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Supporting Table S1. Complete data from this study. Means ± S.E. 



Supporting Figures 
 
Figure S1. 
 Kinetic Scheme 1 is shown in the main text. 
To calculate the combined rate from A-M to M-ATP, the processes of reversible ATP 
binding and actin dissociation are extracted as: 
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Differential equations for A-M, A-M-ATP, and M-ATP are expressed as follows. 
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From these equations, and the initial conditions, 
[A-M]t=0 = 1, [A-M-ATP]t=0 = [M-ATP]t=0 = 0, 

and the relationship, 
[A-M] + [A-M-ATP] + [M-ATP] = 1, 

the combined rate from A-M to M-ATP is calculated as, 
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where α and β represented 
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The average duration of the combined rate from A-M to M-ATP is then calculated as 
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The total duration from A-M-ADP-Pi to M-ATP (= 1/q) is calculated as the sum of the 
duration from A-M-ADP-Pi to A-M (1/k-P + 1/k-D) and that of the combined rate from 
A-M to M-ATP. 
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Rearrangement of this equation yields Eq. 1 in the main text. 
 
 Using 200 s-1, 1.2 µM-1s-1, 500 s-1, and 2000 s-1 for k-PD, kT, k-T, and k-A, 
respectively, the q is determined as: 

 



Figure S2. Determination of the density of HMM molecules adsorbed on the 
coverslip.  

 

 

 

 
 

(A) CBB staining of the HMM eluted from the flow cells to which was applied (1) 
0.15, (2) 0.20, (3) 0.25, (4) 0.30, or (5) 0.35 mg/mL HMM. (B) Signal intensities of the 
bands in (A) quantified by ImageJ. Each intensity (1)-(5) corresponds to the bands in 
(A) (1)-(5). (C) Standard curve between the concentration of applied HMM and the 
density of HMM on the coverslip. The slope of the standard curve shows: 

HMM density (molecules/µm2)= 6333 × applied HMM (mg/mL). 
Bars indicate S.E. (n = 3). 



Figure S3. 
Verification that HMM’s adsorption on the surface is random. 
 To verify that the HMM molecules adhere homogeneously to the surface, 
tetramethylrhodamine-phalloidine-labeled F-actin which that had been shortened by 
sonication (mostly <0.5 µm) was loaded into a HMM molecules-adsorbed flow cell 
under rigor conditions. Fluorescence images were acquired at 20 random areas (Fig. 
S3A), and the center of mass of each labeled F-actin was measured (Fig. S3B). If 
HMM molecules were adsorbed on the surface randomly, the labeled F-actin would be 
observed at random positions. We investigated the randomness by examining (1) the 
number of labeled F-actin in each picture, (2) autocorrelation among the positions of 
the labeled F-actin, and (3) the distribution of the nearest neighbor distance of the 
labeled F-actin. 
 (1) The number of labeled F-actin. The number of labeled F-actin in each 
picture was 1248 ± 90 (mean ± S.D., n = 20). There was no significant difference in 
the number of labeled F-actin between images or between the inlet and outlet of the 
flow cell. We think this is good evidence that the number of HMM molecules adsorbed 
on the surface was similar in all the areas of the flow cell. 
 (2) Autocorrelation among the positions of labeled F-actin in the 
observed images. The X- and Y-positions of the labeled F-actin were analyzed by an 
autocorrelation function (Fig. S3C, D). For both the X- and Y-positions, only a single 
peak at the origin was observed. This indicates that the HMM molecules were 
homogeneously adsorbed on the surface, without any periodic crowded regions. 
 (3) Distribution of nearest neighbor distance of the labeled F-actin. To 
reveal the homogeneity of the adsorption of HMM molecules in more detail, we 
investigated the nearest neighbor distance (NND) of the labeled F-actin (Fig. S3E). 
This distribution showed only single peak, as expected for random distribution. The 

theoretical value of the mean NND <r> was 0.70 ± 0.025 µm ( 1
2

r
ρ

= , see Fig. S6). 

The experimentally obtained <r> was 0.80 ± 0.32 µm (mean ± S.D., n = 24951). The 
theoretical value and experimentally obtained one were within the acceptable error 
range. This finding indicates that there is no local region of a higher or lower density 
of labeled F-actin. 
 



 
(A) The labeled F-actin in an observed field. The picture size is 49 × 49 µm2. (B) 
Positions of the center of mass of the labeled F-actin. (C, D) Autocorrelation analysis 
of the (C) X- and (D) Y-projections of the image in (B). Gray line, individual 
autocorrelation analysis performed on 20 fields in the flow cell. Red line, the average 
trace of the autocorrelation analysis. (E) The distribution of the NND of all 20 fields in 
the flow cell. The total number of positions was 24951. 



Figure S4. Histograms showing the duration of the actomyosin interaction 
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(A) Set of experimental conditions. The values in the chart indicate the average sliding 
duration time for each experimental condition. With 633 and 760 molecules/µm2 and 
50-500 µM ATP, few actin filaments attached to HMM. With 1267, 1583, and 1900 
molecules/µm2 and 10-13 µM ATP, few actin filaments dissociated from HMM. The 
duration time of the actomyosin interaction was barely measurable under either of 
these sets of conditions. (B) Histograms for 633 molecules/µm2 with (1) 10 µM, (2) 13 



µM, (3) 20 µM, and (4) 30 µM ATP. (C) Histograms for 760 molecules/µm2 with (1) 
10 µM, (2) 13 µM, (3) 20 µM, and (4) 30 µM ATP. (D) Histograms for 945 
molecules/µm2 with (1) 10 µM, (2) 13 µM, (3) 20 µM, (4) 30 µM, (5) 50 µM, (6) 100 
µM, (7) 250 µM, and (8) 500 µM ATP. (E) Histograms for 1267 molecules/µm2 with 
(1) 20 µM, (2) 30 µM, (3) 50 µM, (4) 100 µM, (5) 250 µM, and (6) 500 µM ATP. (F) 
Histograms for 1583 molecules/µm2 with (1) 20 µM, (2) 30 µM, (3) 50 µM, (4) 100 
µM, (5) 250 µM, and (6) 500 µM ATP. (G) Histograms for 1900 molecules/µm2 with 
(1) 20 µM, (2) 30 µM, (3) 50 µM, (4) 100 µM, (5) 250 µM, and (6) 500 µM ATP. The 
dotted lines represent the calculation-derived duration time. The total number of 
observed actin filaments for each panel, n = 102-193. 



Figure S5. Calculation of the duration time using Mathematica 
For example, N = 2, p = q = 0.5. 

 

 

 





Figure S6 
Band model and nearest neighbor distance model. 
(A) The band model assumes that HMM molecules (ρ molecules/µm2) inside a certain 
bandwidth (w µm) of both sides of the actin filament (L µm in length) can interact with 
the filament. The predicted number of available cross-bridges N is: 

N w Lρ= ⋅ ⋅  

According to Uyeda et al. (Supporting reference 1), we estimated the N with a 30-nm 
bandwidth, which was derived from electron micrographs of the actin-HMM complex 
(Supporting reference 2). 
 
(B)  

 The nearest neighbor distance model assumes that myosin molecules are adsorbed 
onto the surface following a Poisson distribution. The average number of myosin 
molecules (x) in a certain area (S) is: 

Sx ⋅= ρ  

where ρ is the average density of myosin molecules. Following the Poisson 
distribution, the distribution of x is: 
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The definition of the nearest neighbor distance is, "the average distance between 
nearest neighbor particles in randomly distributed ones." Two requirements are needed 
to satisfy this definition: (1) There is no myosin within a radius r around a myosin 
located at the center of the circle, (2) There is at least one myosin in an area of (a circle 
of radius r + dr) - (a circle of radius r).  
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For requirement (2), 0=x  for drrS ⋅= π22 , the probability that there is no myosin 
in S2 is: 

)2exp()0( 2 drrP ⋅⋅−= πρ  

Then, the probability that there is at least one myosin in S2 is: 
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When both (1) and (2) are satisfied, the following equation is fulfilled: 
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Therefore, the number of cross-bridges N formed for a single actin filament (L) is 
obtained as: 

r
LN =  

L⋅= ρ2  

 
 To estimate the value of N, we adopted the band model. We did not adopt the 
nearest neighbor distance model, because an important assumption of this model is that 
"the distance between nearest neighbor particles should be randomly distributed." To 
fulfill this assumption, it is necessary for the front end of an actin filament to have high 
flexibility. Considering that the persistence length, the stiffness of an actin filament, 
and the nearest neighbor distance <r> are, respectively, 15 µm (Supporting reference 
3), 44 pN/nm (Supporting reference 4), and 11-20 nm (from Fig. S6B and the densities 
of HMM molecules (633-1900 molecules/µm2)), the actin filaments examined in the 
present study (0.24-0.52-µm long) are considered to be almost rigid bodies. Therefore, 
the tip of the actin filaments cannot always interact with the nearest-neighbor HMM 
molecules, so the number of cross-bridges does not follow this model. Therefore, we 
decided to use the band model but not the nearest neighbor distance model. 



Figure S7. 
Estimation of the parameters for the actomyosin interaction. 
 

 

 
(A-C) Experimentally obtained histograms under the condition of 1267 HMM 
molecules/µm2 and 100 µM ATP, shown with the computationally simulated duration 
time. (A) Determination of the association rate constant p. Each duration time was 
drawn with N = 16, q = 75, and p = 29, 31, 33, 35, 37 (from left to right). (B) 
Determination of the number of cross-bridges N. Each duration time was drawn with p 
= 42.4, q = 75, and N = 11, 12, 13, 14, 15 (from left to right). (C) Determination of the 
dissociation rate constant q. Each duration time was drawn with N = 16, p = 42.4, and 
q = 96, 94, 92, 90, 88 (from left to right).  
(D-F) Plots of the coefficient of determination R2. The plots were fitted to a Gaussian 
function. (D) Plot of the coefficients of determination R2 against p under the conditions 
of (A). (E) The plot of R2 against N under the conditions of (B). (F) The plot of R2 
against q under the conditions of (C). We regarded the value with the highest R2 as the 
kinetic parameter of the actomyosin interaction. From the peak values of the fittings, 
the obtained values of p, N, and q were 32.7, 13.0, and 92.1, respectively. 



Figure S8. 
Effect of the estimated number of HMM molecules on the velocity-dependent 
association. 
 Whether the estimated number of HMM molecules had an effect on the 
velocity-dependence of the association rate constant p was examined. We determined 
whether the velocity-dependent association was maintained when the number of 
cross-bridges was overestimated compared with the band model-estimated number as 
follows. 
(1) HMM molecules were adsorbed on the surface randomly under a Poisson 
distribution. 
(2) The HMM molecules in the area (actin length in the present study) × (width of the 
band model, 30 nm) interacted with actin filaments. 
(3) The number of cross-bridges was determined by the area and the Poisson 
distribution. 
(4) The Poisson distribution was fitted to a Gaussian function approximately, and the 
number of cross-bridges was overestimated by σ or 2σ over the band model-estimated 
number (the values are listed below). 

 



 The association rate constant p was estimated with the Eq. 1 (in the Main 
text)-derived dissociation rate constant q and Poisson distribution-estimated number of 
cross-bridges (N+σ, N+2σ). The linear relationship was maintained even if the number 
of cross-bridges was increased to N+σ and N+2σ (green and blue circles, respectively, 
in the figure below). Therefore, although the values of the association rate constant p 
were changed, changing the estimated number of cross-bridges had little effect on our 
current conclusion that the association rate constant p depends linearly on the sliding 
velocity. 
 
 

 
Relationship between the sliding velocity (obtained from Fig. 3E) and the estimated 
association rate constants. Open black circles, N; black slope, 23.5 ± 1.39 (1/s)/(µm/s) 
(mean ± S.E.). Open green circles, N+σ; green slope, 17.8 ± 1.21 (1/s)/(µm/s) (mean ± 
S.E.). Open blue circles, N+2σ; blue slope, 13.7 ± 0.847 (1/s)/(µm/s) (mean ± S.E.). 
Bars indicate S.E. (for p, n = 3-8; for velocity, n = 351-925). 



Figure S9. 
Estimation of the number of cross-bridges N and the dissociation rate constant q 
with a fixed association rate constant p. 
 

    
 

(A) Estimation of N using 30 s-1 for p, 200 s-1 for k-PD, 1.2 µM-1s-1 for kT, 0 s-1 for k-T, 
and 2000 s-1 for k-A. The ratio of estimated N (molecules/µm) / predicted N from the 
band model (band width = 30 nm), using p calculated from the sliding velocity of actin 
filaments (open circles) and p = 30 s-1 (closed circles), was plotted against the ATP 
concentration. Bars indicate S.E. (n = 3-8). (B) Estimation of q using 30 s-1 and the 
band model (band width = 30 nm) for p and N, respectively. Double-reciprocal plot 
between the estimated q and the ATP concentration. Bars indicate S.E. (n = 3-8). The 
slope and the y-intercept were 0.201 ± 0.0400 µM·s and 0.0144 ± 0.00200 s, 
respectively (means ± S.E.). The coefficient of determination R2 of the fitted line was 
0.808. 



Supporting Movies 
The motion of actin filaments was video-recorded. The picture size of Movie S1-S4 is 
6 × 6 µm. 
 
Movie S1 
An actin filament sliding, under the following conditions: 945 HMM molecules/µm2 
and 30 µM ATP. 
 
Movie S2 
An actin filament sliding under the following conditions: 945 HMM molecules/µm2 
and 500 µM ATP. 
 
Movie S3 
An actin filament sliding under the following conditions: 1267 HMM molecules/µm2 
and 30 µM ATP. 
 
Movie S4 
An actin filament sliding under the following conditions: 1267 HMM molecules/µm2 
and 500 µM ATP. 
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