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Muscle contraction is caused by directed movement of myosin heads along actin filaments. This movement is
triggered by ATP hydrolysis, which occurs within the motor domain of myosin. The mechanism for this
intramolecular process remains unknown owing to a lack of ways to observe the detailed motions of each
atom in the myosin molecule. We carried out 10-ns all-atom molecular dynamics simulations to investigate
the types of dynamic conformational changes produced in the motor domain by the energy released from
ATP hydrolysis. The results revealed that the thermal fluctuations modulated by perturbation of ATP
hydrolysis are biased in one direction that is relevant to directed movement of the myosin head along the

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Muscle contraction is caused by movement of myosin heads along
actin filaments. The movement is driven by cyclic interactions between
myosin and actin molecules caused by ATP hydrolysis, which occurs in
the nucleotide active pocket within the myosin motor domain. For the
process of cyclic myosin—actin interactions, several intermediate states
and conformational changes have been presented on the basis of X-ray
structure analyses [1-6], cryo-electron-microscopy [7], electron para-
magnetic resonance (EPR) spectra [8], and mutational studies [9] of
myosin heads complexed with nucleotide analogues. The following
model for the cyclic process has been argued: association of ATP
molecule with the myosin head, weakening of the myosin-actin
binding, hydrolysis of ATP, release of ATP hydrolysis products through
the back door of the myosin head, conformational changes in the motor
domain including the junction between the lever arm and the myosin
head, creation of the power stroke and a return to strong myosin-actin
binding. Of these steps, bending of the junction between the lever arm
and the head induced by ATP hydrolysis [2,3,5] is crucial for global
movement of myosin along actin filament, but its mechanism still
remains unknown. Furthermore, a kind of reversely-directed myosin
motor, called myosin VI, is reported [10] and what determines the
direction of movement of the myosin motor is of great importance.
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On the other hand, single molecule observations by means of
fluorescence microscopy revealed that the movement of the myosin
head relative to the actin filament following hydrolysis of a single ATP
consists of multiple random steps that are not always in the forward
direction [11,12]. Furthermore, simultaneous measurements of the
nucleotide release and the mechanical reaction of the myosin head
showed that the reaction was not directly coupled with the nucleotide
release [13].

To fully understand how a small chemical trigger at the nucleotide
active site induces the mechanical reaction, it is desirable to examine
the intramolecular processes following ATP hydrolysis in the myosin
head. At present, however, there are no experimental means for
observing the dynamic behaviors of each atom in a molecule.
Molecular dynamics (MD) simulations provide us with information
regarding both the static stability and the dynamic flexibility of sub-
domain conformations of a protein. In recent years, several MD
simulations of myosin heads have been performed and are becoming
complementary to experimental studies. Higo et al. [14] derived
collective modes for subfragment-1 S1 of chicken skeletal myosin
from MD trajectories of a backbone model and found large flipping
motions of the a-helical C-terminal tail of S1 as the first and second
largest amplitude collective modes, which are perpendicular to each
other. Minehardt et al. [ 15] examined the molecular mechanism of ATP
hydrolysis in the nucleotide-binding pocket by means of classical
molecular mechanics (MM) simulations and quantum mechanical
(QM) structural relaxations, and investigated the extent to which the
P-loop, Switch I, and Switch II are involved in hydrolysis. MD
simulations performed by Lawson et al. [16] revealed that relaxation
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of ADP and free Pi from their initial position reduced the diameter of
the back door via motion of Switch I and Switch Il located in the upper
and lower 50-kDa subdomains, respectively. Li and Cui [17] analyzed
the functional motions of myosin using the block normal approach
method and suggested that the collective displacement mainly
concerns the converter region, whereas the local rearrangement
involves the salt-bridge region between Switch I and Switch II. Zheng
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and Doniach [18] carried out normal mode analyses of the deviations
of all Cav atomic coordinates induced by a local displacement of atoms
in the nucleotide-binding pocket using an elastic network model and
revealed that the displacements of atoms for myosin and F1-ATPase
could be expressed in terms of one or two dominant lowest-frequency
modes and their amplitudes were in good agreement with the
measured ones. Navizet et al. [19] calculated B-factors as functions of
the residue number for three conformations (near-rigor, detached and
transition states) of the myosin head, containing the motor domain
and the lever arm, with a coarse-grained elastic network model; and
their results identified rigid and flexible domains within the myosin
structure and highlighted the respective roles of the light chains and
nucleotide binding. Takagi and Kikuchi [20] investigated the structural
relaxation of the myosin motor domain from the pre-power stroke
state to the near-rigor state in connection with the nucleotide release
using MD simulations of a coarse-grained Go-like model and found
that the myosin motor does not relax to the near-rigor conformation
before the nucleotide dissociates. Koppole et al. [21] carried out MD
simulations of Dictyostelium discoideum Myosin Il motor crystallized
with various ATP analogues and revealed that residue Asn475 in the
Relay helix was pushed away from Switch Il upon ATP hydrolysis and
this sensing allowed the power stroke to start upon initial binding to
actin. Liu et al. [22] performed an MD study of detailed residue-wise
interactions involved in the binding of myosin to actin in the absence
of nucleotide using the crystal structure of chicken skeletal myosin.
They found that the 50-kDa/20-kDa loop (Loop 2) is in a conformation
stabilized with internal salt bridges, and further revealed that the
Cardiomyopathy loop forms interprotein salt bridges with actin
monomers, whereas its Arg 405 residue, the mutation site associated
with the hypertrophic Cardiomyopathy, forms an internal strong
double salt bridges with Glu 605 of S1. In a previous paper [23], we
examined how the energy released by ATP hydrolysis at the
nucleotide-binding site expands throughout the motor domain,
using 1-ns all-atom MD simulations of the myosin head at 300 K
and found that intramolecular collective modes were stimulated at
the actin-binding site and the junction with the neck. However, the
run time of 1-ns was too short compared with the experimental time
resolution. In the present study, we extended the run time of MD
simulations to 10 ns and examined how ATP hydrolysis gives rise to
dynamic conformational changes including fluctuations in the overall
myosin motor domain.

2. Methods

The initial process in the MD simulations was the same as that in our
previous study using a run time of 1 ns [23]. We truncated the motor
domain (N-terminal 785 residues) from the structural data for
nucleotide-free subfragment-1 S1 of scallop myosin (PDB; 1kk7, M.
Himmel et al.) and added 34 missing residues (1-4, 23-25,204, 211, 212,
365, 366, 406, 407, 451, 628-642 and 730-733) in the original data using
the similar method explained by Lawson et al. [ 16] as follows. We built
the missing parts by linking one resolved residue to the other resolved
one with the missing residues using the Monte Carlo method. In this
process the position of the alpha carbon atoms of the missing residues

Fig. 1. Top (a), side (b) and front (from the actin side) (¢) views of the backbone structure of
the motor domain of myosin solvated with a spheroidal water droplet speckled in green.
The ATP hydrolysis energy is distributed to the nucleotide-binding site shown in red. The
conventional names of several parts of the myosin motor are included for convenience. The
Cardiomyopathy loop, Loop 2 and Primary binding site are regions that directly interact
with actin molecules. The converter and the lever arm constitute a tail, which links to the
myosin filament. The upper-lower 50-kDa cleft is the exit for ATP hydrolysis products. The
Relay helix is a signal transmission path from the nucleotide active site to the Primary
binding site on one side and to the converter through the SH1 helix on the other side. It is
noticeable that a terminus of the SH1 helix, which appears as a curved loop in the top view,
is located between the head and the tail of the motor domain and seems to be a hinge joint
connecting them.
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Fig. 2. The x, y and z components of the trajectories for «-carbons in six residues computed under two initial conditions, namely in the presence (red line) and absence (blue line) of a
disturbance corresponding to ATP hydrolysis. The white sphere in the top-left structural map of each figure represents the position of the a-carbon in the relevant residue. The colors of the
strings range from red to blue corresponding to increasing residue numbers. The nucleotide-binding sites are represented by bold yellow strings. The origin of the coordinates used in the
trajectory graphs is taken at the center of the spheroidal water droplet shown in Fig. 1 and it corresponds to the center of the structural map. The directions of the x, y and z coordinates are
defined as indicated by the red, green and blue arrows, respectively. The first three figures (a), (b) and (c) are concerned with residues located on the outskirts of the motor domain and their
structural maps are side views from the (+z) direction, while the latter three figures (d), (e) and (f) are concerned with residues located at the junction between the head and the tail and their
structural maps are side views from the (-z) direction. (a) Residue 411 is located in the region facing actin molecules. (b) Residue 728 is located in the converter linking to the lever arm.

(c) Residue 633 is in the Loop 2 interacting with actin monomers. Residues 507 (d), 708 (e) and 765 (f) differ in their position number, but are spatially in close proximity, thereby leading to
similar trajectories.
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Fig. 2 (continued).

were first determined and the rest of atoms were added by LEaP module
in AMBER 8 [24]. The built parts were energy minimized and then
solvated in a cap water droplet separately to be equilibrated using MD
calculation at 300K for 1 ns, where the repaired atoms and water

molecules were allowed to move. After this repairing, the motor domain
was solvated with a spheroidal water droplet as shown in Fig. 1. The soft
half-harmonic potential [24] was applied to prevent the water molecules
from evaporating. The whole system comprising polypeptides and water
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molecules was thermally equilibrated at 300 K for 300 ps. The total
number of atoms was 68,662 and that of water molecules was 18,727.
After this process, the trajectories of each atom were calculated under the

following two initial conditions.

Fig. 2 (continued).

uncontrolled.

79

1. Without giving any disturbance to the whole system, we
continued to calculate the trajectories for 10 ns. The temperature
defined by the average of kinetic energy of the atoms was left
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2. An energy of 8.60x1072° ] released by hydrolysis of one ATP
molecule was distributed to 80 backbone atoms as kinetic energy
by giving an additional velocity to each atom in proportion to its
instantaneous velocity after the equilibration run without changing
its direction so as to give an impact that was as small as possible.
The atoms supplied with energy were located within a 10-A radius
(shown in red in Fig. 1) around the position that the y-phosphate
would occupy when a nucleotide was associated with the myosin
head. The reason why we chose the radius of 10 A is that the
residues within this sphere can be in direct contact with the +y-
phosphate. Among the 80 atoms, 29 belonged to the P-loop, 40 to
Switch I and 11 to Switch II and those atoms correspond to the
residues ascertained by MM simulations to form hydrogen bonding
to the y-phosphate in D. discoideum myosin [15]. After giving the
disturbance, MD calculations were carried out for 10 ns with the
temperature left uncontrolled.

The calculations were carried out using a computer loaded with a
special purpose chip MDGRAPE-3 (High-Performance Molecular
Simulation Team, RIKEN, Tsurumi, Yokohama, Japan) that enabled us
to calculate the electrostatic and van der Waals interactions of every
atomic pair without using the cut-off method. The software was the
SANDER module in AMBER 8. We used the AMBER force field with
parm96 parameters [25] and the TIP3P model [26] for explicit water
molecules. A time step of 2 fs was used with the SHAKE algorithm [27].
Berendsen's method [28] was used for temperature regulation during

(a) Top view

No disturbance

t=1ns

the initial thermal equilibration, but the temperature was not
regulated during the sampling runs with different initial conditions.
The final temperature at 10 ns obtained from the average kinetic
energy of all atoms during the last 100 ps was 310 K in both the absence
and presence of disturbance. A deviation of 10 K from 300 K was
encountered due to an accumulation of computational errors. The
graphical representations were prepared with VMD [29] and View-
erLite (Accelrys Inc., San Diego, CA, USA).

3. Results of simulations

3.1. Trajectories of a-carbons in representative residues with and without
initial disturbance

Fig. 2 shows the positions of a-carbons in six residues and their x, y
and z components of their trajectories for 10 ns under two different
initial conditions. The blue line in each graph represents the trajectories
in the absence of disturbance and the red line represents those in the
presence of disturbance that was initially given to 80 atoms around the
ATPase pocket. The origin of the x, y and z coordinates was taken at the
center of the spheroidal water droplet in Fig. 1, and the x axis was
defined in the horizontal direction, with the y axis in the vertical
direction and the z axis perpendicular to the x-y plane.

In Fig. 2(a), the trajectories of residue Thr411, which is located at the
Cardiomyopathy loop that would be in contact with actin monomers in
the presence of actin filament, largely fluctuate in the y and z coordinates

t=1ns With disturbance

No disturbance

t=5ns

t=10ns No disturbance

t=5ns With disturbance

Fig. 3. Top (a), side (b) and front (c) views of the shifts of each a-carbon atom at 1 ns, 5 ns and 10 ns from its 10-ns average position of undisturbed thermal fluctuations, which is
indicated by the blue string. The “without disturbance” case is shown in the left column and the “with disturbance” case is shown in the right column in each figure. The colors of the
cones indicate the magnitude of the deviation changing from blue (small) to orange (large).
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(b) Side view
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Fig. 3 (continued).

compared with those in the x coordinate, in both the presence (red) and
absence (blue) of disturbance. The same kinds of large fluctuations in the
y and z coordinates are found for residue 1le728, which is located at the
converter linking to the lever arm (Fig. 2(b)). Meanwhile, the red and
blue trajectories for residue Lys633 in the Loop 2, which is considered to
form a stable binding with actin monomers [9,22], steadily deviate from
each other in the x and z coordinates (Fig. 2(c)).

Since residue 728 is 55 A away from the ATPase pocket (central
yellow strings), the issue of how the ATP hydrolysis signal can be
transmitted from the nucleotide-binding site to the converter or the
lever arm is of great interest. Fig. 2(d), (e) and (f) represent the
trajectories of residues of Trp507, Pro708 and Gly765, respectively. The
structural maps on the top-left in these figures are side views from
(-z) direction. Residue 507 is located at a terminus of the Relay helix
connected with Switch II, residue 708 is at a joint between the SH1
helix and the converter, and residue 765 is at a junction between the
converter and the lever arm. Although these residues are rather
different in their position numbers, they are spatially in close
proximity and can interact with each other, thereby leading to fairly
similar trajectories. Furthermore, we can see that their deviational
behaviors of the red lines from the blue ones in the y and z coordinates
are emphasized for trajectories of residue 728 at the converter
observed in Fig. 2(b). This indicates that the ATP hydrolysis signal can
be transmitted to the lever arm from Switch Il through these bypasses.

In the general views presented in Fig. 2, the red and blue
trajectories appear to be the same kinds of thermal fluctuations,

but we inferred that the red trajectories may involve some behaviors
that the blue trajectories do not, and produce some effects on the
motor domain as a global output. Thus, we referred to the red
trajectories subject to ATP hydrolysis as modulated thermal fluctua-
tions and referred to the blue trajectories in the absence of
disturbance as undisturbed thermal fluctuations. The top-left image
in each figure is a 10-ns average conformation of the undisturbed
thermal fluctuations.

3.2. Shifts of each a-carbon atom from its thermal average position at
three moments

Fig. 3 shows the positions of each ai-carbon atom at 1-ns, 5-ns
and 10-ns shifting from its 10-ns average position in the undis-
turbed thermal fluctuations. Since the structure of a protein always
varies subject to thermal fluctuations at the molecular level, at the
molecular level, we have defined here the 10-ns undisturbed
thermal average structure as the standard conformation of the
motor domain at 300 K. Each atomic shift from its standard position
in the absence of disturbance is shown in the left column and that
in the presence of disturbance is shown in the right column. In the
x-z projection diagrams of the top views in Fig. 3(a), the
fluctuations have a tendency to shift rotationally in one direction,
while in the x-y projection diagrams of the side views in Fig. 3(b),
clockwise and counterclockwise rotational modes appear alter-
nately. The front views from the (-x) direction in Fig. 3(c) show the
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(c) Front view
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Fig. 3 (continued).

y-z projection diagrams of atomic shifts corresponding to those in
Fig. 3(a) and (b).

3.3. Root mean squares of deviations

To examine the behaviors of the fluctuations of each atom subject
to ATP hydrolysis, three kinds of root mean squares of fluctuations
(RMS) were considered. The first root mean square, RMST, is that of
deviations of the undisturbed thermal fluctuations from their average
positions, and the second root mean square, RMS2, is that of deviations
of the modulated fluctuations from their average positions. To clarify
the effect of the disturbance, we calculated another root mean square,
RMS3, which represents the root mean square of deviations of the
modulated fluctuations from the average positions of the undisturbed
thermal fluctuations. RMS3 reflects the magnitude of fluctuations
including static conformational changes from the undisturbed
structure, while RMS2 represents the deviations of modulated
fluctuations from their average. If we denote the coordinates of an
a-carbon in the presence of ATP hydrolysis by (x, y, z) (undisturbed
thermal fluctuation coordinates) and those in the absence of ATP

hydrolysis by (X, Y, Z) (modulated thermal fluctuation coordinates),
RMS1, RMS2 and RMS3 are expressed by the following equations:

RM51=\/< (X—<x>+(y-<y>)?+(z-<z>)*> (1)
RM52=\/<(X—<X>)2+(Y—<Y>)2+(Z—<Z>)2> 2)
RM53=\/<(X—<x>)2+(Y—<y>)2+(Z—<z>)2>7 (3)

where <-> is the time average over 10 ns.

Fig. 4(a) shows a comparison of RMS1 (blue curve) with RMS2 (red
curve). The three red rectangles denote the residues within the P-loop,
Switch 1 and Switch II to which the ATP hydrolysis energy is
distributed. The red and blue curves have roughly the same
dependence on the residue number, meaning that the magnitudes
of the fluctuations are qualitatively the same in the presence and
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Fig. 4. Root mean squares of deviations (RMS) of atomic positional fluctuations versus residue number. (a) Comparison of RMS1 and RMS2 defined by Eqgs. (1) and (2), respectively.
(b) Comparison of RMS1 and RMS3 defined by Egs. (1) and (3), respectively. The three red rectangles denote residues within the P-loop, Switch I and Switch II to which the ATP

hydrolysis energy is distributed.

absence of disturbance. Fig. 4(b) shows a comparison of RMS1 (blue
curve) and RMS3 (red curve), where the RMS3 reflects the dynamic
conformational changes due to ATP hydrolysis from the thermal
equilibrium structure. The red and blue curves also have similar
dependences in this comparison, which is known as the general
relationship between fluctuations and response to a stimulus [30,31].
However, the responses are fairly enhanced at several residues located
in the so-called loops on the outskirts of the motor domain.
Particularly, residue 206 exhibits an extraordinarily large peak due
to superposed effects from disturbances given at the P-loop and
Switch I, and residues 167, 253 and 450 are also directly affected by
disturbances at the P-loop, Switch I and Switch II, respectively.
Furthermore, enhancements of RMS3 are seen at the following sites;
residue 504 near the terminus of the Relay helix, which connects
Switch II with the Primary binding site facing the actin monomers,
residue 633 in Loop 2, which is the junction between the 50-kDa and
20-kDa subdomains and provides highly charged contacts to an actin
monomer [22], and residues 715-764 at the converter linking to the
lever arm. Thus, the results of our 10-ns MD simulations can be

described as follows: a small local disturbance due to ATP hydrolysis
seems to induce dynamic conformational changes at several sites in
the motor domain, which exceed undisturbed thermal fluctuations.

3.4. 10-ns average structures with and without initial disturbance
superimposed at the junction with the lever arm

The actual myosin head is linked to the fixed myosin filament via a
long lever arm wrapped in the essential and regulatory light chains, so
that changes in the orientation of the head will be amplified. Although
our simulations are confined to the motor domain, we tried to
superimpose 10-ns average structures with and without disturbance at
the junction with the lever arm (residues 761-775). Fig. 5 shows
superimposed 10-ns average structures of modulated thermal fluctua-
tions (red) and undisturbed thermal fluctuations (white) represented by
ribbon diagram. The loops on the outskirts of the myosin head are
flexible and therefore strongly transformed (from white to red) by the
disturbance caused by ATP hydrolysis. The a-helices are also seen to
shift at several sites because they are connected with the loops. In Fig. 5
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(a) Top view

Fig. 5. Top (a), side (b) and front (c) views of 10-ns average structures with (red) and
without (white) disturbance superimposed at the junction with the lever arm (residues
761-775). Deviations from the white structure to the red structure represent conforma-
tional changes caused by the ATP hydrolysis.

(a), we can see that the head of the motor domain globally makes a
clockwise rotations in the x-z plane around a hinge joint at the
terminus (Phe707, Pro708) of the SH1 helix (see Fig. 1(a)), which is
connected to the converter. A rather small clockwise rotation in the x-y

plane around the same hinge joint is also found in Fig. 5(b). In Fig. 5(c)
which is a view from actin side, we can see that averaged positions of
the actin-binding sites such as the Cardiomyopathy loop, Loop 2 and
Primary binding site shift to the (+y, —z) direction in the presence of
disturbance due to ATP hydrolysis.

3.5. Dynamic structural fluctuations superimposed on the initial position
of the junction with the lever arm

To visualize the dynamic conformational changes due to ATP
hydrolysis, we superimposed fluctuating structures in the absence and
presence of disturbance every 1 ns from O to 10 ns on the initial
(t=0 ns) positions of the junction with the lever arm. Fig. 6(a) shows
the top views (from the (+y) direction) of the dynamic structures, in
which the range of fluctuations is seen to widen in the (-z) direction in
the presence of disturbance so as to give a clockwise rotational biasing
of the motor domain hinged on a joint around residues Phe707 and
Pro708 at the terminus of the SH1 helix linking to the converter. The
black line denotes the initial structure at t=0 ns. In the side views
(from the (+z) direction) of the dynamic structures shown in Fig. 6(b),
the range of fluctuations is not as large in both the presence and
absence of disturbance. In Fig. 6(c), which shows the front views from
the actin filament side, the range of fluctuations of the actin-binding
site is found to shift to the (+y, —z) direction so as to twist the myosin
head along the x axis in the presence of disturbance. These biased
fluctuations of the motor domain may produce a unidirectional
interaction with the actin monomers.

4. Discussion

The effect of disturbance due to ATP hydrolysis in the nucleotide-
binding pocket was found to spread throughout the myosin head in
2 ns at longest in the form of modulation of thermal fluctuations
(Fig. 2). The modulation signal is transmitted not only along the main
chain of backbone atoms but also through bypasses between residues
of non-sequential numbers, for instance Trp 507, Pro 708 and Gly 765,
which are spatially in close proximity (Fig. 2(d), (e) and (f)) in the
protein folding structure and show fairly similar trajectories. The same
kind of trajectory similarity was observed between Gly463 in Switch II
and Asn481 in Relay helix (not shown in Fig. 2), which corresponds to
the coupling between Switch Il and Asn475 in Relay helix previously
reported for D. discoideum [21]. Thus the signal from the nucleotide
active site is transmitted through these bypasses to the tail part of
myosin and induces large swinging deviations of the converter and
the lever arm from their average positions in the undisturbed thermal
equilibrium state. Their deviations in the x-z projection have a
tendency of unidirectional shift (Fig. 3(a)), while those in the x-y
projection show alternating shift with clockwise and counterclock-
wise rotations (Fig. 3(b)).

These deviations of residues from thermal equilibrium positions
are reflected in the difference between RMS3 (red) and RMS1 (blue)
curves in Fig. 4(b). RMS3 represents the magnitude of fluctuations of
the residue's positions including static conformational changes from
the undisturbed structure and it is fairly enhanced at several sites. Its
residue number dependence qualitatively agrees with the amplitude
of the computed displacement induced by the nucleotide pocket
deformation from ADP-BeFx state (PDB ID code 1kk8) to the
nucleotide free state (PDB ID code 1kk7) [18] and also with the
calculated B-factor for structures of ADP.VO, (PDB ID code 1DFL) [19].
Out of enhanced sites, residue 504 is located near the terminus of the
Relay helix that is a signal transmission path from nucleotide active
site to the converter through the bypass 507/708 mentioned above,
residue 633 is in Loop 2 that is very flexible and was reported to
provide highly charged contacts to an actin monomer [22] and
residues 715-764 constitute the converter linking to the lever arm.
RMS3 at the Cardiomyopathy loop (404-418) and the Primary binding
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Fig. 6. Top (a), side (b) and front (c) views of fluctuating structures at every 1 ns from 0 to 10 ns superimposed on the initial (0-ns) position of the junction with the lever arm. The “without
disturbance” case is represented in the left column and the “with disturbance” case is represented in the right column in each figure. The black line denotes the initial structure at t=0 ns.

site (529-562), both of which contact with actin molecules in the rigor
state [22], is not so large compared with RMST.

In an actual myosin molecule, however, another end of the lever
arm is fixed with the myosin filament, so that swinging motions of the
converter and the lever arm will rebound upon motions of the whole
myosin head. As shown in Fig. 5, which represents 10-ns average
structures superimposed at the lever arm in the presence (red) and the
absence (white) of disturbance, the head of the motor domain makes a
global bending to the (+y, -z) direction (from white to red) around a
hinge joint at the junction between the head and the lever arm. Thus
the conformational deviations are emphasized at the Cardiomyopathy
loop and the Primary binding site in the superimposed diagram. These
conformational changes are qualitatively consistent with the results of
snapshots obtained from structural analyses of myosin heads com-
plexed with nucleotide analogues [1-3,5-9].

However, the dynamic activities of the motor domain can hardly be
elucidated only in terms of a sequence of transient conformations. A
crucially important point is that each atom thermally vibrates [11-13]
around a position of the new averaged conformation in the presence of

ATP hydrolysis (red ribbon diagrams in Fig. 5), which is deviated from
that in the ATP-free state (white ribbon diagrams in Fig. 5). In general,
the energy landscape of a protein has multiple potential minima, and
large scale fluctuations, which jump over their barriers, consist of several
anisotropic collective modes [32]. The biased fluctuations of the actin-
binding site shown in Fig. 6(a) and (c) are conceived to be a reflection of
the anisotropic collective vibrations induced by the disturbance. The
unidirectional biased fluctuations of the motor domain shown in Fig. 6
(a) and (c) may push away actin molecules at a certain probability and
the rebounding force will give a recovery stroke to the myosin head. The
disturbance produced by ATP hydrolysis is an internal force for the
myosin molecule, so that it can generate a force externally only when the
lever arm is fixed to a heavy filament. The behavior of the motor domain
is stochastic but similar to that of a batting player, who stands firmly on
the ground and hits a ball by a directed twist of the waist and a swing of
the arms.

The myosin head was found to make biased swinging motions
around a hinge at the junction with the lever arm when the lever arm
was fixed. However, whether these biased fluctuations could
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stochastically generate forces to push away actin molecules and what
determines the directionality of relative movements [10] are subjects
remaining to MD simulations in the future.
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