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Abstract

Complex forms of cellular motility, including cell division, organelle trafficking or signal 

amplification in the auditory system, require strong coordination of the myosin motors involved. 

The most basic mechanism of coordination is via direct mechanical interactions of individual 

motor heads leading to modification of their mechano-chemical cycles. Here we used an optical 

trap-based assay to investigate the reversibility of the force- generating conformational change 

(power stroke) of single myosin-V motor heads. By applying load to the head shortly after binding 

to actin, we found that at a certain load the power stroke could be reversed and the head fluctuated 

between an actin-bound pre- and a post-power stroke conformation. This load-dependent 

mechanical instability might be critical to coordinate the heads of processive, dimeric myosin-V. 

Non-linear response to load leading to coordination or oscillations amongst motors might be 

relevant for many cellular functions.

Class Va myosins are ATP driven two-headed motor proteins expressed in neurons and 

melanocytes that transport neuronal vesicles and melanosomes along actin 1. The motor 

moves its cargo processively, taking tens of 36 nm steps per interaction event 2–5. Each 

myosin head consists of an N-terminal catalytic domain that hydrolyses ATP and binds to 

actin. This is followed by the neck domain, an extended α-helix, stabilised by binding light 

chains of the calmodulin family, that serves as a lever arm. The neck extends into a coiled-

coil dimerisation and cargo-binding domain. It is generally thought that during each 

biochemical cycle a single myosin-V motor head binds to actin with hydrolysis products 

phosphate and ADP bound. According to the power-stroke model, actin binding induces 

phosphate release and a force-generating conformational change of the bound head. This 
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leads into an ADP-bound state. When ADP is released, a second, smaller conformational 

change takes place before the head finally binds a new ATP, detaches from actin and 

hydrolyses the ATP 3,4,6–8. Evidence for an actin-bound pre-power stroke state, preceding 

the main conformational change, comes from crystal structures of myosin alone 9 and 

electron micrographs of myosin-V bound with both heads to actin 10,11. In the latter studies 

backward and forward leaning orientations of the base of the lever arm could be 

distinguished, that are thought to correspond to pre- and post-power stroke conformations. 

The model motivated by these data postulates that each processive step of dimeric myosin-V 

along actin causes the neck domains of the two bound heads to switch orientation in a 

reciprocal manner: the lead head from backward to forward and the trailing head from 

forward to backward leaning orientation. These orientations have then been studied by 

attaching fluorescent labels to the neck domains 12,13. In a number of pioneering 

experiments, translational 14–16 and rotational motion of the neck (using microtubule 

fragments as markers of angular motion) 17 during transitions between successive, actin-

bound orientations were also resolved. However, the reversibility of the transition from pre- 

to post-power stroke state has never been directly observed. It has been shown that dimeric 

myosin-Va stalls at a load of ~2 pN 2,4,16,18 and slides backwards at higher forces 19, similar 

to kinesin-1(ref 20). It had remained unclear, however, whether these backward movements 

involve power stroke reversal or whether the molecule simply unbinds and rebinds. An 

interesting regulatory mechanism would emerge if the power stroke could be reversed while 

the motor stays attached to actin. This would cause a sudden release of tension under load, 

i.e. a negative compliance, without cargo detachment. We therefore set out to test the 

reversibility of the power stroke of a single myosin motor head, using single molecule 

mechanical experiments.

RESULTS

Detection of power stroke reversals

In order to investigate whether the force generating conformational change of a single 

myosin head is reversible and whether we could resolve transitions between pre- and post-

power stroke conformations, we designed an optical-trap based single-molecule experiment 

with which we could rapidly detect myosin binding and subsequently apply constant 

backward load. We used a three-bead assay where recombinant, single-headed myosin-V 

constructs containing 6 IQ motifs (MVS1) 21 were immobilised on surface-attached beads 

and allowed to interact with an actin filament suspended between two beads, held in optical 

traps 22,23 (Fig. 1a). We used a high ATP concentration (100 μM) to be close to 

physiological conditions and the nucleotide-free rigor state was short-lived (see below). 

Force acting on the actin filament was determined by the displacement Δx of the trapped 

beads from the centres of the traps. In order to increase time resolution in detecting myosin 

binding, bead 1 was rapidly oscillated (1 kHz) with a small amplitude while the position of 

bead 2 was monitored, as in earlier studies 21. The time point of myosin binding was 

detected on-line by analysing change in amplitude of the sinusoidal forcing function 

transmitted from bead 1 to bead 2 (see Methods) and setting a threshold. Thermal noise 

caused false alarms in the detection of binding and detachment. By appropriately setting the 

threshold for detecting binding, we could shift the false alarms either to the unbound or 
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bound state. We chose the former. To probe for power-stroke reversal, we applied backward 

loads varying between 2 and 7 pN by displacing both traps rapidly by a fixed distance 

immediately after detecting binding (Methods, Supplementary Fig. S1a). The threshold for 

detecting binding was tuned such that the position of both traps was stationary during 

myosin attachment events while spurious trap displacements were tolerated during the 

unbound periods (Fig. 1b). We could thus follow conformational changes of the bound 

motor under near-constant loads with ~1 ms time resolution. As soon as myosin detachment 

was detected, the traps were returned to their initial positions, so that the sequence could be 

repeated. The power stroke following initial binding was not resolved within our time 

resolution of ~ 1 ms and it is likely that at low load, myosin binding was only detected after 

the motor had reached the post-power stroke state 23,24. During attachment, intermittent 

back and forth displacements were observed (Fig. 1b, blue arrows), consistent with a 

reversal of the initial conformational change.

Detailed inspection of a typical binding event (Fig. 1c) allows us to assign time points of 

transitions (cartoon Fig. 1d). Myosin binding and (the unresolved first) power stroke 

happened around time point t1. With ~3 ms delay both traps were displaced at t2, so that a 

backward load of ~ 3 pN was applied. Note that the displacement occurring between t1 and 

t2 is due to the movement of the traps and not a power stroke. Variables and geometry are 

defined in Fig. 1d. At t3, a negative displacement (‘reversal’) of ~20 nm occurred, followed 

by a positive displacement (‘recovery’) of similar amplitude at t4 (Fig. 1c). This shows that 

the bound motor could reverse into the pre-power stroke conformation (pre-state), but 

subsequently also recover its post-power stroke conformation (post-state).

Load dependent amplitudes of reversals and recoveries

Next we analysed the amplitudes of the reversals and recoveries in order to test whether they 

correspond to complete power strokes. We used a running t-test to detect transitions between 

distinct bound positions (Fig. 1c, Methods) and found transitions in ~20 – 30% of binding 

events at forces between 2–7 pN, while below 1.5 pN transitions were not observed (Fig. 2a 

and Supplementary Fig. S1c). Up to 7 back-and-forth transitions per binding event were 

found at forces between 2 and 3 pN, while above 5 pN transitions were overwhelmingly 

backwards (Fig. 2d). The average number of transitions per binding event over the entire 

force range (2–7 pN) was ~1.6 (Supplementary Fig. S1d). The majority (60–70%) of final 

transitions before detachment were reversals at all forces (Fig. 1b and Supplementary Fig. 

S3c). This suggests that the motor in pre-power stroke conformation is less strongly 

bound 6,7,19. To be less sensitive to slow baseline drift, amplitudes of both reversals and 

recoveries were measured as relative displacements in Fig. 2a (relative to the position 

preceding the respective transition). Fig. 2b shows the distribution of reversals and 

recoveries detected over the entire range of forces. This distribution could be fitted by sums 

of Gaussians. For reversals, we identified a main (16 ± 9 nm), and two minor contributions 

(35 ± 3 nm and 46 ± 7 nm, mean ± SD), for recoveries a single contribution (12 ± 7nm). 

Average amplitudes of all three populations of reversals were independent of load (Fig. 

2c,d). Comparing amplitudes, it is likely that the main reversals are the direct inversions of 

the recoveries. We attribute the large backward displacements (> 25 nm) to slippage along 

actin (i.e. fast detachment and reattachment) because their relative frequency increased with 
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increasing load (Fig. 2c, d). Slippage along the helical repeat of the actin filament could 

explain the population of ~ 35 nm backward displacements, while a combination of slippage 

and power stroke reversal could cause displacements with ~ 46 nm amplitude. This 

interpretation is supported by the fact that some large backward displacements were 

followed by a recovery stroke (16 ± 5 nm, Supplementary Fig. S3d), although many were 

followed by detachment.

To be able to directly compare reversals to power strokes in the same experimental 

conditions we measured the power stroke produced in absence of applied load (< 2 pN) with 

a different method. Applying our standard ensemble-averaging technique 21,25 we aligned 

and averaged myosin binding events using the time points of binding to or detachment from 

actin respectively (Fig. 2c). As seen before, an initial power stroke (~15 nm) was produced 

within 1 ms after binding to actin, while a much smaller second displacement (~5 nm) 

followed with some delay of ~29 ms. This is roughly consistent with the reported ADP 

release rate 4,6,7,26 taking differences in temperature into account (here k1 = 24 s−1, T = 

29°C). These experiments were carried out at low ATP (10 μM) so that we could clearly 

resolve the second displacement and the subsequent, ATP-dependent dwell time (~30 

ms) 4,8,21,25. The ATP-binding rate was ~2.4μM−1s−1, consistent with previous data 6,7,26. 

We therefore expect that in the load experiments, carried out at 100 μM ATP, the motor will 

spend most of the actin-bound dwell time in an ADP-bound state because the nucleotide-free 

rigor state following ADP-release will be comparatively short-lived (i.e. ~3 ms for ATP-

binding and detachment, assuming the above ATP binding rate). Thus, when comparing the 

reversals at high ATP and high load to the power strokes at low ATP and low load we need 

to compare to the initial 15 nm, not the whole 20 nm power stroke. With these constraints 

the numbers support the conclusion that the observed transitions at high load reflect 

complete reversals and recoveries of the main myosin power stroke component.

Load dependent kinetics of power stroke reversals and recoveries

Next we evaluated how load affects the kinetics of the observed transitions. Since the 

transition from pre- to post-power stroke state is the main force generating transition, we 

expected the dwell times of both pre- and post-power stroke states to be strongly, but 

oppositely affected by load. We therefore analysed the load dependence of dwell times in 

the two states (Fig. 3, 100 μM ATP). Cumulative distribution plots of dwell times in the pre-

state (Fig. 3a) were well described by a single exponential function (Methods, eq. 1), while 

two exponential components were required to fit the dwell time distributions in the post-

state (Fig. 3b, Methods, eq. 2). This suggests two distinct post-power stroke states, a short-

lived and a long lived component post1 and post2 (Supplementary Fig. S2). To keep the 

scheme (Fig. 3d) simple at first, we lumped the two post-power stroke states into one and 

calculated a single rate constant for reversal at different loads (Method, eq. 3). Here we 

define the reversal rate as the reciprocal of the average dwell time in post-state, while the 

recovery rate is the reciprocal of the one in pre-state (Methods). The ratio of the two rates 

gives the probability to find the motor in either a pre- or a post-power stroke conformation at 

different loads while bound to actin. The reversal rate increased with increasing load, while 

the opposite was observed for the recovery rate (Fig. 3c), consistent with an Arrhenius-type 
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transition between pre- and post-power stroke conformations (eq. 4). Equal probability to 

find the motor in pre- or post-power stroke conformation was reached at ~4 pN.

Biochemical state of power stroke reversals and recoveries

Having collected the evidence for power-stroke reversal still leaves open the question to 

what degree the biochemical pathway is followed backwards. Several lines of evidence 

suggest that acto-myosin-V has ADP bound at the catalytic site when it is held in a bi-stable 

state between pre-and post-power stroke conformation. Given an off-rate of > 250 s−1 in 

solution 6, phosphate was probably mostly released by the time load was applied (after ~3 

ms). The concentration of phosphate in solution was low (< 2 μM) and made phosphate 

rebinding unlikely. To investigate whether phosphate could rebind to the acto-myosin-V 

complex under load we did a control experiment (Fig. 4b) which shows that at forces > 2 

pN, addition of 10 mM phosphate increases the rate constant for unbinding by a factor of 

two. This suggests that phosphate may rebind and that the phosphate-bound pre-power 

stroke conformation (A.M.ADP.Pi) detaches more easily. This is consistent with previous 

reports that this state is bound more weakly 27,28. The effect of phosphate could also be non 

specific, but this appears unlikely because the effect is not observed in the absence of load 

(Fig. 4b). This is consistent with a partial reversal of the chemical cycle coupled to the 

reversal of the mechanical cycle. It further follows that most motors must have had their 

phosphate released before load was applied in our experiments when phosphate was not 

added. Finally, it was also unlikely that the motor dwelled in a nucleotide free rigor state as 

argued above, because we intentionally worked at high ATP concentration (100 μM). Thus, 

all the evidence suggests that the myosin motor in the ‘rocking crossbridge’ state has 

released phosphate and retains ADP.

DISCUSSION

In summary, our experiments have provided a new view on the mechano-chemical energy 

landscape guiding myosin force generation (Fig. 4a). Two lines of evidence suggest that at 

high loads the myosin-V motor can switch back and forth between post- and pre-power 

stroke conformations while remaining bound to actin. First, amplitudes of reversals and 

recoveries were similar, independent of load and matched the main component 11,29,30 of the 

two-step power stroke4,8,21 at low load. Second, the dwell times of reversals became longer, 

while those of recoveries became shorter at increasing load, as expected. This finding is 

direct evidence for the ‘rocking crossbridge’, hypothesised by Huxley and Simmons in 

1971ref31, but never observed at the level of a single molecule.

The effect of load on a single myosin-V motor head can be divided into three force regimes, 

as shown in Figs 3c and 4a. At low forces FI (0 – 2 pN) the actin-bound dwell time increases 

with load. At intermediate forces FII (2 – 5 pN) the motor switches back and forth between 

pre and post-power stroke conformations, while at high forces FIII (5 – 7 pN) the motor 

dwells predominantly in the pre-power stroke conformation before being forced to detach.

At low forces FI, actin-bound dwell times increased about two-fold with load. This is 

consistent with a load dependent and rate limiting ADP release 2,4,6,7,18,21,30,32. ATP 

binding, in contrast, was shown to be weakly load dependent 21,30,33 and the rigor state is 
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negligible at high ATP (100 μM) as discussed. ADP-release is probably slowed down 

because the second step of the working stroke, associated with ADP release, is hindered 8,21. 

The sensitivity of a biochemical transition to load is typically expressed as a distance d to 

the transition state 34. We find here d = 2.1 nm (at 29°C, Fig. 3c) which is roughly consistent 

with, though slightly smaller than, what we found previously (d = 4.3 nm at 23 °C, ref21). 

This difference might be due to differences in temperature 26. Uemura et al. 16 reported an 

even larger distance of 12.5 nm for ADP-release. However these results can perhaps be 

reconciled. A strong sensitivity to force is exactly what one expects approaching a non-

linearity in response, such as power stroke reversal. Uemura et al16 observed a softening in 

response (i.e. increased sensitivity to load) in the range of 1.5 – 2 pN which is precisely 

where we begin to see power stroke reversals. Also at this force the Rief-group has observed 

processive backward stepping of the dimeric motor 27,35.

While backward load only weakly affects total duration of myosin binding at intermediate 

force FII (2 – 5 pN), it shifts the motor increasingly into a pre-power stroke ADP-bound 

state. Our ‘stall force’ (~ 4 pN) for a single head, i.e. equal probability to dwell in pre and 

post-power stroke conformation, is somewhat higher than the external force required to stall 

processive movement of the myosin-V dimer (1.7 – 3 pN) 2,4,16,18,19,27. The difference is 

likely to be due to differences in geometry of force application. For the full length dimer the 

effective lever arm is likely to be longer than in our single headed construct which can 

qualitatively explain the difference.

What is the relevance of the power stroke reversibility for the mechanical head-head 

communication during processive forward movement of a myosin-V dimer? Due to 

differences in geometry it is again difficult to directly compare absolute forces. However it 

is conceivable that the force exerted by the trailing head on the lead head is enough to keep 

the leading head in pre-power stroke conformation until the trailing head detaches, as 

suggested by electron and fluorescence microscopy 10–12,36 and solution kinetic 

studies 3,7,37,38 (Supplementary Fig. S5(i and ii)). This scenario is also consistent with our 

previous observation 4,21 of an only two-fold acceleration of ADP-release on the trailing 

head in the dimer compared to a single head. The twofold acceleration would correspond to 

a force of ~1.5–2 pN 4,21,39, less than what would be expected if the lead head was in post-

power stroke state (~3.5 pN) 21,39.

We also found rare binding events with very slow detachment kinetics in this force range FII 

(Supplementary Table 1), similar to what was described for processive backward stepping of 

myosin-V at super stall forces 19. Since only the reversals (post-power stroke state) but not 

the recoveries (pre-power stroke state) show a slow component, the motor spending time in 

post-power stroke state 2, post2, must be responsible (Supplementary Fig. S2). At present 

the exact nature of the short and long-lived post-power stroke states is not clear. During 

processive forward movement at low load both ADP-bound states might occur in sequence 

(Fig. 4a, A.M.ADP and Supplementary Fig. S2a) with the shorter lived state first (post1), 

followed by an isomerisation to a more stable post-power stroke state (post2) 7,38,40.
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At high forces FIII (5–7 pN) we found that the motor was forced to detach, predominantly 

from pre-power stroke conformation. This is consistent with previously measured unbinding 

forces for a single myosin-V head 32,41.

If we want to determine efficiency of a single motor head at increasing load we simply need 

to know whether the head detaches from pre- or post-power stroke conformation. Efficiency 

can be defined as the total work done against external load up to a time point immediately 

before detachment, divided by the free energy gained by hydrolysis of one ATP molecule. In 

regime FI (<2 pN, Fig. 4c) we do not observe reversals and therefore the motor always 

detaches from post-power stroke state. The efficiency E is E = Fdstroke/ΔGATP. In regime FII 

(2–5 pN) the motor detaches in approximately 30% of binding events from post-power 

stroke conformation (Supplementary Fig. S3c). Here E = F 0.3 dstroke/ΔGATP, while in force 

regime FIII the motor detaches predominantly from the per-power stroke state and does not 

produce work. What does this signify for the efficiency of the dimer? Maximum work 

output can be expected close to stall force, but the precise value of the efficiency will 

depend on the exact geometries of forces and motion.

Complex load sensitivity at different stages of the chemo-mechanical cycle as observed here 

has obvious implications for the collective dynamics of myosin motors. Load dependent 

ADP release might contribute to coordinating the two heads of processive dimeric myosin-

Va 3,4,7,19,21,32. Reversibility of the power stroke at higher loads provides, on the one hand, 

a microscopic mechanism for backward sliding at super stall forces 19. On the other hand, 

reversibility of the power stroke is equivalent to a highly non-linear response which can lead 

to mechanical synchronisations and oscillations. Power stroke reversals could thus be 

involved in the wide range of such phenomena, for example in certain types of muscle 42,43, 

or in mechano-receptive hair bundles in the sensory cells of the inner ear 44,45.

METHODS

Protein preparations, solutions and optical trapping conditions

We used a baculo-virus expressed mouse myosin-Va fragment S1 (MVS1) as described 

previously 21. Details on the myosin construct, biochemical solutions and on optical trapping 

conditions are described in the Supplementary Information online. Procedures to apply load 

and details on data analysis are given below and also in the Supplementary Information 

online.

Application of load

To improve time resolution for detecting myosin binding we oscillated the position of one 

optical trap at a frequency f = 1 kHz and amplitude A0 = 35 nm parallel to the actin filament 

axis using a sinusoidal function 25,33. Because of low trap stiffness and viscous damping this 

caused the position of the bead - actin - bead dumb-bell held in the traps to oscillate parallel 

to the filament axis with r.m.s. amplitude of only ~7 nm during the intervals when no 

myosin was bound to actin. During periods when myosin was bound this r.m.s. amplitude 

was further reduced to less than 1.5 nm so that the mechanical disturbance of the bound 

myosin was very small (corner frequency of thermal noise during attachment ~ 3 kHz; r.m.s. 
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of 1 kHz signal close to thermal background noise). By analysing changes in variance of the 

high pass filtered displacement signal (dominated by the 1 kHz signal during periods when 

myosin was not bound) transmitted to the bead in the other (passive) trap we could detect 

myosin binding with ≈1 ms time resolution 21. Changes in this signal were used to produce 

a trigger signal. The latter was used to change the position of both optical traps 33. To apply 

load, both traps were moved by a distance dxtrap in parallel to the actin filament axis to 

produce a force, F = 2κtrapΔx (with κtrap: single trap stiffness; Δx = xtrap − xbead; xtrap: trap 

position; xbead: bead position) 23. Here we assume the stiffness of both traps to be the same. 

Following detection of myosin detachment, the traps were returned to their rest position, 

again with a time delay of ≈ 3 ms. Initial binding and conformational change occurred 

within less than our time resolution, so that the direction of the initial conformational change 

was not resolved in individual binding events. We therefore determined its direction for each 

actin dumb-bell by analysing an ensemble of myosin binding events in absence of load 24, 

before load experiments were performed.

Analysis of amplitudes of reversals and recoveries

Data analysis was carried out on the displacement data recorded from the bead held in the 

passive trap. Amplitudes and dwell times of reversals and recoveries were analysed off-line 

in an automated fashion. The t-test values were calculated from the time series of variance 

and mean displacement over a running time window of 20 data points. To determine the 

amplitudes of reversals and recoveries we calculated the time averaged displacement 

between level changes. Amplitudes were calculated relative to the preceding level.

When load was applied by moving both traps in a stepwise fashion, the actin dumbbell, 

connected to the surface via myosin, first produced a passive, series elastic response 

(Supplementary Fig. S1a). To separate the elastic response from subsequent power stroke 

reversals we determined the bead position 2 ms after load was applied and the system had 

relaxed 46. This bead position was used as reference for subsequent reversals.

Analysis of dwell times

The minimum dwell time tmin of a myosin binding event, we evaluated, was tmin = 10 ms. 

tmin of pre and post-states evaluated during a binding event was tmin = 4 ms and the 

maximum dwell time tmax = 500 ms. Dwell-time distributions of pre-states and post-states 

were plotted as cumulative and normalised distributions. Rate constants k were obtained by 

least squares fitting of the model functions. Fig. 3d shows the reaction scheme used to 

describe transitions between pre and post-state and detachment (D). Cumulative dwell-time 

distributions were described by a probability density function, taking the limits tmin and tmax 

into account 19,47. If a single exponential could be used to describe the distribution, the 

function was

(1)
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The exit rate out of a state k is equal to the reciprocal of the average dwell time of that state. 

If two exponential components were required to fit the dwell time distributions, the 

probability density function was

(2)

Z1 and (1-Z1) are the relative amplitudes of the fast and slow component respectively.

If binding events ended on a reversal, these last reversals preceding detachment were not 

taken into account in the kinetic analysis because they could be due to reversal of the power 

stroke or slippage along actin. If slippage had occurred, the state would be ambiguous, i.e. 

either pre or post-power stroke conformation (see Supplementary information). The exit rate 

k out of the pre-state in our analysis thus characterises the transition into post-state and is 

called recovery rate. The state before the first reversal in a binding event has to be a post-

power stroke state. Therefore, we included these dwell times into the population of post-

states. At all loads most of the binding events ended on a backward displacement 

(Supplementary Fig. S3c). The exit rate k out of the post-state in our analysis therefore 

mostly characterises transition into pre-state and is called reversal rate.

The average reversal rate k at different loads was calculated from the two reversal rates k1 

and k2 obtained from the dwell time distibutions of the post-state (Fig. 3b):

(3)

Load dependence of the average and the two individual reversal rates k1 and k2 was 

described by an Arrhenius-type transition over an activation energy barrier,

(4)

k(F): load dependent rate, k0: rate in absence of load, F: force, d: distance parameter, kbT: 

thermal energy.

For the recovery rate and for the detachment rate of motors, two exponential components 

were required to describe their load dependence.

(5)

Preparation of Figures

Figures were generated using standard software Windows Excel and CorelDraw.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Single MVS1 molecules interacting with actin under load. (a) MVS1 on surface attached 

beads interacting with F-actin suspended between two polystyrene beads held in optical 

traps. On-line detection of myosin binding was used to control trap position and to trigger 

trap displacement parallel to the actin filament axis to apply load. (b) Displacements 

produced by bound myosin at different resisting forces (5 kHz sampling rate). Δx is bead 

position relative to trap position and determines force F on myosin; F = 2κtrapΔx; κtrap: 

single trap stiffness. The threshold to trigger trap displacement was tuned to keep the trap 

positions fixed during attached periods while spurious trap displacements (arrow s) were 

tolerated during unbound periods. (c) In a typical binding event initial binding and 

conformational change in +Δx direction occurred around time point t1 at ~ 0.5 pN load and 

were not resolved separately. Load was applied at time t2 and at t3 a negative displacement 

(see also blue arrows in Fig 1b) occurred, consistent with power stroke reversal, followed by 

a positive displacement at t4. (d) Cartoon shows the sequence of trap displacement and bead 

movement when force is applied. Significant back and forth displacements were detected 

using a running t-test. The experiments were carried out at 100 μM ATP.
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Figure 2. 
Statistical analysis of reversals and recoveries. Negative displacements (‘reversals’) and 

positive displacements (‘recoveries’) were detected using a running t-test. (a) Amplitudes of 

reversals (red) and recoveries (grey) were measured relative to the level preceding the 

displacement step and plotted against load. (b) Distributions of reversals and recoveries (N= 

1020), measured over 2 – 7 pN forces, were fitted by sums of Gaussians. (c,d) Subsets of 

reversals and recoveries were measured over 2 – 4 pN and 4 – 8 pN respectively. (e) 
Ensemble averaging 4 of binding events (N = 225) was used to determine amplitudes and 

transition rates of the MVS1 two-step power stroke at low load (< 2 pN) and low ATP (10 

μM ATP). The model describes the two sub-steps of the MVS1 power stroke coupled to the 
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release of hydrolysis products phosphate and ADP. The dashed lines indicate stochastic 

timing of ADP release (k1 = 24 s −1). The nucleotide-free state following ADP release is 

terminated by ATP binding (k2 = 23 s−1) ref6,7,26.
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Figure 3. 
Kinetics of pre and post-states. (a) Cumulative dwell-time distribution plots of the pre-state 

are described by a single exponential function and yield the recovery rate (eq. 1). (b) Two 

exponential components (eq. 2) were required to describe dwell times of the post-states and 

yield two reversal rates. Insets: plots at different loads were offset along the time axis for 

clarity. (c) Reversal and recovery rates are plotted against load. The two post-states in (b) 
(see Supplementary Fig. S2) were lumped into one and a single reversal rate was calculated 

(eq. 3). Load dependence of recovery rates was described by two exponential components 

(eq. 5), with k01 = 284 s −1;d1 = – 1.5 nm; k02 =0.03 s −1; d2 = 4.6 nm. Load dependence of 

reversals was described by a single exponential (eq. 4) with k0 = 17 s −1; d = 1.2 nm. The 

detachment rates, kdetach = (average time bound) −1, are plotted versus load (see 

Sellers and Veigel Page 16

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Fig. S2); kdetach for binding events with and without reversals are plotted in 

light and dark blue respectively (see Supplementary Fig. S4). Load dependence of the rates 

was described by two exponential components (eq. 5); k01 = 22 s −1;d1 = – 2.1 nm; k02 = 3.5 

s −1; d2 = 1.6 nm. Experiments were carried out at 100 μM ATP. Rate constants and 

statistics are tabulated in Supplementary Table 1. FI, FII and FIII mark three force regimes 

for which no reversals (FI), reversals and recoveries (FII) or forced detachments (FIII) were 

observed. (d) The model describes transitions between pre- and post-power stroke states and 

detachment (D).
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Figure 4. 
Effect of load on a single myosin-V motor head. (a) The model summarises the effect of low 

(FI), medium (FII), and high loads (FIII) on the chemo-mechanical cycle of a single myosin-

Va motor head. (b) Rate constants characterising the average dwell time of MVS1 bound to 

actin in absence and presence of 10 mM phosphate are plotted versus load. Load dependence 

in presence of 10 mM phosphate was described by a single exponential function (eq. 4), with 

k(0) = 24 s −1 and d = 0.6 nm (see also Supplementary Fig. S4c). For comparison load 

dependence of dwell times in absence of added phosphate are plotted in blue (data from Fig. 

3c). (c) Efficiency of energy conversion of a single motor head in the three load regimes (FI 

– FIII).
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