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Abstract

A crucial point for mechanical force generation in actomyosin systems is how the energy released by ATP hydrolysis in the myosin motor

domain gives rise to the movement of the myosin head along the actin filament. We assumed the signal of the ATP hydrolysis to be

transmitted as modulated atomic vibrations from the nucleotide-binding site throughout the myosin head, and carried out 1-ns all-atom

molecular dynamics simulations for that signal transmission. We distributed the released energy to atoms located around the ATPase pocket

as kinetic energies and examined how the effect of disturbance extended throughout the motor domain. The result showed that the

disturbance signal extended over the motor domain in 150 ps and induced slowly varying collective motions of atoms at the actin-binding site

and the junction with the neck, both of which are relevant to the movement of the myosin head along the actin filament. We also performed a

principal component analysis of thermal atomic motions for the motor domain, and the first principal component was consistent with the

response to the disturbance given to the ATPase pocket.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

At the molecular level, muscle contraction is caused by

movement of the myosin head relative to the actin filament.

This movement is triggered by ATP hydrolysis, which

occurs in the ATPase pocket within the motor domain of

myosin heads. Two models have been presented for this

chemo-mechanical coupling: the lever-arm model [1] and

the loose-coupling model [2]. In the lever-arm model, the

myosin head repeatedly attaches to and detaches from the

actin filament via conformational changes and then flips

forward along the filament. From crystallographic analyses

of myosin heads complexed with nucleotide analogues, the
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conformational changes of the myosin head are assumed to

strongly couple with each step of ATP hydrolysis, with one-

to-one correspondence [3–6]. On the other hand, the loose-

coupling model is based on fluorescence microscopy of

single molecular motions [7], and the movement of the

myosin head relative to the actin filament during the

hydrolysis of a single ATP encompasses multiple steps that

are not always in the forward direction. Thus, in the loose-

coupling model, the movement of the myosin head is

considered to be analogous to directed Brownian motion

[2].

The actin-binding site and the junction site with the

neck are both several nanometers away from the ATPase

pocket in the myosin head, so that an issue of how the

signal of the ATP hydrolysis could be transmitted from the

nucleotide-binding site to the two sites has been of great

interest [1]. A widely accepted view was that the force
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Fig. 2. Backbone structure of the motor domain of myosin solvated with a

spheroidal water droplet. The coordinates x, y and z are defined as follows:

their origin is taken at the center of the spheroidal water droplet and the x
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generation was caused by a release of the bound nucleotide

from the myosin head and molecular dynamics (MD)

simulations were carried out to examine a conformational

change involved in the route of phosphate release follow-

ing ATP hydrolysis [8,9]. On the other hand, simultaneous

measurements of the release of nucleotide and the

mechanical reaction of a single myosin by Yanagida’s

group [10] revealed that the mechanical reaction started

regardless of the release of the nucleotide and surprisingly

in some cases the former preceded the latter. Thus in the

present work, we regarded a modification of atomic

vibrations due to a disturbance of the ATP hydrolysis as

a candidate of the event signal. We assumed that the energy

released by ATP hydrolysis is transformed into kinetic

energy of atoms located around the ATPase pocket in the

motor domain [11] and examined how its effect spread

over the motor domain through atomic interactions using

all-atom MD simulations.
axis is defined in the horizontal direction, the y axis in the vertical direction,

and the z axis is perpendicular to the x–y plane.
2. Procedure of MD simulations

From the structure data of myosin subfragment-1 S1

from scallop (PDB; 1kk7, M. Himmel et al.), we took the

motor domain (the N-terminal 785 residues) and repaired

missing residues in the original data. In Fig. 1, the

structure of S1, including an ATP analog (PDB; 1kk8,

M. Himmel et al.), delineates the position of the ATPase

pocket. The motor domain with a long and narrow shape

was solvated with a spheroidal water droplet as shown in

Fig. 2, so as to reduce the amount of calculation. The soft

half-harmonic potential [12] was applied to prevent the

water molecules from evaporating. The initial distance

from the motor domain to the soft half-harmonic potential

wall was more than 10 2. The whole system comprising

polypeptides and water was thermally equilibrated at 300

K for 300 ps. The total number of atoms is 68,662. After

this process, the trajectories of each atom were calculated

under the following two different initial conditions.
Fig. 1. A ribbon diagram of the scallop S1 structure (PDB-1kk8) including

an ATP analog, which is represented by a space-filling model within the

motor domain. The myosin head was truncated along the broken vertical

line, and the motor domain (left) was used for MD simulations.
1. Without giving any disturbance to the whole system, we

continued to calculate the trajectories for additional 1 ns

at 300 K.

2. An energy of 8.60�10�20 J released by hydrolysis of one

ATP molecule was distributed to 80 backbone atoms as

kinetic energy by giving an additional velocity to each

atom proportionally to its instantaneous velocity after the

equilibration run without changing the direction. These

atoms are located within a 10-2 radius around a position

where the g-phosphate would occupy when the myosin

binds a nucleotide. Out of 80 atoms, 29 belong to the p-

loop, 40 to switch I, and 11 to switch II. After giving the

disturbance, MD calculations were carried out for 1 ns at

300 K.

Details of the calculations are as follows. The software

was SANDER module in AMBER 7 [12]. We used

AMBER force field with parm96 parameters [13] and

the TIP3P [14] model for explicit water molecules. We

have used a special purpose computer called MD

EngineIIPC (Fuji Xerox Co., Ltd., Japan), which enables

us to calculate the electrostatic interaction of every atomic

pair without using the cut-off method. The van der Waals

interaction was estimated using a cut-off distance of 15 2.
The time step of 2 fs was used with the SHAKE algorithm

[15]. Berendsen’s method [16] was used for temperature

regulation during the initial thermal equilibration. How-

ever, the temperature was not regulated during the

sampling runs with different initial conditions mentioned

above to investigate the time evolution of the structural

difference caused by the additional energy imitating the

ATP hydrolysis. The graphical representations were pre-

pared with VMD [17] and ViewerLite (Accelrys Inc., San

Diego, CA, USA).



T. Kawakubo et al. / Biophysical Chemistry 115 (2005) 77–85 79
3. Results and discussion

3.1. Difference between trajectories of each atom with and

without initial disturbance

Fig. 3 shows trajectories of a carbons in four represen-

tative residues under two different initial conditions. The

blue line in each graph represents the trajectories without a

disturbance and the red line the trajectories following a

small disturbance that was initially given to 80 atoms in the
Fig. 3. The x, y and z components of trajectories for a carbons in four representati

and absence (blue line) of a disturbance corresponding to ATP hydrolysis. The ima

Residue 243 is located at the switch I region in the ATPase pocket; (b) residue 368

respectively; and (d) residue 722 is at the junction with the neck.
ATPase pocket. As for the coordinates x, y and z denoted in

Fig. 3, their origin was defined as the center of the

spheroidal water droplet shown in Fig. 2; the x axis was

defined in the horizontal direction, the y axis in the vertical

direction, and the z axis was perpendicular to the x–y plane.

The trajectory of residue 243, which is located in the

ATPase pocket, was unaffected by the difference between

two initial conditions. On the other hand, residues 368 and

541, which are located at the tips of two capes of the so-

called actin-binding cleft [6], show remarkable differences
ve residues computed under two initial conditions: in the presence (red line)

ge at the top-left in each figure shows the position of the relevant residue. (a)

and (c) residue 541 are located in the upper and lower 50-kDa subdomains,



Fig. 3 (continued).
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especially for the y and z coordinates. This was also the case

for residue 722, which is located at the junction with the

neck.

An X-ray diffraction analysis of the actomyosin complex

from rabbit skeletal muscle fibers [18] showed that the

diffraction pattern of the actin-based layer in the presence of

ATP was strikingly diffuse compared with the rigor state in

the absence of ATP. This result suggests that the atoms at the

actin-binding site of S1 molecules move randomly in the

presence of ATP. Large deviations of our MD trajectories for

residues 368 and 541 due to the initial disturbance given to

the ATPase pocket may be consistent with the results of the
X-ray diffraction analysis. On the other hand, flush-induced

phosphorescence anisotropy decay measurements revealed

that myosin heads [19], and specifically the regulatory light

chain (RLC) [20] in myofibrils, rotate over a wide range of

angles in the presence of ATP, though they are immobilized

in the rigor state without ATP. An electron paramagnetic

resonance (EPR) spectrum of the isolated spin-labeled RLC

of myosin [21] also showed nanosecond rotational motion

within the RLC, which was eliminated when the RLC was

bound to myosin heads in myofibrils or fibers in the rigor

state. Furthermore, an analysis of X-ray solution scattering

data [22] indicates that a conformational change of S1 in the



T. Kawakubo et al. / Biophysical Chemistry 115 (2005) 77–85 81
presence of MgATP is caused by a hinge-like bending

between the motor domain and the neck. The large

deviations appearing in the y and z coordinates of residue

722 in Fig. 3(d) may correspond to the bending or rotation

of the motor domain relative to the neck, as indicated in the

previous experiments [19–22].

3.2. Comparison of root mean square fluctuations of atomic

positions obtained from MD simulations and from Debye–

Waller factors

The root mean square (rms) fluctuations of atomic

positions calculated by MD simulations can be compared

with the Debye–Waller factors derived from X-ray

analyses (PDB; 1kk7, M. Himmel et al.). Fig. 4(a) shows

rms fluctuations of atomic positions of a carbons versus

residue number obtained from the MD simulation over 1

ns in thermal equilibrium at 300 K (blue) and those in the

case where an initial disturbance was added to the ATPase

pocket (red). For comparison with experimental results, the

rms fluctuations of atomic positions obtained from the

Debye–Waller factors in the PDB-1kk7 data are shown in

Fig. 4(b). The colored horizontal bar in (b) classifies the

secondary structures of the main chain: red, light blue,

black and yellow denote a helices, h sheets, other

structures and missing residues, respectively. The atomic

position of missing residues could not be determined,

probably due to large thermal fluctuations; hence, there

were no data for the Debye–Waller factors. For these

missing residues, atomic positional fluctuations in the MD

simulations were enhanced in the non-equilibrium state
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Fig. 4. Comparison among the root mean square (rms) fluctuations of

atomic positions versus residue number: (a) obtained from 1 ns MD

simulations in thermal equilibrium (blue) and from those following an

initial disturbance (red); and (b) the rms fluctuations given in the

crystallographic data of PDB-1kk7. The colored horizontal bar in (b)

classifies the secondary structures of the main chain: the red, light blue,

black and yellow denote a helices, h sheets, other structures and missing

residues, respectively.
triggered by the disturbance as well as in the thermal

equilibrium state.

3.3. Global evolution of coordinate deviations triggered by

a small disturbance into collective motions of atoms

The preceding section presented the root mean square

fluctuations of each atomic position averaged over 1 ns.

Fig. 5 shows that coordinate deviations, triggered by a

small disturbance given to atoms around the ATPase

pocket, evolved into collective low frequency modes

spreading over the motor domain. The abscissa represents

the residue number and the ordinates Dx, Dy and Dz are

the deviations of x, y and z coordinates of a carbons due

to the initial disturbance from the coordinates in the

absence of the disturbance at each time. The oblique line

is the time axis. The time domains are separated into two

parts: 0–1 ps (a, b, c) and 0–1000 ps (aV, bV, cV). The

initial disturbance was given to three groups of atoms,

i.e., the atoms of residues 174–184 (p-loop), 230–244

(switch I) and 460–463 (switch II). Effects of the

disturbance appear as very small signals at a time of

0.05 ps in Fig. 5(a)–(c). At early times, each a carbon

moves randomly irrespective of its neighbors, but slowly

varying collective motions are grown up at around 150

ps. The influence of the disturbance spreads rapidly over

the motor domain, due presumably to the multiplicity of

folded structures of the protein and anharmonicities of the

atomic interactions.

The motor domain is divided into four sub-domains,

namely the N-terminal, the upper 50 kDa, the lower 50

kDa, and the converter, which roughly correspond to

residues 1–175, 176–450, 451–707 and 708–785, respec-

tively. Residues 601–670 in the third group are excep-

tional in that they belong to the upper 50-kDa sub-

domain. According to Fig. 5(aV), almost all the atoms in

the N-terminal, the upper 50-kDa and the converter sub-

domains shift in the positive direction of x. In Fig. 5(bV),
the atoms in the N-terminal and the converter sub-

domains shift the y component of deviations from positive

to negative, which may indicate oscillatory behavior of the

deviations. Fig. 5(cV) represents a noticeable aspect in that

the actin-binding sites of residues 350–440 in the upper

50-kDa sub-domain and of residues 515–600 in the lower

50-kDa sub-domain deviate toward the positive direction

of z , whereas the converter sub-domain (708–785)

deviates toward the negative direction. These results

indicate that the disturbance has a tendency to cause

large atomic deviations at the N-terminal sub-domain, the

actin-binding site and the converter sub-domain connected

to the neck.

According to the linear response theory for a system,

which is subjected to a generalized force or a disturbance,

its response has a correlation with the thermal equilibrium

fluctuations of the system. In order to check this

correlation for the present system, we compared the root



Fig. 5. Global evolution of coordinate deviations into collective modes spreading over the motor domain. Small coordinate deviations are initially triggered by

a disturbance given to atoms around the ATPase pocket. The abscissa is the residue number and the ordinates Dx, Dy and Dz denote the deviations of the x, y

and z coordinates of atoms following an initial disturbance from those in thermal equilibrium at each time. The oblique line is the time axis. The time domains

are separated into two parts: 0–1 ps (a, b, c) and 0–1000 ps (aV, bV, cV).
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thermal equilibrium (black) and (2) the deviations of atomic positions due

to the disturbance (red).
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mean square of the deviations of atomic positions with the

rms fluctuations of atomic positions in thermal equili-

brium. Fig. 6 shows their superimposed residue depend-

encies, which are found to be in accord with each other.

This indicates that the linear response theory would be

valid for dynamical response to a chemical disturbance in

the myosin motor domain.

The energy utilized to drive the myosin head into

interactions with the actin filament will not be sustained in

a high frequency form such as thermal vibrations. This is

likely to proceed in a form of low frequency collective

modes. Previous stochastic theories and simulations,

which are concerned with random motions of the myosin

head along the actin filament (potentials for which are

periodic but asymmetric), revealed that directed move-

ments of the myosin head occur when the height of

potentials fluctuates at some optimal frequency [23,24].

However, a full understanding of the random but directed

movements will require large MD simulations that cover a

thousand times longer period and account for all the

interactions among atoms in both the myosin head and the

actin filament.

3.4. Principal component analysis of thermal motions

The principal component analysis (PCA) of thermal

motions is useful for predicting the most probable con-

formational deformation of proteins [25–27]. For the

myosin head, collective mode analysis of overall structural

fluctuations has been performed using a coarse-grained

model to compare with X-ray solution scattering data [28].

We have carried out the PCA for the myosin motor domain,

using all-atom MD thermal trajectories. After translational

and rotational motions are removed, the variance–cova-

riance matrix (rij) of fluctuations of the three-dimensional

coordinates qi (i=1–3 N; N=785) of the a carbons is

calculated by,

rij ¼ hðqi � hqiiÞðqj � hqjiÞi; ð1Þ

where b. . .N represents the average over 1 ns. The

eigenvalues and eigenvectors are obtained by diagonalizing

the variance–covariance matrix. The quasi-harmonic fre-

quencies and quasi-harmonic modes of vibration are

calculated from the eigenvalues and eigenvectors, respec-

tively. The mode with largest eigenvalue is the first principal

component, which corresponds to the slowest and most

probable mode of atomic random motions.

The x–y and x–z plane projections of the first

principal component are shown in Fig. 7. In order to

depict the length and direction of the principal compo-

nents in two-dimension, we have employed a method

introduced by Tai K. et al. [28]. Each cone depicts the

direction and the relative magnitude of the first principal

component of fluctuations for each atom. The color of

the cones indicates the magnitude of the vector changing
from orange (long) to blue (short). Remarkable devia-

tions are found at the N-terminal sub-domain, the actin-

binding site and the converter sub-domain. This is

consistent with the response to disturbance described in

the Section 3.3. The residue number dependence of the

magnitude of the first principal component (data not shown)

was found to be roughly in accord with the blue curve in

Fig. 4(a), which is the total rms fluctuations in thermal

equilibrium. The relative contribution of the first principal

component was 58%, implying that most of all the total

fluctuations of atoms are expressed in terms of the first

principal component.

For some protein functions, the problem will be reduced

to addressing what kinds of collective modes are excited

when some stimulation or disturbance is applied to the

protein. Thus, mode analyses of fluctuations using MD

simulations will be useful to examine the most probable

inter-mode transfer of vibrational energy and to find a

collective mode that is representative of protein function

[29].
4. Conclusions

The run time of 1 ns is too short to describe the overall

behavior of the myosin motor following an ATP hydrol-

ysis. Our simulations, however, revealed that the signal of

the ATP hydrolysis could be transmitted in 150 ps from the

nucleotide-binding site throughout the motor domain. This

is probably due to the multiplicity of folded structures of

the protein and anharmonicities of the atomic interactions.

Another point is that the disturbance given to the ATPase

pocket was found to induce slowly varying collective

motions of atoms at the actin-binding site and the junction

with the neck, which are relevant to the sliding motion of

the myosin head. In a relation to the linear response theory,

the response to the disturbance was strongly correlated with

the thermal equilibrium fluctuations of the atomic posi-

tions. Further, the first component of molecular motions

obtained from the principal component analysis was also



Fig. 7. Schematic representation of the eigenvector of the first principal component obtained from the thermal equilibrium MD simulation over 1 ns. Projections

of the eigenvector are onto the x–y plane (a) and the x–z plane (b). Displacements of atoms are amplified so as to be clearly visible. The color of the cones

indicates the magnitude of the vector changing from orange (long) to blue (short).
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consistent with the response to the perturbation of the

ATPase pocket.
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