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Abstract
Myosin powers contraction in heart and skeletal muscle and is a leading target for mutations
implicated in inheritable muscle diseases. During contraction, myosin transduces ATP free energy
into the work of muscle shortening against resisting force. Muscle shortening involves relative
sliding of myosin and actin filaments.

Skeletal actin filaments were fluorescence labeled with a streptavidin conjugate quantum dot
(Qdot) binding biotin-phalloidin on actin. Single Qdot’s were imaged in time with total internal
reflection fluorescence microscopy then spatially localized to 1-3 nanometers using a super-
resolution algorithm as they translated with actin over a surface coated with skeletal heavy
meromyosin (sHMM) or full length β-cardiac myosin (MYH7). Average Qdot-actin velocity
matches measurements with rhodamine-phalloidin labeled actin. The sHMM Qdot-actin velocity
histogram contains low velocity events corresponding to actin translation in quantized steps of ~5
nm. The MYH7 velocity histogram has quantized steps at 3 and 8 nm in addition to 5 nm, and,
larger compliance than sHMM depending on MYH7 surface concentration.

Low duty cycle skeletal and cardiac myosin present challenges for a single molecule assay
because actomyosin dissociates quickly and the freely moving element diffuses away. The in vitro
motility assay has modestly more actomyosin interactions and methylcellulose inhibited diffusion
to sustain the 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 approach provides quick, quantitative, and inexpensive step-size
measurement for low duty cycle muscle myosin.

INTRODUCTION
Myosin is a molecular motor powering the contraction of heart and skeletal muscle. It is
frequently implicated in inheritable muscle diseases including hypertrophic and dilated
cardiomyopathy (HCM and DCM) (1) and skeletal muscle myopathies (2). Characterizing
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SUPPORTING INFORMATION The 20 second real time movie (17sHMM) shows Qdot+rhodamine labeled actin filaments moving
over rabbit skeletal HMM immobilized on the nitrocellulose coated glass surface. Surface bound sHMM derives from 0.114 μM bulk
concentration sHMM. The 80 second real time movie (419MYH7) shows Qdot+rhodamine labeled actin filaments moving over
cardiac myosin immobilized on the nitrocellulose coated glass surface. Surface bound myosin derives from 0.08 μM bulk
concentration MYH7. Emission is dominated by the single Qdots but the rhodamine label is also visible. Rhodamine labeling is sparse
with single rhodamines on the actin sometimes recognizable. This material is available free of charge via the Internet at http://
pubs.acs.org.
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myosin functionality and its alteration by disease implicated mutation is a high priority
because it elucidates the molecular basis for disease to identify the targets for smarter
therapy. During contraction, myosin transduces chemical free energy in the form of ATP in
the cell into the work of translating its force producing partner actin against the force
resisting muscle shortening. Transduction and actin translation are principal myosin
functionalities affected by disease. We are concerned here with actin translation
quantitation.

Muscle myosin is a linear molecule with a globular head domain at the N-terminus
containing the ATP and actin binding sites and a long tail that spontaneously associates into
a two headed dimer (both heads at one end). Head domain folding is assisted by two light
chains, essential and regulatory, that bind to a long single α-helix in the head called the
lever-arm. Dimers form the rod-like myosin thick filament with excluded head domains that
project outward towards adjacent actin thin filaments in a muscle fiber. Actin and myosin
filaments slide relatively during contraction due to impulsive force by myosin that occurs
while they are tightly bound to each other. Within the myosin head or subfragment 1 (S1),
ATP hydrolysis drives rotary movement of the lever-arm converting rotation into the linear
translation of actin (3, 4). The lever-arm is stabilized by the two bound light chains and they
affect lever-arm stiffness (5). Single ATPase cycle linear translation distance or step-size, h,
derives from the lever-arm length and its shear stiffness. It is a crucial single molecule
parameter characterizing myosin functionality. The skeletal myosin crystal structure (3) and
its homology modeled analog for cardiac myosin (6) indicate identical lever-arm length for
these isoforms implying their identical step-size.

The in vitro motility assay measures actin gliding velocity over a planar array of myosin
immobilized on a surface. In its basic implementation, fluorescent labeled actin filaments
glide over myosin to model unloaded contraction producing maximum velocity actin
movement. Myosin translates actin only while the two molecules are tightly bound. The
myosin duty cycle is the ratio of time spent strongly actin bound, ton, divided by the time to
complete the ATPase cycle, τ. Muscle myosin has a low duty cycle, given by ton/τ, to enable
rapid actin translation in a muscle fiber containing densely packed arrays of myosin motors
interacting with translating actin filaments (7, 8). For low duty cycle myosin, actin sliding
velocity in the motility assay depends on the myosin surface density because myosin is
usually not actin bound so that many actomyosin interactions produce a longer actin
translation between images of the fluorescent actin. Conventional microscope spatial
resolution of ~520 nm suggests >100 actomyosin interactions must occur between collected
images for detection if h = 5.2 nm. The high number of actomyosin interactions required
normally prohibits direct detection of h in the motility assay.

Sparse fluorescent probes individually imaged are localized to higher precision than
diffraction limited resolution by fitting the point spread function (PSF) to the measured
photon distribution (9, 10). The analysis substitutes the distribution center for the point
object position with precision determined by the signal-to-noise ratio (SNR) rather than the
diffraction limited PSF width (11, 12). This super-resolution imaging has localized point
objects with < 1 nanometer accuracy (13). Low duty cycle skeletal and cardiac myosins
present challenges for a sparse single molecule assay because actomyosin dissociates
quickly and the freely moving element diffuses away. We introduce here super-resolution
particle tracking of quantum dot (Qdot) labeled actin in the standard in vitro motility assay.
The in vitro motility assay has modestly more actomyosin interactions than a single
molecule encounter while actin diffusion is inhibited by addition of methylcellulose to 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.
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We immobilized rabbit skeletal heavy meromyosin (sHMM) on the planar substrate in the in
vitro motility assay. Rapid sHMM motility limited camera exposure time to 10 ms to ensure
actin is rarely actively translated by myosin during an exposure. This also determines
practical limits for photon counts per pixel providing a spatial resolution of ~3 nm for the
actin attached Qdot under the most favorable conditions. At modest myosin surface density
and actin filament length, quantized particle velocities corresponded to a unitary myosin
step-size of ~5 nm for the low duty cycle motor. We also immobilized full-length porcine β-
cardiac myosin (MYH7) on the planar substrate in the in vitro motility assay. Its slower
ATPase kinetics permitted a 30 ms exposure time providing a spatial resolution minimum of
~1 nm for the actin attached Qdot under the most favorable conditions. For MYH7 we
observed several unitary steps, one as expected at ~5 nm and two less probable steps of 3
and 8 nm. The relative frequencies of the 3 and 5 nm steps are very different making it
unlikely that they are simply sub-steps of the longer 8 nm unitary step. Step-sizes in MYH7
shortened measurably at higher myosin surface concentration suggesting myosin compliance
changes as myosin crowds the surface.

Quantitating in vitro motility velocity with super-resolution microscopy opens the way for
rapid, quantitative, and inexpensive step-size measurement in low duty cycle muscle
myosins implicated in inheritable muscle diseases.

METHODS
Chemicals

Quantum dot 585 streptavidin conjugate (Qdot), rhodamine-phalloidin, biotin-XX-phalloidin
and phalloidin 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), catalase, and methylcellulose (m0262, MW 41 kD) were from Sigma-
Aldrich (St. Louis, MO). Bradford assay was purchased from Bio-Rad (Hercules, CA).
Other chemicals were purchased from Sigma-Aldrich or Affymetrix (Cleveland, OH).

sHMM preparation
Rabbit skeletal myosin was prepared from the leg and back muscles by the method of
Tonomura et al. (14). HMM was obtained by chymotryptic digestion of myosin (15).

MYH7 preparation
Porcine β-cardiac myosin (MYH7) was prepared from heart ventriculum as preciously
described for bovine cardiac myosin with some modifications (16). MYH7 was extracted
from minced, washed ventriculum for 10 min at 4 °C with “Guba-Straub” solution (0.3 M
KCl, 5 mM ATP, 1 mM DTT, 5 mM MgCl2, 1 mM EGTA in 50 mM potassium phosphate
buffer, pH 6.5). After the solubilized myosin was separated from the tissue by
centrifugation, three cycles of precipitation were performed to eliminate contaminating
soluble proteins. Then the pellet was dissolved in a high salt wash (0.6 M KCl, 5 mM ATP,
1mM DTT, 5 mM MgCl2, 1 mM EGTA, 0.001 mg/ml Leupeptin in 50 mM Tris-HCl pH
8.0) followed by ultracentrifugation (250,000×g, 2 h). The upper 2/3 rds of the supernatant
was collected and dialyzed overnight in storage buffer (0.6 M KCl, 2 mM DTT, 0.001 mg/
ml Leupeptin in 50 mM Tris-HCl pH 7.4) followed by ultracentrifugation (250,000×g, 3 h)
to remove remaining actin or actomyosin impurities. MYH7 was stored in sealed tubes at
−20°C in 50% glycerol (vol/vol).

Urea gel electrophoresis and mass spectrometry analysis of our porcine cardiac myosin did
not detect any phosphorylated regulatory light chain (RLC) in the myosin (17). The myosin
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has less than 5% actin impurity judged from analyzing the SYPRO Ruby stained SDS/
PAGE.

Actin preparation and labeling
G-actin was obtained from rabbit skeletal muscle acetone powder by using the method
described by Pardee and Spudich (18) then stored immediately under argon gas in liquid
nitrogen. Before actin was used, the frozen G-actin was thawed and spun in an airfuge
(Beckman Coulter, Indianapolis, IN) at 160,000×g for 90 min to remove denatured actin.
We compared motilities of skeletal HMM using actin obtained with and without liquid
nitrogen storage and average velocities were the same within error. Rhodamine labeling of
actin filaments was performed with rhodamine-phalloidin and actin in a 1.2:1 molar ratio as
described previously (19). Biotin-XX-phalloidin plus rhodamine-phalloidin labeling of actin
filaments was performed like rhodamine-phalloidin labeling but with the biotin-XX-
phalloidin to rhodamine-phalloidin molar ratio of 1:9 while total phalloidin derivatives to
actin molar ratio remained 1.2:1. We tested biotin-XX-phalloidin to rhodamine-phalloidin
molar ratios of 1:1, 1:4, 1:9, 1:19, 1:49, 1:99, and 1:199 to optimize conditions favoring one
Qdot per actin filament with most filaments Qdot labeled and found 1:9 was optimum.
Phalloidin derivatives were incubated with actin overnight on ice. Qdot streptavidin
conjugation to the biotin-XX-phalloidin labeled actin was done in the flow cell (see below).

sHMM in vitro motility
sHMM dead-heads were removed prior to use by mixing sHMM with phalloidin labeled
actin, adding 2 mM ATP, raising KCl concentration to 100 mM and then spinning down the
mixture at 160,000×g for 20 mins (20). 4 nM Qdots were prepared in Qdot solution (6%
BSA in C buffer) just prior to the motility measurement using Qdot stock spun down at
5000×g and 1 μL of supernatant added to 250 μL Qdot solution.

Motility assays using rhodamine-phalloidin labeled actin filaments were performed as
described by Kron et al. (19). We developed a protocol for the Qdot + rhodamine-phalloidin
labeled actin motility assay from Månsson et al. (21) with substantial changes. Each sHMM
sample was diluted in C-buffer (25 mM KCl, 25 mM imidazole pH7.4, 5 mM MgCl2, 0.1
mM EGTA, 10 mM DTT, 0.1 mM PMSF) to 0.057, 0.114, 0.171, or 0.285 μM (assuming
sHMM molecular weight of 350kD), 15 μL of which was infused into a flow cell made from
the nitrocellulose coated glass coverslip and incubated for 2 min. After sHMM incubation,
the flow cell was washed with 30 μL of 1 mg/ml BSA solution (BSA in C-buffer), incubated
with 15 μL of 25 mg/ml BSA solution for 2 min, and then washed again with 30 μL of 1
mg/ml BSA solution. We did a second dead-head removal for sHMM immobilized in the
flow cell by, 1 min incubation with 30 μL of C buffer, 2 min incubation with 30 μL of 2 μM
phalloidin labeled actin in C-buffer, 1 min incubation with 30 μL of 1 mM ATP in C-buffer,
and 1 min incubation with 30 μL of C-buffer. After that, 30 μL of 4 nM biotin-XX-
phalloidin plus rhodamine-phalloidin labeled actin in C-buffer was infused for 30 sec
incubation. Then, 30 μL of 4 nM Qdots in Qdot solution was infused for 60 sec incubation.
It was followed by 30 μL volume of 1 μM biotin in C-buffer to block free biotin binding
sites on streptavidin. After 1 min incubation, the flow cell was washed with 30 μL C-buffer
and mounted on the microscope stage. Once the sample was in focus, the standard motility
buffer (25 mM KCl, 25 mM imidazole pH7.4, 5 mM MgCl2, 0.1 mM EGTA, 20 mM DTT,
0.1 mM PMSF, 0.7% methylcellulose with viscosity 12 cP at 20 °C, 2 mM ATP, 3 mg/ml
glucose, 0.018 mg/ml catalase, and 0.1 mg/ml glucose oxidase) was infused to initiate
motility. All the motility assays were performed at 21°C.
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MYH7 in vitro motility
In vitro motility assays for MYH7 using rhodamine-phalloidin labeled actin were performed
as previously described by Pant et al. (22) and Greenberg et al. (23). The assay using Qdot
labeled actin was similar to that for sHMM. MYH7 in 50% glycerol (200 μg myosin) was
suspended in 12 vol of 10 mM DTT in ice cold water and precipitated for 1 h on ice then
centrifuged at 16,000×g for 30 min at 4°C. The pellet was resuspended in 200 μl M-buffer
(0.3 M KCl, 1 mM EGTA, 5 mM MgCl2, 10 mM DTT in 25 mM imidazole pH7.4). The
myosin was mixed with 1 mM ATP and 1.1 μM actin in M-buffer and centrifuged in an
Airfuge (100,000×g for 30 min) to remove dead-heads. Myosin concentration was
determined using the Bradford assay then the sample was diluted to the desired
concentration. 15 μL of the myosin sample was infused into a flow cell made from the
nitrocellulose coated glass coverslip and incubated for 1 min. After incubation, the flow cell
was washed with 30 μL of 1 mg/ml BSA solution (BSA in M-buffer), incubated with 15 μL
of 25 mg/ml BSA solution for 2 min, and then washed again with 30 μL of 1 mg/ml BSA
solution, followed by 90 μL of low-salt-buffer (25 mM KCl, 1 mM EGTA, 5 mM MgCl2,
10 mM DTT in 25 mM imidazole pH7.4). After 1 min incubation, we did a second dead-
head removal by, 2 min incubation with 30 μL of 1 μM phalloidin labeled actin in low-salt-
buffer, 1 min incubation with 30 μL of 1 mM ATP in low-salt-buffer, and 1 min incubation
with 30 μL of low-salt-buffer. After that, 30 μL of 8 nM biotin-XX-phalloidin plus
rhodamine-phalloidin labeled actin in low-salt-buffer was infused for 30 sec incubation.
Then, 30 μL of 5 nM Qdots in Qdot solution was infused for 60 sec incubation. It was
followed by 30 μL of 1 μM biotin in low-salt-buffer. After 1 min incubation, the flow cell
was washed with 30 μL of low-salt-buffer and mounted on the microscope stage. Once the
sample was in focus, the cardiac motility buffer (25 mM KCl, 25 mM imidazole pH7.4, 5
mM MgCl2, 1 mM EGTA, 20 mM DTT, 0.7% methylcellulose, 2 mM ATP, 3 mg/ml
glucose, 0.018 mg/ml catalase, and 0.1 mg/ml glucose oxidase) was infused to initiate
motility.

Microscopy
Quantitative actin motility assays using Qdots always used the Qdot+rhodamine-phalloidin
labeled actin to allow evaluation of actin filament length and integrity. In vitro motility of
rhodamine-phalloidin or Qdot+rhodamine-phalloidin labeled actin was observed with
through-the-objective total internal reflection fluorescence (TIRF) (24) on an Olympus IX71
inverted microscope using a 150X, 1.45 NA objective. TIRF illumination is evanescent and
confined to the flow cell surface containing sHMM or MYH7 with ~100 nm penetration
depth into the bulk phase. Images were acquired with an Andor EMCCD camera (iXon3 897
with 16 × 16 μm pixels and 16 bit dynamic range) at 20 frames per second and 10 msec
exposures (sHMM) or 5 frames per second and 30 msec exposures (MYH7) using the
software supplied by the manufacturer (SOLIS). 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. Argon ion laser (Coherent Innova 90C) intensity
was ~30 mW at 488 nm.

The total Qdot labeled actin filaments observed decreased after infusion of motility buffer to
~40% of its initial value in ~5 min probably due to detachment from the surface and
movement out of the evanescent illumination. This is sooner than the rhodamine labeled
actin filaments but long enough for completion of motility measurements.

Standard in vitro motility data was acquired from rhodamine-phalloidin or Qdot+rhodamine-
phalloidin labeled actin moving over sHMM or MYH7 using manual filament tracking with
the ImageJ plugin, MTrackJ (25).
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Super-resolution measurements
We processed photon converted images for super-resolution using the QuickPALM ImageJ
plugin super-resolution fitting algorithm in 2 dimensions (26). The software 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 150X 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. Two rendering types were used where each
subsequential frame contained (i) no previously observed particle positions and (ii) all
previously observed particle positions. The latter shows Qdot pathways that are useful
during the manual particle tracking described below.

Type 2 rendered frames were read into ImageJ and analyzed with MTrackJ (25). 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. Manual tracking with MTrackJ provided a file
identifying the approximate position (within a 3 pixel radius) of the super resolved particle.
A separate Mathematica program, SRTrack, 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 MTrackJ particles that did not have a
super-resolved equivalent. The latter removed the effect of Qdot blinking.

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 using the Type 1 rendered
images. Type 1 rendered images were treated similarly to Type 2 but used to analyze and
quantitate thermal/mechanical fluctuations. These fluctuations were smaller than one pixel
but were quantifiable at super-resolution. Stage drift was not detected in the velocity
histograms used for data analysis probably because velocity data corresponded to the
difference of Qdot positions between sequential frames.

Data fitting
Measured Qdot velocities were plotted in histograms with velocity in units of h/Δt = 1, for h
the apparent step size parameter and Δt the frame capture time interval. Histogram intervals
were 0.167 to 0.2 over the 0-4 velocity domain (20-25 intervals). The sHMM data separated
into peaks by inspection corresponding approximately to 5 nm steps. Step-size parameter h
was then scanned over a 4 nm interval in small uniform steps (0.01 nm) with a median of 5
nm. The best step-size was selected by minimizing the difference between peaks in the
histogram and integer multiples of the initial peak near unit velocity. The MYH7 data
separated into peaks by inspection although the pattern was more complex than that for
sHMM. The lowest velocity peak was bimodal corresponding to two steps, the longer and
prevalent step near 5 nm and the shorter minor step near 3 nm. Step size was then scanned
over a 4 nm interval in small uniform steps (0.01 nm) with a median of 4 nm. The best
median step-size was selected by minimizing the difference between peaks in the histogram
and integer multiples of the prevalent step alone and in combination with the minor steps.
We interpreted the prevalent step near 5 nm as unitary because of its anticipated
correspondence with the unitary skeletal step. The sHMM did not indicate the minor step
hence we attributed it to an unexpected difference between skeletal and cardiac isoforms, a
consequence of full length myosin in MYH7, or both possibilities. Our interpretation of the
origin of the short step implies a third unitary step occurs at 8 nm as discussed in RESULTS.
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System optimization
Machine setting for measuring step-size with super-resolution in vitro motility optimize the
contrary requirements for point resolution and separating unitary actomyosin interactions in
time. One method to do this is outlined below.

1. Measure the ensemble average velocity using the super-resolution microscope and
Qdot labeled actin. The frame rate shows visible actin translation between frames.
Estimate motility velocity with standard resolution spot tracking. Optimize
fluorescence collection efficiency to obtain maximal photons for lowest excitation
light. Raise excitation level to the maximum consistent with probe photobleaching
rate and experiment duration. Qdots do not apparently photobleach however we
needed to visualize both the Qdot and rhodamine label on the actin. This limits
excitation level.

2. Analyze the standard motility data with QuickPALM. The program estimates and
removes background light, computes standard deviation for two spatial dimension,
(sx, sy), and signal intensity in photons, N = γ te, for te the camera exposure time
and γ the proportionality factor depending on excitation and detection
characteristics. Assuming x and y dimensions are equivalent, compute point

resolution, Δx, (in pixels) using  (11).

3.

Step size (h) measurement require Δx ◻ h/2 implying . Time
between successive frames Δt > te for every camera. The cross-bridge produces
actin translation during actin attached time, ton, that is 2-20 ms for the skeletal and
cardiac isoforms. The cross-bridge should not attach to actin during te to avoid a
movement artifact. The probability that te and ton overlap is te×ton/(Δt)2 for the
lowest velocity events where resolution is most demanding. Overlap happens in
this context ≤ 2% of the time in our conditions.

4. Isolating single cross-bridge interactions with actin during motility is most likely
when Δt is small because it reduces probability that two or more interactions will
occur between successive frames. System optimization finds the smallest Δt
consistent with the above.

5. If Δx ~ h/2 cannot be satisfied then raise excitation level. Visualizing both the Qdot
and rhodamine label on the actin is not an absolute requirement and does not need
to be done continuously throughout the assay. For instance, check actin filament
length with rhodamine emission before the motility assay at a lowered exciting
light level.

RESULTS
In vitro motility

Figure 1 panel A shows the ensemble average sHMM motility velocity vs bulk
concentration of sHMM for the rhodamine-phalloidin (open circles) and Qdot+rhodamine-
phalloidin (closed circles) labeled actin. We used MTrackJ to do the manual tracking and
average velocity calculation. Each filament was tracked for >20 μm. The sliding velocity of
actin filaments at each sHMM concentration was measured by averaging the speeds of 25-40
filaments from 2-3 slides. Error bars show standard deviation. The difference between the
velocities of rhodamine-phalloidin and Qdot+rhodamine-phalloidin labeled actin filaments
was less than one standard deviation for sHMM bulk concentrations ≥ 0.114 μM. Average

Wang et al. Page 7

Biochemistry. Author manuscript; available in PMC 2014 March 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



motility velocity increases with increasing bulk sHMM concentration (and presumably with
increasing sHMM surface density) as expected for a low duty cycle motor. The divergence
of velocities for rhodamine-phalloidin and Qdot+rhodamine-phalloidin labeled actin at the
lowest surface density suggests the Qdot imposes a force resisting movement for the static
filament that is dispelled when the filament begins to move. Figure 1 panel B shows the data
equivalent to that in panel A for MYH7. MYH7 has maximum velocity ~1/7 th that of
sHMM. The difference between the velocities of rhodamine-phalloidin and Qdot
+rhodamine-phalloidin labeled actin filaments was less than one standard deviation for
MYH7 bulk concentrations ≥ 0.08 μM again implying the Qdot imposes a force resisting
movement for the static filament that is dispelled when the filament begins to move. There is
a small systematic reduction in velocity of ~ 0.04 μm/s at all MYH7 bulk concentrations
measured apparently imposed by the Qdot suggesting a residual resisting force for the
dynamic filament.

Figure 2 shows a single frame of Qdot+rhodamine-phalloidin labeled actin filaments moving
over surface bound sHMM in a motility assay with biotin-XX-phalloidin to rhodamine-
phalloidin in a molar ratio 1:9. Qdot intensity dominates the intensity scale in the figure but
the 16 bit dynamic range of the camera also captures a substantial intensity range for the
rhodamine emission. The inset shows rhodamine labeled actin filaments moving over
surface bound sHMM in a motility assay with rhodamine-phalloidin and phalloidin in a
molar ratio of 1:9. Rhodamine labeling is heterogeneous along the filament at this labeling
density. Movies of Qdot+rhodamine-phalloidin actin moving over sHMM and MYH7 are
available in Supporting Information.

Effect of methylcellulose
Addition of 0.7% methyl cellulose to the motility buffer was required to prevent actin
filaments from diffusing away from myosin coated surface while myosin density is low. It
was shown previously that 0.5%–1.0% methyl cellulose in motility buffer increases the
solution viscosity and retards the actin filament’s lateral Brownian motion without
significantly affecting the sliding velocity over sHMM (19, 27). We found no difference in
rhodamine-phalloidin actin velocity over MYH7 for 0.5% and 0.7% methylcellulose (data
not shown, from 0.1-0.2 μM bulk concentration MYH7).

Super-resolution particle tracking of sHMM
Figure 3 shows the Type 2 rendering of an inverted-intensity super-resolved Qdot track in an
in vitro motility assay. sHMM surface density, σ, derives from 0.114 μM bulk
concentration. Each black square represents a 107 × 107 nm pixel containing the Qdot.
Circles connected by a line are the MTrackJ manually created track. Super-resolved Qdot
displacement among sequential frames is frequently within one rendered pixel implying the
rendered image will appear unchanged for two or more sequential frames. In this case, the
MTrackJ user clicks on the same pixel over the frames with the unchanged image. This
circumstance is indicated in Figure 3 with nearly concentric circles falling onto one pixel.
MTrackJ writes the file identifying frame and circle position that is then linked to the actual
super-resolved particle using these identifiers as described in METHODS.

Figure 4 shows actin sliding velocity event distributions for sHMM in the low velocity
domain 0 – 4.1 for h = 5.2 nm and frame capture interval Δt = 0.05 sec (0 – 0.40 μm/sec).
Figure 4A shows event distribution for σ derived from 0.114 μM sHMM bulk concentration
(solid squares) and baseline (solid circles) from thermal/mechanical fluctuation events.
Velocity probability data indicates discrete integer velocities corresponding to a myosin
step-size of 5.2 nm (Table 1). Area under the peaks at velocities 1, 2, 3, and 4 and after
baseline subtraction corresponds to 8, 38, 40, and 66 events for a total of 152 events. This
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sHMM bulk concentration was most efficient for producing the low velocity events
providing the optimized sHMM surface density to favor non-overlapping cross-bridge/actin
interactions under our conditions. For this sample, root mean squared standard deviation
(rmsd) in one dimension was as low as 3 nm, with an average value of 7 nm, for the point
intensities recorded (12).

Other bulk sHMM concentrations investigated produce similar velocity event recordings
after baseline subtraction. Figure 4B combines events detected for σ derived from 0.057,
0.114, 0.171, and 0.285 μM bulk concentrations for 497 total events. Event data at each bulk
concentration had a fitted baseline from control immobilized Qdots subtracted to remove the
thermal/mechanical fluctuation events as described below then velocity event distribution
data were combined. Velocity histograms in Figure 4 were tabulated from 2-3 slides over
2-3 days with 2 data sets from each slide and for each bulk concentration. One data set
contained 400-600 consecutive frames. Approximately 150 low velocity events
corresponding to 60-120 actin tracks were accumulated for each bulk concentration.

Simultaneously bound cross-bridges produce identical actin sliding velocity under unloaded
conditions like that in the in vitro motility assay hence the net velocity is proportional to the
time any cross-bridge is actin bound between frames. Skeletal HMM has 1/τ = Vmax ~ 20
s−1 (28) per cross-bridge and duty cycle f ~ 0.05 (7) implying time spent actin bound at
maximum sliding velocity is ton = f/Vmax ~ 2.5 ms. Two cross-bridges binding an actin
filament at times offset by >3 ms but falling in the same frame capture interval will produce
a sliding velocity of 2 (Figure 4). At low actin sliding velocity this is likely to occur. At
higher velocities, where multiple cross-bridges are impelling actin, it is more likely that two
or more cross-bridges will overlap some of their bound time producing a net sliding velocity
intermediate to the discrete velocities at or near 1, 2, 3, and 4. This effect is seen as the
rising baseline in Figures 4A and 4B that is reproduced in the simulation.

We simulated motility assay velocity probability density using a time×space array
representing an actin filament interacting with the surface bound sHMM. Columns represent
time evolution of myosin binding sites on actin. Rows are the spatial representation of
myosin binding sites on actin located every 36 nm along the filament. They interact with
surface bound myosin. The binding site (or target zone) is 3 actin monomers long (a ~ 16.5
nm) and has a width w ~ 40 nm (29). We simulated an actin filament 1.2 μm long having M
= 33 total myosin binding sites. The time×space array was filled one row at a time by
randomly generating binding site occupation from constant empty site occupation
probability p that is the simulation parameter adjusted to match observation. We also tried
an adapting algorithm with p = p0(M-g)/M for g the occupied sites in the row and p0 the
binding probability when g = 0 under the assumption that tethering actin to the surface
lowers subsequent probability for binding due to stearic constraints. For either algorithm,
our expectation was that p ◻ σ a w implying p increases with rising sHMM bulk
concentration although this turned out to be incorrect as discussed below.

To evaluate time evolution, we partitioned ton into n segments, tseg = ton/n, then using <ton>
= 2.5 ms, we chose an actual on-time for the bound cross-bridge randomly and normally
distributed within a width that best reproduced the peak widths in Figures 4A and 4B. For n
= 16, a width of 2 tseg (~0.3 ms) represented observed dispersion in ton. An occupied binding
site stayed occupied for several tseg’s (one tseg elapses between rows in the time×space
array) and on average for <ton>. The total array column length is equal to, Δt/tseg, for Δt the
time interval between consecutive frames. The actin filament velocity is then the number of
rows with at least one site occupied, times the myosin step-size, divided by n Δt. The
simulation for a single actin filament and for Δt = 50 ms is run repeatedly until the number
of events falling in the 0-4 velocity range match the number observed.
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The baseline was fitted to the velocity event distribution using the relationship, vobs = vsim +
c vt/m, where vobs is the total observed column velocity event distribution vector, vsim is the
simulated equivalent to vobs that does not include thermal/mechanical events, c is the
unknown scalar, and vt/m is the observed thermal/mechanical column velocity event
distribution vector. Constant c is overdetermined and estimated by least squares
minimization with c = vt/m

T (vobs-vsim)/(vt/m
Tvt/m) for superscript T meaning transpose.

Two scenarios creating low velocity events have actin gliding over: a homogeneous sHMM
coated surface whose coverage varies with the bulk sHMM concentration infused into the
flow cell (implying p varies with bulk [sHMM]) but that occasionally produces a down
fluctuation in sHMM bound to the actin filament, or, a heterogeneous sHMM coated surface
whose average coverage varies with the bulk HMM concentration infused into the flow cell
but where local low density coverage areas are encountered (albeit less frequently with
higher average sHMM coverage and implying constant p). Simulation shows that p ~ 0.0005
well represented data for every surface concentration (Figures 4A and 4B) supporting the
heterogeneous sHMM coated surface scenario. Simulation shows that the homogeneous
sHMM coated surface scenario has discrete velocities heavily weighted towards the high
velocity end and contrasting with observation.

Simulated data is shown in Figures 4A and 4B as the solid line for 152 and 497 events (after
baseline subtraction), respectively. Simulated area under the peaks at 1, 2, 3, and 4 for the
0.114 μM bulk concentration data (Figure 4A) correspond to 9, 38, 46, and 58 events that
compare favorably to the 8, 38, 40, and 66 event distribution observed. The total simulated
and observed events are not identical because round off from the baseline subtraction affects
the two data sets differently. Peak areas for the combined data (Figure 4B) correspond to 29,
122, 116, and 230, and, 37, 125, 110, and 229 events also demonstrating agreement between
simulation and observation. At p ~ 0.0005, occupation probability was so low that constant
or adaptive p made no difference in the simulation.

Super-resolution particle tracking of MYH7
Figure 5 shows actin sliding velocity event distributions for MYH7 in the low velocity
domain 0 – 4.1 in velocity units where h/Δt = 1 for h = 3.80 (A), 3.3 (B), and 3.3 (C) nm
and frame capture interval Δt = 0.2 sec (0 – 0.08 or 0 – 0.07 μm/sec). Figure 5A shows
event distribution for σ derived from 0.08 μM MYH7 bulk concentration (solid squares) and
baseline (solid circles) from thermal/mechanical fluctuation events. Velocity probability
data indicates discrete integer velocities corresponding to three myosin step-sizes of ~3.2,
~5.1, and ~8.2 nm (different sized single vertical arrows in Figure 5A). Total area under the
Figure 5A curve corresponds to 436 events. For this sample, root mean squared standard
deviation (rmsd) in one dimension was as low as 1 nm, with an average value of 2.4 nm, for
the point intensities recorded (12).

Other higher bulk MYH7 concentrations investigated produce velocity event recordings
indicating diminishing unitary step-sizes for increasing bulk concentrations. Panels B and C
show the actin sliding velocity event distribution from 0.12 and 0.16 μM MYH7 (solid
squares) and baseline (solid circles) from thermal/mechanical fluctuations. Unitary step-size
decreases by ~22% as [MYH7] increases from 0.08 to 0.16 μM. It suggests myosin
compliance changes with diminished direct contact to the planar surface as myosin crowds
the surface. More MYH7 compliance at higher surface density also explains the slightly
diminished ensemble average velocity at higher MYH7 concentration seen in Figure 1.

Simulated velocity histograms are depicted with the solid lines in Figure 5. The 8 nm peak is
near in length to the short + medium steps in combination (indicated in the smaller font
below the curve) hence we used simulation to investigate the relative contributions of the
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combined steps and unitary 8 nm step to the 8 nm peak. Multiple step-sizes were
programmed into the time×space array by assigning each actin binding event with a unitary
step-size selected randomly from a weighted list. The step-size lists {3, 5, 8} nm, or, {3, 5}
nm had weights and step size adjusted for best fitting. Simulations with the 2 or 3 step lists
are otherwise identical. Step length/weights {3.2, 5.1, 8.2}/{1/8, 1/2, 3/8} or {3.2, 5.1}/{1/5,
4/5} provided best fits with the step list including the 8.2 nm unitary step preferred (red
line). Without the 8.2 nm unitary step, best fitting causes the simulation to substantially
overshoot the 3.2 and 5.1 nm peaks in the event histogram (blue line) indicating the event
deficit at 8.2 nm. The peak assigned to the combined 5.1 and 8.2 steps is substantially under
occupied in the blue line simulation again demonstrating the need for the unitary 8.2 nm
step. Step weighting {1/8, 1/2, 3/8} indicates 5.1 nm is the major step, 8.2 nm nearly as
likely, and 3.2 nm least likely. Similar simulation results were obtained for the higher
[MYH7] curves with the shorter unitary steps sizes indicated. Occupation probability p ~
0.00065 for all [MYH7] indicates the heterogeneous MYH7 coated surface scenario like that
suggested for sHMM. Occupation probability is somewhat higher than sHMM consistent
with a higher duty cycle.

Velocity event distributions in Figure 5 were tabulated from 2-3 slides over 2-3 days with 2
data sets from each slide and for each bulk concentration. One data set contained 200-400
consecutive frames. Approximately 400 low velocity events corresponding to 60-120 actin
tracks were accumulated for each bulk concentration.

DISCUSSION
The in vitro motility assay is a versatile and ubiquitous protein assay that, at the time of its
introduction, distinctively altered how we characterized motor protein functionality (30).
The assay has changed format and complexity over the years and continues to play an
important role in motor protein characterization for classification and elucidation of
structure/function. The various myosin ATPases and in vitro motility draw a broadly based
picture of motor protein behavior marking the beginning and ending of energy transduction.
Our objective here was to introduce super-resolution particle tracking to the assay and
develop a quick, quantitative, and cheap method to detect single myosin step-size in a low
duty cycle motor. Measuring actin movement by a low duty cycle motor in a single
molecule assay where one motor protein binds actin presents challenges because actomyosin
will quickly dissociate and the freely moving element (myosin or actin) will diffuse away.
We show that the motility assay enables modestly more actomyosin interactions that,
together with the methylcellulose inhibited diffusion, keeps actin from diffusing away
without causing overlapping interactions such that a single myosin step is isolated in time.
Super-resolution microscopy permits quantitation of the below diffraction limit translation
by a single step.

Quantized actin filament sliding velocity was detected in the in vitro motility assay years
ago (7). The slow quantized velocities, attributed to single myosin interactions with the actin
filament, were detected with fluorescence using a spatial localization method conceptually
identical to super-resolution. Results suggested actin localization accuracy was ~14 nm and
that the rabbit skeletal myosin cross-bridge step-size was 5-20 nm. Later, using a different
microscope based technology, mechanical measurements detected actin binding of S1
immobilized on a spherical bead. The S1 was constrained to interact repeatedly with a single
actin filament stretched between dielectric spheres held in laser traps. This setup had
nanometer spatial and piconewton force resolutions and measured step size to be ~5.2 nm
for rabbit skeletal S1 (29).
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In this work we returned to the standard motility assay while introducing two relatively
recent technical innovations. Qdot labeling of actin via a biotin-streptavidin linker
introduces a photostable and very bright point source probe (31). Visualization of the actin
filament labeled with the Qdot + rhodamine-phalloidin shows that the Qdot sparsely labels
intact filaments that translate over surface bound sHMM. Similar average in vitro actin
motility velocity for pure rhodamine-phalloidin labeled vs Qdot + rhodamine-phalloidin
labeled actin shows that the Qdot does not alter motility. Qdot labeling facilitates application
of the super-resolution method to spatially localize the label to below the diffraction limit.
For sHMM, an EMCCD camera capturing one frame per 50 msec quantified Qdot labeled
actin motility. Images analyzed with QuickPALM (26) produced Qdot localization with
spatial resolution approaching 3 nm in the most favorable cases. Qdot localization data
linked frame-by-frame to actin motility tracks were interpreted by velocity histograms
depicting the low velocity domain where 1-4 cross-bridges produce actin translation
measured as velocity by dividing distance traveled by the 50 msec frame rate. In this
velocity domain, discrete peaks mark the expected velocity for a 5.2 nm step-size
actomyosin interaction. We also find that the peak amplitudes are independent of myosin
surface density over the coverage range caused by bulk concentrations from 0.057-0.285
μM sHMM implying that at these experimental conditions the actin filaments interact with a
heterogeneous myosin coated surface that is frequently locally sparse. Actin motility
simulation indicates the shape of the velocity distribution curve is determined by step-size
and ton as peaks are located in multiples of the step-size divided by frame rate and the rising
baseline at higher velocity is due to cross-bridge binding events that overlap in time. We
found no evidence for co-operation between sHMM heads but expected this to be manifest
as anomalously high amplitude peaks at velocities 2, 3, and 4 due to accelerated binding of
second heads.

We also investigated the in vitro motility of cardiac myosin MYH7. This motor also moves
the Qdot+rhodamine and rhodamine labeled actin with equivalent efficiency. Ensemble
average motility velocity slows by a factor of 7 compared to sHMM allowing a slower frame
capture rate to follow movement and longer exposure time light collection. QuickPALM
produced Qdot localization with spatial resolution approaching 1 nm in the most favorable
cases. The MYH7 low velocity histogram indicates three unitary step-sizes 3.2, 5.1, and 8.2
nm when [MYH7] = 0.08 μM with weighting {1/8, 1/2, 3/8} (independent of [MYH7]).
Inspection of Figure 5A indicates that the relative frequencies of the 3 and 5 nm steps are
very different making it unlikely that they are parts of the same longer unitary step of 8 nm.
We propose that the major 5 nm step is the default step and identical to the unitary step in
sHMM. The 8 nm step is somewhat less likely and possibly different from the 5 nm step by
involving an extra interaction with actin via the essential light chain (ELC). The cardiac
ELC is known to bind actin by a unique N-terminal extension (32, 33). Our data shows the 5
and 8 nm steps make up 7/8 of the steps in the MYH7 in vitro motility assay. The minor 3
nm step is the unlikely conversion of the 5 nm step to the full ELC bound 8 nm step. It
occurs in just 1 of 8 cycles and is isolated in time from the 5 nm step by the ADP
dissociation time hence we observe it as an independent step.

Figure 6 shows the proposed 3 step mechanism for MYH7 and partial elements of the
time×space array used for the simulation. Slow ADP release in the majority cross-bridge is
indicated for the 5 nm step cycle shown. Columns of the time×space array are indicated for
each actin binding target zone shown and for 3 Δt’s. In an actual simulation, columns
contain 200 elements for one Δt = 200 ms and tseg = 1 ms. For the Δt intervals indicated, we
would record Qdot translation of 5, 8, and 8 nm with the first translation due to the unitary 5
nm step, the second translation the result of combined 3 and 5 nm displacements from two
different cross-bridges, and the third the unitary 8 nm step of a single cross-bridge. The 3, 5,
and 8 nm steps are independent in the simulation although the 3 and 5 nm steps are coupled
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in the mechanism proposed in Figure 6. Future work will investigate coupling between these
events.

Modulating probability for short or long power-strokes would affect sliding velocity and
provide a mechanism for fine tuning efficiency for a dynamic work load. For the mechanism
in Figure 6, step length modulation is accomplished by guiding the ELC/actin linkage. This
could involve either thick or thin filament regulation. On the thick filament, myosin RLC
binds to the myosin lever-arm and stiffens its resistance to deformation (23, 34). RLC
phosphorylation is known to impact the resting head posture relative to the myosin filament
backbone (35) and is implicated in cardiac contractility regulation (36). RLC disease
implicated mutation was suggested to affect actin binding potentially via the ELC extension
(34). Cardiac myosin regulation by RLC could rest on the ability of RLC to modulate step-
size in an active muscle. In experiments reported here, MYH7 was not phosphorylated (17).

Seiryo et al. compared step-size for the rat α- and β-cardiac myosins and reported a single
unitary step of 8-9 nm for both isoforms (37). Palmiter et al. compared step-size for the
rabbit α- and β- cardiac myosins and reported a single unitary 7.2 ± 3.1 nm step for the β
isoform (38). More recent work with rabbit cardiac myosin and regulated actin reported a 7
± 3 nm unitary displacement (39). The extent of myosin phosphorylation was not reported.
These cardiac myosin unitary displacements are consistent with the 6.0 nm weighted
average of our three steps. Whether our three step scenario is consistent with this earlier
work needs additional investigation.

Application of super-resolution in vitro motility to disease implicated mutations in the
myosin heavy and light chains in low duty cycle muscle myosin will uniquely elucidate the
effect of mutation on step-size. The skeletal and cardiac myosin applications described here
dramatically demonstrate the power of the technique and its ability to distinguish and
quantify subtle changes in the velocity due to step-size alteration. We have demonstrated a
rapid, practical, and sensitive assay for myosin step size that has already provided interesting
new insights into contractility.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ensemble average in vitro motility velocity vs bulk concentration of myosin for the
rhodamine-phalloidin (open circles) and Qdot+rhodamine-phalloidin (closed circles) labeled
actin. Error bars show standard deviation. (A) sHMM and (B) MYH7.
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Figure 2.
Qdot+rhodamine-phalloidin labeled actin filaments bound to sHMM in the motility assay.
The inset shows rhodamine labeled actin filaments in the motility assay with rhodamine-
phalloidin to phalloidin in a molar ratio 1:9. Rhodamine labeling is heterogeneous along the
filament at this labeling density
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Figure 3.
The high contrast, intensity-inverted, Qdot track in an in vitro motility assay of sHMM. The
QuickPALM super-resolved single particles are rendered at one pixel resolution and all
previously recorded frames are plotted in the image (Type 2 rendering). Circles connected
by a line are the MTrackJ manually created track. The circle is placed manually within a few
pixels of the super-resolved particle position. The track is then associated to the correct
super-resolved particle using another computer program, SRTrack, described in the text.
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Figure 4.
Actin sliding velocity event distribution for 50 msec frame capture intervals. (A) Event
distribution for the 0.114 μM bulk sHMM concentration (closed squares connected by
dashed line) and the simulation (solid line). The fitted baseline representing thermal/
mechanical velocity fluctuation (closed circles connected by dashed line) is also shown. (B)
Same as in A except for the event distribution summed over all bulk concentrations.
Simulated lines are generated as described in the text.
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Figure 5.
Actin sliding velocity event distribution for 200 msec frame capture intervals. Single vertical
arrows identify unitary steps (↼ short, ⇑ medium, ⒑ long), and their correlation to peaks in
the velocity histogram. Arrow orientation (up or down) is for clarity and has no significance.
Combined vertical arrows indicate multiple unitary step combinations. Numbers above the
vertical arrows indicate observed steps in nm computed by multiplying the ordinate position
with the step parameter, h. Smaller font step lengths below the curves are two short or one
short-one medium combinations that are often not evidentially present in the experimental
data. (A) Event distribution for the 0.08 μM bulk MYH7 concentration (closed squares
connected by dashed line) and simulations (solid lines). Simulations include 2 (blue) or 3
(red) unitary steps. Fitting parameter h = 3.8. The fitted baseline (closed circles connected
by dashed line) represents thermal/mechanical velocity fluctuation. (B and C) Same as in A
except for 0.12 and 0.16 μM bulk MYH7 concentration and fitting parameter h = 3.3.
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Figure 6.
The three steps of MYH7 and their representation in the time×space array used in the
simulation. MYH7 cross-bridge has a motor domain, lever-arm, and two light chains ELC
(blue) and RLC (orange) indicated at the top. The actin/ELC linkage, shown as a line
connecting ELC with actin, modulates myosin step size. The 3 actin monomers in the target
zone are shown in red. Each target zone has a column in the time×space array. The figure
shows three frame capture intervals, Δt, with frame capture happening at t = t1, t2, and t3.
The cross-bridge attached at the upper right performs the major 5 nm step giving the 5 nm
displacement recorded at t1. Slow ADP release is indicated in the 5 nm step cycle shown.
This cross-bridge remains attached into the second exposure interval when it releases ADP
then converts to the 8 nm step with the ELC linkage and produces the minor 3 nm
displacement. Additional displacement of 5 nm by the middle cross-bridge releases ADP
without the ELC linkage in the second exposure interval giving 3+5 nm total displacement
at t2 due to two different unitary steps. The third exposure interval has a unitary 8 nm
displacement caused by a minor step from a single cross-bridge.
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Table 1

Myosin in vitro step-size 1

Unitary Step-Size (nm) Step Probability

Protein 1 2 3 1 2 3

sHMM 5.2 - - 1 - -

MYH7 5.1 8.2 3.2 1/2 3/8 1/8

1
Error is ~10% based on goodness of fit for 2 (sHMM) or 6 (MYH7) parameter fitting. Parameters are actin site occupation probability p, unitary

step-size, and (for MYH7) step probabilities.
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