a magnetic field H, E is nonzero. This phenomenon is known as the 

Zeeman Effect (Figure 5), and is explained below.  

The magnetic moment of an electron is 
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 = S 

where  is the gyromagnetic ratio (-1.76 x 107 rad/(s*G) for an electron) and S  is the spin 

angular momentum. The energy of a magnetic moment is a function of the magnetic 

moment  and the magnetic field H. If the magnetic field is oriented along the z-axis, the 

energy can be expressed as 

E = - • H = - S•H = -Sz•H  

Sz can only have values of ms, so  

E = -msH 

The gyromagnetic ratio  is expressed as –g/, therefore   

E = msgH 

Now, in the presence of an applied magnetic field, there are two energy levels 

S    “spin down”

mS = -1/2

S “spin up”

mS = +1/2

E = h = gH
μ

SS

μ

H = 0      H>0

E
le

ct
ro

n 
E

H = Hzz

V

Magnetic field is aligned with z-axis

 
Figure 5  The Zeeman Effect. 
Electron energy level splitting in a magnetic field due to the Zeeman Effect. Magnetic resonance 
occurs when electromagnetic radiation of the appropriate energy is applied perpendicular to the 
external magnetic field H. Adapted from (18). 
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corresponding to the two spin states: 

ms = + ½ “spin up”: E = (½)gH 

ms = - ½ “spin down”: E = (-½)gH 

 Therefore, the energy difference between the two spin states is  

E = Eup – Edown = gH 

In EPR spectroscopy, magnetic resonance occurs when the microwave energy (h) equals 

E (eq. 2.1, Figure 5), which is referred to as the resonance condition 

h = gH [eq. 2.1]    
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2.3 The EPR spectrometer 

A schematic showing the basic components of an EPR spectrometer is shown in Figure 

6. In it simplest form, an EPR spectrometer consists of a magnet, a photon (microwave) 

source, and a resonant cavity. The magnetic field is supplied by an electromagnet. For X-

band EPR (used in this work), the microwave frequency is ~ 9.5 GHz, and is supplied by 

a Gunn Diode. The resonator, where the sample is placed, is called a cavity. The 

resonance condition (eq. 2.1) can be met by sweeping the magnetic field or the 

microwave frequency. It is simpler, from an engineering standpoint, to vary the magnetic 

field strength by varying the current through the electromagnet. Therefore, in EPR 

spectroscopy the magnetic field is swept while the microwave frequency is held constant. 

Detection of the absorption signal is improved by modulating the magnetic field, 

H

SN

Cavity

Modulation coils

Load Detector Amplifier Recorder

Microwave Source 
(Gunn Diode)

Field 
modulation

Detected signal

A B

V1 (H) 
= dV0/dH 
= derivative

V0 (H)

Hres

ab
so

rp
tio

n

H

 
Figure 6  The basics of an EPR spectrometer. 
A: Simple schematic highlighting the essential components of an EPR spectrometer. B: EPR 
spectrum obtained by field modulation and phase-sensitive detection ate the modulation 
frequency. Adapted from (18). 
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generally a 100 kHz sinusoidal modulation (18). If this modulation amplitude is less than 

the linewidth of the absorption signal, and the detector is sensitive to the phase of the 

signal, the detected signal appears as a derivative of the absorption spectrum (18) (Figure 

6, B). That is, EPR spectra are viewed as the derivative of absorption (V1) vs. magnetic 

field strength (H), rather than absorption (V0) vs. H. 

 

2.4 Site-Directed Spin Labeling 

As explained above, EPR spectroscopy detects unpaired electrons. In biological systems, 

unpaired electrons occur in some transition metal ions and in free radicals. Free radicals 

are usually highly reactive and therefore unstable. In order to make structural 

measurements on myosin, we have used site-directed spin labeling (SDSL). A spin label 

is a small organic molecule with a stable unpaired electron and the ability to bind to a 

specific site on another molecule. The unpaired electron is usually on the nitrogen atom 

in an N-O  

A B C

 
Figure 7  Nitroxide spin labels. 
A: 3-(5-f luoro-2,4-dinitroanilino)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy, abbreviated as 
FDNASL. B: 4-maleimido-2,2,6,6-tetramethyl-1-piperidinyloxy or 4-Maleimido-TEMPO, 
abbreviated as MSL. C: Trans-3,4-bis-(methanethiosulfonylmethyl)-2,2,5,5-
tetramethylpyrrolidin-1-yloxy Radical, abbreviated as BSL. 
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(nitroxide) bond, hence the name nitroxide spin label. The nitroxide spin labels used in 

this work (Figure 7) bind selectively to the amino acid cysteine (Cys). Given this 

selectivity, it is possible to attach a spin label to a specific area of interest. Muscle fibers 

contain several cysteine residues, however strategic labeling conditions makes it possible 

to selectively label SH1 (Cys707) and/or SH2 (Cys697) on the myosin CD (5). 

Alternatively, protein engineering can be used to mutate out all reactive Cys residues, and 

then introduce a labeling site (Cys residue) at resides other than SH1 and SH2 (20,21). In 

this work, both techniques were used to obtain selective spin-labeling in myosin. 

 

2.5 Nuclear Hyperfine Interaction 

With the use of nitroxide spin labels, the hyperfine interaction becomes relevant. The 

hyperfine interaction is due to the magnetic interaction between the dipole moments of 

the electron and nearby nuclei.  In the case of a nitroxide spin label, it is the magnetic 

moment of the nitrogen nucleus. Due to the hyperfine interaction, each electron spin state 

is split into (2I + 1) energy states, where I = nuclear spin. For nitrogen, I = 1, yielding 

three additional energy states for each electron spin state.   

From section 2.2, which describes the Zeeman Effect, the Hamiltonian for an 

unpaired electron in a magnetic field, neglecting the hyperfine interaction, can be written 

as 

Hzeeman = gHSz/ 

The hyperfine interaction adds an additional term to the Hamiltonian. 

H = H zeeman+ Hhyperfine = gβHSz/ + hA(Iz/)(Sz/h) 
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 Where A is the energy of the hyperfine interaction, Iz is the spin of the nucleus. 

Considering the Zeeman interaction and hyperfine splitting, the energy of the electron is 

E = gβHms + hAmIms 

Selection rules determining the “allowed” electron energy-level transitions state that the 

change in electron spin ms = ± ½, and the change in nuclear spin mI = 0. Thus, there are 

three possible transitions (Figure 8, A), and the difference in energy is  

E = gβH + hAmI [eq. 2.2] 

These three transitions lead to the three-lined EPR spectrum of a nitroxide spin label 

(Figure 8, B), with a splitting T between lines, where T = hA/g. Substituting T into eq. 

2.2,  and solving for H (or Hres, when E = h) yields 

Hres = h/g - mIT [eq. 2.3] 

The following sections will examine the anisotropic nature of g and T.    
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Figure 8  The Hyperfine Interaction. 
A: For nitroxide spin labels, energy level splitting from the Zeeman effect and nuclear hyperfine 
interaction leads to three transitions between electron spin states. B: Three lined spectrum 
characteristic of nitroxide spin labels. 
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2.6 EPR is Sensitive to Orientation 

In this work, EPR is used to determine the orientation of a spin label’s principal axes with 

respect to an oriented assembly (the actin filament). The first step in this effort is spin-

labeling myosin. Strategically labeling myosin has made it possible to achieve rigid 

coupling between the spin label and peptide backbone. Therefore, we can make the 

assumption that the behavior of the spin label is characteristic of the peptide backbone. 

The orientational sensitivity of EPR arises from the anisotropic interaction of the 

nitroxide group on the spin label with the applied magnetic field H. This section 

examines the effect of orientation on the position and shape of lines in an EPR spectrum. 

 

 

 

x

y

z



 
Figure 9  Orientation of the applied magnetic field in the spin label coordinate frame. 
The coordinate frame of the spin label is such that the x-axis is aligned with the N-O bond and the 
z-axis is perpendicular to the aromatic ring (approximately parallel with the unpaired electron’s 
-orbital). The vector representing the applied field H is defined by θ and . Adapted from (22). 
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Recall from eq. 2.3 that the resonant condition is dependent on g and T. 

Hres = h/g - mIT 

Due to the asymmetry in the electron density of the -orbital of the unpaired electron in 

the nitroxide bond (Figure 9), both g and T are dependent on orientation of the nitroxide 

group relative to the applied magnetic field H. If the spin label (probe) coordinate frame 

is defined as shown in Figure 9, the orientation of the magnetic field in the probe’s frame 

is defined by θ and . Using this probe frame, g (unitless) and T (Gauss) are given by 

g(θ,) = gxsin2θcos2 + gysin2θsin2 + gzcos2θ 

T(θ,) = (Tx
2sin2θcos2 + Ty

2sin2θsin2 + Tz
2cos2θ)1/2 

And the resonant condition now becomes 

Hres = h/g(θ,) - mIT(θ,) [eq. 2.4] 

From eq. 2.4 it is evident that the spin label’s 

orientation affects the position of the center of the 

spectrum (h/g(θ,)) and the splitting between 

the lines T(θ,). Figure 10 illustrates the 

orientational sensitivity of EPR when the magnetic 

field is along the x-, y- and z-axis of the spin 

labels coordinate frame. 

 The spectra in Figure 10 are representative 

of three different discrete orientations, and they  

emphasize that EPR is highly sensitive to the 
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Figure 10 Sensitivity of EPR to 
orientation.  
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orientation of the nitroxide group relative to the applied field H. Another important 

feature of EPR is its sensitivity to orientational distributions, or the amount of disorder 

present in a system (Figure 21). This is particularly useful for investigating biological 

systems because changes in disorder are prevalent and relate directly to function (11). 

 It is evident from Figure 21 that EPR spectra change with disorder. That is, as the 

width of the distribution increases (θ increases) the lines in the EPR spectrum broaden. 

These changes arise from the dependence of T and g on θ and . However, at X-band it is 

common to assume axial symmetry (Tx = Ty in Figure 10), meaning that the spectra are 

insensitive to . This assumption is acceptable at X-band (9.5 GHz), but not at higher 

frequencies. In this work, we assume a Gaussian distribution to model the disorder of the 

system, meaning there is a Gaussian distribution of θ. As a result, the spectrum 

representing a system with some amount of disorder is a superposition of numerous 

composite spectra with different centers and splitting. Simulations showing this result are 

shown in Figure 21. In this discussion, and the simulations shown in Figure 21, the 

assumption is made that the spin label is immobilized on the nanosecond timescale.  

 

2.7 EPR is sensitive to Dynamics 

In this work, two types of EPR experiments are used for measuring dynamics: (i) 

Conventional EPR and (ii) Saturation Transfer EPR (STEPR). Conventional EPR is 

sensitive to rotational motion with τR ~ 10-11 – 10-6 s, and STEPR is sensitive to τR ~ 10-7 

– 10-3 s, where τR is the rotational correlation time. In all other sections, the term EPR is 
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used to refer to conventional EPR and STEPR will be referred to explicitly. This section 

will cover the basics of both techniques. 

 

2.7.1 Conventional EPR 

When setting up an EPR experiment, the parameters for conventional EPR and STEPR 

are different. Some of these differences are evident in the nomenclature used to describe 

conventional EPR and STEPR spectra. The conventional EPR spectrum is often referred 

to as V1. The V refers to the absorption mode, with the alternative being dispersion mode, 

U. In this work, conventional EPR and STEPR are acquired in absorption mode. The 

numerical subscript “1” refers to the modulation harmonic. Conventional EPR spectra are 

acquired using 100 KHz modulation frequency m, which is the first harmonic. It is also 

important to note that in this work conventional EPR spectra are acquired at a non-

saturating microwave power (this is not the case for STEPR).   

Conventional EPR is sensitive to rotational motions with τR comparable to or 

faster than the spin-spin relaxation time T2 (~ 10-8 s). In this time range, the motion of the 

label partially or completely averages out the g and T anisotropy observed in Figure 10 

and Figure 21. As a result of this motional averaging, the linewidths narrow and the 

peaks move toward the center of the spectrum. In fact, at the rapid limit the spectrum has 

a lineshape and peak positions characteristic of a single orientation with  

 g = 1/3(gx + gy + gz)  

 T = 1/3(Tx + Ty + Tz) 



 

 21 

As the motion slows toward the rigid limit of conventional EPR (10-6 s) the effect of 

motion is two fold. First, there is motional averaging of g and T, though not complete 

averaging as in the case of sub nanosecond motion. Second, as the motion of the spin 

label is slowed it is able to move on and off resonance which manifests as enhanced 

relaxation which increases linewidth. Therefore, for a randomly oriented sample, when 

the rotational motion slows (R increases toward the rigid limit) the splitting increases 

and lines broaden. These effects are shown in Figure 11 and Figure 22, and spectral 

features can be used to measure R in the 10-11 – 10-6 s range. For this work, we are 

interested in changes in dynamics and the nanosecond to millisecond timescale, and for 

this STEPR is used.  

R = 10 ns ~ T2 (25 ns)

slow “strongly immobilized”

slow limit “powder”

fast “weakly immobilized”

fast limit “isotropic”

R << T2

R = 10 s >> T2 

R = 1 ns

 
Figure 11  Dynamics, conventional EPR. 
Simulated spectra showing the sensitivity of conventional EPR to the rate of rotational dynamics. 
Spectra as simulated assuming isotropic diffusion. Adapted from Dave Thomas Spectroscopy 
lecture. 
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2.7.2 Saturation Transfer EPR (STEPR) 

STEPR spectra are often referred to as V2. V indicates that measurements are done in 

absorption mode. The “2” subscript indicates that m = 50 kHz, with the phase-sensitive 

detection at 100 kHz (second harmonic).  The prime () indicates that the spectrum is 90o 

out of phase, meaning the modulation phase m = 90o (minimum signal at nonsaturating 

power). A key parameter in STEPR is the microwave power. As indicated by the name 

Saturation Transfer, a saturating microwave power is used. Specifically the microwave 

power is set such the microwave magnetic field amplitude H1 is 0.25 G (5,23) (see 

CHAPTER 3 for more details on STEPR). 

 Using the parameters highlighted above, the EPR experiment is setup such that 

the spectrum (V2) is sensitive to rotational motions with τR comparable to the spin-lattice 

relaxation time T1 (~ 11 s) (Figure 12, A). When rotational motion is on the timescale 

of T1 (τR in the s to ms timescale), saturation appears to decrease. This is not because 

the motion is actually changing T1, but the rotational motion decreases saturation by 

transferring it away from resonance. The intensity of the STEPR spectrum (∫V2) can then 

be used to determine τR (Figure 12, B). Though the theory and setup for a STEPR 

experiment may seem abstract, Squier and Thomas (23) provide a brief and useful 

description that summarizes the basic idea nicely.  

“In general, a saturation transfer EPR experiment is one designed to detect the decreased 
saturation caused by microsecond rotational motions. The development of ST-EPR 
methods is thus primarily the development of spectral detection and display methods that 
are optimally sensitive to saturation, preferably in a way that maximizes motional effects 
and minimizes others.” 
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2.8 Fitting EPR Spectra 

In this work, spectral fitting was used to determine the orientational distribution of a spin 

label relative to the external magnetic field H. Using spin labels that are coupled to the 

peptide backbone made it possible to focus on protein orientation, and not probe 

dynamics. The probes used in this work have restricted nanosecond motions (though 

some are more restricted than others as seen in Chapters 3 and 4), meaning they are 

coupled to the protein backbone. Additionally, the highly organized structure of the 

muscle fiber bundle was taken advantage of by orienting the long-axis of the fiber bundle 

(which is synonymous with the actin filament axis) either parallel or perpendicular to H. 
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Figure 12  Dynamics, saturation transfer EPR. 
A: Dependence of saturation transfer EPR spectra (V2) on isotropic rotational correlation time. 
Red box indicates sensitive range of STEPR. Adapted from (24). B: Relationship between the 

integrated intensity parameter ∫V2 and rotational correlation time τR. Adapted from (23).  
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This section covers the basic principles and method used in simulating spectra from spin-

labeled myosin on actin. 

 Simulating EPR spectra is a nontrivial process. There are numerous parameters, 

and some assumptions that need to be made. As mentioned above (eq. 2.4), the resonant 

condition is a function of the orientation of the nitroxide group in the magnetic field, 

described by the angles θ and . Therefore, a spin with a defined orientation will give rise 

to a spectrum with a specific center and splitting. When a nitroxide spin label is rigidly 

attached to myosin there is an orientational distribution of spins. One way to model this 

orientational distribution is a sin-weighted Gaussian with a width (full width at half-

maximum) θ and center θ0. 

ρ(θ) = (sin(θ)) exp[-(ln2){(θ - θ0)/(0.5Δθ)}2] 

A similar expression is used to describe the distribution about . Therefore, the EPR 

spectrum is linear combination of spectra described the distribution (θ,) = (θ)(). 

Relaxation processes and inhomogeneities in local spin environments also broaden the 

EPR spectrum. The EPR lineshape due to this broadening is often modeled as the first 

derivative of a Lorentzian function (25): 

 222)(

)(
)(

pp
HHH

HHH
HY

res

ppres




  [eq. 2.5] 

where the peak-to-peak width (Hpp) of the Lorentzian is defined by the spin-spin 

relaxation time T2:  

Hpp = 2/(31/2T2) 
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A simulated EPR spectrum can them be generated by integrating eq. 2.5, weighted by the 

orientational distribution of θ and , over all space: 

V1(H) = ∫∫ Y(H,θ,,mi)ρ(θ,φ)sin(θ) dθd  [eq. 2.6] 

For this work, the goal of fitting an EPR spectrum is to determine the orientational 

distribution of the spin label (θ,). To do this, different values of  θ0, θ, 0 and  are 

assumed, and the spectrum is then simulated using eq. 2.6, and compared to the 

experimental spectrum. However, this is a bit of an over simplification, there are some 

orientational independent parameters that must be determined first. Recall that Hres is a 

function of g and T, where: 

 g(θ,) = gxsin2θcos2 + gysin2θsin2 + gzcos2θ 

T(θ,) = (Tx
2sin2θcos2 + Ty

2sin2θsin2 + Tz
2cos2θ)1/2 

The values gx, gy, gz, Tx, Ty and Tz are independent of θ and , and need to be determined 

before fitting the oriented spectrum to determine (θ,). To determine these values, we 

need sample that is independent of orientation. Such a sample was obtained by mincing a 

fiber bundle. The minced spectrum was then simulated assuming θ =  ≥ 90o, and 

letting gx, gy, gz, Tx, Ty and Tz vary until best fit was achieved. The spectra of oriented 

fiber bundles could then be fit using these values and varying (θ,). A similar approach 

to spectral fitting has been used before (5,20,25-27).  
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3.1 Overview 
 
We have used thiol crosslinking and EPR to resolve structural transitions of myosin’s light 

chain and catalytic domains (LCD, CD) that are associated with force generation. Spin 

labels were incorporated into the LCD of muscle fibers by exchanging spin-labeled 

regulatory light chain (RLC) for endogenous RLC, with full retention of function. To trap 

myosin in a structural state analogous to the elusive post-hydrolysis ternary complex 

A.M.D.P, we used pPDM to crosslink SH1 (Cys707) to SH2 (Cys697) on the CD. LCD 

orientation and dynamics were measured in three biochemical states: relaxation (A.M.T), 

SH1-SH2 crosslinked (A.M.D.P analog), and rigor (A.M.D). EPR showed that the LCD 

of crosslinked fibers has an orientational distribution intermediate between relaxation and 

rigor, and saturation transfer EPR revealed slow rotational dynamics indistinguishable 

from that of rigor. Similar results were obtained for the CD using a bifunctional spin label 

to crosslink SH1-SH2, but the CD was more disordered than the LCD. We conclude that 

SH1-SH2 crosslinking traps a state in which both the CD and LCD are intermediate 

between relaxation (highly disordered and microsecond dynamics) and rigor (highly 

ordered and rigid), supporting the hypothesis that the crosslinked state is an A.MD.P 

analog on the force generation pathway. 

 

3.2 Introduction 

Muscle contraction is driven by the actin-activated hydrolysis of ATP by myosin, resulting 

in the relative sliding of actin and myosin filaments. Current mechanistic models propose 
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that filament sliding is driven by a structural transition of the myosin catalytic domain (CD) 

from a dynamically disordered state of weak actin binding to an ordered state of strong 

actin binding, and a lever arm rotation of the light-chain domain (LCD)(6-9). In the lever 

arm model, the LCD behaves as a semi-rigid rod that amplifies and propagates the force-

producing structural changes in the myosin CD to the thick filament core (7,10). The 

strongly bound actomyosin complexes (A.M or A.M.D) are quite stable and have been 

studied in great detail, with EPR revealing that the orientations of the CD (28,29) and LCD 

(20,30) are well defined with respect to the actin filament axis. However, much less is 

known about the weakly bound complexes (A.M.T or A.M.D.P), which are more difficult 

to study due to their dynamic disorder and short lifetimes. Saturation transfer EPR 

(STEPR), with spin labels on the CD of myosin, in the steady state of ATP hydrolysis 

(31,32) or in the presence of ATPS (11,33), has shown that weakly attached myosin heads 

undergo large-amplitude rotations with correlation times (R) in the range of 1 – 20 s. This 

dynamic disorder is consistent with the disordered appearance of myosin subfragment 1 

(S1) bound to actin in electron micrographs of similar weakly bound complexes (34-36). 

These spectroscopic and electron microscopic observations of weakly bound 

actomyosin complexes were done under conditions in which the predominant actin-

attached myosin biochemical state was probably the prehydrolysis complex (A.M.T). 

However, the post hydrolysis ternary complex (A.M.D.P) is also of great interest, since 

there is evidence that force generation begins in this biochemical state, before phosphate is 

released but after isomerization to A.M.D.P (15,16). This early-force complex has 

remained elusive, because actin (a) greatly accelerates the rate of Pi release, thus quickly 
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converting A.M.D.P to A.M.D, and (b) shifts the equilibrium constant for hydrolysis 

toward the prehydrolysis state by a factor of 20 (17). Thus, preparation of a stable post-

hydrolysis ternary complex or analog is crucial for understanding myosin’s force-

producing structural transitions. The post hydrolysis analogs ADP.Vi and ADP.AlF4 

would seem to provide an attractive approach to trapping the elusive A.M.D.P complex, but 

actin rapidly dissociates these phosphate analogs from myosin (37,38). The nucleotide 

analogs AMPPNP and pyrophosphate do remain bound in the ternary complexes with actin 

and myosin, but these complexes are structurally indistinguishable from the strongly bound 

complex A.M.D (33,39,40). 

There are two proposed stable analogs of the ternary complex A.M.D.P: the complex 

of actin with myosin, blebbistatin, and ADP (41) and the complex of actin with myosin that 

has been crosslinked with pPDM. In the present work, pPDM crosslinking was used to trap 

a stable analog of the A.M.D.P state. pPDM specifically crosslinks the two most reactive 

cysteine residues, SH1 (Cys707) and SH2 (Cys697), on the CD of myosin (42-44). Several 

mechanical and biochemical studies have characterized pPDM-crosslinked myosin as a 

weak-binding state. Muscle fibers treated with pPDM exhibit an 85% decrease in isometric 

force (45) and a decrease in rigor stiffness to the level of resting untreated fibers (46). The 

actin-activated ATPase of pPDM-S1 is 0.2% of the rate of unmodified S1(42), and  pPDM-

S1 exhibits weak actin binding, with an actin affinity at low ionic strength (Kd = 30M) ~ 3 

times stronger than S1.ATP, 100 times weaker than S1.AMPPNP, and 1000 times weaker 

than S1.ADP (43). However pPDM-myosin does not trap nucleotide when bound to actin, 

as might be expected for a stable analog of the A.M.D.P complex (42). Rather, pPDM 
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appears to trap the stable A.M.D.P complex by trapping a structural state in which the SH1 

helix is disordered (see Discussion, “Structural coupling within myosin”). 

Recent work using a bifunctional spin label (BSL), rather than pPDM, to crosslink SH1 

to SH2 has characterized the orientation and dynamics of the BSL-S1 actin complex (5) 

(Figure 13). EPR of BSL-S1 bound to oriented actin in muscle fibers yields spectra 

characteristic of nearly random orientation, in contrast to the high degree of orientational 

order of S1 strongly bound to actin. However, STEPR of BSL-S1 reveals rotational 

dynamics with a correlation time (R) ~ 600 s, which is similar to that observed for the 

strongly bound biochemical states A.M and A.M.D, and 30 times slower than the weakly 

bound ternary complex A.M.T (33). It is evident that SH1-SH2 crosslinked myosin exhibits 

Kd = 30 M
Slow CD dynamics

R ~ 1 ms 

Kd = 100 M
Fast CD dynamics 

R ~ 10 μs

Kd < 1 M
Slow CD dynamics

CD R ~ 1 ms

A.M.T  A.M.D.P  A.M’.D.P  A.M.D
(W)         (W)           (WS) (S)

 
Figure 13  Model for coupling of actomyosin ATPase to force and movement. 
This model focuses on the coupling of biochemical transitions to orientation and dynamics of the 
myosin catalytic domain, adapted from (7). Red and green signify weak (pre-force) and strong 
(force-bearing) complexes respectively, curved arrows signify orientational disorder, and an 
upward step indicates the power stroke. Text at top indicates the biochemical state (defined by the 
active site ligand): A, actin; M, myosin; T, ATP; D, ADP; P, inorganic phosphate. Prime () 
indicates a second structural state corresponding to the same biochemical state. Text under each 
state indicates distinguishing properties of the catalytic domain. 
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distinct structural properties that place it intermediate between A.M.T and A.M.D, as 

expected for an analog of the A.M.D.P complex (Figure 13). 

The spectroscopic results from BSL-S1, summarized above, provided new insight into 

the structural consequences of SH1-SH2 crosslinking. However, they were acquired with 

probes attached only on the CD of isolated S1, leaving two questions open: First, are the 

structural dynamics of crosslinked S1 due to orientational disorder of the entire myosin 

head, or to disorder within the head? Second, are these results characteristic of intact 

myosin in a muscle fiber? In muscle fibers, the myosin head is constrained not only by 

actin but also by the thick filament backbone. The resulting mechanical strain may limit the 

conformation of myosin as it binds actin, or dissociate a fraction of the heads due to 

weakened actin binding induced by crosslinking. To answer these questions, we used EPR 

to measure orientation and dynamics of both the LCD and CD in intact myosin in skinned 

skeletal muscle fibers. LCD measurements were made in three biochemical states: 

relaxation (A.M.T), pPDM-crosslinked (A.M.D.P), and rigor (A.M.D). LCD orientation 

and dynamics in muscle fibers were measured by spin labeling purified RLC, then 

exchanging it with the endogenous RLC, with retention of muscle function. The CD was 

studied in crosslinked fibers, using BSL to simultaneously crosslink and spin-label the 

myosin CD. 
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3.3 Methods 

Muscle fiber preparation and characterization 

Glycerinated rabbit psoas muscle fiber bundles were prepared and stored in a solution 

containing 1:1 mixture of rigor solution (60 mM KPr, 2 mM MgCl2, 1 mM EGTA, 25 

mM MOPS, pH 7.0, 25o C) and glycerol at -20oC for up to 6 months without significant 

loss of function (47). Chicken gizzard RLC was prepared and labeled with FDNASL as 

described in the Supplementary Material Section 1. Spin-labeled RLC (FDNASL-RLC) 

was then exchanged for endogenous RLC in fiber bundles (Supplementary Material, 

Section 3). The extent of RLC extraction and reconstitution was determined by 

densitometric analysis of SDS-PAGE on fiber homogenates (Supplementary Material, 

Section 4). Muscle fiber function after RLC exchange was assessed by measuring the Ca 

dependence of myofibrillar MgATPase activity (Supplementary Material, Section 5). 

 

Crosslinking with pPDM and BSL 

SH1 (Cys707) and SH2 (Cys697) were crosslinked using pPDM (Sigma-Aldrich, St. 

Louis, MO), using the same setup used for RLC exchange (Supplementary Material, 

Section 3) except that temperature was always 4oC. The fiber bundle was washed for 15 

minutes with crosslinking solution (190 mM KPr, 2 mM MgCl2, 1 mM EGTA, 20 mM 

MOPS, 5 mM MgATP), and pPDM (in dimethylformamide) was added to crosslinking 

solution such that the final [pPDM] was 200 M and dimethylformamide never exceeded 

1%. After 75 minutes, the fiber bundle was washed with RS190 (crosslinking solution 

without MgATP) for 15 minutes to remove unreacted pPDM and MgATP. K/EDTA and 
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Ca/K ATPase activities (Supplementary Material, Section 5) were used to determine the 

extent of pPDM crosslinking. SH1 and SH2 were also crosslinked with the bifunctional 

spin label 3,4-Bis-(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro-1H-

pyrrol-1-yloxy Radical (BSL) (Toronto Research Chemicals, North York, ON). The 

experimental setup and BSL crosslinking procedure was identical to that used for 

crosslinking with pPDM, except that the BSL concentration was 100 M and the reaction 

time was 75 minutes.   

 

EPR spectroscopy 

EPR spectra were recorded at X-band (9.5 GHz) with a Bruker (Billerica, MA) E500 

spectrometer, using either a TE102 (Bruker 4104OR-R) or TM110 (Bruker 4103TMA) 

cavity. The sample temperature was maintained at 23oC by flowing temperature-

controlled N2 gas through a nozzle attached to the optical port on the front of the cavity 

(TE102) or a quartz dewar inserted into the bottom of the cavity (TM110). The sweep width 

was 120 G (1024 points), sweep time was typically 41.94 s (conversion time 40.96 ms), 

and the center field value HC was set proportionally to the microwave frequency  (HC = 

/2.803 MHz/G, corresponding to a g value of 2.0027, the value of gz for a typical 

nitroxide) so that all spectra were equivalently aligned. For EPR experiments on oriented 

muscle fiber bundles under perfusion, the procedure was essentially the same as that used 

during RLC exchange (Supplementary Material, Section 3). The solution flow rate varied 

from 115 L/min to 340L/min, such that a further increase in flow rate did not affect the 

spectra. 
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EPR spectra were acquired in either RS190 (190 mM KPr, 2 mM MgCl2, 1 mM 

EGTA, 20 mM MOPS, pH 7.0) or in relaxation solution (RS190 with 20mM KPr rather 

than 190 mM KPr, plus 5 mM MgATP, 50 mM creatine phosphate, and 750 units/ml of 

creatine phosphokinase) (48). Ionic strength was 203 mM for both solutions. Spectra of 

RLC-labeled fibers in rigor and pPDM-crosslinked states were acquired while perfusing 

the fiber with RS190, and relaxation spectra were acquired while perfusing relaxation 

solution. Spectra of BSL-fibers were also acquired while perfusing the fibers with RS190, 

in order to remove free spin label that was slowly released. For EPR experiments on 

randomized samples, fibers in RS190 were minced with a razor blade and placed in a 

quartz flat cell that contained a well of dimensions 0.5 x 1.0 x 0.05 cm (WG-806-Q, 

Wilmad-Labglass, Buena, NJ). Excess moisture was wicked away and a coverslip was 

placed over the sample well and sealed with Parafilm M (Pechiney Plastic Packaging 

Company, Chicago, IL) to prevent sample dehydration. The flat cell assembly was 

centered in the EPR cavity with its face oriented parallel or perpendicular to the applied 

magnetic field. 

Conventional spectra (V1) of RLC-labeled fibers and BSL-fibers were acquired 

with the long axis of the fiber bundle oriented either parallel (using a modified TM110 

cavity (20)) or perpendicular (using a TE102 cavity) to the applied magnetic field. 

Microwave power was set from 20 mW to 32 mW, to maximize the signal intensity 

without causing significant saturation. The modulation frequency was 100 kHz (first 

harmonic), and the peak-to-peak modulation amplitude was 2 G. The filter time constant 

was set equal to the conversion time (40.96 ms). Spectra of fibers were analyzed to 
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determine the orientational distribution of the spin label relative to the muscle fiber axis, 

using computational simulation and least-squares minimization (5,26,28). Briefly, the 

spectrum of minced fiber bundles was fit to obtain the orientation-independent 

parameters, including the anisotropic T and g tensors and the linewidths. Spectra of 

oriented fiber bundles were then fitted to determine the orientational distribution of the 

spin label relative to the fiber axis, defined by the center (θ0) and the width (θ, full 

width at half maximum) of the assumed Gaussian orientational distribution. Analysis of 

the spectrum from minced RLC-labeled fibers indicated two components with different 

tensor values. One component, having a wider splitting than the predominant component, 

composes a small fraction (≤ 0.15) of the total spectrum and presumably represents a 

small fraction of nonspecifically bound RLCs. Previously, this nonspecific component 

comprised 40% of the spectrum (20). This small nonspecific component was digitally 

subtracted before fitting. 

Saturation transfer EPR spectra (V2) of RLC-labeled fibers and BSL-fibers were 

acquired as described previously (5,23). Fibers were aligned perpendicular to the field in 

order to minimize the effects of orientation on the spectrum. In STEPR, the microwave 

power P is set such that the microwave field amplitude H1 is 0.25 G, determined from P = 

(H1
2/K)(Q0/Q), where K is determined by calibration with a sample of known saturation 

properties (23), Q0 is the cavity quality factor (measured by the spectrometer) during the 

calibration, and Q is the value measured for each experiment. For the muscle fiber setup 

used in the present work, K was typically measured to be 1.06 G2/W and Q0 = 3000, so P 

was typically set at 59 mW x 3000/Q for STEPR. The following parameters were used to 
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acquire V2: H1 = 0.25G, modulation frequency m = 50 kHz with the phase-sensitive 

detection at 100 kHz (second harmonic), peak-to-peak modulation amplitude Hm = 5.0 G, 

modulation phase m = 90o (minimum signal at nonsaturating power), filter time constant 

= 328 ms. V2 spectra were analyzed to determine the rotational correlation time τR, based 

on the integrated intensity parameter ∫V2, which is independent of the spin concentration 

and orientation (23). 

 

3.4 Results 

RLC Exchange 

Previous work using EPR to measure LCD orientation indicates a large population of 

RLC bound nonspecifically in skeletal muscle fibers (Supplementary Material, Section 2) 

(20,30,49). Using a modified RLC exchange method (Supplementary Material, Section 

3), we minimized this population of nonspecific RLC to < 15% of the total spin-labeled 

RLC (Figure 19), a substantial improvement compared to previous EPR studies (20). The 

extent of RLC extraction and reconstitution (Figure 20) indicated that 54 ± 10 % of the 

endogenous RLC was exchanged with spin-labeled RLC. Muscle function after RLC 

exchange was normal, as shown by the Ca dependence of myofibrillar MgATPase (Table 

1). This improvement in RLC exchange technology, compared to previous EPR studies 

on skeletal muscle fibers (20,30,49), dramatically enhances the sensitivity and validity of 

LCD structural measurements. 
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Crosslinking SH1 and SH2 with pPDM 

K/EDTA-ATPase and Ca/K-ATPase activities were used to determine the extent and 

specificity of SH1-SH2 modification with pPDM. ATPase measurements from control 

(no pPDM) and pPDM-treated fibers are summarized in Table 1. Both the K/EDTA- and 

Ca/K-ATPase are inhibited by pPDM treatment (Table 1). As shown previously (5), 

these values indicate that at least 90% of the myosin heads were modified at SH1 and 

SH2, presumably due to crosslinking by pPDM. We can not rule out the possibility that 

some of the effects are due to modification of other thiols, including those on actin, 

tropomyosin, and troponin. However, previous studies have shown that reaction of 

skinned fibers with thiol-reactive probes under these conditions is remarkably specific for 

SH1, and that the reaction of BSL with myosin S1 is quite specific for SH1-SH2 (5), so it 

is likely that most of the reaction of pPDM and BSL is with SH1 and SH2. 

Table 1 ATPase assays 

Sample MgATPase Vmax MgATPase pKCa K/EDTA-ATPase Ca/K-ATPase 

Control 0.322 ± 0.021 5.87 ± 0.01 0.459 ± 0.021 0.066 ± 0.013 

RLC exchanged 0.321 ± 0.024 5.83 ± 0.09 - - 

pPDM crosslinked - - 0.0508 ± 0.013 0.038 ± 0.024 

All values are reported as mean ± SEM (n = 4-6). Vmax, K/EDTA-ATPase, and Ca/K-ATPase values have 
units of mol/mg protein/min. Control fibers underwent a mock RLC exchange or mock pPDM treatment. 

 
 

LCD orientation measured by conventional EPR 

EPR is extremely sensitive to the orientational distribution of a spin label with respect to 

the applied magnetic field (H). At the frequency used here (X-band, 9.5 GHz) EPR is 
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primarily sensitive to the angle θ between the spin label’s principal axis and H. In a well-

oriented muscle fiber, aligned either parallel or perpendicular to H, the EPR spectrum 

detects directly the angle θ between the spin label’s principal axis and the fiber axis (Fig. 

S3) (28). Thus the recording of parallel and perpendicular spectra provides a clear 

graphical indication of the degree of orientation of the spin label relative to the fiber axis. 

The parallel spectrum is then analyzed to determine the precise orientational distribution 

(θ). 

LCD orientation, with respect to the fiber axis, was determined from conventional 

EPR spectra (V1) of spin-labeled RLC in skinned muscle fiber bundles. Parallel and 

perpendicular spectra of minced fiber bundles are nearly identical, indicating random 

orientation (Figure 14, top). EPR spectra of oriented fiber bundles were acquired in three 

different biochemical states: relaxation (A.M.T, pre-power stroke), rigor (A.M.D, post-

power stroke) and SH1-SH2 crosslinked with pPDM (A.M.D.P) (Figure 14). In 

relaxation, spectra are nearly independent of fiber orientation, indicating virtually random 

orientation of the LCD (θ0 = 72o ± 9o, θ = 89o ± 11o). In rigor, the spectra are quite 

sensitive to fiber orientation, indicating a single population with a high degree of 

orientational order (θ0 = 41o ± 4o, θ = 38o ± 6o). After pPDM treatment, sensitivity to 

fiber orientation is intermediate between that of relaxation and rigor (θ0 = 54o ± 6o, θ = 

64o ± 16o). We conclude that in relaxation (A.M.T, pre-power stroke) the LCD is 

randomly disordered, in rigor (A.M.D, post-power stroke) the LCD is highly ordered, and 

in the pPDM crosslinked state (analog of A.M.D.P) the LCD is partially disordered, with 

an orientational distribution intermediate between those of relaxation and rigor. However, 
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this amount of disorder is enough that we can not determine whether there is a single 

disordered population or a mixture of ordered and disordered populations. 

Based on conventional EPR spectra (Figure 14), the intermediate orientation of 

the LCD in pPDM crosslinked fibers can be explained by two distinct models. In model 1 

(Figure 15, left) crosslinking traps a state in which both myosin heads are bound to actin 

with static orientational disorder that is intermediate between relaxation (A.M.T.) and 

Rigor

Relaxation

Minced 
Rigor

pPDM

perpendicular

H
parallel

 
Figure 14  Conventional EPR spectra (V1) of spin-labeled LCD.  
Spectra were acquired with the flat cell (top) or the capillary containing oriented fibers (bottom 
three) oriented parallel (red) or perpendicular (blue) to the magnetic filed H. The buffer was 
either RS190 (rigor, pPDM) or relaxation solution (see 2.3 METHODS). 



 

 40 

rigor (A.M.D). In model 2 (Figure 15, 

right), crosslinking traps a state in 

which half of the heads are dissociated 

from actin (and dynamically disordered 

as in relaxation) while the other half 

remain strongly bound as in rigor, as 

observed previously for the nucleotide 

analogs PPi and AMPPNP (39,40). It has been shown previously that both the CD 

(31,32,50) and LCD (51,52) of dissociated heads are dynamically disordered, with a 

rotational correlation time τR ~ 10 s. Thus to decide between the two models in Figure 

15, we must measure the rotational correlation time R, to determine whether the disorder 

is static (Model 1) or dynamic (Model 2) on the microsecond time scale. This calls for 

saturation transfer EPR (STEPR).  

 

RLC dynamics measured by STEPR 

In addition to being sensitive to orientation, EPR is sensitive to rotational dynamics (Fig. 

S4), but conventional EPR (V1) is sensitive to rotational motion only for rotational 

correlation times (τR) in the picosecond-to-microsecond time range, so it is not sensitive 

to the slow rotational dynamics of large proteins such as myosin (7). Therefore, we must 

use STEPR (V2), which is sensitive to the microsecond-to- millisecond time range (53).  

STEPR was used to detect the microsecond rotational dynamics of LCD in 

relaxation, rigor, and the pPDM crosslinked state (Figure 16, bottom). Rotational 

R~10s

R~1ms

R ~ 1ms

Model 1 Model 2

 

Figure 15  Structural models based on EPR spectra. 
The two models represent alternative hypothesis 
consistent with the conventional EPR spectra of 
pPDM-treated fibers (Figure 14, bottom). 
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correlation times were determined from STEPR spectra (V2) using the integrated 

intensity parameter (∫V2) as described in METHODS (23). It is clear that the spectrum 

obtained in relaxation is much less intense than the other two cases (rigor and 

crosslinked), which are essentially identical. The values of ∫V2 (Figure 16, inset) in 

relaxation, rigor, and the crosslinked state are 0.54 ± 0.026, 1.01 ± 0.047, and 0.96 ± 

0.064, respectively, corresponding to τR values of 22 ± 3.6 s in relaxation and ≥ 1ms for 

both rigor and pPDM (23). We conclude that the rotational dynamics of LCD in the 

pPDM-crosslinked state (analog of A.M.D.P) is indistinguishable from that of rigor 

(A.M.D), and much slower than in relaxation (A.M.T), despite the orientational 

distribution being intermediate between relaxation and rigor (Figure 16, top). These 

results are consistent with Model 1 but not Model 2 (Figure 15). Crosslinking traps a 

state in which both heads are bound to actin with static orientational disorder. 
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Catalytic domain orientation and dynamics of BSL-fibers 
 
Isolated BSL-S1 bound to actin in oriented muscle fibers is almost randomly oriented and 

exhibits slow rotational dynamics (τR ~ 600 s), similar to that of rigor and 30 times slower 

than observed for the ternary complex A.M.T (5,33). However, it is possible that the head 

of endogenous myosin behaves differently due to restriction by the thick filament 

backbone. Thus, to gain more complete understanding of the complex trapped by SH1-SH2 

crosslinking, we measured catalytic domain orientation and dynamics in crosslinked fibers, 

using BSL to simultaneously crosslink and spin label myosin. 

0

500

1000

1500

 

Integral V2

V2

V1

 
Figure 16  Effect of pPDM crosslinking on EPR spectra of spin-labeled myosin LCD. 
Spectra were acquired in relaxation (magenta), rigor (black), and the pPDM crosslinked 
state (green). Top: Conventional EPR of fibers oriented parallel to the field (V1 from 
Figure 14). Bottom: STEPR spectra (V2) of fibers oriented perpendicular to the field. 
Inset shows ∫V2. The buffer was RS190 (rigor and pPDM) or relaxation solution (3.3 
METHODS). 
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Conventional EPR spectra of BSL-fibers were acquired with the fiber axis parallel 

or perpendicular to the magnetic field H. Parallel and perpendicular spectra are nearly 

identical, indicating a highly, but not completely, disordered CD (θ0 = 85o ± 3o, θ = 77o 

± 4o) (Figure 17, top). In contrast, previous EPR studies demonstrate that uncrosslinked 

fibers spin-labeled at SH1 exhibit a narrow angular distribution in rigor with θ ~ 15o
, 

and random orientation (θ ≥ 90o) in relaxation (28). Thus SH1-SH2 crosslinking 

produces an orientational distribution of the CD that is much more disordered than in 

rigor and slightly less disordered than in relaxation. 

The STEPR spectrum of BSL-fibers (Figure 17, bottom) demonstrates extremely 

slow rotational dynamics of the CD, with ∫V2 = 1.27 ± 0.26, corresponding to the rigid 

limit of STEPR (τR ≥ 1 ms). This result is similar to that of rigor, in which the CD is 

perpendicular

H

parallel

V2

V1

 
Figure 17  EPR spectra of skinned fiber bundles labeled on myosin CD with BSL.  
BSL was used to spin-label myosin and crosslink SH1 and SH2. Top: conventional EPR (V1) of 
fiber bundles, with the fiber axis oriented parallel (red) and perpendicular (blue) to the magnetic 
field H. Bottom: STEPR (V2). The buffer was RS190. 
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immobile on the microsecond timescale (50), and much slower than in relaxation (τR ~ 10 

s) (31,32,50). We conclude that the CD in SH1-SH2 crosslinked fibers is much more  

disordered than in rigor, but not as disordered as in relaxation, and rotational motions are 

as slow as in rigor. 

In comparing the LCD (Figure 16) with the CD (Figure 17), the crosslinked state 

in fibers has similar properties – highly disordered (as in relaxation) but static (as in 

rigor). However, the disorder of the LCD (θ = 64o) is significantly less than that of the 

CD (θ = 77o), suggesting that the source of disorder is at the actin-CD interface. In 

support of this hypothesis, the CD of BSL-fibers is not as disordered as the CD of BSL-

S1 (5), indicating that CD disorder in intact myosin in fibers is restricted by connection to 

the thick filament backbone. 

 

3.5 Discussion 

Summary of results 

 We have used RLC exchange, myosin crosslinking, and EPR to measure the orientation 

and dynamics of myosin’s LCD in three biochemical states, relaxation (A.M.T), SH1-SH2 

crosslinked (A.M.D.P analog), and rigor (A.M.D). Modification of a previously 

described RLC-exchange protocol (54) made it possible to reduce nonspecific RLC 

binding (Fig. S1) while replacing 54% of the endogenous RLC with spin-labeled RLC 

(Fig. S2), with retention of function as defined by the Ca-dependence of myofibrillar 

MgATPase (Table 1). Conventional EPR was used to measure the orientational 
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distribution of the LCD in RLC-exchanged muscle fiber bundles (Figure 14). In 

relaxation (A.M.T, pre-power stroke) the LCD is highly disordered, in rigor (A.M.D, 

post-power stroke) the LCD is orientationally ordered, and in the pPDM crosslinked state 

(A.M.D.P) the LCD has an orientational distribution intermediate between relaxation and 

rigor. STEPR demonstrates that LCD dynamics in crosslinked fibers is indistinguishable 

from rigor (τR ≥ 1 ms) and much slower than in relaxation (τR = 22 s) (Figure 16). We 

also measured CD orientation and dynamics in fiber bundles crosslinked with BSL 

(Figure 17) and found that both conventional and STEPR results are similar to those of 

the LCD in crosslinked fiber bundles (Figure 16). The CD of SH1-SH2 crosslinked 

fibers is more disordered than in rigor, but not as disordered as in relaxation. The 

dynamics of the CD in SH1-SH2 crosslinked fibers is indistinguishable from rigor (τR ≥ 1 

ms) and much slower than relaxation (τR ~ 10 s). Thus SH1-SH2 crosslinking disorders 

both the CD and LCD, but this orientational disorder is much less dynamic than in 

relaxation. 

 

Interpretation of results 

During the actomyosin ATPase cycle, myosin transitions from a disordered state of weak 

actin-binding to an ordered state of strong actin-binding (Figure 1). The weakly bound 

complexes (A.M.T) (11,31-36) and the strongly bound complexes (A.M and A.M.D) 

(20,28,29) have been the subject of many studies. However, relatively little is known about 

post-hydrolysis ternary complexes, especially the force-generating A.M.D.P. There is one 

stable equilibrium complex proposed to be analogous to A.M.D.P, namely, the complex of 
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actin with SH1-SH2 crosslinked myosin. Recent work on BSL-S1 showed that crosslinked 

S1 is orientationally disordered but has very slow rotational dynamics (5). However, since 

that work was done with probes attached on the CD of isolated S1, two questions remained 

open: First, are the structural dynamics of crosslinked S1 due to orientational disorder of 

the entire myosin head, or to disorder within the head? Second, are these results 

characteristic of intact myosin in a muscle fiber? 

In the present study, the combination of conventional and saturation transfer EPR 

has answered these two questions. Figure 14 and Figure 16 demonstrate that crosslinking 

stabilizes a state in which the LCD has an orientational distribution intermediate between 

relaxation and rigor with dynamics that is static on the s timescale, as shown previously 

for the CD (5). Thus, crosslinking disorders the entire actin-bound myosin head. The 

second question is answered by EPR spectra of BSL-fibers (Figure 17). Spectra indicate a 

large amount of orientational disorder ( = 77o) (Figure 17), but less than observed for 

actin-attached BSL-S1 ( ≥ 90) (5), and slow dynamics indistinguishable from rigor (τR 

≥ 1 ms). This result is consistent with the hypothesis that the myosin head is constrained 

not only by actin but also by the thick filament backbone, and the resulting mechanical 

strain limits the conformation of myosin as it binds actin. These results indicate flexible 

structural-coupling between myosin’s CD and LCD. That is, the structural transitions of 

myosin CD and LCD are similar throughout the actomyosin ATPase cycle, though not 

identical. It is remarkable that SH1-SH2 crosslinking on the distal CD has such a profound 

structural effect on the proximal LCD. However, the current work does not determine 

whether the LCD is acting as a semi-rigid rod to amplify the force-producing structural 
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changes in the CD, as proposed by the lever arm model (7,10), or the LCD merely follows 

the CD throughout its force-producing structural transitions. 

We propose that crosslinking SH1 and SH2 traps an intermediate state that is minimally 

populated during the steady state of muscle contraction (A.M.D.P), without trapping 

hydrolysis products. This is consistent with the small (often negligible) change in 

orientation between relaxation and contraction, as detected by spectroscopic probes on the 

myosin head, especially for LCD probes in skeletal muscle (20,30,49,55-57). Changes in 

CD orientation are usually more detectable, probably because the LCD is more flexible 

(38o of disorder in rigor (Figure 14)) than the CD (15o of disorder in rigor (29)). This 

emphasizes the importance of measuring LCD orientation and dynamics in stable states 

analogous to the A.M.D.P state, and explains why the current work resolves three distinct 

structural states of the LCD. 

 

Structural coupling within myosin 

Function of the myosin CD requires coordinated movement of the four subdomains 

(upper 50 kDa, lower 50 kDa, N-terminal, and converter) coordinated with structural 

transitions in three flexible joints (switch II, relay helix, SH1 helix) (58-60). Previous 

biochemical work has shown that the SH1 helix becomes much more flexible upon 

nucleotide binding (61,62), and subsequent crystal structures suggested that nucleotide-

induced unfolding of the SH1 helix uncouples the LCD and converter subdomain from 

the rest of the CD, producing an internally uncoupled state that allows increased motion 

of the converter and LCD and facilitates the transition to the pre-power stroke 
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conformation (58). These results explain SH1-SH2 crosslinking studies, showing that 

pPDM and other crosslinkers trap a weak-binding state of myosin in a nucleotide-

dependent manner (62). Spin probes at SH1 indicate that both folded and unfolded states 

are populated, in a nucleotide-dependent equilibrium (63,64). Taken together, these 

results indicate that the SH1 helix has two structural states, folded and unfolded, that are 

loosely coupled to the biochemical state, as defined by the bound nucleotide. Only by 

crosslinking SH1 to SH2 (or by crystallizing myosin under special conditions) can the 

unfolded state be trapped. In the present study, we have exploited these principles to trap 

the myosin head in this weakly bound structural state on actin, and our EPR results 

support the proposal that the CD and LCD are partially uncoupled in this state. 

Measurements of myosin CD and LCD orientation and dynamics indicate that both 

domains exhibit increased disorder relative to relaxation (pre-power stroke) but slow 

dynamics indistinguishable from rigor (post-power stroke), and the structural properties 

of the two domains are distinct -- the CD is more disordered. This is consistent with the 

hypothesis that unwinding of the SH1 helix partially uncouples the LCD and CD (58,65), 

but it is notable that this uncoupling and the resulting increased freedom of the LCD 

results in rigor-like dynamics of the LCD (τR ≥ 1 ms), at least two orders of magnitude 

slower than observed for weak-binding states in the presence of ATP (11,31-33). The 

slow dynamics of the RLC in the crosslinked state correlates with the actin-binding 

properties of this state; pPDM-S1 binds actin ~ 3 time stronger than S1.ATP (43).  

Though we speculate that the pPDM-crosslinked state is analogous to the 

A.M.D.P biochemical state, we do not propose that hydrolysis products are trapped in 
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this state. Rather, crosslinking traps myosin in a conformation that is populated after 

hydrolysis and isomerization to the A.M.D.P state, but before product release and force 

generation. In addition to SH1-SH2 crosslinking, myosin complexed with ADP and the 

myosin inhibitor blebbistatin has been proposed to stabilize an analog of the A.M.D.P 

state (41). However, unlike crosslinking with pPDM, (a) ADP/blebbistatin is proposed to 

stabilize this pre-power stroke state by stabilizing the M.D.P complex and slowing Pi 

release (66), and (b) myosin complexed with ADP and blebbistatin retains high actin 

affinity (similar to M.ADP) and a primed (pre-power stroke) LCD position (41). 

 

Conclusions 

These structural measurements made on skinned muscle fibers are consistent with a revised 

model (Figure. 18) that is distinct from the previous model (Figure 13) for coupling of 

actomyosin ATPase to force and movement. We conclude that crosslinking traps myosin 

in a structural state that is intermediate between weak-binding states (clearly preceding 

the power stroke) and strong-binding states (clearly following the power stroke). Though 

this conclusion is speculative, it is supported by an abundance of evidence. Considered 

collectively, previous measurements on SH1-SH2 crosslinked myosin indicate 

mechanical and biochemical properties intermediate between weak- and strong-binding 

states. Mechanical measurements indicate that pPDM-treated fibers exhibit an 85% 

decrease in isometric force (45) and a decrease in rigor stiffness to the level of resting 

fibers (46). Biochemical studies demonstrate that pPDM-S1 exhibits actin binding 1000 

times weaker than S1.ADP but ~ 3 times stronger that S1.ATP (43). The present work 
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demonstrates that the structural dynamics of this state is also intermediate between weak- 

and strong-binding states in a strikingly similar way as demonstrated in Figure 14, 

Figure 16, and Figure 17, and discussed below. We measured LCD orientation and 

dynamics in relaxation, the pPDM-crosslinked sate, and rigor (Figure 14 and Figure 16), 

demonstrating that the LCD transitions from a highly disordered state with microsecond 

dynamics (A.M.T) to a slightly more ordered state that is static on the microsecond 

timescale (A.M.D.P analog), to a highly ordered state that is also static on the 

microsecond timescale (A.M.D). This sequence of structural transition of the LCD is 

similar to the disorder-to-order transition of the CD (28,29,50), although the CD is more 

dynamically disordered than the LCD in both the A.M.T and A.M.D.P states, and the LCD 

is more disordered than the CD in rigor (A.M.D). An important challenge for the future is 

to test the model in Figure. 18 by observing the proposed intermediate not by trapping it, 

but by resolving it in the transient phase of a structural kinetics experiment (67). 
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3.6 Supplementary Material 

The Supplementary Material Section includes five Sections and four figures. 

 

Section 1: RLC preparation and labeling 

Chicken gizzard RLC (cgRLC) was used because (a) mechanics is preserved when 

cgRLC is exchanged for endogenous RLC in skinned rabbit psoas muscle(68), and (b) 

cgRLC contains a single Cys that enables specific spin labeling. The cgRLC was 

expressed in E. coli, purified as described previously (69,70), labeled at Cys108 with the 

cysteine-specific spin probe FDNASL (20), dissolved in labeling solution (50 mM NaCl, 

2 mM EDTA, 20 mM EPPS, pH 8.0), and treated with 5 mM DTT for 1.5 hours. DTT 

was removed using two Zeba spin columns (Thermo Fisher Scientific Inc., Rockford, IL), 

A.M.T  A.M.D.P  A.M’.D.P  A.M.D
(W)         (W)           (WS) (S)

Kd = 100 M
Fast dynamics 
(CD R ~ 10 s)
(LCD R = 28 s)

Kd = 30 M
Slow dynamics
(CD R ≥ 1 ms)
(LCD R ≥ 1ms)

Kd < 1 M
Slow dynamics
(CD R ≥ 1 ms)
(LCD R ≥ 1ms)

 
Figure. 18  Updated model for coupling of actomyosin ATPase to force. 
Model is updated version of Figure 13. The text under each state indicates the distinguishing 
properties of the CD and LCD. Blue text and curved arrows denote revisions based on the current 
study. 
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protein concentration was adjusted to 100 M, spin label was added at 500 M, and the 

sample was incubated for 18-22 h on ice. Unreacted spin label was removed with a spin 

column equilibrated with Mg wash solution (40 mM NaCl, 2 mM MgCl2, 10 mM EPPS, 

pH 8.0). If the FDNASL-RLC was not used within 1 day it was stored at -80oC with 15% 

glycerol by volume. To simplify nomenclature, cgRLC is referred to as RLC in all other 

sections, other types of RLC are identified explicitly, and cgRLC labeled with the spin 

probe FDNASL is referred to as FDNASL-RLC.  

The extent of spin labeling (spin labels per RLC) was determined both by digital 

analysis of EPR spectra (71) and by electrospray mass spectrometry (70). Briefly, for 

EPR analysis, the double integral of the V1 spectrum of a known concentration of RLC 

(50 - 150 M) was obtained at sufficiently low power to avoid saturation (typically < 1 

mW). This value was then compared to the double integral of a sample of known spin 

label concentration (100 M 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO)) at the 

same microwave power and H1 value, to obtain the number of spin labels per RLC. For 

electrospray mass spectrometry, both unlabeled and labeled RLC (50 M in 5mM 

ammonium bicarbonate solution) were injected into a QSTAR 2 quadrupole-TOF mass 

spectrometer with an electrospray ionization source. The resulting spectra were analyzed 

using Analyst QS software (Applied Biosystems). The area under peaks corresponding to 

unlabeled and labeled RLC were used to calculate the extent of spin labeling. The molar 

spin/protein ratio was 0.90 ± 0.08 determined from EPR analysis and 0.95 ± 0.01 

determined from mass spectrometry, indicating essentially complete and specific reaction 

at Cys108. 
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Section 2: Nonspecific RLC binding  

Previous work using EPR to measure LCD orientation indicated a significant fraction of 

nonspecific (largely disordered) RLC binding in skeletal muscle (20,30,49).  We tested 

the hypothesis of nonspecific RLC binding in skeletal muscle fibers by incubating a fiber 

bundle in FDNASL-RLC, perfusing the fiber bundle with solution after incubation (to 

rinse away free FDNASL-RLC), and then using EPR to detect the presence of FDNASL-

RLC. After rinsing away the free FDNASL-RLC, the fiber bundle had a significant EPR 

signal, Vns (Figure 19, C). Since this fiber bundle did not have any of its native RLC 

extracted, and the EPR spectrum Vns is indicative of random orientation, it is likely that 

the remaining exogenous FDNASL-RLC is bound nonspecifically. In an effort to 

minimize this nonspecifically bound RLC, we combined the RLC extraction and 

reconstitution steps. Previously, RLC extraction was followed by a separate 

reconstitution step (20,30,49,54). The purpose of combining the RLC extraction and 

reconstitution into one step is to extract the endogenous RLC and immediately replace it 

with FDNASL-RLC, while at the same time removing any FDNASL-RLC that binds 

nonspecifically.  The functionally incorporated FDNASL-RLC, which binds very tightly, 

is not extracted by the extraction solution. A similar approach of including labeled RLC 

in the extraction solution was used previously in fluorescence studies (55,72).  

The spectrum from fiber bundles treated with this new exchange procedure, Vnew 

(Figure 19, A) is different from the spectrum of bundles treated with the old procedure, 

Vold (Figure 19, B). Based on a qualitative inspection of the spectra in Figure 19, it is 

clear that the new procedure results in a much higher degree of orientation. We 
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hypothesize that this is due to a decrease in the fraction of nonspecifically bound RLC, 

which is disoriented. If this hypothesis is true, it follows that Vold is a linear combination 

of Vns and Vnew, that is, a combination of nonspecifically bound and functionally 

incorporated RLCs,  

Vold = Vsum =  xnsVns + (1-xns)Vnew  

where xns = mole fraction of nonspecifically bound RLCs. Assuming this model, the best 

fit was obtained with xns = 0.37. The fit assuming this model is quite good (Figure 19, B) 

indicating that Vold is at least 37% Vns (nonspecific RLC).  Simulation of minced spectra 

(see EPR spectroscopy) indicates that Vnew still contains a small amount (< 15%) of Vns.  

This demonstrates that Vold is actually 52% Vns, consistent with previous measurements 

(20), and the new exchange protocol (procedure below) reduces this to less than 15%.   

A: Vnew

B: Vold

Vsum

C: Vns

 
Figure 19  Improved RLC exchange. 
EPR Spectra demonstrate a dramatic decrease in nonspecific RLC binding with the new RLC 
exchange procedure. Spectra were acquired in rigor with the fiber axis parallel to the field. A: 
Spectrum Vnew from the new procedure, used in the current study. B: Spectrum Vold from the old 
procedure (54), overlaid on Vsum (red) that is the sum of 0.63 Vnew + 0.37 Vns. C: Vns is the 
spectrum of nonspecifically bound spin-labeled RLC, as described in text. 
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Section 3: Method for RLC-exchange 

Rabbit psoas fiber bundles were dissected from glycerinated strips into bundles 

measuring 0.3-0.5mm in diameter and 3–5 cm in length. Dissected bundles were then tied 

with silk thread at each end, and pulled into a glass capillary (25 L Drummond 

Microdispenser, Drummond Scientific, Broomall, PA). The thread, and consequently the 

fiber bundle, were held stationary inside the capillary by capping the end of the capillary 

with silicone tubing. Thus the fiber bundle was held at a fixed length throughout RLC 

exchange, pPDM crosslinking, and EPR. The RLC exchange procedure was adapted from 

a previously described method (54), and is described below in seven steps. The 200 L 

rinses were done one bundle at a time using a pipet to inject solution through the 

capillary, otherwise a peristaltic pump (flow rate 0.5 mL/min) was used to perfuse the 

fiber bundles. Capillaries were connected in series when performing an RLC exchange on 

more than one fiber bundle. 

1. Wash with pre-extraction solution (20 mM Imidazole, 20 mM KCl, 10 mM 

EDTA, 10 mM trans-1,2-Diaminocyclohexane-N,N,N′,N′-tetraacetic acid 

monohydrate (CDTA), 2 mM EGTA, pH 7.0), 10 min at 4oC.  

2. Circulate ≥ 310 L of extraction solution (pre-extraction solution with 10 mM 5, 

5- dithiobis (2-nitrobenzoic acid)(DTNB)) with FDNASL-RLC (≥ 0.6 mg/ml) 

over each fiber bundle, 10 min at 23oC. 

3. Rinse three times with 200 L of rigor solution 130 (RS130) (130 mM KPr, 2 

mM MgCl2, 1 mM EGTA, 20 mM MOPS, pH 7.0).  

4. Incubate in RS130 (pH 8.0) with 30 mM DTT, 1.5 hours at 4oC. 
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5. Wash with RS130, 10 min at 4oC. 

6. Incubate with 40 L of RS130 + 5 mM MgATP + 4 mg/mL TnC, 1 hour at 4oC. 

After 1hr, add an additional 40 L of TnC solution, and incubate for another hour 

at 4oC. 

7. Rinse three times with 200 L of RS130. 

If the exchanged fiber bundles were not used immediately after exchange, they were 

placed in storage solution and stored at -20oC.  

 

Section 4: SDS-PAGE 

The extent of RLC extraction and reconstitution was determined by densitometric 

analysis of SDS-PAGE on fiber homogenates. Fiber homogenates were prepared by 

mechanically homogenizing muscle fibers with a PowerGen Model 125 homogenizer 

(Fisher Scientific, Pittsburgh, PA). Three fiber bundles (0.3-0.5mm in diameter and 3–5 

cm in length) were homogenized in 375 L of RS130 for 12 minutes using 15 s pulses 

alternating with 15 s pauses. After homogenization, 12 g of fiber homogenate was 

loaded into an 18% Tris-HCl gel (Bio-Rad Laboratories). The gel was run at 200 V for 75 

minutes. This is a longer run time than recommended by Bio-Rad, but we found that the  

lengthened run time improved separation between the RLC and TnC bands. Under these 

conditions endogenous RLC, FDNASL-RLC, TnC, ELC1, and ELC2 bands are well 

resolved (Figure 20), making it possible to determine the relative amount of each protein. 

The extent of RLC extraction and reconstitution was calculated by comparing the ratio of 

the intensities of the endogenous RLC and FDNASL-RLC bands from the exchanged 
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fiber homogenate (Figure 20, lane 4) with the intensities from the control fiber 

homogenate (Figure 20, lane 3).  RLC intensities were normalized by the intensity of the  

ELC1 and ELC2 bands, as described previously (54,73). Since TnC is also extracted 

during the RLC exchange process, TnC was reconstituted after extraction. The extent of 

TnC reconstitution was determined using the same method used for the RLC.  

Densitometric analysis indicates that 54 ± 10 % of the endogenous RLC was extracted. 

After reconstitution with FDNASL-RLC, the total RLC content was restored to 92 ± 3% 

relative to control values. TnC extracted during the exchange procedure was completely 

replaced.   

 

Section 5: ATPase assays 

Muscle fiber function after RLC exchange was assessed by measuring the Ca dependence 

of myofibrillar MgATPase activity, as measured with an NADH-enzyme linked 

microtiter plate assay (200 L per well) in which the rate of oxidation of NADH is linked 

FDNASL-RLC

TnC
Endogenous RLC

ELC2

ELC1

1 2 3 4

 
Figure 20  Extent of RLC exchange. 
18% polyacrylamide gel showing protein composition of control and extracted fiber 
homogenates. Lanes: (1) FDNASL-RLC, (2) purified rabbit skeletal TnC, (3) control muscle fiber 
homogenate, (4) exchanged muscle fiber homogenate. 
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to the rate of ATP hydrolysis (74,75). Each well contained 50mM MOPS, 0.1 M KCl, 

5mM MgCl2, 1mM EGTA, 0.5 M phosphoenolpyruvate, 2.5 mM ATP, 0.2 mM NADH, 

1 IU of pyruvate kinase, and 1 IU of lactate dehydrogenase. Myofibrils were prepared as 

described above (SDS-PAGE), except that the homogenization solution was 60mM KPr, 

1 mM EGTA, 1 mM NaN3, 25 mM MOPS, pH 7.0. The protein concentration was 

adjusted to 2mg/mL and combined (1:1 by volume) with sucrose solution (2 mM NaN3, 

0.6 M sucrose, 40mM MOPS, pH 7.0), and 10 L of myofibril/sucrose solution was 

added to each well. The oxidation of NADH was followed by measuring the rate of 

decrease in absorption at 340 nm with a SpectraMax Plus 384 microplate reader 

(Molecular Devices). [Ca2+] was controlled by EGTA buffering (76). The results were 

fitted with the Hill equation: 

V = Vmax/[1 + 10-n(pKCa – pCa)]  eq. 3.1 

where V is the ATPase rate and n is the Hill coefficient. Control fiber bundles underwent 

a mock exchange, in which the extraction and reconstitution steps were replaced with 

RS130 washes in order to mimic the exchange procedure without extracting or 

reconstituting any protein. 

To assess the modification of SH1 and SH2, the K/EDTA and Ca/K ATPase 

activities of myofibrils were measured at high ionic strength by measuring phosphate 

liberation after acid quench (77). The incubation solution (25oC) contained 0.6M KCl, 50 

mM MOPS, and 10 mM of either EDTA (K/EDTA ATPase) or CaCl2 (Ca/K ATPase) 

(pH 7.5). Myofibrils were prepared using the same method as described above (SDS-

PAGE), except the fibers were homogenized in a solution of 10 mM MOPS. Using a 
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previously described method (5), the fraction of crosslinked heads was calculated using 

the K/EDTA and Ca/K ATPase activities from control and crosslinked fibers. 
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Figure 21 

Simulations (Figure 21) illustrate the dependence of EPR spectra on θ when the fiber 

axis is aligned parallel (red, θ = θ) and perpendicular (blue, where θ exhibits more 

disorder due to helical symmetry of the muscle fiber) to H (5).  
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Figure 21  Sensitivity of conventional EPR to orientational distributions. 
Simulated EPR spectra show the dependence of conventional EPR (V1) on tilt angle θ of the spin 
label principal axis relative to the muscle fiber axis. A Gaussian distribution of θ is assumed, 
where θ0 is the center of the distribution and θ is the full width at half-maximum. Spectra 
correspond to the muscle fiber axis oriented parallel (red) and perpendicular (blue) to the applied 
magnetic field (H). The difference between red and blue provides a clear indication of the degree 
to which the protein is oriented relative to the muscle fiber axis. In the right column, 
corresponding to complete disorder, there is no difference between red and blue, so blue is not 
visible. 
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Figure 22 

In addition to being sensitive to orientation, EPR is sensitive to rotational dynamics on 

the timescale of picoseconds to microseconds (53).  
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(s)

ps
 –

n
s

μ
s

 –
m

s

τR (s)

 
Figure 22  Dependence of EPR spectra on isotropic rotational correlation time. 
Sensitivity of conventional (V1, left) and saturation transfer (V2, right) EPR spectra to rotational 
dynamics of nitroxide spin labels. V1 spectra are sensitive only to submicrosecond rotational 
correlations times (τR), while V2 spectra are sensitive to much slower motions. Adapted from (5).
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3.7 Future Directions 

The work presented in chapter three will be expanded, on at least two fronts: (i) the 

implementation of an improved spin-labeling method and (ii) the use of other small 

molecules that perturb myosin function. This section briefly summarizes preliminary 

results and the future of this work.  

 The driving force for an improved spin-labeling technique is to reduce probe 

motion and increase the resolution of EPR for making structural measurements. In this 

work, spin labels are used as reporters of protein structural dynamics. So ideally, a spin 

label would be rigidly coupled to the protein backbone. However, in practice, probe 

flexibility can lead to a loose coupling between the spin label and the protein. One 

approach to decreasing spin label flexibility is to use a bifunctional spin label (BSL) (See 

Chapter 4 for more on BSL). Traditional spin labels (such as the FDNASL used in 

Chapter 3) attach monofunctionally to a single Cys residue, while BSL attaches 

bifunctionally at residue positions i and i+4 on an -helix. The rational for using BSL is 

that the bifunctional attachment will limit probe flexibility compared to a monofunctional 

spin label. In Chapter 3 of this work, FDNASL was used to label the RLC at  residue 108. 

FDNASL at this residue is moderately immobilized. However, spectra of minced fiber 

bundles, labeled with either FDNASL or BSL, demonstrate that FDNASL is more mobile 

than BSL, as indicated by the narrower splitting of the FDNASL spectrum (Figure 23). 

Assuming that the spin labels are undergoing rapid (r < 0.1 ns) restricted 

rotational motion, the amplitude of the motion can be described by the order parameter S.  
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In general 

S = (observed anisotropy)/(maximum anisotropy) 

For a highly ordered system (rigid limit) S = 1, and for completely isotropic motion S = 0 

(18). The order parameter is related to the angular amplitude of the motion, described by 

the angle θ (18). 

S = ½ (3 〈cos2θ - 1) 

Where 〈 〉 indicates  the time-averaged angular displacement. The order parameters for 

BSL and FDNASL can be determined from the minced fiber spectra (Figure 23) using 

the following expression:  

S = (T - T0)/(T - T0)  eq. 3.2 

where T is ½ the rigid-limit splitting between the outer peaks (let T = 35 G), T is the 

splitting measured from the experimental spectra (Figure 23), and T0 is the splitting at the 

isotropic limit (let T0 = 16.3 G). If the motion of the spin label is assumed to be restricted 

BSL at 122.126

FDNASL at 108

2T = 65.0 G

2T = 57.6 G
 

Figure 23  FDNASL vs. BSL on the RLC in psoas fibers. 
Fiber bundles were labeled with FDNASL at residue 108 (blue) or BSL at residues 122.126 (red). 
Fiber bundles were minced and spread on a flat cell. The flat cell was placed inside the TE102 
cavity with the face of the flat cell oriented perpendicular to the external magnetic field H. The 
splitting 2T was used to calculate the order parameter S.  
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to a cone with a cone angle of θc (Figure 24), then S can be used to infer  the amplitude 

of the motion within the cone (i.e. θc). 

S = ½ (cosθc + cos2θc)  eq. 3.3 

Using these assumptions and the splitting determined from the spectra in Figure 23: SBSL 

= 0.87 with θc,BSL = 24o and SFDNASL = 0.66 with θc,FDNASL = 41o. These results 

demonstrate that BSL’s rapid motion is significantly more restricted than FDNASL.   

  

The mobility of FDNASL does not trivialize the results discussed previously in 

this chapter. As seen in Figure 14 and Figure 16, the observed changes are dramatic. The 

change in θ0  between states is at least 13o and the change in the rotation dynamics of the 

RLC (described by τR) is several orders of magnitude; meaning that a higher resolution 

technique would not change the conclusions made in section 3.5. However, greater 

resolution would make it possible to make more precise conclusions. For example, when 

simulating FDNASL spectra it was not possible to determine with certainty if the 

c

 
Figure 24  Wobble in a cone. 
Model for random motion of a spin label within a cone. The amplitude of the motion is defined 
by the cone angle θc. Adapted from (18). 
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oriented spectra were best fit assuming one or two orientational distributions of the RLC. 

Therefore, the results of spectral fitting are presented as the average orientational 

distribution for each state (described by θ0 and θ). Since the bifunctional attachment of 

BSL rescricts the amplitude of probe motion, it may provide the resolution needed to 

discern between these two models. However, the BSL results (Figure 23) are 

preliminary. The development of this technology and knowledge is the topic of Chapter 

4, and the BSL-RLC project will need to be revisited after this technique is fully 

understood. 

 As mentioned above, another way in which this work will be continued is the use 

of other small molecules that perturb myosin function. In this work, pPDM was used to 

trap the elusive A.M.D.P complex. Another molecule of interest is blebbistatin (Figure 

25, A). Blebbistatin is a selective inhibitor of myosin 2 that inhibits motor activity and 

ATPase, and binds deep within the actin binding cleft on the myosin CD (66) (Figure 25, 

B). Blebbistatin binds preferentially to the ATPase intermediate with ADP and Pi bound, 

and it inhibits Pi release (78). Another study found that myosin complexed with ADP and 

blebbistatin adopts a primed lever arm position and maintains the strong actin binding 

properties of the myosin ADP complex (41). Collectively, these results indicate that 

myosin complexed with blebbistatin and ADP is analogous to a state populated at the 

beginning of force generation; a post-hydrolysis pre-Pi-release state that binds actin and 

has a LCD confirmation primed to complete the power stroke. This complex of myosin 

with ADP and blebbistatin provides another useful tool for studying the initial force-

generating states that are short lived, and therefore difficult to study, but essential in the 
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molecular mechanism of force generation. Coupled with the use of BSL, the future of this 

work is exciting, specifically for elucidating the role of the LCD. Does the LCD act as a 

semirigid rod to amplify the force producing rotation of the CD (7,10), or does it simply 

follow the CD through it force-producing transitions? Additionally, as mentioned above, 

an important challenge for the future is to test the models derived from these “trapped” 

states (Figure. 18) by observing the proposed states not by trapping, but by resolving them 

in the transient phase of a structural kinetics experiment (67). 

 

 

Actin binding 
cleft

A B

Lower 50-kDa domain

N-terminal 25-
kDa domain

Upper 50-kDa domain

 
Figure 25  Blebbistatin 
A: Chemical structure of the myosin inhibitor blebbistatin. B: Structure of Dictyostelium 
discoideum myosin II with blebbistatin (yellow) bound in the actin binding cleft. Adapted from 
(66).   
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Chapter 4: A High-resolution EPR Technique for 

Measuring Protein Structural Dynamics  

 

4.1 Overview 

We present a high-resolution method for measuring protein structural dynamics using 

site-directed spin labeling (SDSL) with a bifunctional spin label (BSL) and  electron 

paramagnetic resonance (EPR) spectroscopy. The use of BSL is a key feature of this 

work. BSL attaches at residue positions i and i+4 on an -helix, which drastically reduces 

probe motion compared to monofunctional labels. Measurements were also made with 

the monofunctional spin label MSL for comparison. Two complimentary EPR techniques 

were used: (i) conventional EPR to measure dynamics and orientation and (ii) dipolar 

electron-electron resonance (DEER) to measure distance distributions between pairs of 

spin labels. Dictyostelium discoideum myosin II was used to exemplify these techniques, 

and spin labels were introduced to measure structural dynamics of the relay helix (a key 

helix dynamically involved in myosin motor function). Measurements were made in apo 

and ADP biochemical states. Conventional EPR spectra of BSL reveal that (i) BSL is 

strongly immobilized on myosin, (ii) there are two structural states of the relay helix and 

(iii) ADP has influences the orientational distributions of these structural states. MSL 

spectra indicate that MSL is flexible on myosin and provide no clear resolution of 

orientational distributions in apo or ADP biochemical states. Similarly, DEER waveforms 
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from BSL reveal two distance distributions in both apo and ADP states, while MSL 

reveals only one. In all cases, BSL spectra and DEER waveforms reveal structural 

information that is masked by the nanosecond motions of MSL. 

 

4.2 Introduction 

Electron paramagnetic resonance (EPR) spectroscopy coupled with spin labeling has 

been a useful tool in structural biology and biophysics (79). This approach has been used 

to measure protein orientation, dynamics, and intraprotein distances (7). In some 

instances, labeling conditions can be optimized such that a cysteine specific spin label 

(see Section 2.4) will selectively label a native cysteine or cysteines (29,80-82). In other 

cases, protein mutagenesis is used to replace all reactive cysteines with a similar amino 

acid (such as alanine) and engineer a cysteine at the desired labeling site. The EPR 

spectrum of the spin label, covalently attached to the desired cysteine residue, can then be 

used to characterize protein orientation (20,29), dynamics (82,83), and in the case of two 

labeling sites, intraprotein distances (21). This technique is referred to as site-directed 

spin labeling (SDSL), and it has proved to be very useful. However, the resolution of this 

approach is limited by the flexibility of the spin label. Traditional spin labels attach 

monofunctionally (i.e. one bond is made between the spin label and the protein 

backbone), and flexibility about this bond can complicate analysis and limit spatial 

resolution. This limitation is evident in Chapter 3 and the work by Baker et al. (20), in 

which FDNASL is attached at Cys108 on the regulatory light chain (RLC) in rabbit psoas 

muscle. FDNASL at Cys108 on the RLC is relatively immobile, but not completely 
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immobilized (FDNASL has some restricted nanosecond motion, see Section 3.7). This 

nanosecond motion does not limit the ability to detect large changes in orientation and 

dynamics, such as observed in Figure 14 and Figure 16. However, it does limit the 

ability to resolve smaller changes, such as those expected of the RLC during muscle 

contraction.  

In an effort to evade the limitations imposed by probe flexibility, some groups 

have began using a bifunctional spin label (BSL) (5,84,85). BSL attaches bifunctionally, 

two bonds are made, at residues i and i+3 or i and i+4 on an -helix and i and i+2 on a -

sheet (85). The rational for using BSL is that the bifunctional attachment will limit probe 

motion, simplifying analysis and increasing the resolution of EPR for measuring protein 

structural dynamics. In 2008, Thompson et al. utilized the crosslinking capability of BSL 

to simultaneously spin-label myosin and trap it in a  post-hydrolysis state in the early 

stages of force generation. EPR spectra demonstrate that BSL was rigidly attached to 

myosin, the myosin head was orientationally disordered on actin, and myosin dynamics 

were slow (on the millisecond timescale) (5). Another study used BSL to measure 

tropomyosin dynamics. BSL spectra revealed variations in the rates of motion along the 

length of tropomyosin (84). A third study used EPR and x-ray crystallography of BSL 

labeled T4 lysozyme and intestinal fatty acid-binding protein to demonstrate that BSL 

attaches to an -helix in a single well-ordered confirmation (85).  

EPR spectra from the BSL results discussed above (5,84,85) demonstrate that 

BSL is rigidly coupled to the protein backbone, and this immobilization simplifies the 

analysis and increases the resolution of EPR for measuring intraprotein distances and 
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protein dynamics compared to monofunctional spin labels. However, there has yet to be a 

BSL-EPR study in which BSL is utilized to measure the orientational distribution of an 

oriented system. In the BSL-S1 work (5) EPR spectra of BSL were used to determine the 

orientational distribution of myosin subfragment 1 (S1) on actin. Under certain conditions 

myosin is well oriented on the actin filament, but in the BSL-S1 work BSL was used to 

crosslink Cys707 to Cys697 on the catalytic domain (CD) of S1, effectively trapping 

myosin in a highly disordered state. In the other two studies (84,85), EPR of BSL was 

used to measure intraprotein distances and protein dynamics, but not orientational 

distributions.  

   One emphasis of the current work is to describe the methodology for making all 

three measurements (dynamics, orientation and distances), and demonstrate qualitatively 

the advantage of using BSL over the monofunctional spin label (MSL). Dictyostelium 

discoideum myosin II was selected as the model system for which to test this approach. 

Dictyostelium discoideum is a amoeba that often lives in soil, and is commonly referred 

to as slime mold. There is a strong background in genetically modifying Dictyostelium 

myosin  (1), making it an attractive option for engineering labeling sites at desired 

locations. Additionally, it has been shown that the force generating region of 

Dictyostelium myosin is similar in structure to muscle myosin (64). In this work, we have 

measured nucleotide dependent structural transitions of myosin’s force generating region.  

The Dicty myosin background used for introducing labeling sites was a Cys-lite 

version of the motor domain, referred to as S1dC. S1dC was labeled on the relay helix, a 

helix in the CD that undergoes structural transitions that are essential for motor function 
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(21,67,86). S1dC was labeled with BSL at residues 494.498 on the relay helix and at 

639.643 on an adjacent stable helix. In order to provide a monofunctional comparison, 

S1dC was labeled at 498 with MSL for orientational studies (Figure 26). Spin-labeled 

S1dC was then bound to actin in oriented fiber bundles and conventional EPR was used 

to measure BSL dynamics and relay helix orientation. DEER was used to measure the 

distance distribution between these two labeling sites for S1dC in solution. All 

measurements were done in apo and ADP biochemical states.  

 

 

 
 

494.498 

639.643 

BSL

MSL

 
Figure 26 BSL, MSL and Dictyostelium discoideum myosin II catalytic domain. 
Left: The two spin labels used in this work, BSL and MSL. Right: Crystal structure (1FMV) 
highlighting the labeling sites (red residues).  
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4.3 Methods 

Muscle fiber preparation 

Glycerinated rabbit psoas muscle fiber bundles were prepared and stored in a storage 

solution containing 1:1 mixture of rigor solution (60 mM KPr, 2 mM MgCl2, 1 mM 

EGTA, 25 mM MOPS, pH 7.0, 25o C) and glycerol at -20oC for up to 6 months without 

significant loss of function (47).  

 

Myosin preparation 

Mutants of Dictyostelium discoideum myosin II were constructed and purified as 

described previously (21,87). The base construct used was a Cys-lite mutant of the 

myosin CD (gift from James Spudich) that contained no reactive Cys residues (88). This 

construct was truncated at amino acid 758, and is referred to as S1dC. Myosin mutants 

were made for conventional EPR and DEER. Two Conventional EPR mutants were made 

with BSL labeling sites: one site was on the C-terminus of the relay helix at 

Y494C.K498C and the other at A639C.A643C on an adjacent helix. Two conventional 

EPR mutants were also made for monofunctional labeling, K498C and A639C. For 

DEER, one mutant was made that contained two BSL labeling sites, Y494C.K498C and 

A639C.A643C.  These proteins were constructed and prepared by Sarah E. Blakely, Evan 

A. Smith, and Rebecca J. Moen. 
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Spin-labeling 

S1dC was spin-labeled for two types of EPR experiments, conventional EPR and DEER. 

For conventional EPR (one labeling site per S1dC) di-Cys S1dC mutants were spin-

labeled with BSL (3,4-bis-(methanethiosulfonyl-methyl)-2,2,5,5-tetramethyl-2,5-dihydro-

1h-pyrrol-1-yloxy) and mono-Cys mutants were labeled with MSL (N-( 1-oxy-2,2,6,6-

tetramethyl-4-piperidinyl)maleimide). S1dC was dissolved in labeling solution (20 mM 

MOPS, 50 mM KCl, 3 mM MgCl2, 1 mM EDTA, pH 7.5), and treated with 5 mM DTT 

for 1.5 hrs. DTT was removed using two Zeba spin columns (Thermo Fisher Scientific 

Inc., Rockford, IL) equilibrated with labeling solution. The protein concentration was 

then adjusted to 100 M, and BSL was added at 200 M and the sample was incubated 

for 1 hr on ice. Unreacted BSL was removed with a spin column equilibrated with EPR 

solution. The method for MSL labeling was the same as BSL labeling, except 500 M 

MSL was added to 100 M S1dC, and the incubation time was 12 hrs (or over night). 

After labeling, the S1dC concentration was adjusted to 100 M, and bound to actin in 

oriented fiber bundles (described below). DEER samples contained two di-Cys  labeling 

sites, and were labeled using the same method as described above with the following 

exception: S1dC (100 M) was incubated with 400 M BSL during labeling (single di-

Cys mutants for conventional EPR were labeled with 200 M BSL). 

 

Decorating muscle fiber bundles with spin-labeled S1dC 

When measuring dynamics and orientational (conventional EPR), S1dC was bound to the 

actin filament in rabbit psoas fiber bundles. These fiber bundles with S1dC bound are 
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referred to as decorated fibers. The first step in decorating fiber bundles was to dissect an 

EPR size fiber bundle from the glycerinated muscle fiber strips in storage solution. The 

glycerinated fiber strips were dissected into bundles measuring 0.3-0.5mm in diameter 

and 3–5 cm in length. Dissected bundles were then tied with silk thread at each end, and 

pulled into a glass capillary (25 L Drummond Microdispenser, Drummond Scientific, 

Broomall, PA). The thread, and consequently the fiber bundle, were held stationary inside 

the capillary by capping the end of the capillary with silicone tubing. Spin-labeled S1dC 

was then bound to the fiber bundle as follows. (i) Spin-labeled S1dC was put into a low-

salt EPR solution (40 mM MOPS, 1 mM EGTA, 2 mM MgCl2, 15 mM KPr, pH 7.0) and 

the S1dC concentration was adjusted to ~ 100 M. (ii) 80 L of  100 M S1dC was 

injected into the glass capillary containing the fiber bundle. The ends of the capillary 

were sealed with parafilm (Pechiney Plastic Packaging Company, Chicago, IL). (iii) The 

fiber bundle was incubated with S1dC for one hour on ice. (iv) After one hour, the fiber 

bundle was connected to a peristaltic pump using the silicone tubing, and free S1dC was 

washed away. At this point the fiber bundle, still connected to the peristaltic pump, was 

placed inside an EPR cavity equilibrated at 4o C. 

 

Conventional EPR spectroscopy 

Conventional EPR experiments were performed using a similar method as described in 

section 3.3. Spectra were recorded at X-band (9.5 GHz) with a Bruker (Billerica, MA) 

E500 spectrometer, using either a TE102 (Bruker 4104OR-R) or TM110 (Bruker 

4103TMA) cavity. The sample temperature was maintained at 4oC by flowing 



 

 75 

temperature-controlled N2 gas through a nozzle attached to the optical port on the front of 

the cavity (TE102) or a quartz dewar inserted into the bottom of the cavity (TM110). 

Maintaining the temperature at 4oC is important for BSL experiments due to the 

reversibility of the labeling reaction and the observation that the rate for BSL detaching 

from the protein is slower at 4oC than at ambient temperatures. The sweep width was 120 

G (1024 points), sweep time was typically 41.94 s (conversion time 40.96 ms), and the 

center field value HC was set proportionally to the microwave frequency  (HC = /2.803 

MHz/G, corresponding to a g value of 2.0027, the value of gz for a typical nitroxide) so 

that all spectra were equivalently aligned. The Microwave power was set from 20 mW to 

32 mW, to maximize the signal intensity without causing significant saturation. The 

modulation frequency was 100 kHz (first harmonic), and the peak-to-peak modulation 

amplitude was 2 G. The filter time constant was set equal to the conversion time (40.96 

ms).  

Conventional EPR spectra (V1) of oriented fiber bundles were acquired with the 

long axis of the fiber bundle oriented either parallel (using a modified TM110 cavity (20)) 

or perpendicular (using a TE102 cavity) to the applied magnetic field H0. The fiber bundle 

was connected to a peristaltic pump (as described above) and perfused with solution at a 

rate of 115 L/min. Perfusion served the purpose of removing any free BSL and making 

it possible to readily change the biochemical state by changing the perfusion solution. 

EPR spectra were acquired in either EPR solution (40 mM MOPS, 1 mM EGTA, 2 mM 

MgCl2, 15 mM KPr, pH 7.0) or ADP solution (40 mM MOPS, 1 mM EGTA, 2 mM 

MgCl2, 5 mM MgADP, pH 7.0). For EPR experiments on randomized samples, fibers in 
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EPR solution were minced with a razor blade and placed in a quartz flat cell that 

contained a well of dimensions 0.5 x 1.0 x 0.05 cm (WG-806-Q, Wilmad-Labglass, 

Buena, NJ). Excess moisture was wicked away and a coverslip was placed over the 

sample well and sealed with Parafilm M (Pechiney Plastic Packaging Company, Chicago, 

IL) to prevent sample dehydration. The flat cell assembly was centered in the TE102 EPR 

cavity with its face oriented parallel or perpendicular to H0.  

   

Dipolar electron-electron resonance (DEER) 

DEER waveforms were acquired using the same methods as described in (21), and briefly 

summarized below. Waveforms were acquired with an Elexsys E580 spectrometer 

(Bruker Biospin) equipped with a dielectric resonator (MD-5; Bruker Biospin), using a 

four-pulse DEER sequence (89) with a 16-ns /2 pulse, and a 40- to 48-ns ELDOR pulse. 

The pump frequency was centered on the central resonance of the nitroxide spin label, 

and the observe frequency was set to the low-field resonance 67 MHz away. Temperature 

during the acquisition was set to 65° K. Complexes of myosin with nucleotide were 

obtained as described (64). Myosin samples (50–75 M) were flash-frozen in liquid 

nitrogen before being placed in the spectrometer. Buffer contained 20 mM EPPS, 6 mM 

MgCl2, 1 mM EGTA, and 10% glycerol (pH 8.0). Spin echo signals were analyzed with 

the DeerAnalysis software suite (90), which fits simulated DEER waveforms to the data 

assuming one or two Gaussian interprobe distance distributions. 
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Sample preparation, acquisition, and analysis was performed by Rebecca J. Moen and 

Zachary M. James. 

 

4.4 Results 

Spin label mobility 

In this work, spin labels are used as reporters of protein orientation and dynamics. 

Therefore, it is advantageous to use a spin label that is rigidly coupled to the protein 

backbone because large amplitude motions of spin labels relative to the protein 

complicates spectral analysis and dramatically decreases the resolution of this approach. 

We have used conventional EPR to measure the order parameter (S) and cone angle (θc) 

of BSL and MSL bound to the relay helix in S1dC. The order parameter and θc were 

determined using the same model described in detail in Sections 3.7. Namely, rapid (r < 

0.1 ns) rotational motion restricted to a cone with cone angle θc (Figure 24). 

Minced fiber spectra were acquired with BSL at 494.498 and MSL at 498 (Figure 

27). The splitting and shapes of these spectra indicate that BSL and MSL have very 

different values of S and θc. The splitting between the low-field and high-field peaks 

(2T) of the BSL spectrum is 71.2 G (Figure 27, top). The rigid limit value of 2T is ~ 

70 G, thus we conclude that BSL is strongly immobilized on the relay helix. In contrast, 

the splitting of the MSL spectrum is much less than 70 G, indicating that it is weakly 

immobilized on the relay helix (Figure 27, bottom). Using equations 3.2 and 3.3, it is 

possible to determine S and θc for MSL on the relay helix: S = 0.44 and θc = 56o.  
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These results demonstrate that, on the relay helix, BSL is strongly immobilized 

and MSL is weakly immobilize (θc = 56o). The rigid immobilization of BSL compared to 

MSL is a obvious advantage when measuring orientation and distances, as demonstrated 

in the following sections.   

 

Relay helix orientation measured by conventional EPR  

EPR is extremely sensitive to the orientational distribution of a spin label with respect to 

the applied magnetic field H (see Chapter 3 and (5)). If a spin-labeled system is well 

MSL

BSL

2TII' = 71.2 G

2TII' = 39.8 G

 
Figure 27  BSL and MSL minced spectra. 
S1dC labeled with BSL (at 494.498) or MSL (at 498) was bound to actin in muscle fiber bundles. 
The decorated fiber bundles were minced and spread on a flat cell for acquisition. Fiber bundles 
were bathed in EPR solution prior to mincing. The order parameters (S) was determined from the 
splitting T. 
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oriented, the EPR spectrum detects directly the angle θ between the spin label’s principal 

axis and H0 (Figure 10). In the case of an oriented assembly, such as a muscle fiber 

bundle decorated with spin-labeled S1dC, EPR can be used to measure the angle between 

the spin label and the assembly (actin filament) axis, θ (Figure 21). Implementing this 

approach, relay helix orientation with respect to the actin filament axis was measured 

from conventional EPR spectra of spin-labeled S1dC bound to actin in skinned muscle 

fiber bundles. The S1dC was labeled with MSL at 498 or BSL at 494.498, and spectra 

were acquired with the S1dC in apo and ADP biochemical states (Figure 28). Apo 

spectra were acquired while perfusing the fiber bundle with EPR solution, and ADP 

spectra were acquired while perfusing ADP solution. The MSL spectra are nearly 

identical in apo and ADP states (Figure 28, top), whereas the BSL spectra demonstrate a 

marked ADP effect on the relay helix (Figure 28, middle). This result is not surprising 

based on the fact that MSL is weakly immobilized on the relay helix and BSL is strongly 

immobilized , as determined from the minced spectra (Figure 27).  

Given that BSL is strongly immobilized, it is possible to fit the oriented BSL 

spectra without having to include nanosecond probe motions in the simulation, which 

greatly simplifies the simulation. Additionally, the results of the fit describe the 

orientational distribution of the relay helix. In contrast, the MSL spectra would be very 

difficult to fit as the simulations would have to account for both nanosecond probe 

motions and protein orientation. At the time of this writing, the fitting of BSL spectra is 

in progress. However, even without the results of the fits it is possible to make some  
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conclusions about the orientational distribution of the relay helix and the effect of ADP 

on the relay helix. In both states, apo and ADP, the spectra contain two components, 

indicating two orientational distribution of the relay helix. The most distinct component 

has a wide splitting and sharp lines. The narrow lines are not from motional narrowing, 

hence they indicate a high degree of orientational order. The splitting of this component 

changes by 1.9 G from rigor to ADP, indicating a roughly 4o rotation of the relay helix. 

The second lesser component also appears to change as a function of nucleotide. In the 

apo spectrum, this component appears less intense than it does in the ADP spectrum, 

MSL 

BSL 

apo
ADP

apo
EDTA

BSL 

 
Figure 28  BSL and MSL oriented spectra. 
Conventional EPR spectra of oriented fiber bundles decorated with spin-labeled S1dC. Spectra 
were acquired with the fiber bundles oriented parallel to H. Top: S1dC labeled with MSL at 498. 
Apo spectrum is black and ADP is green. Middle: S1dC labeled with BSL at 494.498. Apo 
spectrum is black and ADP is green. Bottom: S1dC labeled with BSL at 494.498. Black is the 
same apo spectrum as shown in the middle, and the blue spectrum was acquired while perfusing 
the fiber bundle with EDTA solution after ADP treatment, demonstrating the reversibility of the 
ADP effect. 
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indicating that ADP increases the mole fraction of this component. Spectral fitting will 

make it possible to confirm or modify these conclusions and determine numerical values 

for the mole fraction of each spectral component and the orientational distribution. Given 

the mobility of MSL and the similarity between apo and ADP spectra, it was not possible 

to make these conclusions from the MSL spectra. 

 

Distance distributions measured by DEER  

Dipolar electron-electron resonance (DEER) is a pulsed EPR technique used to measure 

distances between a pair of electron spins (91). This technique uses a spin echo pulse 

sequence and different frequencies to selectively excite each electron. DEER waveforms 

are sensitive to the strength of the dipolar interaction between the electron spins, and the 

distance distribution is inferred from this coupling strength. Due to the dipolar interaction 

being proportional to r-3 (where r is the interspin distance) and time-resolved detection, 

DEER waveforms report spin-spin distances with high resolution in the range of 2 to 6 

nm (21,92). In this work, DEER was used to measure the distance distribution between 

BSL at 494.498 on the relay helix and 639.643 on a stable helix near the relay helix. 

DEER waveforms were acquired with spin-labeled myosin trapped in apo and ADP 

biochemical states, then simulated  assuming a one- or two-Gaussian interprobe distance 

distribution (as described in 4.3 Methods). We then compared these DEER results to 

previously published data from S1dC samples labeled with MSL at 498 and 639 (21). 
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These waveforms from MSL and BSL and the corresponding distance 

distributions (Figure 29) demonstrate the advantage of using BSL over the 

monofunctional spin label MSL. In both apo and ADP states, the BSL waveforms are 

best fit to a two-Gaussian distribution while the MSL waveforms are best fit to one 

(Table 2). In both cases, BSL and MSL, there is no significant difference between the 

distance distributions in apo and ADP biochemical states. However, it is worth noting 

that one of the distributions determined from the BSL waveform has a significantly 

narrower distribution (FWHM) than the MSL distribution, while the other BSL 

distribution is more disordered. The extraction of these two distance distributions from 
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Figure 29  BSL and MSL DEER and distance distributions. 
Left: DEER data from BSL at 494.498 and 639.643 (red) and MSL at 498 and 639 (green) on the 
relay helix. Data was acquired in apo and ADP biochemical states. Right: Distance distributions 
extracted from DEER data. In both apo and ADP biochemical states the MSL data is bet fit to a 
one-Gaussian distribution and BSL data is best fit to a two-Gaussian distribution. Distribution 
parameters are given in Table 2. 
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the BSL waveforms, corresponding to two confirmations of the relay helix, demonstrates 

the increased resolution provided by the rigid attachment of BSL. The BSL DEER data in 

this section were acquired by and analyzed by Rebecca J. Moen and Zachary M. James. 

Table 2 Distance distributions 

Spin label 

 

Biochemical 
state 

R1 (FWHM), 
nm 

Mole fraction 
X1 

R2 (FWHM), 
nm 

Mole fraction 
X2 

BSL apo 3.45 (0.73) 0.44 3.78 (2.17) 0.56 

 ADP 3.43 (0.70) 0.41 3.75 (2.38) 0.59 

MSL apo 4.10 (1.24) 1 - - 

 ADP 3.97 (1.28) 1 - - 

R, mean distance; FWHM, full width of the Gaussian distribution at half maximum (eq. 4.1); 
subscripts indicate that DEER data for BSL was best fit to two Gaussian distributions. 

 
 

4.5 Discussion 

Summary of Results 

We have used SDSL and EPR to measure the structural dynamics of the relay helix 

within the CD of Dictyostelium discoideum myosin II (S1dC). Conventional EPR was 

used to measure spin label dynamics and relay helix orientation, and DEER was used to 

measure the distance distributions between pairs of spin labels (relay helix bending). All 

measurements were made using two spin labels, BSL and MSL (MSL DEER data was 

previously published (21)). Conventional EPR of minced fiber bundles decorated with 

spin-labeled S1dC revealed that the BSL is strongly immobilized on myosin while MSL 

is weakly immobilized (Figure 27). Conventional EPR spectra of oriented fiber bundles 
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decorated with MSL-S1dC are difficult to analyze to determine an orientational 

distribution because the effects of nanosecond motions and orientation are difficult to 

distinguish (both dynamics and orientation affect linewidth and peak position) (Figure 28, 

top). In contrast, BSL is strongly immobilized, meaning spectra can be fit without having 

to include nanosecond probe motions in the simulation. Oriented BSL spectra reveal two 

distinct orientational distributions of the relay helix (Figure 28, middle). Additionally, 

BSL reveals that apo and ADP spectra are markedly different, while MSL spectra are 

essentially identical in apo and ADP biochemical states. Following this trend, DEER 

waveforms of BSL-S1dC are best fit to a two-Gaussian distance distribution while MSL 

waveforms reveal only one distance distribution.  

 

Interpretation of Results 

The results summarized above have two meaningful interpretations. First, they 

demonstrate qualitatively that BSL provides greater resolution compared to the 

monofunctional spin label MSL. The splitting 2T of the minced BSL spectrum indicates 

that BSL is strongly immobilized on the protein backbone while the MSL, with 

substantially smaller 2T, is weakly immobilized (Figure 27). This advantage of a 

strongly immobilized spin label is demonstrated by the orientational measurements and 

DEER. Oriented spectra of BSL show two well-resolved components that differ in apo 

and ADP biochemical states, while MSL spectra do not clearly show two components 

and the apo and ADP spectra are identical (Figure 28). Similarly, the BSL DEER 

waveforms reveal two distance distributions while MSL only reveals one (Figure 29).  
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Collectively, all three measurements, spin label dynamics, relay helix orientation, and 

distance measurements, clearly demonstrate that BSL provides substantially greater 

resolution than the monofunctional spin label MSL for measuring protein structural 

dynamics. An alternative interpretation is that BSL adopts two confirmations on a helix, 

rather than resolving two structural states of the protein. Though we have not ruled out 

this possibility (discussed more in 4.6 Future Directions), x-ray crystallography of BSL 

labeled T4 lysozyme provides strong evidence that the BSL nitroxide adopts one well-

ordered confirmation (85). 

 These results can also be interpreted in the context of myosin structural biology. 

During the actomyosin ATPase cycle, myosin uses chemical potential energy derived 

from ATP hydrolysis to generate force on actin during muscle contraction, cell 

locomotion and intracellular trafficking (21). During force generation myosin undergoes 

structural transitions that are influenced by ATP binding, hydrolysis and nucleotide 

release. It has been proposed that the relay helix is a key structure in the coupling of 

myosin enzymatic activity and motor function (21,86). Using site-directed labeling with 

monofunctional probes, DEER, and time-resolved fluorescence resonance energy transfer 

(TR-FRET), previous work in the Thomas Lab has shown that the relay helix can adopt 

two structural states in ATP and ADP.Pi biochemical states (21). However, DEER and 

TR-FRET data in apo and ADP states were best fist assuming a one-Gaussian distance 

distribution. In contrast, the conventional EPR and DEER results from this work reveal 

two distinct orientations of the relay helix in apo and ADP states (Figure 28 and Figure 

29). We interpret this result to show that in apo and ADP biochemical states there is a 
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partitioning between two structural states of the relay helix, and ADP binding does not 

cause a bending of the relay helix (as would be indicated in a change in the DEER 

waveforms between apo and ADP). However, ADP does cause a rotation of the relay 

helix that is not manifested as a change in the distance distributions. Understanding these 

nucleotide dependent transitions is essential for a more complete understanding of 

myosin motor function. Additionally, these methods can be applied to other molecules in 

which structural dynamics is related to function. 

 

Relationship to other work 

At the time of this writing, there are three notable publications in which BSL is used to 

measure protein structural dynamics. The first work, published in 2008, used BSL to 

simultaneously crosslink and spin-label myosin, and conventional EPR and STEPR were 

used to measure the dynamics and orientation of Cys707-Cys697 crosslinked myosin on 

actin (5). EPR spectra revealed that crosslinked myosin was statically disordered on actin, 

τR ≥ 1 ms and θ ≥ 90o. Using a similar approach, a second study used BSL and STEPR 

to show that tropomyosin dynamics vary along its length, and troponin decreases 

tropomyosin dynamics while Ca2+ and myosin have no affect (84). A third study labeled 

T4 lysozyme and intestinal fatty acid-binding protein (iFABP) with  BSL (85). 

Conventional EPR revealed that BSL was strongly immobilized on both proteins (T4 

lysozyme and iFABP) at all labeling sites. Distance distributions determined from DEER 

waveforms demonstrated narrow distributions on both proteins, while the corresponding 

waveforms from a monofunctional label revealed significantly wider distributions. Also, 
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an X-ray crystal structure of BSL-labeled T4 lysozyme was solved, indicating a single 

confirmation of the BSL side chain. The results from all three of these works (5,84,85) 

are consistent with the findings in this work. Namely, BSL is strongly immobilized on the 

protein backbone enabling high-resolution measurements of protein dynamics and 

interprotein distances. Additionally, the work on BSL-labeled T4 lysozyme indicates that 

BSL preferentially forms two intramolecular disulfide bonds and adopts one energetically 

relaxed confirmation on an -helix (85). Considering this result, we have good reason to 

conclude that the two orientational distributions and distance distributions resolved in the 

present work represent two structural states of the relay helix, not two confirmations of 

BSL.   

 

Conclusions 

We have used protein mutagenesis, site-directed spin labeling, conventional EPR and 

DEER to demonstrate that BSL attaches rigidly to an -helix, and this rigid attachment 

allows greater resolution when using EPR to measure protein structural dynamics. 

Conventional EPR of oriented fiber bundles decorated with BSL-S1dC reveals two 

structural states of the relay helix, and an ADP effect on relay helix orientation. 

Similarly, DEER waveforms form BSL are best fit to a two-Gaussian distance 

distribution in apo and ADP biochemical states. Equivalent measurements made using the 

monofunctional spin label MSL demonstrate probe flexibility and only one orientation of 

the relay helix. We conclude that BSL spectra and DEER waveforms reveal structural 
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information that is masked by the nanosecond motions of the monofunctional spin label 

MSL.  

 

4.6 Future Directions 

The project discussed in Chapter 4 is a work in progress. The following items will be 

carried out in order to complete this project.  

 

Additional labeling sites for measuring helix orientation 

The conventional EPR spectra used to determine helix orientation (Figure 28) were 

acquired with BSL at 494.498 and MSL at 498 on the relay helix. Similar measurements 

will be made on two other helixes within the myosin CD: (i) BSL at 639.643/MSL at 639 

and (ii) BSL at 325.329/MSL at 325 (Figure 30, left). These additional measurements are 

needed to demonstrate that the highly ordered spectra from BSL on the relay helix are not 

494.498 

639.643 

325.329 

BSL at 639.643

 
Figure 30  S1dC labeling sites and 639.643 spectra. 
Left: S1dC crystal structure (1FMV). Three BSL labeling sites are highlighted in red. Right: 
Conventional EPR spectra of oriented fiber bundles decorated with spin-labeled S1dC. S1dC was 
labeled with BSL at 639.643. Spectra were acquired with the fiber bundle oriented parallel to H. 
Apo spectrum is black and ADP is green.  
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isolated results (i.e. BSL is strongly immobilized at other labeling sites). Preliminary 

spectra of BSL at 639.643 reveal orientational distributions similar to the relay helix; 

spectra with narrow lines indicating a high degree of orientational order and an ADP 

effect on the orientational distribution (Figure 30).  

  

Fitting spectra to determine orientational distributions 

As mentioned in Section 4.4, BSL spectra will be analyzed to determine the orientational 

distribution of the BSL relative to the muscle fiber axis using computational simulation 

and least-squares minimization (5,26,28). The first step in this analysis is to fit the 

spectrum of minced fiber bundle (Figure 27) to obtain the orientation-independent 

parameters, including the anisotropic T and g tensors and the linewidths. Spectra of 

oriented fiber bundles will then be fit to determine the orientational distribution of the 

spin label relative to the fiber axis, defined by the center (θ0) and the width (θ, full 

width at half-maximum) of the assumed Gaussian orientational distributions (see Section 

2.8 for more detail on fitting EPR spectra). The resolution of this analysis is greatly 

enhanced by the use of BSL over a monofunctional spin label. Given that BSL is strongly 

immobilized on a helix (Figure 27), it is possible to fit the oriented BSL spectra without 

having to include nanosecond probe motions in the simulation, which greatly simplifies 

the simulation. Additionally, the rigid coupling between BSL and the helix backbone 

indicates that the orientational distributions determined from the fits are not polluted by 

the flexibility of the spin label. Rather, the orientational distributions accurately describe 

the structure of the protein! 
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Quantitate the extent of labeling 

Whenever a protein is labeled with a site-specific probe, it is important to quantitate the 

extent of labeling (labels per protein), as was demonstrated in Chapter 3 for the RLC 

spin-labeled with FDNASL (Section 3.6). We will use the same approaches described in 

Chapter 3 to measure the extent of BSL and MSL labeling of S1dC. That is, the number 

of spin labels per S1dC will be determined by digital analysis of EPR spectra (71) and by 

electrospray mass spectrometry (70). Digital analysis of the EPR spectrum from S1dC 

labeled at 494.498 with BSL indicates 1.16 BSL per myosin, indicating there may be a 

small amount of nonspecific or monofunctionally attached BSL. If this result is consistent 

and confirmed with mass spectrometry, we will modify the labeling protocol to reduce 

over labeling. 

 

Measuring S1dC ATPase activity 

An important control in this work is to verify that spin-labeling does not significantly 

perturb the enzymatic function of S1dC. This will be done by measuring the dependence 

of myosin ATPase on actin concentration as described previously (21). We do not expect 

spin-labeling to dramatically alter myosin ATPase. Previous measurements from S1dC, 

labeled with the monofunctional equivalents of the BSL constructs used in this work, 

show that labeling had only a minor effect on myosin ATPase (21). 
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