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Abstract

Muscle myosin cyclically hydrolyzes ATP to translate actin. Ventricular cardiac myosin (βmys) 

moves actin with three distinct unitary step-sizes resulting from its lever-arm rotation and with 

step-frequencies that are modulated in a myosin regulation mechanism. The lever-arm associated 

essential light chain (vELC) binds actin by its 43 residue N-terminal extension. Unitary steps were 

proposed to involve the vELC N-terminal extension with the 8 nm step engaging the vELC/actin 

bond facilitating an extra ~19 degrees of lever-arm rotation while the predominant 5 nm step 

forgoes vELC/actin binding. A minor 3 nm step is the unlikely conversion of the completed 5 to 

the 8 nm step. This hypothesis was tested using a 17 residue N-terminal truncated vELC in porcine 

βmys (Δ17βmys) and a 43 residue N-terminal truncated human vELC expressed in transgenic 

mouse heart (Δ43αmys). Step-size and step-frequency were measured using the Qdot motility 

assay. Both Δ17βmys and Δ43αmys had significantly increased 5 nm step-frequency and 

coincident loss in the 8 nm step-frequency compared to native proteins suggesting the vELC/actin 

interaction drives step-size preference. Step-size and step-frequency probability densities depend 

on the relative fraction of truncated vELC and relate linearly to pure myosin species 

concentrations in a mixture containing native vELC homodimer, two truncated vELCs in the 

modified homodimer, and one native and one truncated vELC in the heterodimer. Step-size and 

step-frequency, measured for native homodimer and at two or more known relative fractions of 

truncated vELC, are surmised for each pure species by using a new analytical method.
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INTRODUCTION

Myosin in cardiac muscle transduces ATP chemical energy into mechanical work. It is the 

molecular mover comprised of a motor domain containing ATP and actin binding sites, and, 

mechanical elements coupling motor impulsive force to the myosin filament backbone in a 

combined function called transduction/mechanical-coupling. Myosin mechanical coupling is 

through the heavy chain α-helical lever-arm domain that has two bound light chains 

essential (ELC) and regulatory (RLC). The lever-arm/light-chain complex undergoes 

cyclical rotary movement to impel a bound actin filament. Linear actin displacement due to 

one lever-arm rotation is the unitary myosin step-size. Skeletal myosin has a dominant 

unitary step-size of ~5 nm (1). Cardiac myosin has three distinct unitary step-sizes 

(nominally 3, 5, and 8 nm) that move actin with varying relative step-frequencies to adapt 

contractile force and power to demand (2). Relative step-frequency modulation is an 

activation mechanism increasing the dynamic range for myosin produced power. It is 

coupled to RLC phosphorylation (3) implicating it in normal heart function and in heart 

failure disease compensation mechanisms (4–6).

Ventricular cardiac myosin essential light chain (vELC) has a 43 residue N-terminus 

extension compared to its skeletal short ELC counterpart ELC(A2) (Figure 1). The vELC 

extension binds actin and affects the actomyosin interaction in cardiac muscle (7–10). We 

observed relative step-frequencies for the 3, 5, and 8 nm steps under unloaded conditions 

and proposed that the major 5 nm step is identical to the dominant unitary step in skeletal 

myosin, that the less likely 8 nm step is different from the 5 nm step by involving the vELC 

N-terminus actin binding facilitating additional actin translation, and that the minor 3 nm 

step is the unlikely conversion of the 5 nm step to the full vELC bound 8 nm step. The 

infrequent 3 nm step-size is isolated in time from the 5 nm step by slow ADP dissociation so 

that we observe it occasionally as a separate step (11). These ideas are summarized in Figure 

2 where actin binding of the vELC extension facilitates an extra ~19 degrees of lever-arm 

rotation adding 3 nm to the nominal 5 nm step-size (2).

In this report we tested the model using several cardiac myosin isoforms based on slow 

porcine ventricular myosin with the β heavy chain (βmys) and mouse cardiac myosin with 

the α heavy chain (αmys) including: a 17 residue N-terminal truncated vELC in porcine 

ventricular myosin (Δ17βmys) made by papain digestion (12) and a 43 residue N-terminal 

truncated human vELC expressed in a transgenic mouse heart (Δ43αmys) (13). Control 

porcine and mouse cardiac myosin isoforms have wild type porcine vELC on porcine 

myosin (βmys or Δ0βmys), expressed native human vELC on mouse cardiac myosin 

(WTαmys), and the nontransgenic mouse vELC on mouse cardiac myosin (NTg). We 

measured cardiac myosin step-size, step-frequency, motility velocity, and actin-activated 

myosin ATPase from dimerized molecules containing two motor (head) domains each with 

an associated vELC. High-throughput step-size and step-frequency measurements used a 

new, more efficient, version of the Qdot super-resolution in vitro motility assay (2, 3).

The native porcine βmys behaved as previously described with 5, 8 and 3 nm steps in 

relative frequency ratios of 0.5, and 0.37, and 0.13. Δ17βmys contained both cleaved and 

native species with truncated vELC fractional concentrations of 0.3 and 0.6 in two 
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experimental trials. Changing step-frequency compared to native control in these samples 

confirms that the vELC N-terminal extension modulates probabilities for the 5 and 8 nm 

step-sizes as suggested by the model in Figure 2. Step-frequency variability vs the truncated 

βmys fractional concentration was analyzed using a novel method to ascertain step-size, 

step-frequency, and duty-ratio distributions for pure species of modified myosin homodimer 

(MHD with two truncated vELCs) and heterodimer (HED with one copy each of native and 

truncated vELCs). The MHD & HED species move actin similarly with increased 5 nm and 

decreased 8 nm step-frequencies, however, MHD maintains a reduced but significant 

probability for making an 8 nm step. We can similarly resolve step-frequency distributions 

for the pure MHD and HED species of αmys. Truncation of the vELC N-terminus in mouse 

αmys has effects broadly following those in βmys.

The vELC N-terminus facilitates the additional lever-arm rotation needed for the 8 nm step-

size of the cardiac motor in a new mechanism for modulating contractile power. It presents a 

novel target for cardiac myosin specific therapeutics.

MATERIALS and METHODS

Methods summarized in Sections A-C are: Protein Preparations, In Vitro Biochemical 

Assays, and Estimating Step-Frequency for Pure MHD and HED Species. Section A and 

parts of Section B summarize previously published or standardized methods. Section C on 

measuring pure MHD and HED characteristics is a new approach developed for this 

application.

A. Protein Preparations

Porcine βmys and mouse αmys preparations are described in Supplementary Information.

B. In Vitro Biochemical Assays

Actin-activated myosin ATPase, in vitro motility, and Qdot assay event-velocity histogram 

simulation are described in Supplementary Information. All assays were conducted at room 

temperature (20–22 °C).

High-throughput super-resolution measurements in the Qdot assay—Qdot 

assays for β and αmys were performed as described (2). The total events acquired in the 

velocity unit range typically sampled have increased by an order of magnitude or more over 

previous applications using the semi-automated approach introduced here and described 

below.

The QuickPALM software (14) 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. 

Rendered frames were analyzed in a semi-automated process in three steps. First, MTrackJ 
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(15) in ImageJ was used to identify the region containing a super-resolved Qdot track in the 

acquired frames. Second, a new routine written in Matlab, QPTracklinker, linked the super-

resolved Qdot positions from one track in a time ordered sequence. Third, SRTrack written 

in Mathematica, updated the SRTable with the frame-to-frame tracking linked list. SRTrack 

eliminated any incorrectly identified 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 to quantitate thermal/

mechanical fluctuations.

Qdot assay calibration and compliance—Qdots fixed by adsorption on a glass slide 

were observed in the aqueous medium and under conditions imitating the Qdot motility 

assay except that a nanopositioning stage (NanoBioS100, MCL, Madison, WI) translated the 

glass slide. The stage was controlled using Labview (National Instruments, Austin, TX) with 

step-size randomly selected from the sets {3,5,8} nm or {6,10,16} nm with step-frequencies 

{0.125, 0.5, 0.375}. The step-probabilities and the {3,5,8} nm size-size set imitated values 

observed for βmys. Calibration data had a single selected step-size translation occurring 

during the camera frame capture interval Δt=200 or 500 ms and with stepping along one axis 

(x- or y-axis). Data from x-or y-axis translations were pooled. Control velocity data 

originates from a position sensor in the stage controller called the stage readout. The change 

in stage readout position between frame captures divided by the frame capture interval gives 

the known velocity. Qdot assay velocity data analysis for the calibrated movement of the 

Qdots is the same as that used when quantitating myosin in vitro motility.

Compliance in the Qdot assay implies that the myosin unitary working stroke displacement 

will not fully transfer to a resistive Qdot labeled actin filament in the single actomyosin 

interaction leading to an underestimate of the myosin step-size. We compared myosin step-

sizes measured in the absence and presence of an external load to detect the presence of 

system compliance. A frictional loading assay was performed as described (16) but using 

Qdot labeled actin. The labeled actin moved over surface adsorbed myosin from 0.16 µM 

myosin in bulk solution and in the presence of 3 µg/mL α-actinin (Cytoskeleton, Denver, 

CO). The flow cell was infused at the start with the mixture of myosin and α-actinin. The 

presence of 3 µg/mL α-actinin lowered average motility velocity compared to control by a 

factor of ~2.

C. Estimating Step-Frequency for Pure MHD and HED Species

Step-frequency, step-size, or duty-ratio expectations for pure species of 
myosin—Native and papain digested βmys or native and transgenic αmys have vELC 

occupying two binding sites on the myosin dimer. Truncated or otherwise modified vELC 

partially and randomly replaces the native species. Each myosin dimer falls into one of three 

categories containing 2 native (native homodimer or NHD), 1 native and 1 modified 

(heterodimer or HED), and 2 modified vELC species (modified homodimer or MHD). For 

n0 myosin monomers containing either a native or modified vELC, and if fc is the fraction of 
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modified vELC’s, then probabilities for the NHD (p0), HED (p1), and MHD (p2) species for 

random pairwise associations are,

(1)

where p0+p1+p2 = 1. For large n0, p0 = (1-fc)2, p1 = 2fc(1-fc), and p2 = fc
2. We assume this 

fc-dependent distribution of modified vELC in the αmys and βmys samples. In one Δ17βmys 

sample studied, we altered the random distribution of native and truncated vELCs by 

addition of NHD to the digested protein and assumed there was no subsequent redistribution 

of the native and truncated vELCs. The expressed native human vELC (this is a modified 

vELC in the mouse isoform) distributes in WTαmys just like the truncated species.

A Qdot assay data set consists of 10–12 acquisitions (one acquisition is one in vitro motility 

movie and corresponding event-velocity histogram) from preparations of one unknown and 

one control protein. Total events acquired in the velocity unit range typically sampled have 

increased by an order of magnitude or more over previous applications by using the 

automated data analysis described in Section B. Simulation of the pooled data set requires a 

similar increase in computing cost. We have changed to a fixed computing cost basis by 

simulating a standard event total in the event-velocity histogram that is renormalized to 

match event total in each acquisition. Event-velocity histogram simulation is described in 

Section B of Supplementary Information. Comparison to data minimizes the χ2 goodness-of-

fit test that is weighted by event total then summed over all the acquisitions for evaluating 

global goodness-of-fit.

Simulated event-velocity histogram ensembles were created by using the 10–12 minimum 

global goodness-of-fit simulations generated for the full Qdot assay data set. These 

simulations are combined linearly, with coefficients ≥0 that minimize the χ2 goodness-of-fit 

test with all points equally weighted, to approximate the measured event-velocity histogram 

from the pooled Qdot assay data set. The respective step-frequencies (one set of 3 

frequencies for each simulation) were also combined linearly with identical coefficients into 

a histogram indicating the discrete step-frequency probability densities  with superscript j 

= S, I, and L for the short, intermediate, and long step-sizes and subscript i indicating 

histogram bin. The bin width is 1/N covering 0 to 1 probability on the abscissa in N bins. 

We will sometimes use vector notation,

(2)

to indicate probability density (ξ = ρ) in each bin or bin coordinate (ξ = x). Similarly ρ can 

represent: the step-size probability densities for each of the three categorical step-sizes (S, I, 

or L) on an abscissa covering step-size distance in nm in N bins, and, the duty-ratio 

probability densities for each of the three categorical step-sizes (S, I, or L) on an abscissa 

covering dimensionless duty-ratio in N bins.

Step-frequency, expectation ej
i, characterizes step-frequency for given step-size j and 

protein species where,
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(3)

for xi the ith bin coordinate. The step-frequency expectation value,

(4)

or in vector notation,

(5)

The step-frequency probability densities for the three step-sizes and for sample m are 

collected into matrix vm with,

(6)

Control protein contains only intact vELC (in Δ0βmys or NTg) providing vNHD. Modified 

protein has step-frequencies from the linear combination of the NHD, HED, and MHD 

species with coefficients that depend on the fraction of modified vELC’s, fc, such that,

(7)

where fc dependence is in the p-coefficients from eq. 1. Known quantities are on the left and 

unknowns (except for p1 and p2) on the right side of eq. 7. Two or more measurements of vm 

for modified vELC myosin species at different but known fractional content (0< fc≤1) 

provides a system of equations with information sufficient to estimate vHED and vMHD using 

linear optimization with constraints such that ρj
i ≥ 0 and  for each step-size j . 

Identical constraints apply when ρ represents step-size or duty-cycle probability densities. 

Equation 7 also relates the linear scalar quantity Vmax for the pure species (unknowns) to the 

measured quantities from control and modified myosin. The analysis outlined above was 

applied to data from βmys by combining measurements for fc = 0.3, and 0.6 (the fc = 0 case 

is explicit in eq. 7 within the term proportional to p0 on the left side). Additional 

measurements at other fc values increase constraints but not unknowns.

Alternatively, for 1 measurement of vm at 1 value of fc as in the case of the αmys isoforms, 

we must introduce an a priori model for vHED to solve eq. 7. The models, vHED = vNHD, 

vMHD, or ½(vNHD + vMHD), allow an estimate for vMHD using linear optimization of eq. 7. 

A good model minimizes the normalized residual,

(8)
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Motility velocity of a binary mixture of skeletal myosin with another slower myosin isoform 

was non-linear in the skeletal myosin fractional concentration (17). The slower myosin 

strong binding dwell time, ton (~d/sm, eq. S3 Supplementary Information), sufficiently 

exceeded its skeletal myosin counterpart to disproportionally inhibit the faster skeletal 

myosin motility thus producing the non-linearity. Equation 7 indicates a mixture of the 

NHD, HED, and MHD pure myosin species moving an actin filament has ensemble 

characteristics related to pure species characteristics by coefficients linear in their relative 

concentration. We implicitly assume with eq. 7 that the closely related NHD, HED, and 

MHD myosins isoforms have similar ton’s such that their characteristics are sampled 

proportionally to their abundance. We test sliding velocity of the mixture vs MHD or NHD

+HED relative concentration to evaluate validity of eq. 7 and show that MHD and the 

combined NHD+HED isoforms play the roles of fast and slow myosins in the mixture.

Statistics—Statistical analysis tested whether data is distributed normally at the 

significance level of 0.05 and using several methods including Cramer-von Mises, Pearson 

chi-squared, and others. All tests found normally distributed sampling unless specified 

otherwise.

Three independent data sets were acquired for each of the porcine βmys isoforms (Δ0βmys, 

Δ17βmys @ 60%, and Δ17βmys @ 30%) and one data set was acquired for the mouse αmys 

isoforms (NTg, WTαmys, and Δ43αmys). Each data set corresponded to 10–12 independent 

event-velocity histogram measurements. We simulated each data set independently to 

estimate single myosin mechanical characteristics consisting of 3 step-sizes and 3 step-

frequencies. We compared 3 step-sizes or 3 step-frequencies as categorical variables in 

factor 1 and the 3 independent data sets acquired for βmys in factor 2 using two-way 

ANOVA with Bonferroni or Tukey post-tests for significance at the 0.05 level. No 

significant difference in the independent data sets was indicated for the βmys isoforms hence 

the data sets were pooled.

Step-size and step-frequency parameters were compared among the βmys isoforms or 

among the αmys isoforms using one-way ANOVA with Bonferroni or Tukey post-tests for 

significance at the 0.05 level. Outcomes of statistical testing is described in RESULTS.

RESULTS

Standard assay characterization of β and αmys isoforms include: verification of the native 

and modified vELC content using SDS-PAGE in Figure S1, actin-activated myosin ATPase 

results in Figure S2 giving Michaelis-Menten constants Vmax and KM summarized in Table 

1, and standard in vitro motility assay results in Figure S3 all in Supplementary Information.

Figure S4 in Supplementary Information compares motility velocity with MHD fractional 

concentration to validate the linearity of eq. 7.

Qdot assay calibration and compliance

We imitate in vitro motility conditions with mechanical translation of Qdots adsorbed to a 

glass slide. Qdot mechanical movement is precisely controlled using a nanopositioning stage 
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imitating the myosin powered Qdot movement. Figures S5–S8 in the Supplementary 

Information (SI) indicates the measured Qdot event-velocity histograms for the calibration 

data. The final result summarized in Figure S8 indicates Qdot assay step-size estimates are 

equivalent to peaks in the stage readout. Both are systematically higher than the input values 

of 3, 5, and 8 nm due apparently to actual stage translation overshoot. The curves in Figure 

S8 show that the Qdot assay has lower dispersion for quantitating position than the stage 

sensor. Step-frequency in the Qdot assay likewise accurately represents input frequencies. 

These results are from direct quantitation of the Qdot assay event-velocity histogram and do 

not involve simulation. They demonstrate the robust reliability of the Qdot assay for 

measuring nanometer size steps.

Data not shown here involves input step-sizes of 6, 10, and 16 nm and step-frequencies 

identical to those for the shorter 3, 5, and 8 nm step-sizes. We find equivalently accurate 

estimates for step-size and step-frequency from the Qdot assay for these parameters.

The fraction of moving actin filaments versus α-actinin concentration in a motility assay for 

βmys indicates an approximately linear decline for increasing α-actinin except at the highest 

α-actinin concentrations where linearity fails because α-actinin is unable to fully inhibit 

actin filament sliding. The latter implies the α-actinin is a viscoelastic inhibitor of the βmys 

induced actin displacement (18) and that the force developed by βmys during a single α-

actinin/actin bound kinetic lifetime is less than the rupture force for the bond (16). Hence 

compliance in the system (due to intrinsic myosin elasticity (19) and myosin linkage to the 

nitrocellulose coated substrate) manifests as a difference in measured step-size between 

unloaded and α-actinin loaded actin. No change in measured step-size implies compliance in 

the myosin linkage is negligible while compliance due to intrinsic myosin elasticity is 

undetectable because the α-actinin generally kinetically detaches from actin during the 

course of the myosin power stroke.

The Qdot assay indicates native βmys step-size and step-frequency in the presence of the 

external load exerted by the actin binding α-actinin. Figure S9 in SI shows the event-

velocity histogram and step-frequency expectation for the system under loaded conditions 

where motility velocity is reduced to approximately half that of the unloaded protein. We 

find no significant change in the step-sizes or step-frequency expectations due to the loading 

of βmys implying negligible assay compliance. However, duty-cycle rises with the 

increasing load as the βmys develops force as expected (19).

Cardiac myosin step-size and step-frequency

The Qdot assay has labeled actin filaments 1–2 µm long translating over surface bound 

cardiac myosin. Figure 3 panels in rows a-c show the Qdot assay event-velocity histogram 

(left most column) and the step-frequency expectation (right two columns) for the control 

Δ0βmys pure species (row a) and truncated Δ17βmys mixed isoforms (rows b & c).

Measured data in the left column of rows a-c (■ connected with dashed line) is pooled from 

10–12 acquisitions × 3 independent protein preparations and after linear transformation of 

the independent coordinate for data in individual slides to the natural velocity units (vu) 

where (dI/Δt) = 1 for dI the intermediate step-size (~5 nm) and uniform frame capture 
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interval Δt = 0.2 sec. Event-velocity histogram baselines due to thermal/mechanical 

fluctuations were subtracted as described (2). Simulated velocity-event curves are shown as 

a solid line in the left column. Peaks or inflection points appearing below 2 vu are short 

(↑red or S), intermediate (↓green or I), and long (↑blue or L) step-sizes in nm. Intermediate 

and long steps in combination are also shown. The principal basis for accurate simulation is 

identifying positions and probabilities for the 5 dominant step-types (↑red, ↓green, ↑blue, 

↓↓, ↓↑blue). Step-sizes and step-frequency estimates and standard deviations are indicated in 

the figures. Figure 4, rows a-c show identical quantitation as in Figure 3 but for the mouse 

constructs with Δt = 0.06 sec.

The Qdot labeled single actin filaments translate in steps ranging from 3 to ~250 nm in the 

order caused by the actin filament microenvironment providing multiplexed time-distance 

data. The data is decoded in a velocity histogram with the low velocity end readily 

interpretable as single molecule step-sizes and step-frequencies. The raw data depicted in 

Figure S10 of SI shows histogrammed data obtained from one in vitro motility movie with 

the independent variable transformed linearly to natural velocity units. Subsequently, data 

undergoes baseline subtraction (also shown in Figure S10) and (when appropriate) 

combination with similarly constructed data from parallel experiments. Figure S10 shows 

representative raw data sets from individual slides before linear transformation and baseline 

subtraction for all measured samples in Figures 3 & 4.

Step-size values for Δ0βmys are statistically equivalent to previous results (2, 3). We 

compared 3 step-sizes for the pooled βmys data from Δ0 and Δ17βmys @ 60% (60% 

truncated) using one-way ANOVA. Step-sizes, dS, dI, and dL were not significantly different 

between the Δ0 and Δ17βmys @ 60% isoforms (Figure 3). We compared 3 step-sizes for the 

αmys data from NTg, WTαmys, and Δ43αmys isoforms using one-way ANOVA. Step-

sizes, dS, dI, and dL were all significantly different comparing NTg to WTαmys or NTg to 

Δ43αmys isoforms. Step-size differences between WT and Δ43αmys isoforms were 

insignificant (Figure 4). Previously measured average step-size for β or αmys is 5–9 nm (2, 

20–23).

Figures 3 & 4 show step-frequency expectation (e), expectation values (ω), and standard 

deviations for the S, I, and L unitary steps. The expectation curves (Methods eq. 3) indicate 

the relative probability for step-frequency values along the abscissa. The area under the 

color coded curves for the S, I, and L steps equal expectation values ωS, ωI, and ωL, 

respectively. The sum ωS+ ωI + ωL for a given sample or pure species is 1. Middle columns 

in Figures 3 & 4 correspond to step-frequencies determined by simulation of the event-

velocity histogram in the left adjacent panel. Native isoforms, Δ0βmys and NTg, have 

homogeneous vELC’s hence they are also pure NHD species. Modified isoforms (Δ17βmys, 

WTαmys, and Δ43αmys) combine native vELC with truncated (Δ17 vs Δ43) or alternative 

sequence (WT) vELC. The right most columns in Figures 3 & 4, corresponding to the step-

frequency expectation for the homogeneous modified vELC species are discussed in the 

Results section following this one.

Step-frequency expectation values for Δ0βmys are statistically equivalent to previous results 

where the 5 nm step predominates (2, 3). Probability for the 5 nm step increased while 
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probabilities for the 3 and 8 nm steps declined in Δ17βmys compared to Δ0βmys as the 

fractional contribution from the truncated vELC increased (Figure 3 middle column). 

Changes to intermediate and long step frequencies, ωI and ωL, between Δ0βmys and the 

Δ17βmys @ 60% βmys are statistically significant (ωS is a dependent variable). These 

changes to step-frequency expectation are evident from inspection of the event-velocity 

histograms for the samples depicted in the left column of Figure 3. Thus the increasing 

fraction of truncated vELC enhances the 5 nm step signature and its harmonics (indicated 

with 2 or 3 down pointing arrows) at the expense of the 8 nm step-size such that when 60% 

of the vELC is cleaved the 8 nm step disappears into the broad baseline of events. vELC N-

terminus truncation in βmys apparently down regulates vELC/actin binding resulting in 

changes to step-frequency consistent with the Figure 2 model.

There are no previous measurements of step-frequency expectation for αmys. The NTg 

αmys step-frequency expectation broadly follows that of the βmys due to dominance of the 

intermediate 5 nm step. Statistical comparison of NTg and WTαmys step-frequency 

expectation values show they are not significantly different. In contrast, step-frequencies ωI 

and ωL were significantly different between the NTg/Δαmys or WTαmys/Δαmys isoforms. 

Probability for the 5 nm step increased while probabilities for the 3 and 8 nm steps 

decreased in Δ43αmys compared to NTg or WTαmys. These changes to step-frequency 

expectation are evident from inspection of the event-velocity histograms for the samples 

depicted in the left column of Figure 4. Truncated vELC in Δ43αmys visibly diminishes the 

presence of the long (~8 nm) compared to intermediate (~5 nm) step-size in the event-

velocity histogram, however, enhancement of the intermediate step-size harmonics (at ~11 

& ~16.5 nm) is not as evident as it is for βmys. This could be due to many factors including 

the counting statistics and the additional heterogeneity in step-size caused by combination of 

Δ43 and mouse vELC in the Δ43αmys HED (Figure 2).

vELC N-terminus truncation in αmys apparently down regulates vELC/actin binding 

resulting in these changes in relative step-frequency consistent with the Figure 2 model.

Step-frequency expectation for the pure MHD and HED species

The right columns in Figures 3 & 4 show MHD and HED expectation. The Δ17βmys has 

57%, 58%, and 63% (nominally 60%) truncated vELC (Δ17βmys @ 60%) generated by 

proteolysis and a 30% truncated vELC sample (Δ17βmys @ 30%) obtained by diluting the 

63% sample with 1.05× volume of equimolar Δ0βmys (Figure 3). These samples provide 

sufficient information to calculate pure MHD and HED step-frequency expectations. We 

find that MHD and HED step-frequency expectations differ substantially (Figure 3, row c, 

right column) reflecting the heterogeneity of the actomyosin interaction for the native or 

truncated vELC isoforms. The MHD moves actin predominantly by the 5 nm step-size in a 

narrow step-frequency range with average ωI ≈ 0.63. We also find that the MHD maintains 

a reduced but significant probability for making an 8 nm step. The HED likewise moves 

actin predominantly by the 5 nm step but in a broadened step-frequency range with average 

ωI ≈ 0.64. Heterogeneity in the actomyosin interaction for the HED is likely due to the 

asymmetric vELCs in the dimer.
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The sole WTαmys sample has 30% intact human vELC. We assume a model for the HED 

expectation (vHED) to solve for MHD expectation as explained in Methods (see text just 

above eq. 8) such that, vHED = vNHD (Model 1), vHED = vMHD (Model 2), or vHED = ½

(vNHD + vMHD) (Model 3). We find that Model 2 best fits the data. MHD expectation using 

Model 2 is shown in (Figure 4, row b, right column). Human vELC appears to reverse the 

predominance of the intermediate step-frequency in NTg by making the long step-frequency 

predominant in MHD. However, ANOVA statistics comparing the NTg and WTαmys step-

frequencies indicates their difference could be accidental. In contrast, ANOVA statistics 

indicate the step-size of the long step decreases significantly for both the WTαmys @ 30% 

sample and the MHD species where the long step-size changes 1.3–1.4 nm from 9.1 (NTg) 

to 7.8 (WTαmys @ 30%) or 7.7 (MHD) nm. The mouse to human vELC replacement causes 

fundamental alteration to the myosin motor lowering ensemble step-size, force, and power 

(Table 1).

The sole Δ43αmys sample has 60% truncated human vELC. We find that Model 2 with 

vHED = vMHD again best fits the data and the MHD expectation is shown in (Figure 4, row 
c, right column). The data favoring equality of HED and MHD step-frequency expectations 

implies that vELC truncation in one of the myosin heads removes the modulatory effect of 

the second intact vELC in αmys. This is unlike the βmys HED. Additional experiments with 

higher or lower expressions levels for the Δ43αmys vELC could confirm whether the native 

vELC contributes to the motility of the HED.

The intact vELC N-terminus up-regulates ωL from 0.24 to 0.37 for βmys and from 0.34 to 

0.42 for αmys. Step-frequency expectations show that for both αmys and βmys there is 

reduced but significant probability for the 8 nm step-size in the MHD. This property was not 

anticipated by the model in Figure 2.

Systemic performance

Table 1 summarizes systemic data. Average step-size, <d> for the βmys and αmys isoforms 

are equivalent at ~6 nm except for the NTg that is longer at ~7 nm. Average force, <F>, is 

~2 fold higher for native βmys compared to native αmys but the higher motility velocity for 

αmys compensates its lower force to give ~2 fold higher average power, <P>. This is true 

for both intact αmys proteins, NTg and WTαmys. Most systematic quantities are also 

estimated for the MHD and HED species of βmys. The MHD and HED species are identical 

for αmys in Model 2 hence only the quantities for the MHD species are listed.

The N-terminal vELC truncation has effects on myosin function that depend on the βmys 

and αmys heavy chain. Vmax in actin-activated myosin ATPase rises modestly in Δ17 

compared to A0βmys but decreases more substantially in Δ43αmys compared to NTg or 

WTαmys. The latter agrees with previously reported results for these myosins (13). The 

divergent ATPase results between the porcine and mouse isoforms might be due to the 

different truncation lengths of the Δ17βmys vs Δ43αmys forms but implies in both cases that 

modifying vELC impacts myosin energy transduction kinetics. Similarly, average force and 

power decline in Δ43αmys but increase in Δ17βmys paralleling the effect of vELC 

truncation on actin-activated ATPase and probably reflecting the same phenomena.
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Figure 5 compares the ensemble average duty-ratio (eq. S4 in SI) for the NHD and MHD 

species. It shows that truncation advances average duty-ratio in βmys and retards duty-ratio 

in αmys indicating an interesting functional dichotomy between the pure species. The duty-

ratio in αmys distributes into two broad peaks corresponding to short and intermediate 

(lower duty-ratio range) and long (higher duty-ratio range) step-sizes indicating an extensive 

force-velocity tuning capacity in αmys that is absent from βmys.

Single myosins propel actin

Spatially super-resolved Qdot labeled actin tracking measures the event-velocity histogram 

over the entire velocity domain for βmys adsorbed to nitrocellulose coated coverslips at 0.16 

µM bulk concentration as shown in Figure S11 panel a (solid squares) where the abscissa is 

in natural units <d>/Δt for average step-size <d> = 6 nm and Δt = 200 ms. Mean velocity is 

9.1 natural units (nu) corresponding to an apparent <n> = 9.1 for n the number of cross-

bridge cycles per Δt. The best fitted Normal distribution approximation to a Binomial 

distribution for an actin filament 1.3 µm long with available binding sites every 37 nm (35 

sites) is indicated by the blue curve.

Myosins strongly bind actin for time ton while impelling the actin filament. Motility buffer 

has saturating MgATP (2 mM) where ton is 11 or 19 ms for α or βmys (21). We simulated 

actin-filament translation due to actomyosin cyclical interactions with the random binding of 

myosins to sites on an actin filament. Myosins simultaneously occupying sites on the actin 

filament count as one binding event. The simulation provides actual <n> vs apparent <n> 

relationship shown in panel b indicating that an apparent <n> = 9.1 implies an actual <n> = 

11.2. Softening the assumption that “simultaneous myosins binding one actin filament count 

like one event” to “simultaneous myosins binding one actin filament causes elastic distortion 

in the myosins to shorten the apparent myosin step-size” would move apparent <n> closer 

to the actual <n> = 11.2 but has no other implications for what follows. Simulation indicates 

βmys heads overlap during strong binding ~19% of the total time for the surface density 

from 0.16 µM βmys bulk concentration. Qdot tracking of actin for the 0.16 µM bulk [αmys] 

gives apparent <n> = 11.9 implying actual <n> = 13.8 with ~14% predicted strong binding 

time overlap (data and simulation not shown).

Apparent vs actual <n> in Figure S11 panel b increasingly deviates from approximate 

equality for n > 10 indicating the impact of ensemble behavior. It limits filament velocity to 

< 20 nu that is close to the limiting velocity observed in Figure S11 panel a. Observation 

indicates the maximum apparent <n> is somewhat larger than 20 nu suggesting that: ton < 

19 ms, our assumption that “simultaneous myosins binding one actin filament count like one 

event” is too strict, or both. Each possibility implies that in the real system apparent <n> 

more closely approximates the actual <n> over a larger domain than that indicated in Figure 

S11 panel b.

When negligible mutual myosin motor inhibition of actin translation holds, the natural unit 

on the abscissa in Figure S11 panel a directly indicates the number of myosin interactions 

with the actin filament during Δt. This situation applies to myosin translation of actin at an 

apparent 2 nu’s where actual translation is also 2 nu’s because myosins overlap in <4% of 

their actin bound time. Velocity histograms in Figures 3 & 4 show the discretized velocities 
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indicative of truly single molecule events < 2 nu and the occasional contribution from the 

small percentage of overlapping myosin impulses to actin that fall between discrete values 

giving the rising baseline. Closer inspection also show multiples of discrete peak translations 

that appear at velocities >2 nu indicating when two or three single myosin events with no 

overlapping actin bound time occur during Δt. A “dead-head” scenario where myosin heads 

strongly bind actin but do not cycle thus influencing the step-size of a single cycling head 

does not contribute to the event-velocity histograms in Figures 3 & 4. Dead-head inhibited 

filaments do not translate and are eliminated from consideration except for estimating 

baseline contributed by thermal/mechanical fluctuation. We find that the data in Figures 3 & 

4 display the unambiguous signature of single myosin translations of actin because the 

discretized translations occur independently without overlap and beyond any influence from 

the myosin ensemble.

Event-velocity distribution shape in the Qdot assay

While the existence of single myosin interactions with actin is not in question, the Binomial 

distribution is expected to describe random binding of myosins to sites on an actin filament. 

The actual event-velocity distribution (Figure S11 panel a) is much broader hence we 

considered two hypotheses to explain the discrepancy. The two variables in a Binomial 

distribution suggest that heterogeneity in either myosin binding probability for actin (Model 

A) or the number of myosin binding sites for inhomogeneous actin filaments lengths (Model 

B) could broaden the distribution. Combined Models A & B (Model C) could work while 

introducing twice the free parameters and we do not consider it further.

We find that Models A and B both adequately fit the experimental data by using a sum of >3 

distributions so we chose 3. Actin is constant in the assay so binding probability in Model A 

is proportional to myosin surface density implying that the moving actin filament encounters 

areas of lower and higher myosin density than average causing the widely varying motility. 

Single myosin events selectively occur when actin filaments encounter the lower myosin 

density as suggested previously (2). Additional experiments are underway to explore the 

implications of Model B.

Figure S12 in SI compares the three components for actin binding probability in Model A at 

two surface densities. The faster motility component (blue) grows with surface density 

(compare panels a with b) mostly at the expense of the intermediate motility component 

(green) as could be anticipated. Most single myosin events occur due to the slowest motility 

component (red) with some contribution from the intermediate component. The fractional 

contribution of single myosin events compared to total is 0.034 and 0.037 for 0.08 and 0.16 

µM bulk [βmys], respectively. These data confirm that either bulk concentration for β and 

αmys is suitable for detecting single myosin interactions with actin in the Qdot assay.

DISCUSSION

In vitro motility assays measure actin gliding velocity over myosin immobilized on a surface 

(24). Myosin translates actin when the two molecules are strongly bound. The duty-ratio is 

the time fraction spent strongly actin bound during an ATPase cycle. Muscle myosin has 

low duty-ratio to enable rapid actin translation in the presence of many actomyosin 
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interactions (25). Low duty-ratio cardiac myosins elude conventional single molecule assays 

because actomyosin dissociates quickly and the freely moving element diffuses away 

prohibiting further interaction. Laser trapping solved the problem by confining the relevant 

molecules to a region small enough to ensure their interaction with high probability (26). We 

solved this problem by using super-resolution particle tracking of Qdot labeled actin in the 

standard in vitro motility assay (2, 3, 27). The Qdot in vitro motility assay (Qdot 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. While the traditional in vitro motility assay measures myosin ensemble 

characteristics, the Qdot assay uses super-resolution to characterize the lowest finite actin 

sliding velocities where impulses from single myosin steps are isolated in time and space. In 

this low velocity domain, discrete actin translations occur independently without 

overlapping in time (see Results sections Single myosins propel actin and Event-velocity 

distribution shape in the Qdot assay). Consequently, Qdot assay results from the low 

velocity domain are practically uninfluenced by ensemble properties of myosin heads 

including the effect of elastic coupling. Our Qdot assay is an investigative tool providing 

new insight into the structural basis for: sub-steps in the βmys power-stroke (2, 28), natural 

βmys activation by RLC phosphorylation (3, 5, 29), and pharmaceutical βmys activation by 

omecamtive mecarbil (27, 30, 31).

The Qdot assay performed on rabbit skeletal heavy meromyosin (sHMM) indicated a 

dominant ~5 nm step-size expected for this isoform (1). Porcine βmys indicated three 

unitary steps-sizes of ~3, ~5, and ~8 nm with 5 nm the major contributor, 8 nm slightly less, 

and 3 nm a low probability step (2). We proposed the model in Figure 2 for the basis of the 

three unitary steps-sizes where the major 5 nm step is the default step identical to the 

dominant unitary step in sHMM, the less likely 8 nm step involves additional lever-arm 

rotation due to an extra interaction with actin via the unique N-terminus of vELC (32–34), 

and the minor 3 nm step is the unlikely conversion of the 5 nm step to the full vELC bound 

8 nm step.

In the present work we tested the Figure 2 model using porcine and mouse cardiac myosin 

isoforms and measured the effect of vELC N-terminal truncation on Vmax, KM, and single 

myosin mechanical characteristics. Characteristics were measured in low ionic strength 

conditions suitable for both motility and ATPase measurements. Vmax and KM values for 

porcine βmys are equivalent to our previous measurements and similar but lower than 

sHMM in low ionic strength conditions and where a truncated long skeletal ELC(A1) had 

slightly increased Vmax compared to control (35). Previously measured Vmax and KM values 

from porcine βmys at higher ionic strength differ due to the incompatibility of the ionic 

strength conditions (12). Our Vmax and KM, measured from the mouse αmys, are likewise 

larger than when measured at high ionic strength although trends due to vELC truncation are 

parallel with the Vmax decreasing and KM unchanged (13).

Vmax from β and αmys isoforms responded differently to vELC truncation with an increased 

rate for Δ17βmys and decreased rate for Δ43αmys. The difference might be due to the 

different truncation lengths where Δ17 retains some, while Δ43 retains none, of the residues 
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thought to interact with the myosin heavy chain SH3 domain (36). The Vmax changes 

indicate vELC truncation affects heavy chain active site kinetics by a mechanism not 

indicated in the model.

Low-angle X-ray diffraction studies on Δ43αmys papillary muscle fibers in rigor revealed a 

shift of cross-bridge mass away from the thick filament backbone while center-to-center 

distance between thick filaments was statistically unchanged (8). A schematic representation 

of these observations suggests the acute actin-filament/lever-arm angle, ∠cde in Figure 2 

panel a, is smaller for WTαmys compared to the Δ43αmys species. The model in Figure 2 

implies that actin binding of the vELC extension facilitates an extra ~19 degrees of lever-

arm rotation adding 3 nm to the nominal 5 nm step-size. The extra rotation lowers ∠cde in 

agreement with the X-ray diffraction results. In closely related work on skeletal myosin, an 

extra ~18 degree lever-arm rotation was attributed to the actin binding of the N-terminus of 

skeletal ELC(A1) (37).

The unitary step-size in the myosin motor has been recognized for a long time as its 

principal structural characteristic relating to mechanical function. Unitary step-size is 

modified in nature to adapt the highly conserved myosin motor domain to its various tasks in 

muscle contractility and cell motility (25). For cardiac myosin, step-frequency varies among 

the myosin step-sizes and the continuity of actin motility with multiple actomyosin 

interactions implies that each step-size has a unique duty-ratio and characteristic time 

strongly actin bound (27). Step-frequency is a second fundamental motor characteristic 

likely involved in adapting myosin work production to the changing power demands in a 

normal heart (3).

vELC N-terminus truncation caused significant redistribution in the step-frequencies among 

the unitary steps. An ensemble containing a large fraction of myosin with bound vELC 

missing its N-terminus had significantly lower probability for making the 8 nm step that was 

offset by higher probability for the 5 nm step as expected from the model. The effect was 

observed in both the porcine βmys and mouse αmys. vELC N-terminus truncation had little 

effect on the myosin step-sizes. Combining finding for step-frequency, step-size, motility 

velocity (sm), and Vmax we surmise that the ensemble average duty-ratio and force <F> for 

Δ43 is significantly lower than the other αmys isoforms (Table 1) in agreement with force 

measurements in skinned mouse cardiac muscle (34, 38). In contrast, duty-ratio and force 

<F> for Δ17 is significantly higher than the Δ0βmys isoform. These distinctions are even 

sharper considering the MHD species for the βmys and αmys.

In adult chicken skeletal muscle myosin where ensemble averages of ELC(A1) and 

ELC(A2) content are equal, the A1 and A2 light chains are randomly distributed and the 

heterodimer is half of the total myosin (39). The chicken skeletal A2 homodimer (equivalent 

to our MHD) has 1.5× larger in vitro motility velocity than the A1 homodimer (equivalent to 

our NHD). Velocity up-regulation was attributed to the absence of drag caused by the 

ELC(A1)/actin interaction that did not apparently inhibit the A1/A2 heterodimer (equivalent 

to our HED) (40). That the A1 head in the A1/A2 heterodimer rarely or never interacts with 

actin predicts that sHMM, with A2/A2 and A1/A2 dimer species accounting for 75% of all 

dimers, will overwhelmingly move actin with an intermediate (~5 nm) step-size in 
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agreement with experiments (1, 2). The A1 and A2 ELC distribution in skeletal myosin 

resembles best that of the intact and truncated vELC distribution in the Δ17βmys @ 60% 

sample. The latter has the event-velocity histogram in Figure 3 (row c, left column) where 

the 5.4 nm step-size dominates with event peaks at 5.4, 10.9, and 16.3 nm (the latter two 

corresponding to 2 and 3 distinct cross-bridge 5.4 nm impulsions of actin during Δt).

Like the chicken skeletal A1 homodimer, we surmised a 1.5× larger in vitro motility 

velocity for MHD compared to the NHD βmys (Table 1). Unlike the skeletal myosin A1/A2 

heterodimer, our HED βmys retains characteristics from both the native and truncated vELC. 

The latter is most likely due to the Δ17 truncation that retains a Pro/Ala sequence missing 

from Δ43 (36). The Δ43 αmys construct does not up-regulate motility velocity but does have 

an HED that imitates its own MHD like the skeletal A1/A2 heterodimer. The apparent 

functional dichotomy between βmys and αmys isoforms suggests two functions for the 

intact vELC N-terminus related to the 5 nm step-frequency down regulation in both βmys 

and αmys (possibly related to residues 1–17) and force up-regulation in βmys and down-

regulation in αmys (possibly related to residues 18–43).

Potential differences in specific nitrocellulose-coated-substrate/myosin interactions among 

the various isoforms tested could impact motility or Qdot assay results just as functionalized 

surfaces were shown to alter adsorbed myosin motor function (41). These concerns appear 

unlikely based on the in vitro force measurements (Figure S9 in SI) where βmys on an α-

actinin coated nitrocellulose surface has statistically identical myosin dimer step-sizes and 

step-frequencies as the plain nitrocellulose only surface.

Myosin power stroke sub-steps were reported for skeletal (42) and cardiac myosin (28) 

using the laser trap. Our distances appropriately match with the latter work where the 

cardiac myosin has a long 6.6 nm step-size (compared to our 8 nm) with 4.7 and 1.9 nm sub-

steps (compared to our 5 and 3 nm steps) exactly as indicated in Figure 2 except that the 3+5 

nm steps are always coupled (as expected, see below). Another laser trapping experiment 

reported 2 myosin step-sizes of 5 and 9 nm from native mouse cardiac ventricular myosin 

with step-frequency in approximate agreement with our values (43). Tyska et al. propose it 

is the effect of two heads in a myosin dimer while we favor our model in Figure 2. The laser 

trap measuring displacement fluctuations would not separate the 5+3 nm sub-steps 

belonging to one 8 nm step because there is no actin dissociation between the sub-steps 

explaining why the 3 nm step is missing from their data. We can now elaborate slightly on 

our model to propose that a slow ADP release in cardiac myosin provides opportunity for 

the vELC N-terminus to bind actin. The vELC actin binding inhibits ADP release either 

sterically or by creating strain (44) until completion of the full 8 nm step. Failure of a timely 

cELC actin binding event allows early ADP release with the step-size terminating at 5 nm, 

or, for the 5+3 step sequence to be detected in the Qdot assay as separate 3 and 5 nm steps.

Truncated or otherwise modified vELC isoforms were incorporated into porcine or mouse 

cardiac myosin with various efficiencies <100% potentially complicating interpretation of 

the single myosin mechanical data since actin displacement due to a single myosin impulse 

cannot be traced to the participating isoform in the mixture a priori. These experimental 

challenges emulate real biological systems where protein isoform mixtures are the norm due 
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to distinctive properties or advantages that the heterogeneous system provides. We surmised 

the single molecule characteristics of the mixed isoforms as probability densities for step-

size, step-frequency, and duty-ratio that equal a linear combination of the pure species 

probability densities weighted by their known concentration. Experiments at two or more 

different values of the modified vELC content provide sufficient information to extract the 

probability densities for step-size, step-frequency, and duty-ratio for each pure species. 

Averages, standard deviation (Table 1) and other modes of the distributions are calculable 

from the probability densities themselves while representative individual data points are re-

constructed statistically using random variate generation (45). Pure species probability 

densities are indicated in Figures 3–5. We find that the MHD retains a modest ability to 

translate actin with 8 nm steps suggesting that myosin is built to step with variable step-sizes 

probably related structurally to how ADP release occurs and that vELC modifies this pre-

existing condition.

The converse problem, constructing a motor ensemble to certain chemomechanical 

specifications by designing the appropriate mixture of various pure myosin isoforms with 

known mechanical and enzymatic characteristics, is a design challenge apparently solved in 

natural systems. For instance, human skeletal muscle has a mixture of several myosin 

isoforms with relative abundance affected by use (46). Porcine and human ventriculum 

contain minor populations of αmys and skeletal actin that decrease in abundance with 

advancing disease 47–50). Both circumstances suggest isoform diversity fulfills a specific 

chemomechanical specification that, in the case of ventriculum, is driven beyond design 

limits by disease onset. Likewise normal myosin light chain heterogeneity fulfills roles in 

muscle regulation and performance adaptation that has been recognized for decades (51, 52). 

The problem is formally posed as reversing the roles of knowns and unknowns in eq. 7 and 

would also involve “cost” expressed as Vmax from actin-activated myosin ATPase (SI eq. 

S1). This problem is an important one for in vitro ensemble motor engineering and in vivo if 

correcting a disease defect will one day involve gene therapy or cell reprogramming.

We have verified, using truncated and native versions of vELC in cardiac myosins, our 

earlier hypothesis that the vELC N-terminal extension uses the novel mechanism of step-

frequency modulation to affect power output. This is an unexplored basis for modulating 

cardiac myosin power generation in vivo.
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ABBREVIATIONS

Δ0 intact vELC
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Δ17 17 residue N-terminal truncated vELC

Δ43 43 residue N-terminal truncated human vELC

αmys α heavy chain (MYH6) ventricular cardiac myosin

βmys β heavy chain (MYH7) ventricular cardiac myosin

ELC(A1) long skeletal myosin essential light chain

ELC(A2) short skeletal myosin essential light chain

HED heterodimeric vELC myosin

MHD modified homodimeric vELC myosin

NHD native homodimeric vELC myosin

NTg nontransgenic mouse αmys

RLC cardiac regulatory light chain

sHMM skeletal heavy meromyosin

vELC ventricular cardiac myosin essential light chain (MYL3)

WT human vELC expressed in mouse
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Figure 1. 
Sequences of vELC isoforms: porcine (NP_001265702, 197 residues) and its 17 amino acid 

N-terminal truncation, Δ17; mouse (P09542, 204 residues); human (P08590, 195 residues) 

expressed in mice in this study (WT) and its 43 amino acid N-terminal truncation mutant, 

Δ43. Sequences of human skeletal muscle ELC isoforms: A1 (NP_524144.1, 194 residues) 

and A2 (P06741, 150 residues). ELC(A2) is the model for Δ43. Following I60 are 144 

residues not shown.
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Figure 2. 
The proposed 3 step-size mechanism for cardiac myosin moving actin in vitro and the 

myosin dimers participating in motility. Panel a is the full lever-arm swing step of 8 nm 

with actin binding of the vELC 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 full 8 nm step facilitated by the vELC/actin link 

corresponds to a lever-arm rotation ~19° larger than that for a 5 nm step. Angle, ∠cde in 

panel a, indicates the acute angle specifying lever-arm orientation relative to the actin 
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filament. Panel c shows the myosin dimers participating in motility and notation 

representing the native homodimers (NHD) containing intact vELC, the heterodimer (HED) 

with one modified and one native vELC, and the modified homodimer (MHD) with two 

modified vELC’s. Mouse vELC is distinguished from human vELC by the tip-down 

(mouse) or tip-up (human) ELC N-terminus.
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Figure 3. 
The Qdot assay event-velocity histogram (left most column) and the unitary step-frequency 

expectations (middle and right columns) for porcine Δ0 (row a), Δ17βmy@30% with 30% 

of the vELC’s truncated at residue 17 (row b), and Δ17βmy@60% with 60% of the vELC’s 

truncated at residue 17 (row c). Left column rows a-c: The event-velocity histogram for 

unitary step-size data (■ and dashed line) and simulation (solid line) at the low velocity end. 

Step-sizes correspond to the short (↑red), intermediate (↓green), and long, (↑blue) steps with 

associated numeric values in nm. Middle column rows a-c: Step-frequency expectation 

corresponds to the short (red), intermediate (green), and long (blue) step-sizes with numeric 

mean values ωS, ωI, and ωL ± standard deviation. Step-frequency expectations are derived 

from simulation of event-velocity histogram data as described in METHODS. Relative 
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fractions of NHD, HED, and MHD are indicated next to their icon. Right column row c: 

Step-frequency expectations for pure species MHD (truncated vELC homodimer, solid 

lines) and HED (1 truncated and 1 native vELC heterodimer, dashed lines) are derived as 

explained in METHODS. Numeric mean values ωS, ωI, and ωL ± standard deviation 

represent the pure MHD species only. An independent experimental event-velocity 

histogram was obtained from each of 10–12 acquisitions × 3 separate protein preparations or 

30–36 acquisitions for each isoform (Δ0, Δ17@30%, and Δ17@60%). The 30–36 best 

fitting independent simulations of these data were the basis for the standard deviation 

estimates indicated in the figure.
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Figure 4. 
The Qdot assay event-velocity histogram (left most column) and the unitary step-frequency 

expectations (middle and right columns) for mouse NTg (row a), WTαmys@30% with 30% 

of the native mouse vELC replaced with intact human vELC (row b), and Δ43αmys@60% 

with 60% of the native mouse vELC replaced with human vELC truncated at residue 43 

(row c). Left column rows a-c: The event-velocity histogram for unitary step-size data (■ 

and dashed line) and simulation (solid line) at the low velocity end. Step-sizes correspond to 

the short (↑red), intermediate (↓green), and long, (↑blue) steps with associated numeric 

values in nm. Middle column rows a-c: Step-frequency expectations correspond to the 

short (red), intermediate (green), and long (blue) step-sizes with numeric mean values ωS, 

ωI, and ωL ± standard deviation. Step-frequency expectations are derived from simulation of 
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event-velocity histogram data as described in METHODS. Relative fractions of NHD, HED, 

and MHD are indicated next to their icon. Right column row b: Step-frequency 

expectations for pure species MHD (human vELC homodimer) and HED (1 human and 1 

native vELC heterodimer) assuming Model 2 where MHD and HED are identical. Right 
column row c: Step-frequency expectations for pure species MHD (Δ43 human vELC 

homodimer) and HED (1 Δ43 human and 1 native vELC heterodimer) assuming Model 2 

where MHD and HED are identical. An independent experimental event-velocity histogram 

was obtained from each of 10–12 acquisitions × 1 protein preparation or 10–12 acquisitions 

for each isoform (NTg, WT@30%, and Δ43@60%). The 10–12 best fitting independent 

simulations of these data were the basis for the standard deviation estimates indicated in the 

figure.
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Figure 5. 
The ensemble averaged duty-ratio (<f> × 102) expectation for pure native vELC 

homodimers (NHD, dashed line with squares) and truncated vELC homodimers (MHD, 

thick line) of βmys (panel a) and αmys (panel b).
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