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Abstract

Cardiac and skeletal muscle myosins have the central role in contraction transducing ATP free

energy into the mechanical work of moving actin. Myosin has a motor domain containing ATP

and actin binding sites and a lever-arm that undergoes rotation impelling bound actin. The lever-

arm converts torque generated in the motor into the linear displacement known as step-size. The

myosin lever-arm is stabilized by bound essential and regulatory light chains (ELC and RLC).

RLC phosphorylation at S15 is linked to modified lever-arm mechanical characteristics

contributing to myosin filament based contraction regulation and to the response of the muscle to

disease. Myosin step-size was measured using a novel quantum dot (Qdot) assay that previously

confirmed a 5 nm step-size for fast skeletal myosin and multiple unitary steps, most frequently 5

and 8 nm, and a rare 3 nm displacement for β cardiac myosin (βMys). S15 phosphorylation in

βMys is now shown to change step-size distribution by advancing the 8 nm step frequency. After

phosphorylation, the 8 nm step is the dominant myosin step-size resulting in significant gain in the

average step-size. An increase in myosin step-size will increase the amount of work produced per

ATPase cycle. The results indicate that RLC phosphorylation modulates work production per

ATPase cycle suggesting the mechanism for contraction regulation by the myosin filament.
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INTRODUCTION

Cardiac and skeletal muscle myosins are cellular movers comprised of a motor domain

containing ATP and actin binding sites, a lever-arm that undergoes rotation impelling bound

actin, and a tail forming the thick filament with other myosins. Muscle myosins have the

central role in contraction by transducing ATP free energy into mechanical work. The lever-

arm converts torque generated in the motor into linear displacement (step-size) and

undergoes shear strain due to the resisting load. Bound myosin light chains, essential (ELC)

and regulatory (RLC), stabilize the lever-arm (2-4). RLC post translational modification is a

recognized pathway for the thick filament regulation in cardiac and skeletal muscle (5, 6).

Computational modeling indicated a role for RLC phosphorylation in cardiac contraction

regulation (7). Inheritable cardiomyopathies (ICs) are more frequently linked to myosin

mutations than other sarcomeric proteins. IC mutations are located throughout the myosin

molecule impacting many protein functional characteristics. Hereditary skeletal myopathies

linked to myosin are less common. They lead to muscle weakness (8) or affect myosin

isoforms expressed during development leading to arthrogryposis syndromes (9). Some

disease linked mutations and other normal post translational modifications affect the myosin

mover specifically in its mechanical responsiveness to motor impulsive force (10). Our long

term goal is to discover how the myosin mover adapts its mechanical characteristics in

response to changing demands on muscle power output or to the effects of disease. We are

concerned here specifically with quantitation of myosin step-size and its adaptation by post

translational modification of the RLC.

The in vitro motility assay measures actin gliding velocity over myosin immobilized on a

surface. Myosin translates actin only while the two molecules are strongly bound. The

myosin duty cycle is the ratio of time spent strongly actin bound divided by the time to

complete the ATPase cycle. Muscle myosin has low duty cycle to enable rapid actin

translation in a muscle fiber containing densely packed arrays of myosin motors (11). Low

duty cycle skeletal and cardiac myosins elude conventional single molecule assays because

actomyosin dissociates quickly and the freely moving element diffuses away prohibiting

further interaction. We introduced super-resolution particle tracking of Qdot-actin in the

standard in vitro motility assay (Qdot assay). The in vitro motility assay has modestly more

actomyosin interactions than a single molecule encounter while actin diffusion is inhibited

by methylcellulose in the motility buffer. The net effect sustains the actomyosin complex

while preserving a subset of encounters that do not overlap in time on a single actin

filament. A single myosin step is isolated in time and space then characterized using super-

resolution.

The Qdot assay performed on rabbit skeletal HMM (sHMM) indicated a ~5 nm step-size as

expected for this isoform (12). Porcine βcardiac myosin (βMys) indicated multiple unitary

steps-sizes of ~3, ~5, and ~8 nm with relative normalized frequencies of 12.5%, 50%, and

37.5% (13). We proposed that the major 5 nm step is the default step identical to the unitary

step in sHMM. The 8 nm step is somewhat less likely and we proposed different from the 5

nm step by involving an extra interaction with actin via the unique N-terminus of the cardiac

ELC (cELC) (14, 15). The minor 3 nm step is the unlikely conversion of the 5 nm step to the
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full cELC bound 8 nm step. It occurs in just 1 of 8 cycles and is isolated in time from the 5

nm step by slow ADP dissociation hence we observe it as a separate step (16).

RLC mutants implicated in disease lower velocity, force, and shear strain (10, 17)

suggesting they alter lever-arm processing of shear stress. Changes to RLC phosphorylation

levels in the cardiac muscle affect power output in model organisms (5). We investigated if

RLC phosphorylation affects the unitary step-size frequency using the Qdot assay. βMys

was specifically phosphorylated at S15 in RLC using a smooth muscle myosin light chain

kinase (smMLCK) (1). Phosphorylated βMys (pβMys) has 81-89% of the myosin

phosphorylated. We found that phosphorylation causes a dramatic re-distribution of step-

size frequencies when compared to unphosphorylated βMys providing a significant gain in

average step-size for pβMys.

MATERIALS AND METHODS

Chemicals

Quantum dot 585 streptavidin conjugate (Qdot), rhodamine-phalloidin, biotin-XX-

phalloidin, phalloidin, and 10% Tris-Glycine Mini Gels were obtained from Life

Technologies (Grand Island, NY). Glucose oxidase was purchased from MP Biomedicals

(Santa Ana, CA). Biotin free bovine serum albumin (BSA, cat # A3059) and catalase were

from Sigma-Aldrich (St. Louis, MO). Other chemicals were purchased from Sigma-Aldrich

or Affymetrix (Cleveland, OH). Protein concentrations were measured using the Bradford

assay (Bio-Rad, Hercules, CA).

Protein preparations

βMys was prepared from porcine heart ventriculum as described (13, 18). G-actin was

obtained from rabbit skeletal muscle acetone powder by using the method described by

Pardee and Spudich (19) then stored immediately under argon gas in liquid nitrogen. Before

actin was used, the frozen G-actin was thawed and spun at 160,000×g for 90 min to remove

denatured actin. Biotin-XX-phalloidin plus rhodamine-phalloidin labeling of actin filaments

was performed as described (13).

Phosphorylated cardiac myosin was prepared using recombinant smooth muscle myosin

light chain kinase (smMLCK) as described previously with some modifications (1). 2 μM

βMys was phosphorylated with 1.2 μM smMLCK in buffer containing 30 mM KCl, 25 mM

Tris-HCl pH7.4, 12 mM MgCl2, 10 mM DTT, 0.1mM PMSF, 10 μg/ml leupeptin, 5 mM

ATP, 0.2 mM CaCl2 and 12 μM calmodulin. After 24 hours incubation on ice, 3 mM EGTA

was added to stop the reaction. ATP, smMLCK, and calmodulin were removed from the

phosphorylated myosin using 2 precipitations at low ionic strength with ice cold 5 mM

phosphate buffer pH 6.5. Between precipitations the phosphorylated myosin was

resuspended in 0.6 M KCl and 5 mM EDTA to remove ATP. This method removed ~99%

of the smMLCK and calmodulin from the phosphorylated myosin verified by SDS-PAGE.

The purified phosphorylated myosin was resuspended in 0.6 M KCl, 50 mM Tris-HCl pH

7.4, 4 mM MgCl2, 2 mM DTT and 10 μg/ml leupeptin, mixed with 50% glycerol and stored

at −20°C until used. The level of RLC-phosphorylation was checked by urea gel
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electrophoresis stained with SYPRO Ruby and the fluorescence was quantitated with ImageJ

(NIH, USA). RLC-phosphorylation level was initially 89% and decayed to 81% in ~12 hr.

Results were pooled from motility experiments conducted during the 12 hr interval.

Unphosphorylated myosin was treated with the same steps for generating phosphorylated

myosin except without the addition of smMLCK and calmodulin.

Actin-activated myosin ATPase

Actin-activated myosin ATPase was measured as described (4) with some modifications.

Myosin stored in 50% glycerol was precipitated with addition of 12× volumes of ice cold

water containing 2 mM DTT, collected by centrifugation, then resuspended in 300 mM KCl,

25 mM imidazole pH 7.4, 4 mM MgCl2, 1 mM EGTA, 10 mM DTT, and 10 μg/mL

leupeptin.

Actin activated ATPase measurements were done in an assay buffer containing 25 mM

imidazole pH 7.4, 4 mM MgCl2, 1 mM EGTA, 10 mM DTT, 10 μg/mL leupeptin at a final

concentration of 25 mM KCl. Myosin concentration was 2 μM. Actin concentrations were

tested between 0.1-30 μM. ATPase activity was initiated by the addition of 3 mM ATP.

Inorganic phosphate production was measured using the Fiske and SubbaRow method (20).
Assays were done at 21 °C.

In vitro motility

The βMys was prepared for in vitro motility as described (13). In vitro motility of Qdot

+rhodamine-phalloidin labeled actin was observed with through-the-objective total internal

reflection fluorescence (TIRF) (21) on an Olympus IX71 inverted microscope using a 150×,

1.45 NA objective. Images were acquired with an Andor EMCCD camera (iXon3 897 with

16 × 16 μm pixels and 16 bit dynamic range) at 5 frames per second and 30 ms exposures

using the software supplied by the manufacturer (SOLIS). The frame rate corresponds to

200 ms frame capture intervals indicated by Δt. Intensity values were converted to photons

using the conversion formula in SOLIS as appropriate for our camera and the images output

in TIFF format for reading into ImageJ. Assays were done at 21 °C.

Super-resolution measurements

The QuickPALM software (22) identified and localized point objects that qualified for

super-resolution fitting according to user specifications including minimum SNR (> 25

isolating Qdots) and maximum full width at half maximum (FWHM) of 5 pixels (107 nm/

pixel in object space for the 150× objective). QuickPALM analysis produced a table

(SRTable) listing each qualifying particle, particle position in pixels, position standard

deviation, and frame identifier. Using the SRTable, QuickPALM rendered the super-

resolved particle data as single pixels per particle in the frame sequence of the original data.

Rendered frames were read into ImageJ and analyzed with MTrackJ (23). Single pixel

resolution (107 nm) of the rendered images is much less than super-resolution (<10 nm).

Manual tracking was needed only to link the super-resolved particle positions into a track

connecting time-ordered frames. A separate program, SRTrack written in Mathematica,

linked the actual super-resolved particle coordinate to the track then updated the SRTable

with the frame-to-frame tracking linked list. SRTrack eliminated any incorrectly identified
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MTrackJ particles that did not have a super-resolved equivalent. The latter removed the

effect of Qdot blinking. Representative Qdot displacement vs time data is included in

Supplementary Information Figure S1.

In any motility assay a few Qdots did not visibly move due to apparent immobilization on

the glass surface. These particles were tracked at super-resolution to quantitate thermal/

mechanical fluctuations.

Simulation

We simulated motility assay velocity event density as described previously for an actin

filament 1.2 μm long (13). Simulation generates unitary myosin binding events during

successive Δt’s that are converted to actin displacement by the myosin step-size then to actin

velocity by dividing by Δt. Simulated and measured velocity event density histograms are

compared for fit to choose best fitting parameters. Unitary step events are counted and

converted to relative step frequency by dividing the unitary step count by the total number of

unitary steps. The best fitting velocity event density histogram and the corresponding unitary

step frequencies characterize the actomyosin interaction.

Myosin phosphorylation and actin activated ATPase

RLC S15 was specifically phosphorylated and the phosphorylation level measured as

described previously (1). Figure 1 indicates that the fully phosphorylated myosin (pβMys)

was 81-89% modified. A 40% phosphorylated sample used in the Qdot assay described

below was a mixture of pβMys and βMys. Figure 2 shows actin-activated ATPase for βMys

and pβMys with the tabulated Michaelis-Menten constants Km and Vmax. The weak actin

binding constant and maximum ATPase do not significantly differ between βMys and

pβMys.

Alternatively, analysis of variance using phosphorylation status (0 or 0.89 for

unphosphorylated or phosphorylated) and actin concentration as factors finds the effect of

phosphorylation on ATPase is strongly implied (p-test<0.01, phosphorylation affects actin-

activated ATPase). The significance test does not specify whether Vmax, Km, or both are

affected.

In vitro motility

Actin motility assays used a Qdot+rhodamine-phalloidin labeled actin. Single Qdots were

tracked but both chromophores were visualized to inspect actin filament length and integrity

prior to motility measurements. We used MTrackJ to do the manual tracking and average

velocity calculation (23).

Figure 3 shows the average motility velocities vs bulk βMys or pβMys concentrations. Each

filament was tracked for >10 μm. The sliding velocity of actin filaments at each myosin

concentration was measured by averaging the speeds of 40-50 filaments from 2 slides. Error

bars show standard deviation. Average motility velocity increases with increasing bulk

myosin concentrations (and presumably with increasing myosin surface density) as expected

for a low duty cycle motor. Motility saturates for both βMys and pβMys preparations at

Wang et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



~0.16 μM myosin as reported previously (13). We also showed previously that Qdot

+rhodamine-phalloidin labeled actin filaments move as quickly as the standard rhodamine-

phalloidin labeled filaments for myosin bulk concentrations ≥ 0.08 μM (13).

Analysis of variance using phosphorylation status and myosin bulk concentration finds the

effect of phosphorylation on motility velocity is not implied by data in Figure 3 (no

presumption against the null hypothesis).

Super-resolution particle tracking

We processed photon counting images for super-resolution using the QuickPALM ImageJ

plugin algorithm in 2 dimensions (22). QuickPALM renders the super-resolved single Qdot

data as single pixels in the frame sequence of the original data that we track manually using

MTrackJ. Output from MTrackJ is used to link the super-resolved Qdot path over the In

every motility assay a few Qdots did not visibly move due to apparent immobilization on the

glass surface. They were used to quantify baseline velocity distributions from thermal/

mechanical fluctuation events.

Figure 4 Panels A & B show actin sliding velocity event distributions in the low velocity

domain 0-15 nm/(Δt=1) for Δt = 200 msec. Baselines due to thermal/mechanical fluctuations

were subtracted. Peaks corresponding to short (red), intermediate (green), and long (blue)

step-sizes of ~3, ~5, and ~8 nm are indicated as observed previously (13). Some step

combinations are indicated with the appropriate symbol combinations.

Simulated curves, indicated by the red solid lines, are computed as described in Methods.

We performed 12,000 simulations of the velocity event distribution in each condition then

selected the 100 best fitting curves. Each simulated curve estimates the number of 3, 5, or 8

nm steps (step count) in the velocity curve. Step count is normalized by dividing the step

count by the total number of unitary steps to give the relative step frequency. Each

simulation gives the step frequency for 3, 5, and 8 nm steps. In 100 simulations we have 100

estimates of the step frequency. The histogram height in Figure 4 Panels C & D reflects the

number of times (events) step frequency falls within a bin width of 0.05 for each of the three

unitary steps. Step frequency numerical averages ± SEM (n=100) for the 3, 5, and 8 nm

unitary steps are also shown in the panels. The 5 nm step in βMys has highest average

frequency, 8 nm slightly lower, and 3 nm a low average frequency as expected (13). A

dramatic re-distribution is observed for pβMys where the ~8 nm step on average accounts

for 72% of all steps. Measurements at bulk myosin concentrations from 0.08 to 0.16 (shown)

μM indicated phosphorylation caused the myosin to favor the longest unitary step-size.

The low probability event combinations falling into the range occupied by unitary steps are

indicated under the velocity curve in Figure 4 Panels A & B in the smaller font. The short-

step probability is too low to contribute significantly as a doublet. In the unphosphorylated

βMys case, the ~8 nm peak is similar in length to the short and medium steps in

combination. We adapted the simulation to investigate the relative contributions of the

combined steps and unitary 8 nm step to the 8 nm peak as described (13). We obtained

results identical to those reported previously where with the 8 nm unitary step included in

the simulation, the best fits fully account for observation (red line Figure 4 Panels A & B).
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Without the 8 nm unitary step, best fitting causes the simulation to substantially overshoot

the 3 and 5 nm peaks in the velocity histogram indicating the event deficit at 8 nm. The peak

assigned to the combined 5 and 8 nm steps is substantially under-occupied in the simulation,

again demonstrating the need for the unitary 8 nm step. Representative curves were already

shown for this case [blue line Figure 5 Panels A & B in Wang et al. (13)]. In the pβMys

case probability for 3 and 5 nm steps were frequently negligible leaving the 8 nm step as the

principal unitary step.

Figure 5 shows relative frequencies for the short (red), intermediate (green), and long (blue)

step-sizes of 3, 5, and 8 nm and for the 0, 0.4, and 0.85 phosphorylated fraction samples.

The curves indicate that frequency gain for the 8 nm step depletes the 5 nm step frequency

while the short step frequency is unchanged as the fraction of S15’s phosphorylated

increases. The black curve is the mean step size vs the fraction of S15’s phosphorylated. It

shows an approximately linear increase.

The motility velocity, vm equals d×Vmax/f, for step-size d and duty cycle f. Based on vm,

average step-size, and Vmax measured here, duty cycles for pβMys and βMys are identical at

0.020 ± 0.004 in agreement with accepted values (11).

DISCUSSION

We detected 3 unitary step-sizes for βMys (gene MYH7, slow skeletal myosin) vs the

apparent single 5 nm unitary step for rabbit sHMM (gene MYH2, fast skeletal myosin) (12)

using the Qdot assay (13). In βMys we observed most frequently a 5 nm step like that in

sHMM, a less frequent 8 nm step, and a rare 3 nm step. Relative frequencies of the 3 and 5

nm steps are very different making it unlikely that they are sub-steps of the longer 8 nm

unitary step. Cardiac myosin ELC’s (cELC, genes MYL3 or MYL4) have a unique N-

terminus known to bind actin and to influence myosin function in the heart (14, 24, 25). Fast

skeletal myosin ELC (MYL1) corresponds to either long (LC1) or short (LC3) ELC on

sHMM with LC1 probably making an actin contact but unlike the binding of cELC (26). We

proposed previously that the 3 and 8 nm steps in βMys were coupled to cELC actin binding

suggesting why sHMM does not indicate multiple steps (13).

Three different publications over a 12 year span reported cardiac myosin step-size consistent

with a single 7 ± 3 nm step (27-29). The single unitary displacement reported is consistent

with the 6.2 nm weighted average of our three step-sizes. The reported step-size resolution

for the laser trap experiments is too low to discern the different unitary steps we observed

except for the 3 nm step. The Qdot assay is a different approach with better spatial

resolution because absolute displacements of ~1 nm are measurable under favorable

conditions. Our step-size standard error corresponds to about half a nanometer for the short

step. The minor probability of the short step makes it a negligible contributor until skeletal

and cardiac myosin Qdot assays are compared head-to-head. Then the multistep signature of

the cardiac myosin is definitive [compare Figures 4 and 5 in Wang et al. (13)]. This clear

skeletal/cardiac myosin distinction caused additional scrutiny leading to identification of 3

unitary step-sizes. The multiple unitary step-sizes in βMys have an apparent probability that

could be altered to affect contraction velocity and efficiency under load. We hypothesized
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that unitary step-size probabilities are adjusted in vivo to accomplish thick filament

contractility regulation (13).We investigated this hypothetical mechanism with the present

work.

Changes to RLC phosphorylation levels in the cardiac muscle affect power output in model

organisms (5). Large model simulation suggested that mechanical coupling by the lever-arm

complex plays a critical role in contraction via lever-arm stiffness and stiffness modulation

by RLC phosphorylation (7). We showed here that RLC phosphorylation affects the

distribution of βMys step-sizes. The result is summarized in Figure 5 where average step-

size increases ~17% with 0-85% S15 phosphorylation. The adaptive myosin step-size is a

new mechanism for thick filament contraction regulation. Higher phosphorylation levels

correlate with higher isometric force and power output in permeabilized rat cardiac

trabeculae and with heart failure in human tissue (30). The longer working stroke may

contribute to the increase in force and power associated with higher phosphorylation levels

that are used to compensate the power shortage in a failing heart.

Figure 6 shows a hypothetical 3 step-size mechanism describing βMys movement of actin in

vitro and its proposed modification to accommodate our new results for phosphorylated

RLC. Panels A and B depict the unphosphorylated RLC case. Panel A is the full lever-arm

swing of 8 nm with actin binding of the cELC N-terminus. Panel B shows the default 5 nm

step detaching from actin (towards right) with ATP binding before the binding of the cELC

can occur, and, an unlikely event when lingering ADP causes a subsequent 3 nm step

(towards left) (13). The unphosphorylated RLC does not repel the actin binding cELC N-

terminus peptide allowing the peptide to frequently maintain a conformation unfavorable for

interaction with actin. Panel C depicts the phosphorylated RLC case. The presence of

charged phosphate modifying S15 in RLC restricts the cELC N-terminus conformation to

one more favorable for interaction with actin. In this case, steady-state for the 3 step-size

mechanism favors the 8 nm step-size with the 3 and 5 nm steps in the minority. The

hypothetical mechanism indicated in Figure 6 focuses on the impact of RLC

phosphorylation on the local cELC N-terminus conformation. Mechanisms suggesting RLC

phosphorylation affects the whole cross-bridge conformation to favor actin interaction by

cross-bridge repulsion from the thick filament (31) appears qualified to account for our

observations however our data suggests that the structure of the nominally intact fiber with

interdigitated thin and thick filament is not necessary lending credibility to our local model.

Figure 5 indicates that RLC S15 phosphorylation promotes a frequency gain for the 8 nm

step and frequency loss in the 5 nm step while the 3 nm step frequency is largely unaffected.

The Figure 6 model suggests the declining frequency for the 5 nm step should trigger a

frequency decline for the 3 nm step since the 3 nm step follows on the 5 nm step. This does

not appear to be the case implying the shortest step originates independently or that the

normally low frequency for the short step limits our ability to properly count its

contribution. The ~20% step frequency for the short step is difficult to accurately separate

from thermal/mechanical fluctuations.

Alternative to the Figure 6 model, RLC phosphorylation was proposed to increase lever-arm

stiffness based on motility velocity measurements of skeletal myosin under load (32).
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Increased stiffness in the lever-arm was not directly measured (unlike our step-size and step

frequency) but it could cause the observed increased step-frequency for the longest step-size.

In this case, modulating lever-arm stiffness due to S15 phosphorylation would modulate the

relative step frequencies in cardiac myosin but the cELC/actin link is still needed to address

the origin of the 1 step-size vs 3 step-sizes in skeletal vs cardiac myosin. This alternative

hypothesis involves an untested mechanism for coupling RLC phosphorylation to lever-arm

stiffness analogous to that depicted in Figure 6 for coupling phosphorylation to repulsion of

the ELC N-terminus.

Lever-arm lengths in skeletal and cardiac myosin are identical by homology modeling hence

the full 8 nm step facilitated by the cELC/actin link corresponds to a lever-arm rotation ~19

deg larger than for a 5 nm step (assuming a 9 nm lever-arm length and a 3 nm step). If the

cELC N-terminus is necessary for the 8 nm step it implies that the heavy chain itself does

not modulate step-size and that a significant part of the energy transduction mechanism lies

outside the βMys heavy chain.

CONCLUSION

Three unitary step-sizes at work in βMys were discovered previously using the novel Qdot

assay (13). Here we use the Qdot assay to assess the effect of RLC S15 phosphorylation on

unitary step-size distribution. We show that the unitary step frequency responds to the

phosphorylation of S15. The manner of the response is nominally linear with increasing

mean step-size correlated with increasing levels of S15 phosphorylation. Mean step-size

increases by ~0.9 nm going from 0 to 85% S15 phosphorylation. This finding identifies the

regulatory mechanism granting the influence of RLC phosphorylation over cardiac function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Qdot motility assay simplifies and refines in vitro myosin step-size measurements

We measured multiple unitary step-sizes in cardiac ventricular myosin

Myosin regulatory light chain phosphorylation modulates multiple step-size

frequency

Increasing levels of phosphorylation correlates with increasing mean step-size

We identify the mechanism granting phosphorylation control over cardiac function

Wang et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Urea PAGE of unphosphorylated (U) and phosphorylated (P) βMys. Protein bands were

stained with SYPRO Ruby and the fluorescence quantitated with ImageJ. The faint band

below the main RLC band is an unphosphorylated RLC with altered charge due to

methylation or other post translational modification (1). Numbers indicate % of total RLC

content.
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Figure 2.
Actin-activated ATPase of unphosphorylated (triangle) and phosphorylated (circle) βMys.

Michaelis-Menten fitting constants Vmax = 1.20 ± 0.13 and 1.26 ± 0.09 s−1, Km = 6 ± 2 and

3 ± 1 μM for unphosphorylated and phosphorylated samples are derived using

ATPase=Vmax•[Actin]/(Km+[Actin]). Error bars show standard deviation.
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Figure 3.
Ensemble average in vitro motility velocity vs bulk myosin concentration of

unphosphorylated (triangle) and phosphorylated (circle) βMys for Qdot+rhodamine-

phalloidin labeled actin. Error bars show standard deviation.
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Figure 4.
Measured (squares and dashed line) and simulated (red line) velocity event distributions for

unphosphorylated (Panel A) and phosphorylated (Panel B) βMys (βMys and pβMys) and

200 ms frame capture interval. The Panel A insert indicates translation of the motor domain

associated with unitary step-size and lever-arm rotation. Unitary steps of ~3 nm (red), ~5 nm

(green), and ~8 nm (blue) are indicated symbolically near their event distribution peak.

Several unitary step combinations are also indicated. Panels C & D show the histograms for

step frequency. βMys panels (0% phosphorylation) corresponded to 894 total unitary events

and pβMys panels (81-89% phosphorylated) to 710 total unitary events. The simulated

velocity curve corresponds to the best fitting single simulation while the histograms

summarize findings from the best 100 simulations. Errors are SEM for 100 simulations.
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Figure 5.
Relative frequency (left abscissa) and mean step-size (right abscissa) associated with the

unitary steps vs the fraction of RLC S15 phosphorylation. The blue (8 nm), green (5 nm),

and red (3 nm) curves indicate that the frequency gain as the fraction of S15’s

phosphorylated increases. The black curve shows the approximately linear increase in the

mean step size vs the fraction of S15’s phosphorylated. Vertical error bars in blue, green,

and red curves are frequency SEM for 100 simulations. Vertical error bars for the black

curve are mean step-size SEM combining step-size and step frequency errors. Horizontal

error bars on all curves are estimates based on the declining phosphorylated fraction over the

course of the experiments as indicated in Figure 1.
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Figure 6.
Hypothetical 3 step-size mechanism for βMys moving actin in vitro and its modification by

RLC S15 phosphorylation. Panels A and B depict the unphosphorylated βMys species and

Panel C the phosphorylated species. Panel A is the full lever-arm swing of 8 nm with actin

binding of the cELC N-terminus. Panel B shows the 5 nm step followed by detachment from

actin (towards right) or an unlikely event when lingering ADP causes a subsequent 3 nm

step (towards left). The actin binding N-terminus peptide of cELC is frequently constrained

to a position unfavorable for its attachment to actin. Panel C shows the actin binding N-

terminus peptide of cELC pre-positioned to interact with actin due to repulsion of the

peptide by phosphate (P) at S15 of pRLC. This conformation favors the 8 nm step.
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