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Fig. S4. Nonlinearity in optical trapping force for large bead displacements. (A) Green points: Normalized 
quadrant photodiode (QPD) response signal Sy = (VA + VB - Vc - VD)/( VA + VB + Vc + VD), where the terms on 
the right hand side are the measured voltages in each of the four QPD quadrants, A, B, C, and D. Dashed 
line: linear fit to the 50 nm region. 0 is the inverse slope of the line (Vnorm indicates “normalized voltage”). 
Solid red curve: 3rd-order polynomial fit to the data. (B) Trapping force as a function of bead displacement for 
a spring constant kmeas = 0.075 pN/nm measured near the trap center. Dashed/dotted blue line: uncorrected 
force calculated from F = kmeas x. Solid magenta curve: corrected response, F =  Sy, taking into account a 
reduced spring constant toward the edge of the trap.  is the product of  (x) k(x), where beta is the 
derivative of the Sy curve, and k(x) is the position-dependent spring constant.  is approximately a constant, 
so the value calculated near the trap center, i.e.  = (0)*k(0) = 0* kmeas, is applicable at all positions. 
Dashed black line: absolute value of the error in the uncorrected force calculation. The light (dark) gray box 
shows the region in which the error is 5% (10%) or less of the total force, approximately [-135, 135] nm ([-
175, 175] nm). The same position regions apply at different spring constants, but the corresponding force 
scales accordingly. 
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Fig. S5. Primary unbinding forces in the absence of nucleotide for nucleotide hydrolysis and binding mutants. 
Apyrase was used to deplete any residual nucleotide. The loading rate in all experiments was 5.6 pN/s. 
Forward unbinding forces are shown in blue, and backward unbinding forces are in orange. Tall vertical 
bands denote the 95% CIs of the mean (calculated by bootstrapping) for the forward (blue) and backward 
(orange) primary unbinding forces, respectively. The insets show the empirical cumulative distribution 
functions calculated from the measured forces (without binning). N is the number of total events measured in 
the given direction. (A) Nucleotide binding mutant AAA1 K/A (95% CIs [1.8, 2.1] and [3.0, 3.5] pN). (B) 
Hydrolysis mutant AAA1 E/Q (95% CIs for forward and backward directions, respectively: [1.5, 1.8] and [2.4, 
2.9] pN). (C) Hydrolysis mutant AAA3 E/Q (95% CIs [1.4, 1.6] and [2.3, 2.8] pN). (D) Nucleotide hydrolysis 
double mutant AAA1 E/Q + AAA3 E/Q (95% CIs [1.5, 1.9] and [2.8, 3.6] pN). (E) Nucleotide 
hydrolysis/binding double mutant AAA1 E/Q + AAA3 K/A (95% CIs [1.3, 1.5] and [3.0, 3.7] pN). (F) 
Nucleotide binding mutant AAA3 K/A (95% CIs [1.6, 1.9] and [2.7, 3.4] pN).  
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Fig. S6. Consensus model for dynein’s mechanochemical cycle. ATPase states are assumed to be those in 
AAA1 and the other AAA sites are generally disregarded. (1, 2) ATP binding causes MT detachment and 
‘recocking’ of the linker. (3) ATP hydrolysis in the free head. (4) Rebinding to the MT causes Pi release and 
induces the ‘high-energy ADP* state’. (5) Transition to the ‘low-energy ADP state’ generates a linker swing 
(powerstroke) toward the MT minus-end. (6) Tight MT binding in the apo (nucleotide-free) state. 	
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Fig. S7. MT binding/release assay (SDS-PAGE) with various single-headed dynein constructs. 5 μl samples 
were taken from the supernatants (S1 and S2) and re-suspended pellets (P1 and P2) at each stage of the 
MT binding/release assay (~ 1.7 mg/mL MTs), mixed with SDS loading buffer and denatured in boiled water 
for 10 min. The samples were then loaded onto a NuPAGE® Novex® 4-12% Bis-Tris Gel (Life Technologies) 
and ran for 50 min at 200 V in MOPS SDS running buffer (Life Technologies). The gel was then rinsed with 
ddH2O and stained with InstantBlue™ (Expedeon) for 30 min. The high-molecular weight band is single-
headed dynein, and the lower ~50-kDa band is tubulin. After the first sedimentation, there is some dynein in 
the supernatant (S1), but most is bound to MTs in the pellet (P1). Some tubulin is present in S1, likely small 
MTs or unpolymerized MT subunits. After resuspension of the pellet (P1) with ATP-containing buffer, 
followed by re-sedimentation, a significant fraction of dynein is present in the supernatant (S2) for WTdynein 
with N-terminal GFP or C-terminal GFP (A), while AAA3 E/Q mutants with N-terminal GFP or C-terminal 
GFP are almost undetectable in the supernatant (B). The lowest ~27K band in the S1 lanes is AcTEV™ 
Protease (Life Technologies) used during the dynein purification procedure.  
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Fig. S8. Comparison of primary and secondary backward (A) and forward (B) unbinding forces for the WT 
motor domain in the presence of 2 mM ADP and in the absence of nucleotide, respectively, and effect of 5 
mM ADP on dynein’s response to tension (C). The loading rate was 5.6 pN/s. Tal vertical bands denote the 
95% CIs of the mean (calculated by bootstrapping) for the 2 mM ADP (95% CIs for backward and forward 
unbinding forces, respectively: [3.9, 4.3] and [1.8, 1.9] pN), Apo (95% CIs for backward and forward 
unbinding forces, respectively: [5.8, 6.3] and [2.1, 2.3] pN), and 5 mM ADP (95% CIs for backward and 
forward unbinding forces, respectively: [1.8, 2.1] and [1.1, 1.2] pN) experiments, respectively. N is the 
number of total events measured in the given direction. The insets show the empirical cumulative distribution 
functions calculated from the measured forces (without binning). 
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Fig. S9. Effect of changing the first 1-pN bin of a rupture-force distribution on the estimated force-dependent 
unbinding rates, and calculated Apo and ATP unbinding rates for the WT motor. (A) Rupture-force 
distribution in which the height of the first bin is 1/10 of the height of the second bin. (B) Rupture-force 
distribution in which the first and the second bin have the same height. The relative heights of the other bins 
are the same as in the distribution shown in (A). Because of this increased population of small unbinding 
forces, the corresponding average force is smaller compared to the average force of the distribution in (A). 
(C) Corresponding unbinding rates as a function of force calculated with the Dudko-method for the 
distributions shown in (A) and (B). The difference in the distributions is only reflected at the first data point. 
(D) Unbinding rate vs. loading force obtained from analyzing the unbinding-force distributions of the primary 
unbinding events shown in Fig. 1E (Apo) and Fig. 2A (1 mM ATP). The shaded areas (Apo) and the thick 
lines (1 mM ATP) represent 95% confidence intervals for the mean values, estimated by bootstrapping 
4,000 samples. While a KS test rejects the null hypothesis that the apo and ATP forward unbinding rate data 
are drawn from identical underlying distributions (p<10-16, D = 0.25), when excluding unbinding rates 
measured below 1 pN, KS analysis suggests that the forward unbinding rate data are statistically 
indistinguishable (p=0.09, D=0.09). Applying a KS test to the apo and ATP backward unbinding rate data for 
all rates measured below 8 pN suggests that the distributions are statistically indistinguishable (p=0.06, 
D=0.08). 
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Fig. S10. Polarity-marked MTs. (A) Fluorescence image of polarity-marked MTs (scale bar: 3 μm). The 
bright ends are the “seeds” from which plus-end polymerization was nucleated. (B) Schematic diagram 
showing bright plus ends (magenta) on less densely labeled MTs (green). Kinesin K560, an exclusively plus-
end-directed motor, consistently walked away from the bright ends. 
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Fig. S11. Unbinding-force experiments (force/position vs. time) in the absence of nucleotide (ATP and ADP 
depleted with apyrase) for the wild-type motor domain (A) and the ATP-hydrolysis AAA1 E/Q mutant (B). 
The illustration in A represents the configuration for backward vs. forward tension. Orange (blue) shaded 
areas show periods of applied rearward (forward) tension. The loading rate was 5.6 pN/s (k  0.07 pN/nm, 
vstage  80 nm/s). Experiments were performed at concentrations of dynein to produce MT binding by 10% 
(A) and 18% (B) of beads in the final assay, implying binding by single motors (38).    
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Fig. S12. Computational validation of the Dudko-method for three different bond behaviors. In all graphs, the 
green points are the calculated unbinding rates from the Dudko-method applied to data from rupture-force 
simulations of stochastic bond models depicted in this figure. The red lines are analytical solutions of these 
models. The areas between the blue lines represent 95% confidence intervals (CIs) estimated by 
bootstrapping with 4000 samples. The models and the simulation procedures are described in detail in the 
Supplemental Information. (A) A typical slip-bond behavior showing an exponentially increasing unbinding 
rate as a function of force. Originally, the Dudko-method was developed to study such a bond (60). For the 
simulation of the rupture-force histograms we used a loading rate of 5.6 pN/nm and 575 unbinding events, 
as was the case for the Apo state forward unbinding-force experiments of the WT motor (Fig. 1E). (B) The 
unbinding rate of a slip-ideal bond first increases with increasing force and then saturates so that the 
unbinding rate becomes load insensitive. This behavior describes the backward unbinding-force 
experiments of the WT motor in the Apo state as shown in Figs. 1E and 1G. In the simulations we used a 
loading rate of 5.6 pN/nm and 512 unbinding events as for the corresponding experiment. (C) The unbinding 
rate of a catch-slip bond first decreases and then increases as a function of force. For the simulation we 
used a loading rate of 1 pN/nm and 600 unbinding events for the analysis. 
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