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a b s t r a c t

Various biological functions related to cell motility are driven by the interaction between the partner
proteins, actin and myosin. To obtain insights into how this interaction occurs, the internal dynamics of
F-actin and myosin subfragment-1 (S1) were characterized by the quasielastic neutron scattering mea-
surements on the solution samples of F-actin and S1. Contributions of the internal motions of the pro-
teins to the scattering spectra were separated from those of the global macromolecular diffusion.
Analysis of the spectra arising from the internal dynamics showed that the correlation times of the
atomic motions were about two times shorter for F-actin than for S1, suggesting that F-actin fluctuates
more rapidly than S1. It was also shown that the fraction of the immobile atoms is larger for S1 than for
F-actin. These results suggest that F-actin actively facilitates the binding of myosin by utilizing the more
frequent conformational fluctuations than those of S1.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Many biological functions related to cell motility including
muscle contraction are driven by the interaction between the
partner proteins, actin and myosin. Myosin binds to the polymer-
ized actin (F-actin), producing force by utilizing the hydrolysis
energy of adenosine triphosphate. Structural aspect of this actin-
myosin interaction has been extensively studied [1], and the
recent structures of F-actin alone or decorated with myosin
subfragment-1 (S1; the head region of the myosin molecule con-
taining both the catalytic domain and the actin-binding sites)
solved at the atomic level [2e4] have advanced significantly our
understanding of the mechanism of this interaction in terms of the
protein structures. F-actin is, however, a flexible molecule: F-actin
changes its intrinsic flexibility upon nucleotide binding [5] and
myosin binding [6], and F-actin has been proposed to adopt mul-
tiple structural conformations (structural polymorphism) [7]. S1
enter, Japan Atomic Energy
un, Ibaraki 319-1195, Japan.

ara).
has also been found to exhibit structural flexibility: There is a wide
range of variations in the orientation of the lever arm of the S1
molecule in the nucleotide-free state [8,9]. Furthermore, it has
recently been shown that the compaction-expansion structural
fluctuations of some loops at the actin-interface of S1 are essential
for the proper functioning [10]. These findings suggest that the
dynamical properties of both F-actin and S1 molecules are one of
the key factors for the actin-myosin interaction. Thus, for full un-
derstanding of the mechanism of the actin-myosin interaction,
exploration of the dynamical aspect of this interaction is required.
In particular, investigation of possible differences in the dynamics
between them is important because the degree of protein flexibility
generally affects the conformational space that the protein can
explore, and hence the rate of binding [11]. However, to the best of
our knowledge, this point has not been addressed so far.

In this study, we compared the dynamics of F-actin and S1 by
incoherent quasielastic neutron scattering (QENS). The motions of
hydrogen atoms in protein molecules at pico-to nanosecond
timescales can be probed by QENS. Since the incoherent neutron
scattering cross-section of hydrogen atoms is more than 40 times
larger than any other atoms found in protein samples, the
measured QENS spectra arise predominantly from all the hydrogen
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atoms contained in the samples [12]. The measurements on the
protein samples in D2O-solvent thus provide the QENS spectra
arising from the hydrogen atoms in the protein. Since the hydrogen
atoms distribute homogeneously throughout the protein molecule,
the information on the averaged dynamics over the whole protein
is obtained by the QENS measurements. The motions at pico-to
nanosecond timescales are essential for proper functions of pro-
teins because the motions at these timescales act as a lubricant for
the conformational changes of proteins at much slower timescales
[13]. QENS thus provides quite a useful tool to investigate how the
dynamics at these timescales is related to the functions of the
proteins. Here, we carried out the QENS measurements on the D2O
solution samples of F-actin and S1, and detected the differences in
dynamics between F-actin and S1.

2. Materials and methods

2.1. Sample preparation

Actin was purified from acetone powder of chicken breast
muscle according to the procedure described [14]. The F-actin so-
lutionwas prepared by polymerization of G-actin (monomeric form
of actin) by adding MgCl2 to the final concentration of 1 mM to the
D2O buffer containing 5 mM Tris-DCl (pD 8.0), 0.2 mM ATP, 0.1 mM
CaCl2, 1 mM NaN3, and 0.5 mM dithiothreitol. The F-actin solution
was then ultracentrifuged at 100,000 � g for 2 h. The obtained
pellet was used as the sample for the neutron scattering experi-
ments. The concentration of F-actin in the pellet was 150 mg/ml,
which was determined spectrophotometrically by using the
extinction coefficients E2801% of 11.1.

Myosin S1 was prepared by chymotryptic digestion of myosin
from rabbit skeletal muscle as described [15], followed by dialysis
against the D2O buffer containing 20mM Tris-DCl (pD 8.0), 150 mM
KCl, 1 mM NaN3, and 0.5 mM dithiothreitol. The S1 solution sample
was concentrated to 80 mg/ml by using Amicon Ultra-15 centrif-
ugal concentrators (MWCO: 30,000). The concentration of S1 was
determined spectrophotometrically by using E2801% of 7.5.

Each solution samplewas put in an aluminum flat cell of 0.4 mm
thickness and sealed with indium wire for the neutron scattering
experiments.

2.2. Neutron scattering experiments

The QENS measurements were carried out at 300 K using the
cold-neutron disk-chopper spectrometer AMATERAS in MLF/
J-PARC (Ibaraki, Japan) [16]. The measurements were done at
multiple incident energy (multi-Ei measurements) with energy
resolutions of 90.5, 26.6, and 11.5 meV, at which the motions faster
than 7, 25, and 57 ps are accessible, respectively. The energy reso-
lution thus serves as amotion filter (an instrumental timewindow).
A vanadium sample was measured for intensity correction and for
defining the instrument energy resolutions. Subtraction of the
spectra of the buffer from those of the sample with the appropriate
scaling factor yielded the spectra arising from the proteins. The
scaling factor was estimated from the weight of the proteins in the
samples and the value of the partial specific volume of 0.73 cm3/g.
Note that, at 11.5 meV energy resolution, the low statistics of the
data hampered the detailed analysis of the QENS spectra in addition
to the smaller range of the measurable momentum transfer Q (¼
4psinq/l, where 2q denotes the scattering angle and l denotes the
incident wavelength) than those at other energy resolutions. Ana-
lyses of the QENS spectra at 90.5 and 26.6 meV energy resolutions
are thus described here. Fitting of the measured spectra was done
in the range of �1.5 meV � DE � 1.5 meV using IGOR Pro software
(WaveMetrics, Lake Oswego, OR, USA).
3. Results and discussion

The measured QENS spectra can be described by the following
equation [12]:

SðQ ;uÞ ¼ DWðQÞ � expð � Zu=2kBTÞ
�
h
SglobalðQ ;uÞ5SlocalðQ ;uÞ5RðQ ;uÞ

i
þ BðQÞ (1)

where Zu is the energy transfer, DW(Q) is the Debye-Waller factor,
which accounts for vibrational modes, exp(-Zu/2kBT) is the detailed
balance factor, Sglobal(Q, u) and Slocal(Q, u) denote the scattering
function of the macromolecular global diffusion and the scattering
function of the local atomic motions, respectively, R(Q, u) is the
resolution function of the spectrometer, and B(Q) is the
background.

Sglobal(Q, u) can be described by a Lorentzian function as

SglobalðQ ;uÞ ¼ ð1=pÞ �
�
GglobalðQÞ

.�
GglobalðQÞ2 þ u2

��
; (2)

where Gglobal (Q) is the half-width at half-maximum (HWHM) of
the Lorentzian function. Slocal(Q, u) can be described by

SlocalðQ ;uÞ ¼ A0ðQÞdðuÞ þ
X
i¼1

AiðQÞLiðGi;uÞ (3)

where A0(Q)d(u) is the elastic component with A0(Q) being the
fractional intensity and d(u) being the Dirac delta-function, and
Ai(Q) is the fractional intensity of the i-th Lorentzian function Li(Gi,
u) ¼ (1/p) � (Gi (Q)/(Gi (Q)2 þ u2)), where Ai(Q) meets the
condition,

X
i¼0

AiðQÞ ¼ 1: (4)

The measured spectra of S1 and F-actin were shown in Fig. 1(A)
and (B), respectively, together with the corresponding fits using Eq.
(1), in which Slocal(Q, u) contains one Lorentzian function with its
HWHMbeing Glocal (Slocal(Q,u) is defined in Eq. (3)). Addition of the
second Lorentzian did not improve the fit, judged from the values of
the reduced-c2 (data not shown). The equation containing one
Lorentzianwas thus sufficient to fit to the measured spectra of both
S1 and F-actin.

The Q2-dependence of Gglobal of S1 is shown in Fig. 2(A). Gglobal
increases linearly with increasing Q2, indicating that the observed
motions are free diffusion. The slope of the linear increase provides
the translational diffusion coefficient, DT. Although the values of
Gglobal (Q) are smaller than those of the resolution function at low-Q
region, about 10% broadening of the resolution width can be
detected [17,18]. The estimated DT values of S1 were
7.4 ± 0.6 � 10�7 cm2/s at 90.5 meV, and 7.4 ± 0.2 � 10�7 cm2/s at
26.6 meV. These are in the same order as those obtained for other
protein solutions [17,19]. On the other hand, as shown in Fig. 2(B),
the Q2-dependence of Gglobal of F-actin showed different behavior
from that of S1: The values of Gglobal at 90.5 meV showed a plateau
below Q2 ~ 1.2 Å�2, and then increased with increasing Q2. This
behavior is indicative of diffusive motions within a confined space
rather than free diffusion [12]. The values of Gglobal at 26.6 meV also
showed similar behavior to that observed at 90.5 meV though the
features of the behavior were less significant. From the linear fits to
the Q2-region above 1.0 Å�2 for 90.5 meV and 0.4 Å�2 for 26.6 meV,
respectively, the DT values were estimated to be
6.6 ± 0.3 � 10�7 cm2/s and 4.9 ± 0.1 � 10�7 cm2/s, at 90.5 meV and
26.6 meV, respectively. Since the DT value of the whole F-actin was
estimated to be 2.4e7.7 � 10�10 cm2/s even at much lower



Fig. 1. Examples of the quasielastic neutron scattering spectra of (A) myosin S1 and (B) F-actin. The spectra at Q ¼ 1.1 Å�1 at 26.6 meV energy resolution are shown. Open circles in
black denote the data points, and solid lines in blue, red, and green, denote the total fits, the elastic components, and the Lorentzian functions, respectively. Dotted lines denote the
resolution functions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Variations of the half width at half maximum of the Lorentzian functions as a function of Q2. The Q2-dependences of Gglobal (Q) of (A) S1 and (B) F-actin are shown with the
corresponding linear fits. The Q2-dependences of Glocal (Q) of S1 and F-actin are shown in (C) and (D), respectively. The solid lines denote the fits using Eq. (5) in the main text. The
error bars are within the symbols if not shown. The data obtained at the energy resolutions of 90.5 meV and 26.6 meV are shown in red and blue, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

T. Matsuo et al. / Biochemical and Biophysical Research Communications 459 (2015) 493e497 495
concentration of 4 mg/ml than that employed in the present study
[20], the values obtained here cannot arise from the diffusion of the
whole F-actin. The DT values obtained here are likely to arise from
the diffusive motions of the individual actin molecules within F-
actin. Themotions of the individual actin molecules are confined by
the contacts with the neighboring actin molecules, which is
consistent with the observation described above. The different DT
values at the different energy resolutions imply that there is a
distribution of the diffusive motions of the actin molecules in F-
actin. It has been found that F-actin shows not only the bending
motion but also the local unraveling into the two long-pitch helical
strands [21]. It is thus likely that the interactions between the actin
molecules are not identical over the entire length of F-actin. These
differences would produce the distribution of the global motions of
the individual actin molecules in F-actin.

The Q2-dependence of Glocal of S1 is shown in Fig. 2(C). At both
90.5 meV and 26.6 meV, Glocal has the non-zero intercept at Q ¼ 0,
indicating the diffusive motions within a confined space. Glocal in-
creases asymptotically to a plateau value with increasing Q. This
behavior can be fit by the equation based on the jump-diffusion
model [12]:

GlocalðQÞ ¼ DTQ
2
.�

1þ DTQ
2tT

�
; (5)

where DT denotes the translational diffusion coefficient of the
jump-diffusion, and tT denotes the residence time. The plateau
value is related to the residence time by the relation (the plateau
value ¼ 1/tT). The estimated values of tT were 3.0 ± 0.6 ps for
90.5 meV and 4.0 ± 0.5 ps for 26.6 meV, respectively. These values are
typical for the globular proteins, such as those reported for
myoglobin and lysozyme in solution [17]. Fig. 2(D) shows the Q2-
dependence of Glocal of F-actin. Similar behavior to that of S1 was
observed. Estimation of the residence times according to Eq. (5)
yielded the tT values of 1.85 ± 0.09 ps at 90.5 meV, and



Fig. 3. The Q-dependence of the EISF. The EISF curves of (A) S1 and (B) F-actin as a function of Q are shownwith the corresponding fits (solid lines). The color scheme is the same as
in Fig. 2. The error bars are within the symbols if not shown. The dotted line in (B) denotes the representative fit to the data at 26.6 meV using the equation containing one
population of atoms undergoing diffusive motions within a confined space. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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1.8 ± 0.1 ps at 26.6 meV, respectively. The tT values obtained for F-
actin are about two times smaller than those obtained for S1 at both
energy resolutions, indicating that the local motions of F-actin are
faster than those of S1.

Geometry of the motions was characterized by analysis of the
elastic incoherent structure factor (EISF), which is calculated as the
ratio of the elastic intensity to the sum of the elastic and the qua-
sielastic intensity. Fig. 3(A) shows the Q-dependence of the EISF of
S1. Analysis of these EISF curves were done by fitting with the
equation based on the model describing diffusive motions within a
sphere:

EISFðQÞ ¼ p0 þ p1 � ð3j1ðQa1Þ=Qa1Þ2; (6)

where p0 denotes the fraction of the atoms observed as “immobile”
within the instrumental time window, p1 (¼ 1 e p0) denotes the
fraction of the atoms undergoing the diffusive motions in a
confined sphere of the radius a1, and j1 denots the spherical Bessel
function of the first kind of order 1 [22]. The bestefit parameters
are summarized in Table 1. Fig. 3(B) shows the Q-dependence of
EISF of F-actin. The EISF of F-actin is different from that of S1,
indicating that the geometry of the local motions is different be-
tween them. The EISF of F-actin cannot be fit well with the equation
containing only one population of the atoms undergoing the
diffusive motions within a confined space as shown by dotted lines
in Fig. 3(B). The EISF of F-actin was thus fit with the equation
containing two diffusive motions within the spheres of the
different radii:

EISFðQÞ ¼ p0 þ p1 � ð3j1ðQa1Þ=Qa1Þ2 þ p2 � ð3j1ðQa2Þ=Qa2Þ2;
(7)

where p0 denotes the immobile fraction of atoms, p1 and p2 denote
the fraction of atoms undergoing the diffusive motions within a
sphere of the radii a1 and a2, respectively, and p0 þ p1 þ p2 ¼ 1. The
obtained parameters are summarized in Table 1. As shown in
Table 1, while a large fraction of the atoms in S1 is “immobile”, a
Table 1
Summary of the parameters on the geometry of the motions derived from the EISF
analysis.

p0 p1 a1 [Å] p2 a2 [Å]

Myosin S1
90.5 meV 0.68 (0.02) 0.32 (0.02) 2.7 (0.2) e e

26.6 meV 0.60 (0.01) 0.40 (0.01) 2.4 (0.1) e e

F-actin
90.5 meV 0.1 (0.1) 0.08 (0.01) 8 (6) 0.8 (0.1) 1.1 (0.1)
26.6 meV 0.0 (0.2) 0.18 (0.01) 5.8 (0.5) 0.8 (0.2) 1.0 (0.1)

Values in parenthesis are the standard deviations.
significant fraction of the atoms in F-actin was detected as mobile.
This indicates that F-actin has a large population of the atoms
moving faster than those of S1. These atoms in F-actin would allow
it to search the conformational space more frequently than S1.

The major difference in the sample environment, which could
have some effects on the protein dynamics, is the existence of
150 mM KCl in the S1 buffer. However, the effect of KCl, which is a
well-known chaotrope, is to slightly increase the translational
diffusion coefficient of water [23]. Moreover, it has been suggested
that KCl increases protein flexibility [24]. It is therefore unlikely
that the S1 dynamics is suppressed by the reduced mobility of
water molecules, or by the direct binding of Kþ and/or Cl� to the
protein surface.

The direct comparison of the internal dynamics of F-actin and S1
here has demonstrated that the atoms in F-actin fluctuate more
rapidly than those in S1, and that the fraction of the immobile
atoms is smaller for F-actin than for S1. Since the QENS spectra arise
as the sum of the spectra of all the individual hydrogen atoms
distributed homogeneously in the proteins, the information ob-
tained was on the average motions of (the hydrogen atoms within)
the whole molecule. The differences observed here are therefore
genuine differences in the average internal dynamics between F-
actin and S1. These results thus indicate that, on average, the atoms
in F-actin are more mobile than those in S1. This high mobility of
the atoms in F-actin would allow it to search the conformational
space frequently, which facilitates sampling of a variety of confor-
mational substates. This is consistent with the notion of the
structural polymorphism of F-actin [7], and the observation that F-
actin switches between low- and high-FRET efficiency states, the
latter of which is favored by the myosin-binding state [25]. Unlike
myosin, the numerous actin-binding proteins have been found [26].
It has been shown that F-actin adopts slightly different conforma-
tions upon binding of the actin-binding proteins even belonging to
the same superfamily [27,28]. It would be the enhanced flexibility
of F-actin that enables the multiple interactions with the actin-
binding proteins by adopting multiple conformations. The differ-
ences in the internal dynamics between F-actin and S1 detected
here suggest that F-actin plays amore active role thanmyosin in the
binding process, or in the initial phase of the actin-myosin inter-
action. Among the multiple conformations that F-actin can adopt,
some of them would be more favorable for myosin to bind to F-
actin. The results obtained here should serve as a basis for a new
research direction, in which the dynamical aspect of the actin-
myosin interaction is explored and thereby obtaining new in-
sights into the mechanism of this interaction.
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