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Myosin II is a molecular motor that converts chemical to mechanical
energy and enables muscle operations. After a power stroke, a re-
covery transition completes the cycle and returns the molecular
motor to its prestroke state. Atomically detailed simulations in
the framework of the Milestoning theory are used to calculate ki-
netics and mechanisms of the recovery stroke. Milestoning divides
the process into transitions between hyper-surfaces (Milestones)
along a reaction coordinate. Decorrelation of dynamics between
sequential Milestones is assumed, which speeds up the atomically
detailed simulations by a factor of millions. Two hundred trajec-
tories of myosin with explicit water solvation are used to sample
transitions between sequential pairs of Milestones. Collective
motions of hundreds of atoms are described at atomic resolution
and at the millisecond time scale. The experimentally measured
transition time of about a millisecond is in good agreement with
the computed time. The simulations support a sequential mechan-
ism. In the first step the P-loop and switch 2 close on the ATP and in
the second step the mechanical relaxation is induced via the relay
and the SH1 helices. We propose that the entropy of switch 2 helps
to drive the power stroke. Secondary structure elements are pro-
gressing through a small number of discrete states in a network of
activated transitions and are assisted by side chain flips between
rotameric states. The few-state sequential mechanism is likely to
enhance the efficiency of the relaxation reducing the probability
of off-pathway intermediates.

conformational transitions ∣ molecular motors ∣ rate calculations ∣
reaction path ∣ long time dynamics

We consider the function of the protein myosin II (for a re-
view see ref. 1). Myosin plays a key role in the contraction

of muscles and carries out a cycle of “power” and “recovery”
strokes that convert chemical to mechanical energy. A concrete
model for the cycle was proposed by Lymn and Taylor (2) in 1971,
a model that captures the essential steps of the process. Myosin is
made of a large globular head plus a long, lighter tail. Pairs of
myosin molecules self-assemble by winding their tails into a coiled
coil, forming double-headed structures. These pairs then aggre-
gate to form a long thick filament that aligns itself with a thinner
filament of the complementary protein actin, such that individual
myosin heads bind to individual actin monomers. These filaments
bundle together to form muscle fibers, and muscle contraction
consists of the sliding of actin and myosin filaments past one
another. The cycle requires an input of energy, which myosin
obtains by hydrolyzing adenosine triphosphate (ATP).

In the present manuscript we focus on one segment of the cy-
cle, the recovery stroke. Of course, to understand the complete
cycle the recovery and the power strokes are needed. While the
power stroke is the step in which useful mechanical force is gen-
erated, the motions of myosin during the power stroke are similar
to the transition (in reverse) of the recovery stroke. The recovery
stroke is simpler to understand since it does not involve actin. It
therefore makes sense to study the simpler process first and to
learn about protein motions that are likely to be relevant for
the power stroke too. The present investigation allows us to pro-
pose that the fluctuations of switch 2 help drive the system during

the power stroke. Experiments illustrate that a single molecule is
capable of conducting a recovery stroke in which a myosin mol-
ecule with a bound nucleotide relaxes from its post power-stroke
conformation to a pre power-stroke state (3–5). Key structural
features of the transition were observed by crystallographic
studies of the end points (6–8) and gave considerable insight
to molecular mechanisms of the transition. During the recovery
stroke, there is no release of a nucleotide until the initiation of
the power stroke.

The coupling of local to global displacements is particularly
intriguing in the field of allosteric proteins and molecular motors.
As a rule of thumb these systems are initiated by highly local
structural perturbations that develop to large-scale displace-
ments. It is therefore of considerable interest to examine the
mechanism of the postrecovery stroke in myosin in which a local
to global transition occurs. Upon binding of an ATP molecule the
protein executes a biologically important motion at a large scale.
The mechanism in which global motions are coupled to local
transitions was the focus of intensive modeling. However
atomically detailed simulations at the biological time scale and
at room temperature are not available.

Fischer et al. (9–13) outlined in a series of papers a mechanism
in which local hydrogen bonding to the ATP is a seed to the col-
lective tail-swing component of the recovery stroke. However,
Fischer’s studies were based primarily on a minimum energy path
(9) or interpolation of short time dynamics at the neighborhood
of the end points (13). These calculations provide considerable
intuition to mechanisms and were the base for successful muta-
tion experiments (14). However, direct link of the structure to
function (measurements of kinetics and thermodynamics) is
lacking. The first passage time calculations of the present study
make it possible to compare the simulation results to experimen-
tal rate, a characteristic of protein function, and to examine the
contribution of entropy to the process.

Interesting studies by Cui et al. employed Targeted Molecular
Dynamics and other analyses (15–17) to elucidate important
residues and to propose alternative pathways to the process.
These studies provide additional insight to the process and probe
the system at room temperature, which is clearly an advantage
compared to the minimum energy path calculations. However,
the biasing force of the targeted dynamics is an approximation
that impacts the time scale of the process and may change the
basic mechanism. Another study computed the potential of mean
force along assumed reaction coordinate (18) (the (RMSD),
Root Mean Square Distance, with respect to the end points).
Similar to the Targeted Dynamics approach the advantage is con-
sideration of room temperature thermodynamics. The assumed
reaction coordinate is a disadvantage.
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We introduced the method of Milestoning (19–21) as an ap-
proach to compute efficiently (using atomically detailed models)
kinetics of complex macromolecules at time scales not approach-
able by straightforward Molecular Dynamics (MD). Milestoning
is a theory and an algorithm that are outlined in the Method
section and in the supplementary material. Detailed accounts
of Milestoning are available (21, 22). It was used to investigate
a number of complex biological molecules (folding of a helical
peptide (19), allosteric transition in Scapharca hemoglobin
(20). Here we apply the same technology to the recovery stroke
in myosin.

Results
Comparison to Experimental Rates. Already in 1998 the time scale
of the recovery stroke was estimated to be a few milliseconds (3).
More recently and based on the data of Málnási-Csizmadia et al.
(14) the rate is estimated as 0.3–1.4 ms. The calculation of the
overall first passage time for the transition uses Eq. 2 to give
0.5� 0.1 ms. The error bars are determined by repeating the
calculation with half of the data.

Analysis of the Recovery Mechanism. The sample set. Milestoning
does not provide continuous trajectories from the reactant to
the product state. Instead we have a large collection of short
trajectories between Milestones that describe the propagation
of the nonequilibrium density that we match at the Milestones
(24) (Fig. 1). For analysis we use one conformation of each of
the trajectories of milestone s (21).

Mechanistic questions. The following mechanistic questions are
addressed: (i) does the process require a highly collective and
simultaneous motions of many elements; (ii) do the elements
move independently, or are they coupled in sequence; (iii) are
the motions of the side chains and the secondary structure ele-
ments activated or diffusive?

We consider motions of secondary structure elements: the SH1
and the relay helices, the P-loop, switch 1 (SW1) and switch 2
(SW2) (Fig. 2). To facilitate the discussion below we sometimes
group the P-loop, SW1, and SW2 as the “starter” and the group of
the relay and the SH1 helices as the “engine”. In Fig. 3 we show
the core secondary structure elements at the pre- and postrecov-
ery states. We also show a close-up of early events near the ATP
(space filling model).

In Fig. 4 we examine the correlation of the motions of the
P-loop and the relay helix. For each of the structures in the
set we compute the RMSD between the P-loop of the current
structure and the structure of the P-loop of the reactant (prere-
covery structure). The RMSD is computed after optimal (rigid)
overlaps of the two P-loops (34). For the same structure we also

compute the center of mass shifts of the relay helix with respect to
the initial structure. A point on the graph has the P-loop RMSD
along the horizontal and the relay helix center of mass displace-
ment along the vertical. Fig. 4 has a general J-shape, suggesting
that the internal changes in P-loop are performed early without
corresponding changes in the relay helix.

The mean first passage time from the prerecovery conforma-
tion to completing the P-loop rearrangements (computed with
Milestoning) is 340 ns, significantly shorter than the time scale
of the complete process. Hence we anticipate an experimental
time delay of hundreds of nanoseconds before noticeable repack-
ing of secondary structure elements and the delay is used to adjust
local binding to the ATP. A similar correlation is observed for
switch 2 and relay helix (SI Text).

Once the P-loop reaches its final RMSD value the relay helix
starts to act. The changes in the relay helix are not coupled to
further changes in the RMSD of the P-loop. The most straight-
forward interpretation of the results would be of a sequential
process. First the P-loop is changing conformation to the postre-
covery state and only then the relaxation is transmitted to the
mechanical arm (engine).

Other interesting correlated motions are between the compo-
nents of the “engine”: the relay and SH1 helices. In Fig. 5 we
show the motion of the center of masses of these secondary struc-
ture elements. In contrast to Fig. 4A, coupled, simultaneous mo-
tions are observed. While the motion of the two helices is strongly
coupled, it is not a rigid displacement of a single composite entity.
Of particular interest are the two distinct linear correlations of
displacements. A critical magnitude of displacement is about
1–1.5 Å. Below the critical point the slope of cooperative motion
shows a larger displacement for the relay helix compared to SH1.
After the critical point the SH1 helix is moving at a faster rate
compared to the relay helix.

An observation leading to speculation on a driving force for
the power stroke is provided in Fig. 6. We examine the distribu-
tion of distances of switch 2 conformations from a reference
structure. We examine the distributions for the first and the third
components of the recovery. The distribution is significantly
broader at the beginning of the reaction, suggesting that the
prerecovery (post power) state is entropically favored compared

Fig. 1. A schematic representation of the Milestoning calculations. The
thick black line is the reaction coordinate leading from state A to state
B. Hyperplanes perpendicular to the reaction (Milestones) are presented
by dashed lines. Different initial conditions at the Milestones (dashed lines)
are used to start trajectories at one Milestone until they terminate at nearby
Milestones. Two sample trajectories are shown (thinned arrow lines in red
and in blue). The trajectories start at Milestone s and terminate at Milestones
s� 1. The transition kernel Ks;s0 ðτÞ is the probability density that a trajectory
initiated at s0 will terminate at s at time τ. See text for more details.

Fig. 2. (A) A ribbon model of myosin II, prepared by the ZMOIL program
(available from the author), is shown. The secondary structure
elements, which are the focus of the analysis, are in different colors: SH1
681-690 (red) ; relay helix 466-498 (blue) ; P-loop 179-186 (yellow); SW1
233-238 (pink) ; SW2 454-459 (white/gray).
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to the postrecovery state. Of course, during the recovery stroke
favorable hydrogen bonding with the ATP pushes the system into
the postrecovery conformation and against the above entropy
gradient. We propose that during the power stroke (in which
ATP is no longer present) changes in the entropy of switch 2 con-
tribute to the power stroke.

Side chain motions are activated between a few discrete states
and assist secondary structure transitions. F487 has a significantly
different dihedral angle value in the x-ray structure of the
prerecovery and postrecovery conformations, supporting the con-
formational transition of the relay helix. In Fig. 7 we show the
binned distribution of the angles as sampled from the trajectory
fragments. The distribution is sharply peaked suggesting an
activated process. The figure is colored according to the position
of the Milestones along the reaction coordinate. The distribution
is quite wide at the beginning (the black line), getting narrower in
the middle of the path (the sharp red peak) and getting broader
again towards the end. We comment that the narrowing at the

transition state is somewhat unexpected and that there are no
path constraints applied on the side chains. The transition we
observe is in response to the backbone pathway that was found
with the optimization of the functional of Eq. 2.

It is (perhaps) not very surprising to find side chains in discrete
states. Rotamer libraries (35), modeling side chain conformations
as discrete, have been used to predict protein structures for a long
time. It is more intriguing that we observed a similarly activated
behavior also for the secondary structure elements that we exam-
ined earlier. In Fig. 8 we show mildly peaked probability density
of observing the SH1 helix at different values of the center of
mass (the zero is at the prerecovery conformation). Peaked dis-
tributions are indicators for activated processes. Similarly peaked
distributions are observed for other elements and suggest that the
process can be described as a sequence of activated transitions
between a small number of states.

Discussion
In the present paper we provide a concrete, atomically detailed
model with explicit solvation for the recovery stroke in myosin II.
The model is consistent with available experimental rate and
suggests a well focused sequential mechanism in which side

Fig. 3. (A) A display of the machine core at the pre and postrecovery states: P-loop (purple), SW1 (blue), SW2 yellow-green, relay helix red, and SH1 helix
yellow. (B) Display of the neighborhood of the ATP binding site with the same color code as in (A), the left is the prerecovery conformation and on the right the
structure after 1∕8 of the process along the reaction coordinate. Note the slight adjustments of switch 2 and the P-loop.
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Fig. 4. Correlated motions of secondary structure elements. We compare
coordinates of secondary structure elements taken from a single snapshot
of (Milestoning) time with respect to the prerecovery conformation. The
horizontal is the RMSD of the P-loop and the vertical is the displacement
of the center of mass of the relay helix (CM).

CM SH1
0 1 2 3 4 5

0

1

2

3

4

C
M

 r
el

ay

Fig. 5. The same as in Fig. 4, this time the center of masses of the relay helix
(horizontal) and the SH1 helix (vertical).
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chains and secondary structure elements progress through a small
number of states and free energy barriers. In accord with this
experiment we predicted time scale in the millisecond range.
We made two unique mechanistic observations that can be tested
experimentally: (i) The existence of a time delay (hundreds of
nanoseconds) to complete the conformational rearrangements
at the ATP binding site prior to motions of the “engine”.
(ii) An entropic contribution of switch 2 to the power stroke.
The last prediction can be tested by rigidifying switch 2. For ex-
ample, replacing serine 456 by a proline. The coarse graining that
occurs in nature from atomic resolution to secondary structure
motion creates a sequential machine of relatively small number
of parts that are either strongly coupled or facilitate the motions
of each other via sequential mechanism. The relatively small
number of discrete free energy minima reduces the probability
for off-the-pathway motions. The calculations of millisecond rate
are made possible by a combination of a reaction coordinate
and stochastic modeling. Only short trajectories are computed
to determine a transition kernel, a procedure that extends the
time scale of molecular dynamics by many orders of magnitude
(see refs. 20 and 21 and SI Text for further discussions about
algorithm efficiency).

Materials and Methods
Motivation.We consider a system of N particles (3N degrees of freedom) with
a coordinate vector X ∈ R3N and a potential energy UðXÞ. Wewish to describe
its transition from the state R (reactants) to state P (products). The overall
mean first passage time (MFPT) is the average time to reach P for the first
time starting from R. The average is performed over initial conditions in
R. The inverse of the MFPT is a widely accepted measure for the rate of
the process. If the population decay of the reactants is exponential in time
then the inverse of the MFPT is the usual rate constant.

In principle, the MFPT can be calculated numerically. Trajectories are in-
itiated at R and are integrated forward in time until they reach P. Their arrival
times to P are recorded and the trajectories are terminated. The average over
the trajectory termination times is the MFPT. The problem with such a
straightforward approach for the myosin system is that the “reactive” trajec-
tories (trajectories that complete the recovery stroke) are of milliseconds
(5, 14). This time scale is too long for straightforward MD simulations that
are typically restricted to submicrosecond time scale. Moreover, for the cal-
culation of the MFPT an ensemble of trajectories (and more computational
resources) are required to compute the average time. Milestoning makes it
possible to compute kinetics with atomically detailed models even for overall
millisecond time scales. Details on the theory of MFPT calculation are pro-
vided in SI Text and in refs. 21–23. We briefly discuss main ideas below.

MFPT Formula. At the core of the Milestoning theory one finds the kernel
matrix KðτÞ with elements Kss0 ðτÞ. The elements are the probability densities
(in time) that the system at “milestone” s0 will transition to “milestone” s at
time τ. A milestone is a hypersurface orthogonal to a reaction coordinate and
the Kss0 ðτÞ are computed from short trajectories starting at Milestone s0 and
terminating (touching for the first time) at milestone s (22) (Fig. 1). Repre-
senting the reaction as a sequence of transitions between Milestones we
can write an equation for the probability flow (22)

PsðtÞ ¼
Z

t

0

Qsðt0Þ
�
1 −∑

s0

Z
t−t0

0

Kss0 ðτÞdτ
�
dt0

QsðtÞ ¼ Psð0ÞδðtþÞ þ∑
s0

Z
t

0

Qs0 ðt0ÞKs0sðt − t0Þdt0; [1]

where PsðtÞ is the probability that the last Milestone the system crossed is s.
The probability densityQsðtÞ is for a transition to s exactly at time t. The input
for the above equation are Kss0 ðtÞ and the initial distribution Psð0Þ. Manip-
ulations of Eq. 1 (21–23) provide a closed formula in terms of KðτÞ and
Psð0Þ for the mean first passage time:
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Fig. 6. The distributions of phenylalanine 487 χ1 dihedral angle as observed
for three slices along the reaction coordinate (and the corresponding Mile-
stones). The first third of the Milestones contributes to the black histograms.
The red histograms are from the center, and the green histograms the last.
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Fig. 7. The fluctuations of the switch 2 from Milestoning trajectories near
the prerecovery stroke (black) and at the postrecovery stroke (red). Note the
significantly wider distribution of the black curve suggesting more favorable
entropy of switch 2 at the prerecovery state.
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Fig. 8. The probability density of the center of mass of the SH1 helix ex-
tracted from all the Milestoning trajectories. Note the moderately peaked
distribution that suggests free energy minima (meta-stable states) and
activated transitions between them. Similar plots were obtained for other
secondary structure elements in one or more dimensions.
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hτi ¼ 1t
Z

∞

0

τ · KðτÞdτ ·
�
I −

Z
∞

0
KðτÞdτ

�
−1
Pð0Þ: [2]

Reaction Coordinate. To determine the reaction coordinate (and the
Milestones which are hypersurfaces perpendicular to it) we use functional
optimization. The following functional of the path is minimized
F½XðlÞ� ¼ ∫ XP

XR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∇Ut∇U

p
dq where ∇U is the potential gradient, and dq is a

length element along the path dq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dqt · dq

p
(25).

Implementation for the Myosin System. Reaction coordinate. The two struc-
tures, prerecovery stroke XR and the postrecovery XP, were taken from the
Protein Data Bank (1VOM (7) and 1MMD (8)). Missing coordinates (including
the ATP) were modeled into the structures using Modeller (27), LOOPP (28),
and MOIL (29) and the complete coordinate sets were fed to the reaction
path algorithm. The numerically computed path has 241 structures including
the initial and the final configurations. All the calculations are performed
with our general purpose MD code MOIL (29) that includes the functional
optimization for the reaction coordinate (25) and Milestoning code (21),
and is available from the author. The solvent in the calculation of the reaction

coordinate is the continuum approximation Generalized Born Surface Area
(GBSA) (30).

Sampling in the Milestones. Once the structures along the reaction
coordinate and the hyper-surfaces orthogonal to it are determined we sam-
ple conformations in the Milestones (hyperplanes orthogonal to the reaction
coordinate) at room temperature by MD (21). The simulations are carried out
for explicitly solvated myosin (30,776 water molecules) in a periodic box of
dimensions 90 × 112.48 × 105 Å (3).

Computing terminating trajectories. The sampled configurations for each
of the first 240 Milestones are used to initiate short trajectories between
hyperplanes with typical terminating times of only a few picoseconds. The
transitions were computed between all Milestones s and their neighbors
s� 1. For the first Milestone we obviously have only forward transitions.
More details on the simulations can be found in SI Text.
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