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Abstract
Motor proteins of the myosin, kinesin and dynein families transport vesicles
and other cargo along tracks of actin filaments or microtubules through the
cytoplasm of cells. The mechanism by which myosin V, a motor involved
in several types of intracellular transport, moves processively along actin
filaments, has recently been the subject of many single molecule biophysical
studies. Details of the molecular mechanisms by which this molecular motor
operates are starting to emerge.

1. Introduction

Many types of cellular motility are driven by myosin motors interacting with actin filaments,
producing force and movement coupled to the hydrolysis of ATP. Class V myosins transport
cytoplasmic vesicles and organelles along actin filaments, the polarity of which determines the
direction of movement. Mammalian myosin V is a homodimer of motor heads, each monomer
formed by a motor domain followed by an α-helical neck region stabilized by six calmodulins
(figure 1(A)). The molecule is dimerized by its coiled coil forming tail, and ends in a globular
domain responsible for cargo binding. To ensure efficient translocation of their cargo over
micrometre distances, organelle motors of the kinesin and myosin families are often processive,
dimeric molecules that can take tens to hundreds of steps per diffusional encounter before
dissociating from their filament track. Myosin V has evolved several molecular properties that
enable it to function efficiently as an organelle motor. First, the coiled coil motif in the tail
domain enables the motor to dimerize stably and form a two-headed molecule. Second, the
ATPase cycle time of a single myosin V head is dominated by states with high affinity for actin,
increasing the time during which the myosin V dimer remains attached to actin [1]. Third, the
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Figure 1. The cartoon illustrates structural features of a myosin V molecule and shows a model for
processive movement of myosin V along the 36 nm helical repeat of actin. (A) One head attaches
first and produces a working stroke of ∼20 nm, probably coupled to the release of phosphate. While
ADP is still bound to this head, the unbound head explores the free energy landscape of the actin
filament surface, driven by thermal motion. The working stroke of the first head has positioned
the second head such that it experiences a diffusional force (derivative of the sinusoidal free energy
landscape) directed towards the next preferred binding position [6]. (B) The second head binds,
causing intramolecular strain (stored as an elastic strain energy). The elastic strain decelerates ADP
release from the second head and accelerates the release of ADP from the first head. On the first
head this is coupled to a second conformational change (∼5 nm), which relieves some of the internal
strain. (C) Subsequent ATP binding will cause the first head to detach and (D) the second head to
undergo its working stroke so that the next 36 nm step can be made.
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Figure 2. Single molecule mechanical interactions of myosin V measured using an optical tweezers
based force transducer. Binding events with one to seven successive steps were observed (100 µM
ATP). The cartoon shows a single myosin motor interacting with an actin filament suspended
between two plastic beads held in two optical tweezers.

long neck domain enables myosin V to take 36 nm steps, a length equal to the pseudo-repeat
distance of the helical actin filament. Thus, cargo can be transported to its destination along the
shortest path along the longitudinal axes of actin filaments. This could be relevant in particular
for transport along membrane-associated filaments, where myosin V taking its cargo on a spiral
path around actin may quickly run into the membrane. Fourth, the globular tail domain of
myosin V binds cargo reversibly via regulatory protein complexes [2–4]. Fifth, the motor can
be inactivated by changing its conformation in a Ca2+ and cargo dependent manner [5].

The 36 nm step size of a processively moving dimeric myosin V molecule has
been observed directly in single molecule mechanical (figure 2, [6–13]) and fluorescence
studies [14–18] and is also consistent with electron microscopic images of myosin V molecules
bound with both heads to actin in the presence of ATP [19]. Each 36 nm step appears to be
produced by a combination of a working stroke of a single bound head, which rotates its neck
region to move the centre of mass of the molecule forward by ∼20–25 nm [6, 20], and a thermal
component produced by the free head undergoing a diffusional search for a new binding site
along actin, which moves the centre of mass forward by another ∼11–16 nm [6] (figure 1(A)).
Electron micrographs of myosin V molecules are consistent with the idea that the power stroke
of the bound head positions the free head to explore binding sites preferably in the forward
direction along the actin filament [19, 21]. The narrow distribution of step sizes seen in single
molecule mechanical experiments and the relatively constant head–head distance observed in
electron microscope images (13 ± 1 actin monomers apart) suggest that myosin V has a great
preference for binding to the actin monomer which provides least azimuthal distortion when
both heads are bound.

Solution kinetic studies of single headed myosin V constructs (MVS1) suggest that the
acto-myosin V ATPase cycle is tuned for processive movement [1]. ATP binding to the
nucleotide-free acto-MVS1 complex leads to acto-myosin dissociation. Once detached from
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actin, ATP hydrolysis and subsequent rebinding to actin are very rapid, as is Pi release from
the newly formed acto-myosin complex. The subsequent release of ADP however is slow and
rate limiting. Interestingly, for this particular myosin, Mg2+ seems to be released prior to ADP,
suggesting that free Mg2+ concentration may modulate myosin V’s kinetics [22, 23]. The
biochemical studies suggest that a single head spends ∼70% of its kinetic cycle strongly bound
to actin [1]. From this it can be estimated that a double-headed myosin V with stochastically
and independently cycling heads would remain bound to actin for on average ∼8 biochemical
cycles before detaching with both heads [6]. Single molecule studies in vitro, however, have
shown myosin V to be much more processive than this and to produce in the range of 10–60
steps per diffusional encounter with actin [7, 9, 12–14, 16, 18, 24, 25]. These studies suggest
that the key to the increased processivity lies in a strain-dependent kinetic gating mechanism of
the two heads.

2. Single molecule mechanical studies using optical tweezers

Optical tweezer based force transducers have been used extensively to study the motion and
force produced by individual motor proteins. In the three-bead assay shown in figures 2 and 3
a single actin filament is suspended between two plastic beads (∼1 µm diameter) held in
two optical tweezers [26, 27]. The filament is positioned over a third, surface-bound glass
microsphere, on which myosin molecules are immobilized at a low enough density to ensure
mechanical interactions of single myosin molecules with actin occur. The positions of both
beads holding the actin filament are recorded using two quadrant photodetectors [28, 29].
Myosin attachments to actin can be identified by the change in thermal noise of the signal,
corresponding to sudden changes in system stiffness as myosin binds to actin (figure 3) [27].
The mean of the amplitudes of attachment events, measured relative to the mean rest position
of the trapped beads, indicates the average displacement produced by a single myosin head
interacting with actin. The spread of the distribution of displacements is explained by the
randomizing effect of thermal motion on the binding positions for myosin along the thermally
moving actin filament [27]. If the power spectral density of thermal noise is used as an
indicator of system stiffness, the time resolution is usually ∼10–15 ms in these experiments
( fc = κ/(2πβ) ∼ 500 Hz = roll-off frequency of the Lorentzian power density spectrum;
κ = 2κtrap + κadd is the system stiffness with κtrap = trap stiffness (∼0.02 pN nm−1) and
κadd = additional stiffness due to myosin binding to actin; β = 6πηr, r ∼ 1.1 µm = combined
bead radii, and η = solution viscosity [29]). The time resolution can be improved using
frequency filtering and analysis of the variance of the high frequency noise over smaller time
windows [30, 31]. Alternatively, by applying a high frequency oscillation of e.g. 1 kHz to one
of the optical tweezers, binding events can be detected within ∼1 ms by monitoring the change
in amplitude or phase of this signal transmitted to the bead in the stationary tweezers [32, 33].
Monitoring the amplitude using an analogue electronic detection circuit on-line, this signal has
been used to feed back on the position of the tweezers, so that a range of loads can be applied
very rapidly within ∼2–3 ms after myosin binding to actin has been detected [32, 34].

Using this and related experimental designs [8, 13], it was shown that a processively
moving myosin V molecule produces on average at least about ten successive steps per
diffusional encounter with the filament track when moving against a low load of ∼1 pN
(figure 2). The step size is ∼36 nm and processive movement is stalled at an opposing force of
around 3 pN [10]. At loads in the range of ±2 pN the processive run length shows little load
dependence [13]. This might enable myosin V to transport cargo efficiently against variable
viscous drag forces through the cytoplasm. In simulations, cargo size and the elastic coiled
coil connection between a bulky cargo and myosin V have been linked to the dynamics of
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Figure 3. Single interactions of a myosin head with actin are identified by monitoring the amplitude
of a 1 kHz carrier signal transmitted to the bead in the stationary tweezers (tweezers on the right).
The record shows bead position measured in parallel to the actin filament axis versus time (black
data points). The position of the laser tweezers on the left was oscillated at a frequency f = 1 kHz
and amplitude A0 = 35 nm rms in order to detect myosin binding with millisecond time resolution.
The grey trace shows the transmission of this signal to the bead held in the stationary tweezers. The
biochemical scheme indicates successive states in the acto-myosin interaction cycle.

processive movement through a viscous medium [35, 36]; the predictions from these studies,
such as on regularity of the gait or velocity, still need to be tested in mechanical experiments.
For forces close to stall (i.e. between 2 and 3 pN) and beyond, the kinetics of processive
movement are strongly dependent on load and backward steps are observed with increasing
frequency [6–8, 10, 13]. This suggests that there are load dependent transitions in myosin
V’s kinetic cycle, which could be associated with some biochemical transition and/or a load
dependent diffusive component as the lead head searches out the next binding position along
the actin filament [13].

Single headed myosin V constructs produced a working stroke of ∼20–25 nm, significantly
shorter than the 36 nm step size produced by dimeric myosin V (figure 3) [6, 20]. This
discrepancy implies that myosin V becomes internally strained when both heads are bound to
actin. At low load and saturating ATP, the dwell times for single headed myosin V interactions
with actin are two to three times longer than those between steps during processive runs by the
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Figure 4. The two phases of the working stroke produced by a single myosin head can be
resolved by an ensemble averaging technique. Binding events measured at 50 µM ATP were
synchronized either to the time point of beginning or ending of each event and averaged (grey
data points = averaged data) as illustrated in this cartoon. Amplitudes and transition rates of phase
1 and phase 2 of the working stroke (k1 and k∗

2 ) were obtained by exponential fitting to the averaged
data (solid black lines).

double-headed molecule [6]. This suggests that for the dimer, lead head binding might induce
intramolecular strain that increases the rate of dissociation of the trailing head from actin [6, 8].
Such a load-dependent gaiting mechanism could serve to keep the biochemical cycles of both
heads out of synchrony and increase the processive run length by reducing the probability that
both heads detach from actin during the same time period. Knowing the kinetic properties
of an individual head therefore may help to explain the processive movement of the dimeric
molecule.

Detailed mechanical studies of the interaction of a single myosin V head with actin were
recently performed under highly controlled load conditions. They revealed important insights
into how load dependent kinetics may affect processivity of the dimeric motor (figures 3 and 4).
Using an ensemble averaging method, binding events produced by a single myosin V head can
be synchronized once to the time point of binding and once to the time point of detachment.
The ensemble averages revealed that the working stroke produced by a single head occurs in
two phases (figure 4) [6]. An initial displacement of ∼15 nm, probably concomitant with the
binding of myosin.ADP.Pi to actin and subsequent Pi release, was produced within ∼1 ms of
myosin binding. The kinetics of this initial displacement were too fast to be resolved in these
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Figure 5. Load dependence of rates k1 (in black) and k∗
2 (in grey) at 3 µM ATP. The rates (circles)

and exponential fits (solid lines) were obtained as described in the main text and in [6]. Essentially,
binding events were ranked according to the individual load imposed on the acto-myosin complex
during attachment and then grouped into six classes of load. k1 and k∗

2 were then fitted to the
ensemble average of each class. Number of events per class was between 30 and 70. The plots could
be fitted by single exponentials with k1 = k01 exp(−Fd1/kbT ) and k∗

2 = k∗
02 exp(−Fd2/kbT ),

with k01 = 6 s−1, d1 = 4.3 nm, k∗
02 = 9 s−1 and d2 = 0.9 nm) as described in the main text. See

also [6].

experiments. The subsequent dwell time was independent of ATP concentration and followed
by a second displacement of ∼5 nm with a transition rate constant, k1, of ∼5 s−1, probably
associated with ADP release. The following dwell time was ATP dependent with a transition
rate constant, k2, of ∼1 µM−1 s−1 (k∗

2 = k2 [ATP]), suggesting that myosin binding to actin
is terminated when ATP binds to myosin, causing its detachment. The rate constants k1 and
k2 determined in these mechanical experiments agree well with rates reported for ADP release
and ATP binding in solution kinetic studies [1, 37]. Monitoring the amplitude of the 1 kHz
carrier signal transmitted to the passive bead (figure 3) enables each myosin binding event to
be detected within ∼1–2 ms and a range of loads to be applied within ∼3 ms to each newly
formed acto-myosin complex [32]. Load was applied by moving the tweezers in the direction
of the myosin working stroke or against it. The individual load experienced by each binding
event was composed of the applied load (due to moving the tweezers following detection of
binding), plus load caused by myosin binding to randomized positions along the actin filament,
which moved thermally against the tweezers in between binding events [32]. The ensemble
averaging approach was then applied to determine the effect of different loads on k1 and k2. It
was found that the effect of a range of forces on k1 could be described by a single exponential
according to the Arrhenius transition state model with k1 = k01e(−W/kbT ) (k01 = rate
at zero load; W = Fd1; F = load; distance parameter d1 = 4.3 nm; thermal energy
kbT ∼ 4 pN nm) (figure 5). The effect of the same range of forces on k∗

2 could also be
described by a single exponential with k∗

2 = k∗
02e(−W/kbT ) (k∗

02 = rate at zero load; distance
parameter d2 = 0.9 nm) [34]. This suggests that there are at least two consecutive load
dependent intervals during the lifetime of the acto-myosin complex, with the dwell time of
the first interval particularly sensitive to load and probably terminated by ADP release.

One can also analyse the effect of load on the total lifetime of the acto-myosin complex.
In figure 6 the reciprocal of the dwell time of individual acto-myosin binding events is plotted
against the individual load experienced by each binding event. The plot was smoothed by
averaging the lifetimes of events, ranked by load, over a running window of 40 events.



S1950 S Schmitz et al

Figure 6. Effect of a range of forces on the detachment rate (1/lifetimeoverall) s−1 at 3 µM (grey
data points; 780 binding events) and 50 µM (black data points; 310 binding events) ATP. The
binding events measured at the two different ATP concentrations were ranked by the load they
experienced. The plots (1/lifetime versus load F) were smoothed by averaging over a running
window of 40 events. The solid lines are calculated lifetimes assuming k01 = 8.6 s−1; d1 = 4.3 nm;
k02 = 2 µM−1 s−1; d2 = 0.9 nm).

Figure 6 shows that the lifetimes become shorter when acto-myosin is pushed in the
direction of the working stroke (detachment rates increase) while pulling increases the
lifetimes. According to the biochemical scheme in figure 3 we expect the lifetime of the
acto-myosin complex to comprise a series of biochemical states. However, solution kinetic
data suggest that once myosin binds to actin, not only Pi release (>250 s−1 [1]) but also
detachment of myosin from actin following binding of ATP (∼850 s−1 [38]) is too fast to
contribute considerably to the overall duration of the observed attached state (figure 3). If
backward reaction rates are considered to be very small, each binding event can be described
by two consecutive, irreversible transitions (figure 4), starting with myosin.ADP bound to

actin and ending when ATP binds to the nucleotide-free acto-myosin complex (A.M.D
k1−→

A.M
k2−→ A.M.T). In this simplified model the mean lifetime of attachment, τoverall, can

then be described by the sum of two exponentially distributed dwell times described by k1

and k∗
2 = k2 [ATP] (with τoverall = τ1 + τ2 = 1/k1 + 1/k∗

2 ) and a probability density function
f (t) = k1k∗

2/(k
∗
2 −k1) (e−k1t −e−k2∗ t ) (e.g. [8]). In figure 6 the reciprocal of the mean lifetime,

1/τoverall, has been calculated as a function of force and ATP concentration, using rates k01 and
k02 at zero load and distance parameters d1 and d2 as determined in figure 5 (with τoverall(F) =
1/k1(F)+1/(k2(F) [ATP]) = 1/(k01e(−Fd1/kbT ))+1/(k02e(−Fd2/kbT ) [ATP])). Figure 6
shows that at low ATP concentrations the ATP dependent dwell time with little sensitivity
towards load dominates the overall lifetime. At high ATP the overall lifetime is dominated
by the strongly load dependent dwell time associated with ADP release. Calculated and
experimental data agree well, supporting the idea that the total lifetime of the acto-myosin
complex can be described by a model with two consecutive, load dependent dwell times.
Another study, in which the effect of two different loads on the total lifetime of the acto-
myosin complex was compared, confirmed shorter lifetimes for a pushing and longer ones for
a pulling force of ∼2 pN. Here, the effect of ATP and ADP concentrations on the lifetimes
was consistent with a load dependent ADP state that seemed less sensitive for pushing than for
pulling forces [39].

In order to develop a model to explain head coordination based on load dependent kinetics,
we need to estimate the force acting on the lead and trail heads in the strained, two-head-
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Figure 7. The step size is determined by the neck length. FIONA measurements of myosin V step
size during processive runs for myosin V mutants with different neck lengths as determined by the
number of light chain binding IQ motifs. The cartoons at the top depict each mutant. In this display
the starting position of each processive run was arbitrarily picked for clarity reasons. The inset
shows the mean step size for each mutant as a function of number of IQ motifs.

bound state. This force can be estimated knowing (1) the disparity between the size of the
working stroke produced by a single head (∼20–25 nm) and the binding distance between the
heads in the two-head-bound state (∼36 nm) and (2) the bending stiffness of myosin attached
to actin (κm ∼ 0.2 pN nm−1) [6]. Depending on whether the lead head proceeds straight
through its working stroke upon binding or not, the estimated force could reach upto ∼1.5
and 3.5 pN. With such a force acting in opposite directions on the lead and trail heads, we
would expect the kinetics of ADP release to be accelerated on the trail and slowed down
on the lead head respectively, increasing the probability of the trail head detaching first and
reducing the chance of both heads detaching during the same time period, which would increase
processivity. Another issue arising from the model of a strained two-head-bound state and
a walking mechanism, based on a combination of a working stroke and a forward-biased
diffusion of the free head, is how long it might take the free head to diffuse to the next binding
position along actin, while building up intramolecular strain. While the diffusive reach of the
free head is constrained by the attached head, the new binding position would be determined
by the helical twist of the actin filament imposing a periodic free energy profile with minima
at binding positions with lowest azimuthal distortion to the myosin V molecule along the actin
helical pseudorepeat distance of 36 nm. The working stroke produced by the bound head
would position the free head in an unstable region where diffusion is biased in the forward
direction. Data obtained in an ‘actin scanning’ experiment are consistent with a simple model of
a sinusoidal free energy landscape for the binding probability along each of the two intertwined
actin protofilaments [6]. In this experiment an actin filament was moved back and forth past a
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single myosin V head to probe whether binding occurred preferentially at specific sites along
the actin filament. The derivative of the free-energy profile would give the diffusive force acting
on an unbound myosin V head during processive movement, driving it forward by a distance
of dx ∼ 10–16 nm to the next target actin monomer. One can calculate the average time it
would take the unbound head to diffuse that distance as Kramers’ first passage time [40, 41],
tk = τ

√
(π/4)

√
(kbT/U)e(U/kbT ) ∼ 0.1 ms (the relaxation time of an unbound myosin V

head in water is estimated to be τ = 6πηr/κm ∼ 1 µs; thermal energy kbT ∼ 4 pN nm;
and the internal strain energy U calculated from κm is U = (1/2)κmd2

x ∼ 3kbT [6]). This
is only a very small fraction of the dwell at each processive step (∼70 ms at saturating ATP
concentrations [6, 8, 10]). However, with increasing load acting on the centre of mass of a
processively moving myosin V, the distance dx to be overcome by diffusion is expected to
increase and tk to rise respectively into the range of tens to hundreds of milliseconds. Intervals
of reduced stiffness observed immediately before steps during processive movement might
indicate this diffusive process [6].

3. Single molecule fluorescence studies

Single molecules of fluorescently labelled myosin V can be observed using total internal
reflectance fluorescence (TIRF) microscopy. Two variations of TIRF microscopy have been
used to provide evidence that myosin V moves in a hand-over-hand mechanism, whereby
the two heads alternate leading and trailing positions. One involves a fluorescence technique
termed FIONA, for ‘fluorescent imaging with one nanometer accuracy’. If sufficient photons
are collected the point spread function and thus the mean position of immobilized fluorophores
can be determined at 1–2 nm resolution [14]. Myosin V molecules with a single cy3-labelled
calmodulin (figure 7) [14, 16, 18] or GFP fused to the N-terminus of one head [18] can be
observed to move stepwise under conditions of low ATP concentration, where the movement
is slow enough to allow for collection of sufficient photons. The step size and kinetics of this
movement is consistent with a hand-over-hand mechanism where the rear head moves forward
the distance of one actin repeat (72 nm) as it becomes the new leading head. This distance is
consistent with the step size of 36 nm found in the optical trapping experiments described
above, which measure the movement of the centre of mass of the molecule. Even more
direct evidence for a hand-over-hand mechanism came from FIONA studies where the two
heads of a single myosin V molecule were differentially labelled with fluorophores of different
colours. Alternating movements (72 nm) of the two heads could be seen and a constant 36 nm
separation between the two attached heads was maintained [15, 17]. In a separate experiment,
fluorescence polarization was used to determine the angles assumed by a fluorescent probe
bound to calmodulin in the neck region of myosin V. When myosin V was moving processively
alternating angles were observed that were consistent kinetically and structurally with a model
in which the two heads were alternately moving in a hand-over-hand mechanism assuming the
neck region was acting as a rigid lever arm [24].

The notion that the light chain binding region or neck of myosin might function as a lever
arm that makes a large angle, rigid body motion about a pivot point in the motor domain was
originally suggested by various myosin II crystal structures in different nucleotide states, which
showed various positions of the neck region (see [42] for review). Negatively stained EM
images of myosin V in the absence of actin also showed nucleotide-dependent lever-arm swings
that corresponded to the pre- and post-power stroke angles seen in myosin V molecules bound
to actin [21]. Myosin V lever-arm swings were directly observed by fast AFM imaging of
myosin V in the presence of nucleotide [43]. Myosin V crystallography and combined cryo-EM
of myosin-bound actin filaments with the docking of crystal structures into three-dimensional
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reconstructions suggest that small movements of motor domain elements that occur in response
to nucleotide binding and hydrolysis are transmitted through a transduction pathway to allow
the neck region of myosin V to swing as much as ∼75◦–105◦, corresponding to a displacement
of the tip of the lever arm of 20–36 nm [19, 44–46]. Strong support for the light chain binding
region as a mechanical lever has come from a number of experiments where the neck region of
myosin V has been either elongated or truncated by the addition or subtraction of IQ motifs,
changing the mechanics of the motor [9, 16, 47, 48]. It was shown that the speed of actin
filament movement over immobilized myosin heads on a surface, the speed of single myosin V
molecules moving along immobilized actin filaments, the size of the power-stroke produced by
a single myosin V head, and the step-size in processive runs of dimeric myosin V (figure 7) all
varied roughly linearly with the length of the myosin V lever arm.

Myosin V molecules with two, four, six, or eight IQ motifs could all move
processively [9, 16, 39, 47]. Given that molecules with fewer or more than six IQ motifs
take smaller or larger than 36 nm steps, it is likely that these molecules spiral around the actin
filament while moving. Purcell et al [9] reported that a two-headed myosin V fragment with
only one IQ motif did not move processively in the single molecule mechanical experiment, but
Tanaka et al [11] found that a chimera containing the myosin V head with one IQ motif fused
to the rod domain of smooth muscle myosin could take two or three successive 36 nm steps.

The detailed biochemical and kinetic experiments described above used mouse or chicken
myosin Va, but processivity is not a universal feature of class V myosins. ADP release is not
rate limiting in the kinetic scheme of Drosophila myosin V and the molecule is not capable
of moving actin filaments in a processive manner in motility assays [49]. In addition, it
was concluded that the two type V myosins from S. cerevisiae, myo2p and myo4p, are not
processive either [50]. Interestingly, however, if the motor domains of mouse myosin V are
replaced by the motor domains of yeast myosin V, the chimaeric molecule is processive [51].

4. Models for processive movements

A number of models have been presented for the processive movement of myosin V, nearly
all of which assume that the two-headed structure is necessary (an alternative model has been
suggested in [52]). The nucleotide state and actin affinity of the two heads of myosin during
dwell periods in between processive steps (figure 1) remain critical but unresolved issues.
Stiffness measurements of the acto-myosin complex during processive movement detected a
reduced level of stiffness just prior to each step transition [6]. This suggests that, at saturating
ATP concentrations and low load, the molecule dwells mostly with both heads strongly bound
to actin (states B or C in figure 1). This idea is consistent with biochemical, mechanical and
structural studies suggesting that, under these conditions, myosin V dwells with both heads
strongly bound in some ADP state(s) and that the detachment kinetics of the trail and lead heads
are determined by accelerated and reduced ADP release respectively, due to intramolecular
strain [6, 8, 34, 37, 39]. According to this model myosin V moves processively as long as the
lead head rebinds strongly to actin before the trail head releases ADP and subsequently binds
ATP, resulting in detachment of that head and, thus, the whole molecule. Unresolved issues are
whether the lead head can produce its working stroke while the trail head is still bound and also
the coupling between conformational changes observed in the mechanical studies and ADP, Pi

release or isomerization processes.
Models derived from fitting the nucleotide dependence of run length and velocity of mouse

myosin V suggest differences from the above mode. First, the dwell state is dominated by a
molecule with ADP in the strongly bound rear head and ADP.Pi in the weakly bound lead
head, and second, termination of a processive run occurs most commonly from this same
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state [25]. Starting in this state, two stepping pathways are proposed. In the first, the lead
head attaches strongly and releases its phosphate, resulting in two ADP-bound heads attached
to actin (figure 1 state B) as in the model above. In the second, the trail releases ADP while the
lead head is still weakly bound. In both pathways continuation of processive movement will
be determined by strong attachment of the lead head, coupled to Pi release, before the attached
trailing head releases ADP. The effect of differences in species and assay conditions must be
explored.

5. Conclusions

Myosin V mutagenesis is well advanced and enables both in vivo and in vitro studies. Because
of its large size single molecule imaging techniques have been successfully applied to study
the motor in the presence and absence of its binding partners. Its kinetics and many of its
mechanical properties have been elucidated in a series of elegant solution kinetic and single
molecule mechanical and fluorescence experiments. Stochastic models, interpreting measured
force–velocity relationships and relating these to kinetics and substeps of load dependent
forward and backward reactions, can now be tested [53]. First steps in combining single
molecule and fluorescence measurements reporting nucleotide binding have been made [54],
and progress in this field will help to develop new and validate existing models addressing
head coordination and step-size distributions in myosin V [55, 56]. They will provide
complementary information to structural studies, for example on the light chain binding domain
of myosin V, assumed by many to act as a lever arm [57]. Myosin V is an ideal molecule
to study the molecular basis of processivity, and dissecting its molecular mechanism will
contribute to a better understanding of force generation in other myosins and molecular motors
in general.
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