Eur Biophys J (2011) 40:661-671
DOI 10.1007/500249-011-0669-4

ORIGINAL PAPER

Internal motions of actin characterized by quasielastic neutron

scattering

Satoru Fujiwara - Marie Plazanet - Fumiko Matsumoto *

Toshiro Oda

Received: 23 August 2010/ Revised: 28 December 2010/ Accepted: 3 January 2011 /Published online: 20 January 2011

© European Biophysical Societies’ Association 2011

Abstract Quasielastic neutron scattering (QENS) exper-
iments were carried out on powders of F-actin and G-actin
hydrated with D,0 to characterize the internal dynamics on
the picosecond time scale and the Angstrom length scale.
To investigate the effects of hydration, the measurements
were done on samples at hydration ratio (k) of 0.4 (mg
D,0/mg protein), containing only the first layer of hydra-
tion water, and at & = 1.0, containing more layers of water.
The QENS spectra, obtained from the measurements at two
energy resolutions of 110 and 15 peV, indicated that the
internal motions of both F-actin and G-actin have distri-
butions of motions with distinct correlation times and
amplitudes. Increasing hydration changes relative popula-
tions of these distinct motions. The effects of hydration
were shown to be different between F-actin and G-actin.
Elastic incoherent neutron scattering measurements pro-
vided the concerted results. The observed effects were
interpreted in terms of the dynamical heterogeneity of the
actin molecule: in G-actin, more surface loops become
flexible and undergo diffusive motions of large amplitudes,
whereas in F-actin the molecular interactions that keep the
polymerized state suppress the large motions of the surface
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loops involved with polymerization so that the population
of atoms undergoing large motions can increase only to a
lesser degree.
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Introduction

Actin is one of the most abundant proteins in eukaryotic
cells and carries out various cellular functions related to
cell motility and morphology including cell locomotion,
cell division, and transport of intracellular organelles
(Carlier and Pantaloni 1997; Pollard et al. 2000). The actin
monomers (G-actin) polymerize to form a helical polymer
(F-actin). This polymerization-depolymerization process,
controlled through interactions with various actin-binding
proteins, plays crucial roles in a variety of functions of
actin. F-actin has been shown to exhibit various degrees of
flexibility depending on its environmental conditions
(Ishiwata and Fujime 1972; Janmey et al. 1990; Orlova and
Egelman 1993; Isambert et al. 1995; Rebello and Lude-
scher 1998). This modulation of flexibility of F-actin has
been suggested as important in expressing multiple func-
tions (Ishiwata and Fujime 1972; Orlova and Egelman
1993; Isambert et al. 1995). Elucidation of the mechanism
of multi-functions of actin thus requires understanding of
the flexibility of F-actin.

Flexibility arises from the motions of F-actin that occur
at various levels, from large scale motions of F-actin as a
whole on a millisecond time scale and a pum length scale,
through relative motions of the actin protomers and sub-
domain motions within the actin protomers, down to
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thermal fluctuations of polypeptide chains and their side
chains on a picosecond time scale and an ;\ngstrom length
scale. Well-accepted knowledge that thermal fluctuations
of atoms within a protein are crucial for conformational
changes of the protein to occur, and hence function (Zaccai
2000), implies that these motions at different levels are
closely related to each other. Understanding of the flexi-
bility of F-actin thus requires characterizing this hierarchy
of dynamics.

Towards this ultimate purpose, we have started to
investigate the internal dynamics of the actin protomers
in F-actin with neutron scattering. Neutron scattering
provides unique tools to directly measure the internal
dynamics of biological macromolecules (Smith 1991).
Because of the large incoherent scattering cross-section of
hydrogen atoms compared to other atoms found in proteins
and solvents, elastic or quasi-elastic incoherent neutron
scattering arise predominantly from the hydrogen motions.
The measurements thus monitor the average individual
dynamics of hydrogen atoms within the protein. High
abundance (up to 50%) and nearly homogeneous distribu-
tion of hydrogen atoms in the protein make it possible to
characterize the internal dynamics of the protein in a global
manner. In a previous study (Fujiwara et al. 2008), we have
employed elastic incoherent neutron scattering (EINS). The
EINS experiments provide estimation of the atomic mean
square displacement that is principally due to hydrogen
atoms, the motions of which reflect those of the side chains
and backbone atoms to which they are bound (Smith 1991).
Temperature dependence of this mean square displacement
provides a measure of the flexibility of the protein. We
performed the EINS experiments of the hydrated powders
of F-actin and G-actin, containing one layer of hydration
water, and found that behavior of the mean square dis-
placements is different between G-actin and F-actin, such
that G-actin is “softer” than F-actin, and that this different
behavior observed is ascribed to the differences in
dynamical heterogeneity between F-actin and G-actin.

Here, quasi-elastic neutron scattering (QENS) was
employed to further characterize the internal dynamics of
actin. This technique provides information on correlation
times and geometry of the averaged atomic motions, and
has been applied to a variety of systems of biological
macromolecules, from proteins and their hydration water to
bacterial cells (Doster et al. 1989; Bellissent-Funel et al.
1992; Fitter et al. 1996, 1998; Receveur et al. 1997; Fitter
1999, 2003; Zanotti et al. 1999, 2006; Pérez et al. 1999;
Paciaroni et al. 1999; Dellerue and Bellissent-Funel 2000;
Bu et al. 2000, 2001; Bon et al. 2002; De Francesco et al.
2004; Bastos et al. 2004; Caronna et al. 2005; Pieper et al.
2007, 2008a, b; Tehei et al. 2007; Gasper et al. 2008;
Koper et al. 2008; Jasnin et al. 2008; Stadler et al. 2008).
We prepared powder samples of F-actin and G-actin
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hydrated with D,0, and performed the QENS experiments
of these samples. Particular attention was paid to the
effects of hydration. Since the proteins usually function in
aqueous environments containing more water than one
layer of hydration water, the way in which water outside of
the hydration layer might affect the internal dynamics of
the protein is important in understanding the multi-func-
tions of actin. We thus aimed at characterizing the internal
dynamics of F-actin and G-actin under two different con-
ditions of hydration: samples containing only the first
hydration water, and samples containing more layers of
water in addition to the first hydration water. To do this, we
prepared the D,O-hydrated powder samples with different
degrees of hydration ratio corresponding to these condi-
tions: the sample at the hydration ratio () of 0.4 (g D,O/g
protein) and that at 4~ = 1.0. The QENS measurements on
these samples detected different effects of hydration on the
internal protein dynamics between F-actin and G-actin. The
EINS measurements on the same samples provided con-
sistent results.

Materials and methods
Sample preparation

The hydrated powder samples of F-actin and G-actin at
h = 0.4 were prepared exactly as previously described
(Fujiwara et al. 2008). Briefly, actin was purified from
acetone powder of chicken breast muscle according to the
standard procedure (Spudich and Watt 1971). F-actin was
prepared by polymerization of the actin molecules in the
solution containing 60 mM KCI, 2 mM MgCl,, 0.1 mM
CaCl,, 0.2 mM ATP, and 2 mM Tris—HCI (pH 8.0). For
the preparation of G-actin, the actin molecule was labeled
with the fluorescent probe tetramethyl-rhodamine-5-mal-
eimide (TMR), which inhibits polymerization of the actin
molecules (Otterbein et al. 2001). This TMR-labeled actin,
suspended in the solution containing 0.1 mM CaCl,,
0.2 mM ATP, and 2 mM Tris—HCI (pH 8.0), was used as
G-actin. Note that TMR does not contribute QENS or
EINS spectra significantly because of small number of
hydrogen atoms in TMR compared to the actin molecule
(23 in TMR and 2273 in the actin molecule). Note also that
comparison of the temperature factors, which can be a
measure of the dynamics, of the crystal structure of the
TMR-labeled actin (PDB code: 1J6Z, Otterbein et al.
2001) and that of the unlabeled actin (PDB code: 2HF3,
the structure solved at a similar resolution to 1J6Z, Rould
et al. 2006) showed that they have similar distributions
along the residue numbers (data not shown). This implies
that TMR does not change the dynamics of the actin
molecule significantly.
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Purified F-actin and G-actin were suspended in appro-
priate solutions in D,O, concentrated, and dried in D,O
atmosphere so that the signals from the proteins were
dominant. The samples at 4 = 1.0 were prepared by adding
appropriate amounts of D,O to the powders at h = 0.4
because the equilibrium with D,O atmosphere did not bring
the samples to such a high value of the hydration ratio. The
precise hydration ratios of F-actin were 0.38 and 0.97 for
the samples denominated by h =04 and h = 1.0,
respectively. The hydration ratios of G-actin were 0.36 and
1.16 for the samples denominated by # = 0.4 and & = 1.0,
respectively. Structural integrity of F-actin in the powder
samples was checked by X-ray diffraction experiments,
performed at the small-angle scattering station BL-45XU-
SAXS (Fujisawa et al. 2000) at SPring8, Harima, Japan.
The diffraction patterns of the F-actin powders (data not
shown) showed a peak at the position corresponding to the
strong layer-lines at 59 and 51 A in the fiber diffraction
pattern of F-actin (the intensity distributions of the two
layer-lines were fused into one rather broad peak because
of spherical averaging), as found in the solution X-ray
scattering pattern of F-actin (Matsudaira et al. 1987) and
the diffraction pattern of the dried “thin-films” of F-actin
(Astbury et al. 1947). This implies that the structural
integrity of F-actin was maintained during the drying
process. On the other hand, the patterns of G-actin powders
did not show such peaks, indicating that polymerization did
not occur on these samples.

Quasielastic neutron scattering experiments

The QENS experiments were performed on the disk
chopper time-of-flight spectrometer IN5 at the Institut
Laue-Langevin (ILL), Grenoble, France. The spectra were
measured using incident neutrons of a wavelength of 5 Aat
energy resolution of 110 peV. The measurements were
also done using incident neutrons of a wavelength of 10 A
at energy resolution of 15 peV. The measured ranges of the
momentum transfer, Q (=4rnsin0/), where 20 denotes
scattering angle and A denotes the wavelength of incident
neutrons), were between 0.45 and 2.1 A~! for the mea-
surements at 110 peV, and between 0.24 and 1.0 A~! for
the measurements at 15 peV, respectively. The energy
resolutions of 110 and 15 peV correspond to the motions
faster than ~6 ps and ~44 ps, respectively. The measured
time-of-flight spectra were normalized using the vanadium
standard, corrected for transmission, subtracted the con-
tribution from the sample cell, and transformed into the
energy spectra. Data reduction was done with the ILL
software package LAMP (http://www.ill.fr/data_treat/lamp/
lamp.html).

The measured QENS spectra can be approximated by
the following equation:

S(0,) =DW(Q) x exp(— fio/2k5T)
(Ao(Q)d(w) + ZAi(Q)Li(w7ri)) ®R(Q,m)

+B(Q),
(1)

where hw is the energy transfer, DW(Q) denotes the
Debye—Waller factor which represents the vibrational
motions, and exp(—hw/2kgT) is the detailed balance factor.
The terms in the bracket represent diffusive motions, where
Ap(Q)o(w) denotes the elastic component with Ay(Q) being
the fractional intensity and J(w) the delta-function, and
A;(Q) is the fractional intensity of the i-th Lorentzian L;(w,
) (=(1/m) x (CAT? + %)), where T is the half width at
half maximum of this Lorentzian) (Bee 1988). Since the
spectra are broadened by the resolution function, the terms
representing the diffusive motions are convoluted by the
resolution function, R(Q,w). ® denotes the convolution
operation, and B(Q) is the background. N is the number of
Lorentzians required to describe the measured spectra. A
small value of this number is usually sufficient because of
the finite energy resolution and the statistics of the data. As
shown below, the equation containing two Lorentzians
(N = 2) fits well with the measured spectra. Information on
the averaged motions can be obtained from these
Lorentzians. The fitting of the measured spectra with Eq. 1
was done using the QENS_FIT routine in the package
LAMP.

Elastic incoherent neutron scattering experiments

The EINS experiments were carried out on the backscat-
tering spectrometer IN16 at the ILL, at an energy resolu-
tion of 0.9 peV. The measurements of the samples at
h = 0.4, previously published, were done in the tempera-
ture range between 20 and 300 K as described (Fujiwara
et al. 2008). On the other hand, the new measurements of
the samples at 4 = 1.0 were done in the temperature range
between 280 and 300 K to avoid possible ice formation in
the samples. The data were collected during a linear
increase in temperature with the heating rate of 0.17 K/
min. The data were corrected for scattering arising from the
sample holder, and normalized by the intensity at the
lowest temperature, T4 (the average intensity between 20
and 50 K was used as a standard here). Note that for the
data of the samples at &2 = 1.0, the intensity was normal-
ized by the intensity of the corresponding samples at
h = 0.4. This is based on the assumption that at low
temperature, where only the harmonic oscillation occurs,
the behavior of the protein is the same regardless of the
hydration, and that the signal arising from the additional
water is negligible. Logarithm of this normalized intensity
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was plotted against Q% and fit by a straight line, from the
slope of which the mean square displacement, <u>>, could
be estimated. Because the intensities were normalized by
that at T4, the extracted value of <u*> at each tempera-
ture, 7, corresponds to <X(T)> — <u*(Tyy)>. The fitting
ranges of these linear fits were selected so that the criterion
for the Gaussian approximation (<u®> Q* <~2) strictly
holds (Réat et al. 1997). We call this fitting range here the
Guinier region, in analogy to small-angle scattering (Gui-
nier and Fournet 1955). The linear fits were also performed
to the Q-range larger than Q° =15 A2 (the high-
Q region), as done in the previous report (Fujiwara et al.
2008).

Results

QENS measurements

The QENS measurements were performed on the D,O-
hydrated powders of F-actin at # = 0.4 and 1.0, and

G-actin at & = 0.4 and 1.0. Figure 1a and b shows exam-
ples of QENS spectra: the spectrum of F-actin at h = 0.4 at

the temperature 7 = 296 K and that of F-actin at 7 = 1.0
at the temperature 7 = 301 K, for Q = 2.03 /0%71, mea-
sured at the energy resolution of 110 peV. In these figures,
the results of the fits with Eq. 1 containing one or two
Lorentzians are also plotted. As shown in the residuals of
the fits in the lower panels in Fig. 1a and b and in the
reduced-y” values of the fits in Fig. lc and d, the equation
containing two Lorentzians consistently provided better fits
than that containing a single Lorentzian. The addition of a
third Lorentzian component did not provide significant
improvement to the fit and only appeared as overfitting.
Such results were consistently observed for all the spectra
obtained. This implies that the internal motions of both
F-actin and G-actin contain, on average, motions with two
distinct correlation times. For each resolution, we refer to
the narrow Lorentzian (corresponding to slower motions)
by LZ1 and to the wider one by LZ2 (corresponding to
faster motions). Note that, as shown below in Fig. 2, the
half-width at half maximum, or I', value of LZ1 may be
narrower than that of the resolution function in some cases.
It is indeed widely accepted that a broadening of about
10% of the resolution width can be detected by QENS if
the statistics are good enough (Pérez et al. 1999; Gasper
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Fig. 1 Examples of quasielastic neutron scattering spectra S(Q,w).
The spectra of a F-actin at # = 0.4 at the temperature 7 = 296 K and
of b F-actin at 4 = 1.0 at temperature 7 = 301 K, at 0 = 2.03 10\’1,
measured at the energy resolution of 110 peV, are shown. In the
upper panels, open squares denote the data points, solid lines in black
denote the resolution functions, thick solid lines in blue denote the
total fits by Eq. 1 containing two Lorentzians, thin solid lines in blue
were the two Lorentzian components, dashed lines in blue denote the
background component of the fits, thick solid lines in red denote the
total fits by Eq. 1 containing single Lorentzian, thin solid lines in red
denote the Lorentzian component, and the dashed lines in red denote
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the background component of the fits. The error bars of the data
points are within symbols. In the lower panels, the residuals of the fits
are shown. The lines in blue denote the residuals for the fit with the
equation containing the two Lorentzians while the lines in red denote
the residuals for the fit with the equation containing the single
Lorentzian. ¢ Reduced- > of the fits to the data of F-actin at h = 0.4 at
the temperature 7 = 296 K. d Reduced—;(2 of the fits to the data of
F-actin at 7 = 1.0 at the temperature 7 = 301 K. Filled squares in
blue and in red are the values of the fit with the equation containing
two Lorentzians and those containing single Lorentzian, respectively
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Fig. 2 (Q-dependences of half width at half-maximum, I', of the
Lorentzians with narrow widths (LZ1) and large widths (LZ2). a The
results of the fits to the data of the measurements at the energy
resolution (AE) of 110 peV are shown. The temperatures of the
measurements were 296, 301, 301, and 305 K, for F-actin at » = 0.4,
F-actin at 2 = 1.0, G-actin at 7 = 0.4, and G-actin at h = 1.0,
respectively. b The results to the data of the measurements at AE of
15 peV. The temperatures of the measurements were 301, 299, and
298 K, for F-actin at 7 = 0.4 and 1.0, G-actin at 7 = 0.4, and G-actin
at h = 1.0, respectively, here. Filled squares in black, filled squares
in red, open squares in black, and open squares in red denote the

et al. 2008). The I" values here have error bars small
enough to detect such a broadening. The measurements
were done at three temperature points between ~ 280 and
~300 K. Temperature dependence of the I" values were,
however, not significant in this temperature range (data not
shown). The results of the data obtained at around 300 K
are thus described below as representative.

Figure 2 summarizes the Q-dependences of the I" values
of the Lorentzians of F-actin and G-actin. The results of the
measurements at the energy resolution of 110 peV and
those at 15 peV are plotted in Fig. 2a and b, respectively.
The I' values of LZ2 at 110 peV have profiles that are
rather independent of Q°, and have non-zero intercepts at
Q = 0. These profiles also appear to have a tendency to
increase in the high-Q region. These characteristics of the
profiles imply that the observed motions are diffusive
motions within a confined volume (Bee 1988). The I
values of other Lorentzians also have non-zero intercepts at
Q = 0: the I" values of LZ1 at 110 peV are between 0.01
and 0.04 meV, and those of LZ2 at 15 peV are around
0.05 meV, though the values of LZ1 at 15 peV go close to
zero. The non-zero intercept at Q = 0 is also an indication
of diffusive motions within a confined volume. These I
values, however, show asymptotic behavior to the high-
Q region. This behavior is one of the characteristics of

results of F-actin at # = 0.4, G-actin at h = 0.4, F-actin at h = 1.0,
and G-actin at h = 1.0, respectively. The error bars are within
symbols if not shown. The dashed-and-dotted lines denote the level of
half-width at half maximum of the resolution functions. The dashed
lines indicate the plateau value in each panel. The plateau regions of
LZ2 for the measurement at 110 peV were assumed to be between 0.5
and 2.1 A~2 On the other hand, LZ1 approached asymptotically to
the plateau region between 2.5 and 4.2 A2 The plateau regions of
LZ2 and LZ1 in the high-Q regions for the measurements at 15 peV
were assumed to be between 0.6 and 1.1 A™2

jump diffusion (Bee 1988). While in the lower-Q region
where the long range motions are dominant, the motions
observed are considered to be continuous, in the high-
Q region where local motions are important, elemental
steps that each proton undergoes become “visible”. The
average values of the plateau regions in LZ2 at 110 peV
and the asymptotic values of LZ2 at 15 peV, LZ1 at 110
and 15 peV are plotted as guide-lines for the eye in Fig. 2.
Table 1 summarizes these I" values and the corresponding
correlation times, t. The motions detected by LZ2 cover
the range of the correlation times of the order of ps while
those by LZ1 cover the range of the order of ps to tens of
ps. The motions detected from the measurements at 110
and 15 peV cover similar but somewhat different ranges,
corresponding to the different energy resolutions. These
values show that not only G-actin tends to have smaller
correlation times, but also increasing hydration decreases
the correlation time. These results indicate that G-actin
fluctuates more rapidly than F-actin, and that more
hydration induces more rapid fluctuations.

Analysis of elastic incoherent structure factors

The elastic incoherent structure factor (EISF), Ay(Q) in
Eq. 1, contains information on the geometry of the
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Table 1 Summary of the I' values and the corresponding correlation time, ©

Hydration F-actin G-actin
ratio
I' (meV) T (ps) I' (meV) T (ps)
LZ2 (110 peV) Plateau value 0.4 0.27 24 0.27 2.4
1.0 0.36 1.8 0.45 1.5
LZ1 (110 peV) Asymptotic value 0.4 0.029 23 0.046 14
1.0 0.066 10 0.094 7.0
LZ2 (15 peV) Asymptotic value 0.4 0.15 4.4 0.13 5.1
1.0 0.17 39 0.18 3.7
LZ1 (15 peV) Asymptotic value 0.4 0.017 39 0.016 41
1.0 0.022 30 0.028 24
motions. The EISF was thus extracted to characterize the (a)'o T T T T
geometry of the motions observed. The experimental EISF )
. L . W F-actin h=0.4
can be calculated as the ratio of the elastic intensity to the . B G-actin h=04
sum of the elastic intensity and the quasielastic intensity. O F-actin h=1.0
O G-actin h=1.0

Figure 3 shows the EISF curves obtained. These curves can
be fit with the equations describing various models of the
motions, such as the diffusive motions within a sphere, and
the local jumping motions between distinct sites. Here we
employed a model representing the diffusive motions
within a sphere, in which each atom diffuses freely inside
an impermeable sphere of radius a, as suggested by the Q-
dependences of the I" values. This model is described by
the equation, (3j,(Qa)/Qa)?, where j; denotes the spherical
Bessel function of the first kind of order 1 (Volino and
Dianoux 1980). Since the QENS spectra were fit with two
Lorentzians, the EISF curves containing two diffusive
motions within distinct spheres were employed. The curves
were described as:

EISF(Q) = po + p1(31(Qa1)/Qar)’
+P2(3j1(Qa2)/Qaz)2, (2)

where py denotes the fraction of the contribution from the
“immobile” protons, the motions of which are outside
the energy window of the measurements, p; and p, are the
fractions of the contributions from the diffusive motions
within a sphere of radius a; and those within a sphere of
radius a,, respectively, and pg + p; + p> = 1.

The best-fit curves of the model by using Eq. 2 are also
shown in Fig. 3. The fits are in good agreement with the
data. Table 2 summarizes the parameter values obtained.
Because of high non-linearity of the fitting equation and
statistics of the data points, the errors of the parameters
propagated through the fits were rather large, particularly
for the curves from the measurements at 15 peV. Never-
theless, clear tendencies of the parameter values were
observed. The effects of increasing hydration were pri-
marily on the fractions of the contributions from the vari-
ous motions, pg, p1, and p,. These fractions correspond to
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Fig. 3 The EISF curves estimated from the fit with Eq. 2 containing
the two Lorentzians. a The curves from the measurements at AE of
110 peV and b the curves from the measurements at AE of 15 peV
are shown. The error bars of the data points are within symbols if not
shown
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Table 2 Summary of the best-fit parameter values of the EISF curves by the models consisting of two diffusional motions within a confined

sphere
F-actin G-actin
h=04 h=1.0 h=04 h=1.0
AE = 110 peV Do 0.41 (0.06) 0.16 (0.22) 0.51 (0.02) 0.14 (0.08)
D1 0.19 (0.01) 0.26 (0.02) 0.24 (0.01) 0.40 (0.01)
a (/0\) 5.7 (1.5) 5.9 (2.2) 6.3 (0.55) 5.9 (0.2)
)23 0.4 (0.06) 0.58 (0.22) 0.25 (0.02) 0.46 (0.08)
a, (A) 1.0 (0.1) 0.91 (0.23) 1.4 (0.1) 1.0 (0.2)
AE = 15 peV Po 0.60 (0.59) 0.48 (0.48) 0.58 (0.30) 0.34 (0.34)
P1 0.076 (0.069) 0.18 (0.05) 0.16 (0.08) 0.37 (0.04)
a (10\) 10 (9.0) 9.0 (0.33) 9.9 (6.9) 9.4 (0.96)
P2 0.33 (0.60) 0.34 (0.48) 0.27 (0.31) 0.28 (0.34)
a, (/3;) 1.8 (2.4) 1.8 (2.4) 2.2 (2.1) 2.0 (1.8)
) 40 T T T T b)30 T T T T
( ) O G-actin h=1.0 ( ) é%
O F-actin h=1.0 cﬁEﬂH
30 H® G-actin h=04 ~Ud o
B F-actin h=0.4 ,éﬁb qj -

Wb [AY

200 220 240 260 280 300

Temperature [K]

Fig. 4 The mean square displacements, <u®>, of F-actin and G-actin
as a function of temperature. The values estimated from a the Guinier
region and b the high-Q region are plotted. The data above 200 K are
shown. Filled squares in black and open squares in black denote the
data of F-actin at 7 = 0.4 and at h = 1.0, respectively. Filled squares
in red and open squares in red denote those of G-actin at 7 = 0.4 and

the relative populations of the atoms that are “immobile”,
those undergoing the diffusive motions within larger
spheres, and those undergoing the diffusive motions within
smaller spheres, respectively, within the protein. The
population of the immobile atoms (p,) was lowered by
increasing hydration, indicating that more atoms are
observable in the energy window of the measurements. The
populations of the atoms undergoing the diffusive motions
within larger spheres (p;) and smaller spheres (p,) increase
correspondingly. The degree of increases in p; was more
significant in G-actin, compared to F-actin. This indicates
that in G-actin, the population of the atoms undergoing
diffusive motions with large amplitudes increases signifi-
cantly with increasing hydration, compared to F-actin. The
difference in the effects of increasing hydration between
F-actin and G-actin lies in this difference in the
populations.

"200 220 240 260 280 300
Temperature [K]

at h = 1.0, respectively. The error bars are within symbols. Solid and
dashed lines represent the fits to the data above 280 K. Note that the
data at h = 0.4 are reproduction shown in the previous report
(Fujiwara et al. 2008). These data are shown as a standard for the
comparison with the data at 2 = 1.0

EINS measurements

We also carried out EINS measurements to see how the
hydration affects the mean square displacements, <u*>.
Figure 4 shows temperature dependences of <u*> of
F-actin at & = 0.4 and 1.0, and G-actin at # = 0.4 and 1.0,
estimated from (a) the Guinier regions and (b) the high-
Q regions of the EINS spectra. The EINS measurements on
the samples at 4 = 1.0 were done only above 275 K to
avoid possible ice formation. Because of this, analysis
based on the three energy states could not be applied as was
done for the samples at & = 0.4, the measurements of
which were done in the temperature range between 20 and
300 K (Fujiwara et al. 2008). Slopes of the curves can still
be a measure of flexibility (Zaccai 2000). Figure 4a shows
clearly that the curve of F-actin at &~ = 1.0 has a steeper
slope than that of F-actin at & = 0.4, and the curves of
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G-actin have similar tendency though the changes in the
slope are less significant. The values of the effective force
constant, kK, which is inversely related to the flexibility of
the protein, were estimated from the slopes of these curves
between 280 and 300 K, d<u2>/dT, by the equation,
K = kp/(d<u®>/dT) where kg is the Boltzmann constant
(Zaccai 2000). The values obtained are summarized in
Table 3. The values of k' clearly demonstrate that G-actin
is more flexible than F-actin as shown in the previous
report (Fujiwara et al. 2008). Comparison of the k' values at
h = 0.4 and 1.0 shows that with increasing hydration, the
overall flexibility of both F-actin and G-actin increases.

Figure 4b shows the temperature dependencies of <u*>
from the high-Q region. Another difference between
F-actin and G-actin was observed here. While the <u’>
values of F-actin at 7 = 1.0 were similar to those of F-actin
at h = 0.4 and G-actin at h = 0.4, the <u®> values of
G-actin at & = 1.0 are significantly larger than those of
G-actin at h = 0.4 and F-actin. Since <u”> from the high-
0 region correspond to motions with smaller amplitudes
(Réat et al. 1997; Lehnert et al. 1998; Gabel et al. 2004),
these results imply that F-actin contains a region in which
the amplitudes of the motions stay similar when the
hydration increases, while in G-actin a fraction of such a
“core” region decreases and changes into “flexible”
regions with increasing hydration. The &’ values from these
curves are also summarized in Table 3. Significant
decrease in k' of G-actin to a value similar to that obtained
from the <u®> curve estimated from the Guinier region
implies that in G-actin, the whole molecule increases its
flexibility with increasing hydration.

Discussion

We have characterized the internal dynamics of F-actin and
G-actin from QENS and EINS measurements. Analysis of
the QENS spectra showed that there are, on average, two
distinct motions. The analysis employed here was “phe-
nomenological fits”, in which a sum of (in principle) an
infinite number of Lorentzians was approximated by a sum
of two Lorentzians. The motions detected were thus

Table 3 Summary of the effective force constant k' [N/m], estimated
from the Guinier regions and the high-Q regions of the EINS curves

F-actin G-actin
h=04 h=10 h=04 h=10
Guinier 0.14 (0.02) 0.095 (0.007) 0.094 (0.011) 0.082 (0.007)
region
High- 0.22 (0.03) 0.18 (0.02)  0.22 (0.04) 0.083 (0.004)
Q region

@ Springer

averaged motions. The correlation times of the motions
detected range from the order of ps to the order of tens of
ps. The rather large range of the correlation times implies
that the observed motions have a broad distribution in rates
and amplitudes. Analysis of the EISF curves provided the
geometrical characteristics of the observed motions. Here
the model employed to fit the EISF curves was one con-
taining two diffusive motions within a sphere with distinct
radii (and the “immobile” atoms). The radii of the spheres
reflect the broad distribution, ranging from ~1 to ~ 10 A.
Although these motions were averaged motions and
should not be ascribed to any specific motions, this
approach is still useful in observing how the different states
affect the dynamics. Differences in the QENS spectra
between samples with different degrees of hydration were
detected as well as the differences between F-actin and
G-actin. The samples at &7 = 1.0 contain extra amounts of
D,0 that could induce changes in the spectra. However, the
contribution of D,O to neutron scattering intensity, calcu-
lated from the atomic composition of the actin molecule
and hydration ratio, is at most 5% (~2% for the samples at
h = 0.4). The difference spectra between the samples at
h = 1.0 and h = 0.4 after normalizing by the amount of
the actin molecules in the samples have values far larger
than this relative contribution of D,O (about 45% on
average in a quasielastic regime). Furthermore, the changes
in the spectra with increasing hydration appear as the
decrease in the elastic peak and the increase in the quasi-
elastic scattering (the data not shown). Such changes would
not be the result of the addition of extra amounts of solvent,
but of changes in the dynamics. Thus, the main contribu-
tion to the changes in the QENS spectra is assigned to the
changes in the internal dynamics of the actin molecules.
The spectra measured here are dominated by “inco-
herent” neutron scattering, arising from the motions of the
atoms contributing individually. The overall geometry of
F-actin or the anisotropy induced by interactions between
F-actin, such as the bundle formation occurring at high
concentrations of F-actin, do not distort the spectra, unless
such macroscopic geometry affects local dynamics on a
picosecond time scale and an Angstrom length scale. Since
the bundle formation occurs through long-range electro-
static interactions between polyelectrolytes (Tang and
Janmey 1996) rather than through specific interactions
between the actin molecules, it is unlikely that the actin
molecules in the adjacent filaments interact so closely that
significant changes in the dynamics of the interacting
regions occur. In addition, no peak was observed in the
X-ray diffraction patterns of the F-actin powders (not
shown) at the position corresponding to the Bragg spacing
larger than 69 A, which is an indication of the formation of
the bundles or the paracrystals (Spencer 1969; Matsudaira
et al. 1983). Contribution of the anisotropy due to the
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bundle formation in F-actin is therefore considered not to
affect the dynamics observed here.

The analysis of the EISF curves showed that geometrical
characteristics of each observed motion are not affected
by the structural states or by increasing hydration. This
implies that the environment around “averaged” protons,
the motions of which are represented by each term in Eq. 2,
does not change. The changes occur in relative populations
of the atoms undergoing the motions with distinct geo-
metrical characteristics. Increasing hydration affects these
changes differently between F-actin and G-actin. In
G-actin, the population of the atoms undergoing the
motions confined in a larger volume increases significantly
compared to F-actin. Since the actin molecule consists of a
rigid core and flexible loop regions as observed in the
previous report (Fujiwara et al. 2008), this implies that in
G-actin, more surface loops become flexible so that they
undergo diffusive motions of large amplitude. In F-actin,
on the other hand, the molecular interactions that keep the
polymerized state suppress the large motions of the surface
loops involved with polymerization so that the population
of atoms undergoing the large motions increases to a lesser
degree. Note here that although the geometry of the
motions is similar between G-actin and F-actin, the rates of
the fluctuations are different: G-actin fluctuates more rap-
idly than F-actin as observed by the correlation times. This
difference could reflect the difference in the dynamics of
water molecules around G-actin and F-actin. Indeed, a
close relationship between the internal dynamics of the
protein and the dynamics of hydration water has been
pointed out (for reviews, for example, Smith 1991; Gabel
et al. 2002; Doster and Settles 2005). However, the present
data do not enable one to draw conclusions about the ori-
gins of the difference in the dynamics because it is not
possible to measure the dynamics of water from the sam-
ples employed in the present study.

The EINS experiments provided the concerted results.
Variations in the <u”> and k' values showed that F-actin
contains the core region, which keeps motions with similar
amplitudes with increasing hydration, and the flexible
regions, which undergo motions with large amplitudes and
becomes more flexible with increasing hydration. In par-
ticular, the significant decrease in k' from the Guinier
region couple with the rather small decrease in k' from the
high-Q region suggests that the increase in the overall
flexibility arises mainly from the increase in the flexibility
of the flexible regions in F-actin. In G-actin, on the other
hand, the increase in the fraction of the flexible region
induces a further increase in the overall flexibility. These
results are consistent with the interpretation that the dif-
ferences in the effects of increasing hydration on F-actin
and G-actin arise from differences in the surface loop
regions.

Here we have shown from the QENS and EINS mea-
surements that the behavior related to the increase in
hydration is different in G-actin and F-actin. The increase
in the fraction of the flexible regions in G-actin with
increasing hydration implies that the surface loops of the
actin molecule have a distribution of flexibility. Such a
distribution of flexibility might be related to the mechanism
of molecular recognition between the interacting regions in
the actin molecules, which should occur in the initiating
stages of polymerization. The behavior of F-actin suggests
that the loop regions that are not involved with the inter-
actions between the actin molecules are the most flexible.
Such flexible regions might be the origin of the multi-
functions of F-actin because such regions could adapt
various conformations that enable F-actin to interact with
various proteins.
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