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Load-dependent kinetics of myosin-V can explain

Its high processivity

Claudia Veigel'?, Stephan Schmitz' Fei Wang’ and James R. Sellers

Recent studies provide strong evidence that single myosin class V molecules transport vesicles and organelles processively along
F-actin, taking several 36-nm steps, ‘hand over hand’, for each diffusional encounter. The mechanisms regulating myosin-V’s
processivity remain unknown. Here, we have used an optical-tweezers-based transducer to measure the effect of load on the
mechanical interactions between rabbit skeletal F-actin and a single head of mouse brain myosin-V, which produces its working
stroke in two phases. We found that the lifetimes of the first phase of the working stroke changed exponentially and about 10-
fold over a range of pushing and pulling forces of + 1.5 pN. Stiffness measurements suggest that intramolecular forces could
approach 3.6 pN when both heads are bound to F-actin, in which case extrapolation would predict the detachment kinetics of
the front head to slow down 50-fold and the kinetics of the rear head to accelerate respectively. This synchronizing effect on the
chemo-mechanical cycles of the heads increases the probability of the trail head detaching first and causes a strong increase in
the number of forward steps per diffusional encounter over a system with no strain dependence.

Class V myosins are two-headed motor molecules that use the free
energy from ATP hydrolysis to transport various cellular cargo, such
as melanosomes or neuronal vesicles, along actin filaments'~. Recent
single-molecule studies®'* have shown that myosin-V is a processive
motor that takes several 36-nm steps in a hand-over-hand fashion before
detaching from its track. However, the detailed mechanism underlying
such processive movement remains unclear. Here we address how load
affects the kinetics of a single myosin-V head and provide evidence for
a mechanical mechanism that couples the chemo-mechanical cycles of
the two heads, increasing the processivity of the motor'*'%.

Myosin-V from mouse brain is composed of two heavy chains, each
consisting of an amino-terminal head region forming the motor domain,
aneck domain that binds six light chains, a carboxy-terminal tail region
with coiled-coil motifs forming a dimerization domain and, finally, a
cargo-binding domain®". Recent studies®'** suggest that during its
ATPase cycle, one motor domain of the dimeric molecule first attaches
to actin and generates force (leading into state A in Fig. 1A); atlow load
conditions this moves the centre of mass of the molecule towards the
next actin binding site, where the free head can attach (state B). If this is
followed by the detachment of the initially bound head to complete its
chemo-mechanical cycle, force generated by the remaining bound head
will move the molecule’s centre of mass again forward (leading into state
C, which is the same as state A with the heads exchanged). Repeating the
above process will produce one forward step for each head completing its
chemo-mechanical cycle. The processivity of myosin-V can be described

quantitatively by the average number of chemo-mechanical cycles per
diffusional encounter with actin. Assuming that the biochemical cycle of
one head can be reduced to two states — attached to and detached from
actin (Fig. 1B, a; ref. 21) — and that a single head spends about 70% of its
biochemical cycle time attached to actin®, we previously estimated that,
for stochastically and independently cycling heads, myosin-V would
remain bound to actin for on average of about eight biochemical cycles
before detaching with both heads' (Fig. 1A; transition from state A to
D). This is significantly less than the 20 to 60 processive forward steps
reported for myosin-V in recent single molecule studies at low load con-
ditions®'+'*142324 and suggests some coordination of the two heads.

In addition, with both heads cycling independently in our simple
model, the probability of either trail or lead head detaching first from
the two-head-bound state is equal and half of the chemo-mechanical
cycles in a ‘processive run’ are expected to be mechanically futile (as
shown in Fig. 1B, b), because detachment of the lead head does not lead
to forward movement (transition from state B to A in Fig. 1A). However,
mechanical coupling of the two heads — for example, via a spring that
becomes extended when both heads are bound (Fig. 1B, ¢, d) — could
strongly increase the number of forward steps in a processive run (tran-
sition from state B to C in Fig. 1A). Intramolecular strain, imposing
load in opposite directions on the heads, is expected to slow down the
kinetics on the lead head by pulling it against its direction of motion,
while accelerating the kinetics on the trail head by pushing it forward.
The mechanical coupling should reduce the number of futile mechanical
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Figure 1 Intramolecular strain during processive movement. (A) The cartoon
shows the bound configurations for myosin-V during processive movement.

A single myosin head might adopt two states (detached from and attached

to actin). A processive run starts in state A with a single head attached.
Transition from state A to B and back to A, either directly (= futile in terms
of forward movement) or via state C, continues the processive interaction.
Transition from state A to D ends the processive run. State B is a strained
state. (B) The cartoon illustrates the effect of mechanical coupling of the two
myosin-V heads on processivity. (a, b) Simulation of acto-myosin interactions
for independently cycling heads, connected via a very weak spring. Duty
cycle ratio r (ratio between attached time and biochemical cycle time) is
here =0.7 (ref. 22). (b) Time intervals are in white for both heads detached,
in light red for one head attached, and in dark red for both heads attached;
three processive interactions with different run lengths — including

mechanically futile cycles (asterisks; detachment of lead head, see main
text) — are observed. (¢, d) Simulation for two heads mechanically coupled
via a stiffer spring. The two-head bound state (dark red) is now strained

and short lived. This causes: a reduction of the attached time for each head
and therefore of the average cycle time per head (smaller circumference of
the circles in c); increase in speed of processive movement (more runs per
time in d); out-of-phase coordination of the two cycles; and reduction of the
number of futile cycles. (e, f) The attached state consists of two successive
states, only the second one (A2) leading into detachment. The lifetime of
state Al is strain-dependent and terminated by rebinding of the free head
(blue on one head overlaps with yellow on the other head). The probability of
a single bound head dwelling in state A2, from which it could detach (one
head blue, the other head white), is minimized. This strongly increases the
processive run length.
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Figure 2 Effect of load on single molecule mechanical interactions
measured for myosin-V S1 (MVS1). (a) The record shows bead position
measured in parallel to the actin filament axis versus time (black data
points). The position of one laser tweezer was oscillated at frequency

f=1 kHz and amplitude A, = 35 nm r.m.s. in order to detect myosin
binding with millisecond time resolution. The transmission of this signal
to the bead in the stationary tweezer was monitored (grey trace) so that the
position of both optical tweezers could be moved rapidly (blue trace) to

cycles by increasing the probability that the trail head will detach first.
This should also increase the speed of processive movement because the
lifetime of the two-head-bound state is reduced (Fig. 1B, ¢, e; the total
cycle time for one head, represented by the circumference of the circle, is
reduced). If we assume in addition that the attached state of a single head
is composed of a sequence of two states — A1l being strain dependent
and, crucially, mostly terminated by rebinding of the free head, and only
the second state, A2, leading into detachment — the average number of
forward steps could be further increased. Premature detachment of a
single bound head will now be reduced (Fig. 1B, e, f).

Recent single-molecule studies support the idea that the biochemical
kinetics of myosin-V are regulated by load®”". At low external loads
and physiological concentrations of ATP, velocity of processive move-
ment is limited by the rate of ADP release, presumably from the trailing
head’; this rate is reduced by increasing load opposing movement. In
contrast, at low ATP concentrations velocity is limited by the rate of
ATP binding, which is relatively insensitive to external load®. In these
experiments external load was acting simultaneously and in the same
direction on each bound head, similar to the physiological effect that
bound cargo would have on the processively moving motor. Independent
of external forces, however, we suspect that there is another source of
load that arises from intramolecular strain when both heads are bound
to actin. The disparity between the 20-25-nm displacement produced
by a single head”'>'***?¢ and the 36-nm binding distance between the

Lifetime g4 (S)

apply load to the bound crossbridge with a time delay of ~3 ms following
detection of attachment (for details see Methods section and ref. 32).

(b) Histograms of attached lifetimes measured at 3 uM ATP in absence or
presence of applied load. Each histogram could be fitted by two exponential
components, using rate constants k, and k, that had been determined
independently for the two phases of the working stroke in Fig. 3b (for values
see legend to Fig. 3). This is consistent with at least two sequential Poisson
processes for the working stroke of MVS1.

heads of processively moving myosin-V implies intramolecular strain
in the two-head-bound state. Consistent with this idea, we previously
found that at physiological ATP concentrations and low external load,
the rate-limiting kinetics of processively moving myosin-V were acceler-
ated compared with the kinetics of a single head". Recent modelling of
solution kinetics?” and of single-molecule fluorescence data character-
izing processive run length of myosin-V* are consistent with the idea
that intramolecular strain affects ADP release. To understand how the
physiological combination of external forces and intramolecular strain
regulates processive movement, we measured here the quantitative effect
of pushing and pulling forces on the kinetics of force production by a
single myosin-V crossbridge.

RESULTS

The actin-attached lifetime of myosin-V S1 is load dependent
We used an optical tweezers transducer®? to characterize the mechanical
properties of a single-headed myosin-V (MVS1)*. A single actin fila-
ment, suspended between two plastic microspheres held in two optical
tweezers, was positioned over a third, surface-attached bead on which
myosin-V was deposited at sufficiently low density for single molecular
interactions of acto-myosin-V to occur. Mechanical interactions were
measured by monitoring the positions of the microspheres holding the
actin filament using two photodetectors® (Fig. 2a). To improve time reso-
lution to detect myosin-binding events we applied a small-amplitude,
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Figure 3 Load dependence of the two phases of the working stroke.
Ensemble averaged attachment events measured at 3 uM ATP in absence
(a) and in presence (b, ¢) of an applied force. Force was applied either

in the direction of crossbridge movement (push) or against it (pull). (d)
Attachment events were synchronized, either to the beginning or end of
each event, and then averaged (blue data points = averaged data), as
illustrated in the cartoon (see Methods and refs 13, 32). (a) Amplitudes
and transition rates of phase 1 and 2 of the working stroke (k, and k)
were determined by exponential fitting to the averaged data (solid black
lines, see Methods and refs 13, 32), with k, =5s?and k,=5s™".

high-frequency ‘carrier’ oscillation (1-kHz sinusoid) to one of the optical
tweezers. Mechanical interactions of MVS1 with actin were identified by
the change in amplitude of the 1-kHz sinusoid signal, transmitted to the
bead in the stationary tweezers, corresponding to a sudden change in
system stiffness as myosin bound to actin®. This enabled us to detect the
onset of each binding event within ~1-2 ms. Monitoring the amplitude
of this signal using an analogue electronic detection circuit we were able
to rapidly apply a range of loads to the crossbridge and to investigate the
effect of load on the kinetics during a single crossbridge cycle®?. We found
that the lifetimes of MVS1 interactions with actin are dependent on load.
When no load was applied, MVS1 produced single isolated interactions
with actin with an average lifetime (¢, ) of 390 + 22 ms (mean * s.e.; see
Methods, 3 UM ATP), similar to previous measurements at low-load con-
ditions®. A push (in the direction of crossbridge movement) of 1.4 pN
reduced the mean lifetime of attachments about twofold to 170 = 13 ms.
A pull (against the direction of crossbridge movement) of 2.4 pN had

The red lines in b, ¢ are fitted functions composed of two exponential
components. The slower component is plotted on top of the red line as

a solid black line. The fast component (visible red line) is explained by

a passive, series elastic element in the system, as described in Methods
and ref. 32. (b) Forward ensemble averaging: k, = 3 s (black line),

fast component = 46 s! (red line). Backward ensemble averaging:

k, = 4.5 s7 (black line), fast component = 200 s (red line). (c) Forward
ensemble averaging: k; = 15 s (black line), fast component = 100 s™!
(red line). Backward ensemble averaging: k, = 8 s (black line), fast
component = 160 s! (red line).

the opposite effect with the mean lifetime increasing almost twofold to
733 £ 37 ms. These result are consistent with at least one load-dependent
transition during attachment.

The first phase of the working stroke is more sensitive to load
than the second phase

Ensemble averaging of a large number of individual binding events, syn-
chronized to the time points of their start or end, confirm that the work-
ing stroke of MVS1 is produced in two phases (Fig. 3a)”’. Amplitude and
transition rates of the two phases were determined by exponential fitting
to the ensemble averaged data'®. We previously found that the dwell time
following the initial, 15-nm displacement (phase 1) was not affected by
ATP concentration. In contrast, the dwell time following the second, 5-
nm displacement (phase 2) became shorter at higher concentrations of
ATP, suggesting that phase 2 is terminated when ATP binds to myosin,
causing its detachment'. Here, we found that the rate constant kl, which
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Figure 4 Load dependence of rates k; and k, for myosin-V and smooth
muscle myosin. (a, b) Effect of force on the transition rates k, and k,. For
comparison, data for MVS1 are plotted together with data for previously
characterized smooth muscle myosin S1 (SMS1)®. Circles and exponential
fits are shown in black for MVS1 data, in grey for SMS1. Attachment

events were ranked according to the individual load imposed on the
crossbridge during attachment as described in the main text and ref. 32,
and then grouped into six classes of load. k; and k, were then fitted to the
ensemble average of each class. Number of events per class (from negative
to positive forces) is 48, 68, 37, 29, 50 and 43. The plots in a could be
fitted by a single exponential with k, = k) exp(-W/kT) and W = Fd,; distance
parameter, d, = 4.3 nm for MVS1 and 2.7 nm for SMS1 (ref. 32); rate for
MVS1 and SMS1 in absence of applied load, k), = 6 s™ for MVS1 (fitting
errors; standard error, s.e. = 0.4; regression coefficient, r= 0.98) and

k,, = 32 s7! for SMS1 respectively. The plots in b could also be fitted by a

characterizes the lifetime of phase 1, increased from 5+ 0.3 s™* (kl t+sem.;
see Methods) to 15+ 1 s when the crossbridge was pushed by 1.4 pN
(Fig. 3c), but slowed down to 3 £ 0.3 s~ when pulled by 2.4 pN load in the
opposite direction (Fig. 3b). The duration of phase 2 of the working stroke
was much less strongly affected by the applied forces. The transition rate k,,
characterizing the lifetime of phase 2, increased from 5+ 0.3 s 'to8 £ 0.6 5™
when the crossbridge was pushed (Fig. 3c) and slowed downto 4.5+ 0.4 s
when pulled (Fig. 3b). We conclude that force predominantly affects the
transition rate k. We suspect this to be a nucleotide (probably ADP)-bound
state because its dwell time is independent of ATP concentration.

single exponential of the same form with distance parameter d, = 0.9 nm
(fitting errors; s.e. = 0.12; r = 0.92) for MVS1 and distance parameter

d, = 0.8 nm (fitting errors; s.e. = 0.1; r=0.91) for SMS1.

(c) Stiffness of a single attached crossbridge (MVS1 in black, SMS1

in grey). The stiffness was measured as described?®. The time course

of stiffness was calculated over a running time window of 30 ms.
Measurements were performed at 3 uM ATP for MVS1 and at 20 uM ATP
for SMS1. The average stiffness of acto-MVS1 was «,,;, = 0.2 pN nm™!

(n = 54). For acto-SMS1, «,,, = 0.45 pN nm-! (n = 76), similar to
previous single molecule data on muscle acto-myosin in rigor state?4°41, (d)
Load-dependent change in a rate constant according to Arrhenius’ transition
state theory. The potential wells characterize the difference in free energy
between adjacent biochemical states. Black lines characterize the energy
landscape for MVS1 and grey lines for SMS1. For comparison, the curves
for MVS1 and SMS1 have been arbitrarily aligned to the A.M.ADP state.

We then grouped individual attachment events into six classes of
load (Fig. 4) and fitted rate constants to the ensemble average for each
class. The individual load during an attachment event was composed of
applied load plus load caused by myosin binding to randomized posi-
tions along the actin filament, which moved thermally against the tweez-
ers in between binding events™. The effect of a range of forces on k, can
be described by a single exponential with k, = k| exp(~=W/kT) (rate at
zero load k01 =6s W= Fdl; F = total load on the crossbridge, distance
parameter dl =4.3 nm; kT = thermal energy), consistent with a strain-
dependent transition over an activation energy barrier, as described by

NATURE CELL BIOLOGY VOLUME 7 | NUMBER 9 | SEPTEMBER 2005

865

©2005 Nature Publishing Group



ARTICLES

Arrhenius’ transition state theory® (Fig. 4a; black line). The effect of
force on k, can also be described by a single exponential with k, =k,
exp(—W/KT) (rate at zero load k, = 8 s7'; distance parameter d, = 0.9 nm)
(Fig. 4b; black line).

Stiffness of acto-myosin-V S1 complexes

We measured the stiffness of acto-MVS1 complexes by oscillating the
position of one laser tweezer at frequency f= 100 Hz, r.m.s. amplitude
A, =70 nm, while measuring the transmission of this motion to the bead
in the other trap (Fig. 4c; ref. 29). We ensemble-averaged the time course
of stiffness for individual acto-myosin interactions by synchronizing
the interactions to the times of their start and end (Fig. 3; cartoon). An
ATP concentration of 3 UM was chosen such that, on average, the acto-
myosin crossbridges would spend about half of their attached lifetime
in a nucleotide-bound state (phase 1 of the working stroke) and half
in nucleotide-free rigor state (phase 2 of the working stroke). The data
(Fig. 4c) show no changes in stiffness during the lifetime of acto-myosin
interactions, and we conclude that the stiffness of acto-MVS1 during
phase 1 and 2 of the working stroke is the same (average stiffness for
acto-MVSl, Kyvs = 0-2 PN nm™; n = 54).

Load-dependent changes in rate constants according to
Arrhenius’ transition state theory

According to Arrhenius’ transition state model, the kinetics of conforma-
tional changes involving activation energy barriers, such as those leading
to production of force and movement in a molecular motor, are expected
to be load-dependent”'>1¢26%2% ‘We can summarize our findings on load-
dependent kinetics of the working stroke and on myosin stiffness in a
free-energy diagram (Fig. 4d). The biochemical states of the acto-myosin
crossbridge cycle according to Lymn and Taylor* can be represented as
parabolic potential wells in a free-energy landscape. The relative height
of the potential wells characterizes the difference in free energy between
adjacent states. The steepness of the potential wells is determined by
the bending stiffness of the acto-myosin crossbridge along a particular
reaction coordinate (here, coordinate 1 is the actin filament axis). The
offset of the potential wells along one reaction coordinate describes the
conformational changes (working stroke), associated with that transi-
tion. The transition between states involves an activation energy barrier.
In absence of external force the forward rate constant from, for exam-
ple, the acto-myosin-ADP state (A.M.ADP) to the nucleotide free rigor
state (A.M) is described by k, ~ exp(=0G/kT); where 6G=G . .~ G,
wapp = 0505y, (d,)?] (ref. 33). In the presence of force the transition rate
is k, = k,, exp(~W/kT), with W = Fd, being the mechanical work done
on the crossbridge via an external force F, d1 = the distance parameter
for that transition and kT = thermal energy. Black lines characterize the
energy landscape for MVS1 and grey lines for smooth muscle myosin S1
(ref. 32) (SMS1) for comparison (see Discussion section). The distance
parameter d, for the transition from the A.M state to the A.M.ATP state
is very small. This indicates that the activation energy barrier for this
transition is oriented mainly along an axis that is perpendicular to the
reaction coordinate 1, along which we applied load.

DISCUSSION

Our data show that acto-myosin interactions of a single MVS1 head are
dependent on load. The dwell time of phase 1, which follows the ini-
tial displacement of the working stroke, is particularly sensitive to load.

State A
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Figure 5 Model for processive movement of myosin-V along the 36-

nm helical repeat of actin. Intramolecular strain upon binding of both
heads affects the kinetics both of the leading and trailing head (leading
head = head 2; trailing head = head 1).

The mechanical coupling of both heads in the dimeric molecule probably
leads to coupling of their respective biochemical cycles through intramo-
lecular strain. Because the working stroke (=20-25 nm) produced by the
initially bound head (Fig. 5; state A) is shorter than the binding distance
of the heads in the two-head-bound state (36 nm), the free head has to
diffuse over a distance of d;
binding of the free head will cause intramolecular strain (Fig. 5; state B).

= 10-16 nm to the next binding site and

Knowing the mechanical properties of the system we can now estimate
the kinetics for the rear and front head under the influence of strain. First,
we can estimate the strain energy, U, from the stiffness of two MVS1s

1 1 — 2 o —
connected in series, to be U, = 0.5[(x,,)/2][d, . . J° = 13pN nm=3 Kk, T.
The activation energy barrier, U, between phase 1 and 2 of the work-

ing stroke is found from the stiffness «, ., and the distance parameter

dl, characterizing the load dependenceMc;,t§ lthis transition, with U =05
[Kyys,(d)] = 1.8 pN nm = 0.5 k, T. Second, we expect intramolecular
strain to affect the kinetics of the rear and the front head in opposite
st (Gaiee/2)) acts on the

two heads in opposite directions, the detachment kinetics k, of the rear

ways. Because a force F= 1.6 pN (with F=«

head are expected to accelerate by about fivefold (that is, by exp(Fd,/
k,T) = exp(0.5 U /k, T)), whereas those of the lead head are expected to
slow by about fivefold (that is, by exp(~Fd,/k T)).

We can now estimate the dwell time of the rear head, T during
processive movement. At saturating ATP concentration and low load, T
is expected to be limited by the strain-dependent phase 1 of the working
= 1/k, = [k, exp(Fd,/kT)]™ =
with previous observations for the dwell times between steps during

stroke, with T, = 40 ms. This is consistent

processive movement (= 60-70 ms)®”". It is, however, significantly
shorter than the dwell times for a single MVS1 head (= 110 ms)", sug-
gesting that in these conditions the rate-limiting step of processive move-
ment might be the strain-dependent detachment of the rear head.

The kinetics of the lead head, however, will also affect processive
movement. Note that in the model described so far, we assume that the
lead head has bound to actin, causing intramolecular strain, but has not
yet produced the first step of its working stroke (Fig. 5; state B). It is not
clear yet whether the lead head does proceed through the first step of the
working stroke immediately after binding to actin or whether thereisa
load-dependent time delay, as has been suggested in electron micros-
copy studies"*. We know that for a single head at low load this confor-
mational change occurs within 1-2 ms after binding to actin (Fig. 3a),
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too fast for its kinetics to be resolved in our experiments. Nevertheless,
we can estimate the intramolecular strain that would be created once the
lead head has produced this conformational change, with the rear head
still bound. The N-terminal part of the lever-arm of both heads will then
point in the same direction (Fig. 5; state C) and the strain energy will rise
to up to U, = 0.5[(x,,,,,)/2)(36 nm)* = 65 pN nm = 16 k, T. Each head
will now experience a force with an absolute value of F =« (36 nm/
2) = 3.6 pN. Extrapolating the load dependence of the kinetics, we
would expect this force to accelerate the detachment kinetics of the
rear head by about 50-fold compared with unstrained conditions (with
k, =k, exp(Fd /kT) = 300 s™'), and to slow down those on the lead head
to about one-fiftieth respectively (Fig. 4a). The rear head will now be
able to bind ATP very quickly and, at saturating ATP concentrations,
detach within only a few milliseconds. However, at saturating ATP and
low load, the dwell times between processive steps are = 60-70 ms®”'3,
suggesting that the lead head might only produce the first step of its
working stroke after some time delay. Therefore we suspect that at least
two strain-dependent steps are rate limiting for processive movement
of myosin-V; first, a strain-dependent transition on the lead head that
produces a 20 nm working stroke associated with either Pi release or an
ADP isomerization, and that is responsible for building up additional
intramolecular strain; and second, a strain-dependent transition on the
rear head that produces a 5 nm working stroke for the transition from
phase 1 to phase 2 of the working stroke, coupled to either an ADP
isomerization or ADP release. A recent solution kinetics study is con-
sistent with ADP release accelerated two- to threefold on the trail head
and slowed down about 50-fold on the lead head?”. However, different
parameters are measured in solution kinetics and mechanical studies,
and combined single-molecule biochemical and mechanical studies are
required to address these issues in more detail.

We compared the effect of load on rates k, and k, for MVS1 and
smooth muscle myosin S1 (SMS1), which also produces its working
stroke in two phases®**”. The effect on rates k, and k, is similar for
both myosins; k, however is apparently more sensitive to load for MVS1
(Fig. 4a, b). This is described by the distance parameter d, (character-
izing the slope in Fig. 4a), with d, ., = 4.3 nm for MVS1 compared
withd, ., = 2.7 nm for SMS1, suggesting MVS1 to be about 1.6 times
more sensitive to load. We also found a higher stiffness for acto-SMS1
with «, ./«

SMS1" " "MVS1
ness suggest that the activation energy barrier for the transition from the

= 2.3 (Fig. 4c). Values for distance parameter and stiff-

ADP-bound state into rigor, U,=05x ;c(dl)2, is similar for both myosins
(Fig. 4d). If the acto-myosin compliance were dominated by bending of
the light-chain binding domain®, we would expect the measured stiff-
ness to depend on the reciprocal of the cubed lever-arm length L, so that
st Eoavsy = Leswsty Loavsy - and Ky to be 27 times . This is
assuming a similar bending stiffness of the light-chain binding domain
per unit length for both myosins. Interestingly, the difference in stiffness
was much less pronounced than that. This could be due to differences
between myosin isoforms. Alternatively, this would be consistent with
a series elastic element at the base of the lever-arm that is extended
under load while the lever-arm itself behaves more like a rigid rod. The
stiffness would then be expected to change with the reciprocal of the

squared lever-arm length (L(SMSI)’Z/L(WSI)’2 =9; here x /K¢, = 2.3)
and the distance parameter to change proportionally to the lever-arm
length (L(MVSI)/L(SMSI) = 3; here dl(MVSl)/dl(SMSl) = 1.6). The difference in

distance parameter and stiffness between MVS1 and SMS1 was even less
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pronounced than that. However, we would expect the distance param-
eter for MVS1 to be dl(MVSl)/dl(SMSI) ~ O'S(L(MVSI)/L(SMSI)) = 1.5 if the basal
series elastic element were about twice as far from the pivot for MVS1
=~ 1/4(L

compared with SMS1. Then we would expect , ../«

L(MVSU’Z) = 2.3, which agrees well with the data.
We propose that the processive movement of mouse myosin-V is
achieved as follows: head 1 binds to actin with ADP.Pi in its catalytic

site, phosphate leaves and a 20 nm working stroke is produced (Fig. 5;

-2
SMS1" " "MVS1 (SMS1) /

state A). Head 2 then undergoes a diffusive search along the actin fila-
ment and binds preferentially to the actin monomer that presents the
least azimuthal distortion (36 nm downstream from head 1) (Fig. 5; state
B). Binding of head 2 causes intramolecular strain, stored as elastic strain
energy in some element in each head. The mechanical coupling of the
two elastic elements has a synchronizing effect on the chemo-mechani-
cal cycles because conformational changes on one head directly affect
strain-dependent kinetics on the other head. A pulling force acting on
head 2 slows down loss of product and conformational change, arresting
the cycle of that head in an early stage of attachment. At the same time,
a pushing force on head 1 initiates events that accelerate transition into
detachment, such as a second conformational change (of 5 nm) in head
1 followed by loss of ADP, binding of ATP and dissociation of head 1
(Fig. 5; state C). The detachment of head 1 releases strain, leaving head
2 as the single bound head (Fig. 5; state A, heads swapped), which will
now complete the 20 nm working stroke. Because this head had been
held back in an early stage of attachment, the chances of its premature
detachment, before the free head rebinds, are minimized. Key to the
mechanism are the following features: (1) the myosin-V working stroke
is not commensurate with the helical repeat so that two-headed bind-
ing causes intramolecular strain; (2) elastic elements storing the strain
energy in both heads are mechanically coupled; this coordinates the
biochemical cycles ‘out of phase’; (3) the attached state of a single head
consists of two successive phases, the first one being load-dependent, and
detachment is only allowed from the second phase. This increases the
number of forward steps per processive run in two ways: first, by increas-
ing the probability of the rear head detaching first; second, by decreasing
the probability that both heads detach during the same time period.

METHODS

Protein preparations, solutions and optical trapping conditions. Bacculo-virus-
expressed mouse myosin-V fragment S1 (MVS1)*** and myosin S1 prepared
from chicken gizzard muscle (SMS1)*? were prepared as described previously.
MVS1 was composed of the motor domain and neck region including all six
light-chain binding motifs. The protein was active in in vitro motility assays
and moved actin at a velocity of ~0.3 um s™'. Rhodamine-phalloidin-labelled
F-actin and N-ethyl maleimide (NEM)-modified rabbit myosin were prepared
by standard methods*. We used an optical tweezers transducer that was built
around a Zeiss Axiovert microscope?®?. Experiments were performed using flow
cells made from a microscope slide and pieces of coverslip?. Glass microspheres
(2.1-um diameter) were applied to the coverslip surface as a suspension in 0.1%
v/w nitrocellulose/amyl acetate. The nitrocellulose surface was precoated with
10 pg ml™" BSA (Sigma-Aldrich, Dorset, UK). Then, MVS1 was allowed to bind
to the coverslip surface, using 10-50 ng ml™ of protein in buffered salt solution
(containing in mM: 25 KCl, 25 imidazole, 4 MgCl,, 1 EGTA; pH 7.4; 23 °C).
When SMS1 was used, myosin was applied straight to the nitrocellulose surface
without precoating with BSA. Next, this solution was replaced with one containing
rhodamine-phalloidin-labelled actin filaments and 1.1 pm polystyrene beads that
had been precoated with NEM-modified myosin. The buffered salt solution was
supplemented with (in mM): 2 creatine phosphate, 20 dithiothreitol, 0.003-0.02
ATP; and (in mg ml™): 1 creatine phosphokinase, 0.5 BSA, 3 glucose, 0.1 glucose

NATURE CELL BIOLOGY VOLUME 7 | NUMBER 9 | SEPTEMBER 2005

867

©2005 Nature Publishing Group



ARTICLES

oxidase, 0.02 catalase. In the experiments, a single actin filament (average filament
length ~4 um) was attached at either end to a 1.1-um polystyrene bead held in
optical tweezers and positioned in the vicinity of a stationary glass microsphere.
Interactions between actin and the surface bound myosin-V were monitored
by casting the image of the polystyrene beads onto two 4-quadrant photode-
tectors. With the actin filament held taut, but in the absence of myosin bind-
ing, the r.m.s. amplitude of brownian motion was: (ka/lemp)"'5 ~ 12 nm (where
k,T = thermal energy, x, = optical tweezers stiffness = 0.015-0.02 pN nm™).
When myosin bound to actin, the motion of the beads parallel to the filament
axis was restrained by an additional stiffness, x ,, making the total system stiffness
Ko = Zrcmp + K, which reduced the r.m.s. amplitude to (k T/x,)"*. Brownian
motion showed a lorentzian power—density distribution with a roll-off frequency
f.=x,/2mB = 500 Hz (where = 61tnr; 11 = solution viscosity, r = combined bead
radii = 1.1 pm). To improve time resolution with which myosin binding could be
detected we oscillated the position of one laser tweezer at a frequency of f = 1 kHz,
r.m.s. amplitude A = 35 nm, and measured the transmission of this motion to the
bead in the other trap (Fig. 2a). The effect of viscous damping and series elastic
elements caused the amplitude of the movement of the bead in the other trap to be
smaller and drop strongly upon myosin binding (4, = (A x, )/(x, > + (2B21f))%;
wherex = kap + «_,, and during myosin attachment «_,, increases from zero to
about 0.2 pN nm™). By oscillating one optical tweezer in this way it was possible
to detect myosin binding from the change in amplitude of the 1-kHz signal with
a time resolution of ~1 ms (using discrete Fourier transformation of the 1-kHz
signal over a running time window of 1 ms)*. Data were sampled at 10 kHz. All
experiments were performed at 23 °C.

Application of load. We recorded the amplitude of the 1-kHz signal, transmitted
to the bead in the stationary trap (Fig. 2a; right bead), using an analogue r.m.s.-
to-d.c. converter circuit®. In brief, myosin binding was detected by thresholding
changes in amplitude of the r.m.s. value of the 1-kHz signal (value below threshold
for a minimum of ~3 ms) to produce a digital signal. We then used the digital
signal to change the position of both optical traps. To apply load, both traps were
moved by a distance dx,_ in parallel to the actin filament axis to give a force,
F=2x,.Ax(withk = stiffnessofasingle trap; Ax=x, -x, ;X = position
of one particular trap; and x, , = position of bead held in that trap). Following
detection of crossbridge detachment, the traps were returned to their rest posi-
tion, again with a time delay of ~3 ms. For analysis, we only took events with a
minimum lifetime of 20 ms into account. Although the average force applied by
the 1-kHz sinusoid is zero during the lifetimes of binding events (>20ms), we can-
not exclude some contribution to the load-dependent changes in rate constants,
as the measured effect of load on the kinetics was non-linear.

Calculation of mean lifetimes, ensemble averaging and statistics. The mean
lifetime of binding events, ¢, , was given by ¢, = (¢, —t_ ), where t_is the meas-
ured average lifetime for all events lasting longer than ¢__ (here 20 ms)*'. The
mean lifetimes are given together with their theoretical standard error (s.e.),
which was defined as s.e. = ¢, .(#7°) (ref. 31). For ensemble averaging, we aligned
individual attachment events to the time point of their beginning or end'**2. In
brief, we determined the time points by thresholding the changes in amplitude
of the transmitted 1-kHz signal (Fig. 2a). All identified attachment events with
lifetime ¢ were then made to be of the same duration ¢ by extending short events
by time ¢ — ¢ , keeping the level reached at the end of the event during the extra
time ¢~ . Individual attachment events were then synchronized, either to the
time point of beginning or the time point of end, and averaged, as illustrated in
the cartoon in Fig. 3 (ref. 32). Amplitudes and transition rates of phase 1 and 2
of the working stroke (k, and k,) were determined by exponential fitting to the
data. The complex time course at the onset and end of the ensemble-averaged
displacements under load (Fig. 3b, ¢) can be explained as follows: the onset of load
(push or pull) initiates two events; first, the rapid extension or compression of an
elastic element with stiffness k__, composed of k_ , connecting the actin filament
to the handle beads, and Konyo? the attached crossbridge (= 0.2-0.4 pN nm™,
Ko = 02 PN nm™). This causes an additional displacement of the bead in the
direction of the applied load of F/x_ = 12-15 nm, until the system settles and
near constant-load conditions are reached after ~40 ms (red curves in Fig. 3b,
¢; see ref. 32); second, the second step of the working stroke. The amplitude
and direction of that slower exponential component, k , are independent of the
applied load, but the kinetics are accelerated when a push is applied, and slowed
down when the crossbridge is pulled. This is expected for a strain-dependent

conformational change, in contrast to the extension of a passive elastic element.
We interpret the time course of the ensemble averaged record at the end of attach-
ment events as follows: after detection of crossbridge detachment, the tweezers
are repositioned with a time delay of about 3 ms. During the transition time
of about 10 ms to zero load, a rapid displacement in the direction of applied
load was observed (in the ensemble average), before the beads return to resting
position (Fig. 3b, ¢; red lines, preceding crossbridge detachment). The kinet-
ics of this fast displacement are independent of the direction of load. They can
be explained by the relaxation time of the unbound bead-actin-bead dumbbell
moving towards the centre of the optical tweezers after crossbridge detachment
(= 671:;11‘/;c‘rap =~2-3 ms).

The ensemble averages in Fig. 3 also show that the initial displacement follow-
ing attachment occurs too quickly for its kinetics to be separated from the timing
errors made in the alignment of the attachment events (7 = 2 ms). When fitting
exponentials to resolve amplitude and kinetics of the two phases of the working
stroke, which follow the initial displacement, we ignored the first 5 ms from the
time point of beginning and end of the ensemble averages. We calculated the
standard error of fitted exponentials as s.e.m. = (X(y, - fix,))*/(n—1))"*, with y,
denoting the data points, f(x) the value calculated from the regression model
and (n — 1) the number of degrees of freedom. The correlation coefficient of the
fits was calculated as = ((S, = 5))/S)"% with §, = Z(yav -y)%y,, = mean value of
ypand S =X(y - fix))*
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