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In order to characterize dynamics of water molecules around F-actin and G-actin, quasielastic neutron
scattering experiments were performed on powder samples of F-actin and G-actin, hydrated either with
D2O or H2O, at hydration ratios of 0.4 and 1.0. By combined analysis of the quasielastic neutron scattering
spectra, the parameter values characterizing the dynamics of the water molecules in the first hydration
layer and those of the water molecules outside of the first layer were obtained. The translational diffusion
coefficients (DT) of the hydration water in the first layer were found to be 1.2 � 10�5 cm2/s and
1.7 � 10�5 cm2/s for F-actin and G-actin, respectively, while that for bulk water was 2.8 � 10�5 cm2/s.
The residence times were 6.6 ps and 5.0 ps for F-actin and G-actin, respectively, while that for bulk water
was 0.62 ps. These differences between F-actin and G-actin, indicating that the hydration water around
G-actin is more mobile than that around F-actin, are in concert with the results of the internal dynamics
of F-actin and G-actin, showing that G-actin fluctuates more rapidly than F-actin. This implies that the
dynamics of the hydration water is coupled to the internal dynamics of the actin molecules. The DT values
of the water molecules outside of the first hydration layer were found to be similar to that of bulk water
though the residence times are strongly affected by the first hydration layer. This supports the recent
observation on intracellular water that shows bulk-like behavior.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Proteins usually reside in an aqueous environment, and are fluc-
tuating constantly under the influence of thermal fluctuations of
surrounding solvent molecules, the most abundant of which is
water molecules. It is now widely accepted that these thermal fluc-
tuations, or dynamics, of proteins are essential for functions [1].
Ultimate understanding of the molecular mechanism of the protein
function thus requires understanding of the dynamics of the pro-
tein as well as those of the surrounding water molecules.

In this context, we have been investigating the dynamics of the
protein actin. F-actin, a filamentous polymer formed by polymeri-
zation of the monomers (G-actin), plays crucial roles in a variety of
functions related to cell motility [2,3]. It is flexibility of the actin
molecules that enables it to interact with various actin-binding
proteins and thereby expressing various functions. Since flexibility
arises from the dynamics, understanding the dynamics of actin is
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important for ultimate elucidation of the molecular mechanism
of the multi-functions of actin. We employed neutron scattering
for the measurements of the dynamics of actin. Neutron scattering
provides a unique tool to directly measure the dynamics of the pro-
teins [4]. We performed the elastic incoherent neutron scattering
(EINS) and quasielastic neutron scattering (QENS) measurements
on powder samples of F-actin and G-actin, hydrated with D2O at
the hydration ratios of 0.4 (g D2O/g protein) and 1.0, which corre-
spond to the samples containing only the first layer of hydration
water and those containing more water than the first layer, respec-
tively, and found the differences in the internal dynamics between
F-actin and G-actin, such that G-actin fluctuates more rapidly than
F-actin [5,6].

For full characterization of the dynamics of actin, however, it is
important to know how such differences in the internal dynamics
of actin are related to the dynamics of hydration water. Here, we
employed QENS to extract the information on the dynamics of
the hydration water around G-actin and F-actin. The QENS spectra
of the powder samples of F-actin and G-actin, hydrated with D2O
or H2O, at the hydration ratios of 0.4 and 1.0, were measured.
Combined analysis of the QENS spectra of the powder samples
hydrated with D2O and H2O provided the information on the
dynamics of the hydration water.
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2. Materials and methods

2.1. Sample preparation

The hydrated powder samples of F-actin and G-actin were pre-
pared from chicken breast muscle as described in the previous pa-
per [6]. Hydration of the samples was done either with D2O or H2O.
The hydration ratios (h) of the samples referred to as 0.4 and 1.0
were nominally 0.4 and 1.0, respectively.

2.2. Quasielastic neutron scattering experiments

The QENS experiments were performed using the disk chopper
time-of-flight spectrometer IN5 at the Institut Laue–Langevin (ILL),
Grenoble, France. The spectra were measured using incident neu-
trons of a wavelength of 5 Å at energy resolution of 110 leV and
at 300 K. The measured range of the momentum transfer Q (=
4p sin h/k, where 2h denotes scattering angle and k the wavelength
of the incident neutrons) were between 0.45 Å�1 and 2.1 Å�1. The
measured time-of-flight spectra were normalized using the vana-
dium standard, corrected for transmission, subtracted the contri-
bution from the sample can, and transformed into the energy
spectra. The obtained spectra were scaled by the amount of actin
in the sample can. Data reduction was done with the ILL software
package LAMP [7].

3. Results and discussion

The measured QENS spectra can be approximated by the follow-
ing equation [8]:
Fig. 1. Examples of the QENS spectra, S(Q,x), of the hydrated powders of actin. The sp
powders of F-actin at h = 0.4, (C) the D2O-hydrated powders of F-actin at h = 1.0, and
T = 300 K and at Q = 1.78 Å�1, are shown. Solid squares denote the data points, and the er
also shown. Solid lines around the energy transfer = 0.0 meV denote the resolutions funct
data points denote the fitting curves. In (A) and (C), the spectra were fit with the equatio
the fits. In (B), the spectra were fit with two additional contributions with respect to (A), a
Lorentzians. In (D), the spectra were fit with the equation containing six Lorentzians. Two
lines), the two other contributions arising from the first layer hydration water are taken
from the dynamics of the water molecules outside of the first layer.
SðQ ;xÞ ¼ DWðQÞ � expð��hx=2kBTÞ � ½ðA0ðQÞdðxÞ

þ
XN

i¼1

AiðQÞLiðx;CiÞÞ � RðQ ;xÞ� þ BðQÞ: ð1Þ

Here, ⁄x is the energy transfer, DW(Q) denotes the Debye–Wal-
ler factor which represents the vibrational motions, exp(�⁄x/2kBT)
is the detailed balance factor, and A0(Q)d(x) is the elastic compo-
nent with A0(Q) being the fractional intensity and d(x) being the
delta-function. The sum of the components containing the Lorentz-
ians, Liðx;CiÞ ¼ ð1=pÞ � ðCi=ðC2

i þ x2ÞÞ, where Ci is the half-
width at half-maximum), represents the diffusive motions, with
Ai(Q) being the fractional intensity of the i-th Lorentzian and N
being the number of Lorentzians. R(Q,x) is the resolution function,
� denotes the convolution operation, and B(Q) is the background.
The signal measured on the actin powder hydrated with D2O arises
mainly from the internal dynamics of the actin molecules, as the
intensity related to D2O dynamics can be neglected compared to
the protein signal. It can therefore be approximated by the equa-
tion containing two Lorentzians [6]. The spectra of the F-actin
powders hydrated with D2O at h = 0.4 and 1.0 at Q = 1.78 Å�1, are
shown, as examples, in Fig. 1(A) and (C), respectively. The results
of the fits with the equation containing two Lorentzians are also
shown.

The spectra of the actin powders hydrated with H2O contain, in
addition to the components arising from the internal dynamics of
the protein, the components arising from the dynamics of the
hydration water. The theoretical dynamical structure factor of
the hydration water can be approximated by the following equa-
tion [8]:
ectra of (A) the D2O-hydrated powders of F-actin at h = 0.4, (B) the H2O-hydrated
(D) the H2O-hydrated powders of F-actin at h = 1.0, measured at the temperature
ror bars are within the symbols if not shown. The results of the fits with Eq. (1) are

ions, thin horizontal solid lines denote the background, and thick solid lines near the
n containing two Lorentzians. Dashed lines denote these Lorentzian components of
ccounting for the first layer of the hydration water. Grey solid lines denote these two
contributions arising from the internal dynamics of actin are taken from (C) (dashed
from (B) (grey lines), and solid lines denote the remaining two Lorentzians, arising
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ShydrationðQ ;xÞ ¼ A1ðQÞ � ðCTðQÞ=ðx2 þ CTðQÞ2ÞÞ þ A2ðQÞ
� ððCTðQÞ þ CRðQÞÞ=ðx2 þ ðCTðQÞ

þ CRðQÞÞ2ÞÞ; ð2Þ
Fig. 2. The Q2-dependency of half-widths at half-maximum, (A) CT, of the
translational diffusion process and, (B) CR, of the rotational diffusion process. Filled
squares and open squares in black denote the processes of the hydration water in
the first layer and the water outside of the first layer around F-actin, respectively.
Filled squares and open squares in grey denote the processes of the hydration water
in the first layer and the water outside of the first layer around G-actin, respectively.
Open diamond denote the process of bulk water. The parameter values of bulk
water were obtained from the fits of Eq. (1) containing two Lorentzians to the
spectra of the buffer for F-actin (2 mM Tris–HCl (pH 8.0), 0.2 mM ATP, 0.1 mM
CaCl2, 50 mM KCl, and 2 mM MgCl2) in H2O (the spectra not shown). Since the
contributions of salts, contained in this sample, to the QENS spectra are negligible,
this sample can be regarded as representing bulk water. The error bars are within
the symbols if not shown. Solid lines in (A) represent the results of the fits according
to the jump-diffusion model (see text).
where the first Lorentzian arises from the translational diffusion
and the second combines the translational and rotational diffusion
with the half-widths at half-maximum (HWHM) being CT(Q) and
CR(Q), respectively. A1(Q) and A2(Q) denote the fractional intensity
of the first and the second components, respectively. The spectra
of the actin-powders hydrated with H2O at h = 0.4, which contain
only the first layer of the hydration water, can thus be approxi-
mated by Eq. (1) containing four Lorentzians, two of which repre-
sent the contributions from the internal dynamics of actin and the
other two of which represent the contributions from the dynamics
of the hydration water. Fig. 1(B) shows, as an example, the spectrum
of the F-actin powder hydrated with H2O at h = 0.4 at Q = 1.78 Å�1,
with the results of the fits. In these fits, the values of the parameters
(the fractional intensity and the HWHM) of the two Lorentzians cor-
responding to the internal dynamics were taken from the fits to the
spectra of the F-actin powder hydrated with D2O at h = 0.4, shown
in Fig. 1(A). By using these values, the parameters of the two
Lorentzians representing the dynamics of the hydration water were
obtained. The dynamics of the hydration water in the first layer can
thus be characterized.

The hydrated actin-powders at h = 1.0 contain more water than
the first layer of the hydration water. If the dynamics of these extra
water molecules is distinct from those of the water molecules in
the first hydration layer, the spectra of the actin powders hydrated
with H2O at h = 1.0 should be fit with Eq. (1) containing the com-
ponents corresponding to the internal dynamics of the protein,
the components arising from the hydration water in the first layer,
and two Lorentzians accounting for the dynamics of the extra
water molecules. Fig. 1(D) shows an example of the spectra of
the F-actin powder hydrated with H2O at h = 1.0, with the results
of the fits. In these fits, the parameter values of the two Lorentzians
corresponding to the internal dynamics were taken from the fits to
the spectra of F-actin in D2O at h = 1.0, shown in Fig. 1(C), and
those corresponding to the dynamics of the hydration water in
the first layer were from the fits to the spectra of F-actin in H2O
at h = 0.4, described above. The parameters of the Lorentzians cor-
responding to the dynamics of the water molecules other than the
hydration water in the first layer can thus be determined. The
residuals of these fits with the equation containing the contribu-
tions from two distinct water populations were systematically bet-
ter than those of the fits with a model in which all water molecules
behave homogeneously (data not shown). This implies that the
dynamics of the water molecules in the samples at h = 1.0 have
at least one distinct component from that of the hydration water
in the first layer, that we assign to the water molecules outside
of the first hydration layer.

Similar analysis was applied to the spectra of the G-actin pow-
ders. The spectra were fit equally well with these equations (data
not shown). This combined analysis of the spectra of the actin
powders hydrated with H2O and D2O at the different hydration ra-
tios thus makes it possible to extract the information on the
dynamics of the hydration water in the first layer as well as those
of water outside of the first layer.

Fig. 2 shows the plots of the CT and CR values as a function of
Q2. While the CR values in Fig. 2(B) are rather independent of the
Q-values, as expected for the rotational diffusion, the CT values
in Fig. 2(A) exhibit dependency on Q. This dependency is distinct
between the hydration water in the first layer and those outside
of the first layer, as well as in F-actin and G-actin. The Q-depen-
dences of the CT values provide information on the translational
diffusion processes. The CT values were best fit with the jump-dif-
fusion model described by

CTðQÞ ¼ DT Q 2=ð1þ DT Q 2s0Þ; ð3Þ

where DT denotes the translational diffusion coefficient and s0 de-
notes the residence time between jumps [8]. Solid lines in
Fig. 2(A) show the fits with this equation. Also shown in Fig. 2 are
the CT and CR values of bulk water measured in similar conditions.
Differences in behavior of the CT values and the CR values are ob-
served between hydration water and bulk water.

Table 1 summarizes the parameters obtained by the analysis of
the CT values according to the jump-diffusion model. A range of
the DT values of hydration water has been reported, depending
on the molecules: for example, 2.6 � 10�5 cm2/s for fully hydrated
C-phycocyanin at 293 K [9], 1 � 10�6 cm2/s for fully hydrated myo-
globin [10], 1.9 � 10�5 cm2/s for hydrated hen egg-white lysozyme
[11], 0.39 � 10�5 cm2/s for hen egg-white lysozyme crystals [12],
1.4–4.2 � 10�5 cm2/s for DNA hydrated with H2O at various de-
grees [13], and 2.2 � 10�5 cm2/s for fully hydrated DNA [14]. The
values obtained here for the hydration water in the first layer
(1.2 � 10�5 cm2/s for F-actin and 1.7 � 10�5 cm2/s for G-actin)
are within this range. These values are smaller than that of bulk
water (2.8 � 10�5 cm2/s), which agrees with the reported values



Table 1
Summary of the parameters on the translational diffusion of the hydration water.

The first layer Outside of the first
layer

Bulk water

F-actin G-actin F-actin G-actin

DT (�10�5 cm2/s) 1.2 (0.2) 1.7 (0.2) 2.7 (0.2) 2.8 (0.1) 2.8 (0.02)
s0 (ps) 6.6 (0.6) 5.0 (0.4) 4.6 (0.2) 2.5 (0.1) 0.62 (0.02)

Values in parenthesis are standard deviations.
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[15], indicating reduced mobility of hydration water compared to
bulk water. This difference is consistent with the NMR measure-
ments of the hydration water of bovine pancreatic trypsin inhibi-
tor, showing that the translational diffusion is reduced by a
factor of two [16]. Furthermore, the value of F-actin is smaller than
that of G-actin, indicating that the hydration water around F-actin
is less mobile than that around G-actin. The residence times, s0, of
the hydration water in the first layer around F-actin and G-actin
were estimated to be 6.6 ps and 5.0 ps, respectively. These values
are comparable to those found in the proteins such as 4.1 ps for
C-phycocyanin [9], 5 ps for myoglobin [10], and 11 ps for hen egg
white lysozyme crystals [12]. The values for F-actin and G-actin
are, however, significantly larger than that of bulk water, 0.62 ps,
which is similar to the values in Refs. [17,18] but smaller than that
in Ref. [15]. This also implies reduced mobility of the hydration
water compared to bulk water. The larger value of the residence
time for F-actin than for G-actin indicates again less mobility of
the hydration water around F-actin than G-actin.

The results obtained here are in concert with those of the inter-
nal dynamics of F-actin and G-actin, showing that G-actin fluctu-
ates more rapidly than F-actin [5,6]. This is in agreement with a
coupling of the dynamics of the hydration water and the internal
dynamics of the protein, as observed in many protein systems
[19]. The sample conditions were, however, not exactly the same
in G-actin and F-actin. The main difference was in the composition
of salts. The F-actin solutions, from which the hydrated powder
samples were prepared, contained 60 mM KCl while the G-actin
solutions did not contain such salts. During the preparation of
the hydrated powders from these solutions, KCl was concentrated
to be close to 3 M in the F-actin samples while the G-actin samples
did not contain such high concentrations of salts. Since, however,
the translational diffusion coefficients of water in high concentra-
tions of KCl are similar to that of pure water, up to 3.2 M [20], KCl is
taken not to affect the behavior of the water molecules. We there-
fore conclude that dynamics of the hydration water in the first
layer are indeed coupled to the internal dynamics of the proteins.

Analysis of the spectra of the samples at h = 1.0 made possible
to characterize the water dynamics outside of the first hydration
layer. To our knowledge, no such analysis has been reported in pro-
teins though it is well accepted that surface water behaves differ-
ently from bulk water. The parameter values of these water
molecules are shown in the columns ‘‘Outside of the first layer’’
in Table 1. The translational diffusion coefficients of both F-actin
and G-actin appear to be very similar to that of bulk water. The res-
idence times are, however, longer than that of bulk water, and, in
particular, the residence time of the water molecules around F-ac-
tin is longer than that around G-actin. The water molecules natu-
rally exchange between the first hydration layer and the outside,
and the rate of this exchange is affected significantly by the resi-
dence times of the water molecules in the first layer. This exchange
will then have significant effects on the residence times of the
water molecules outside of the first layer because the number of
the water molecules in the first hydration layer and the outside
are comparable (the hydration ratios of 0.4 and 1.0 g water/g pro-
tein in the F-actin and G-actin samples indicate that the numbers
of the water molecules in the first hydration layer and on the out-
side are about 900 and 1400 per one actin molecule, respectively).
The difference in the residence times between the water molecules
outside of the first layer and bulk water arises from this effect. This
effect could also account for the differences in residence time of
the water molecules outside of the first hydration layer between
F-actin and G-actin because the residence time of the first hydra-
tion layer is different between F-actin and G-actin.

Interactions between the water molecules in the first hydration
layer and those on the outside appear to have similar effects on the
rotational diffusion. As shown in Fig. 2(B), the CR values corre-
sponding to the rotational diffusion are similar between the water
molecules in the first hydration layer and those on the outside. The
rotational correlation time sR (=1/CR) was calculated from the
average value of CR of all these data points and equals
3.5 ± 0.2 ps. On the other hand, the value of bulk water was calcu-
lated to be 1.5 ± 0.1 ps, which is similar to those reported in Refs.
[18,21] but, again, smaller than that in Ref. [15]. This difference
in sR, corresponding to the reduction of rotational motions, is con-
sistent with the results of the NMR study [16]. Furthermore, it is
likely that hydrogen bonds inevitably occurring between the water
molecules in the first hydration layer and those on the outside slow
down the rotational motions of the water molecules outside of the
first hydration layer. It thus appears that the water molecules out-
side of the first hydration layer behave bulk-like but are still under
the strong influence of the behavior of the water molecules in the
first hydration layer.

This behavior of the water molecules is consistent with the re-
sults of the recent studies on the behavior of intracellular water
[18,21,22]. Because of the crowded environment inside cells where
more than 300 mg/ml of macromolecules are present [23], only
several layers of the water molecules reside between the macro-
molecules. Most of the cytoplasmic water is, however, shown to
behave like bulk water. Although the influence of the first hydra-
tion layer on the dynamics of our ‘‘outside of the first layer’’ mol-
ecules, which correspond roughly to the second hydration layer,
exists, this influence will be less on the subsequent layers because
the interactions between the first layer and the subsequent layers
are more indirect. One thus expects that ‘‘several layers’’ show
bulk-like dynamics. The results obtained here thus provide support
for the bulk-like behavior of the cytoplasmic water.

In summary, combined analysis of the QENS spectra of the hy-
drated powders of F-actin and G-actin in H2O and D2O at different
hydration ratios made possible to characterize the dynamics of the
hydration water in the first layer as well as those of the water mol-
ecules outside of the first layer of F-actin and G-actin. It was shown
that the dynamics of the hydration water in the first layer around
the actin molecules is coupled to the internal dynamics of the actin
molecules, and that the water molecules outside of the first hydra-
tion layer show behavior like bulk water with longer residence
times. The method described here should have wide applicability
to various systems.
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