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Abstract

Microwave dielectric spectroscopy can measure the rotational mobility of water molecules that hydrate proteins and the hydra-

tion-shell volume. Using this technique, we have recently shown that apart from typical hydrating water molecules with lowered

mobility there are other water molecules around the actin filaments (F-actin) which have a much higher mobility than that of bulk

water [Biophys. J. 85 (2003) 3154]. We report here that the volume of this water component (hyper-mobile water) markedly increases

without significant change of the volume of the ordinary hydration shell when the myosin motor-domain (S1, myosin subfragment-

1) binds to F-actin. No hyper-mobile component was found in the hydration shell of S1 itself. The present results strongly suggest

that the solvent space around S1 bound to F-actin is diffusionally asymmetric, which supports our model of force generation by

actomyosin proposed previously [op. cit.].
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Protein molecules fold and function in aqueous envi-
ronments, where there exist three broad categories of

water molecules, which are in order of mobility, strongly

bound, internal water molecules that occupy internal

cavities and deep clefts; water molecules that interact

with the protein surface; and bulk water [1,2]. Recently,

we have shown the presence of another category of

water (hyper-mobile water) around F-actin, which has

a much higher mobility than that of bulk water but
co-exists with ordinary hydrating water of lower mobil-

ity [3]. The method we have used is microwave dielectric

spectroscopy, which can measure the rotational mobility

of water molecules that hydrate proteins and the volume

of the hydration shells [4,5]. The rotational mobility is
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reflected as the dielectric relaxation frequency, fc which
gives the dielectric relaxation time sdiel(1/2pfc). The fc
values estimated were �40GHz for hyper-mobile water

and <8GHz for ordinary hydrating water, which are

compared to 17GHz for bulk water at 20 �C [6]. The

volume fraction of the hyper-mobile water is as large

as 80% of the molecular volume of G-actin in size,

which is larger than that of the ordinary hydration

shell (Table 1).
Solutions of urea and potassium-halides, KCl and

KI, which are known to exhibit water-structure break-

ing effects [7] were also studied. The results indicated

the presence of fast components with fc values of 30–

40GHz for urea and 25–30GHz for potassium-halides.

In addition, we have recently found the fc value of 15–

20GHz for the hyper-mobile component in urea D2O

solution at 5 �C where the fc for bulk water (D2O) is
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Table 1

Dielectric parameters for hydration of actin, S1, and acto-S1

1st relaxation component 2nd relaxation component

fc1 (GHz) d1 /1/c (ml/g) N1
b fc2 (GHz) d2 /2/c (ml/g) N2

b

F-actina 6.5 45 0.506 1190 40 75 0.601 1410

S1 without ADP (n = 12) 7.2 ± 0.4 69 ± 5 0.565 ± 0.011 3770 ± 87c — — — —

S1 with ADP (n = 4) 6.6 ± 0.4 69 ± 4 0.562 ± 0.017 3750 ± 98c — — — —

Acto-S1(ADP) (n = 6) 5.9 ± 0.2 47 ± 2 0.511 ± 0.020 1726 ± 62 39 ± 2 76 ± 2 0.770 ± 0.038 2600 ± 119

Calculated — — 0.507 1710 — — — —

The values are means of n measurements with standard errors.
a Data from [3].
b The number of water molecules in the hydration shell (N1 or N2) was calculated by using a general equation, Ni = nw/i/np, where np and c are the

protein concentrations in (mol/L) and (g/ml), respectively, and nw is the molar concentration of pure water (=55.6mol/L).
c Calculation was made by using the weight-averaged value of 60,760 ð¼ ð13Mactin

r þ 2MS1
r Þ=13Þ for molecular mass of acto-S1(ADP) complex,

where Mactin
r ¼ 42; 300 and MS1

r ¼ 120; 000.
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10.3GHz (T.M., M.S., and D. Kokubo, unpublished

data). Taken together, our dielectric method is capable

of revealing the unique hydration properties of actin,

and the hyper-mobile water inducing effect may be syn-

onymous with water-structure breaking.
It should be emphasized that no hyper-mobile water

has been observed for any other globular proteins exam-

ined so far [3,4]. Furthermore, fast hydration dynamics

at the protein surface has been recently studied using a

multitude of physicochemical methods and molecular

dynamics simulations (see [8,9] for recent reviews). Some

result of proton-spin relaxation measurement suggested

that the rigor cross-bridge formation disrupts the struc-
tured water bound to myosin and actin filaments in mus-

cle fiber [10]. To the best of our knowledge, however, no

description based on these studies has ever been made of

water around the protein surface whose mobility exceeds

that of bulk water.

In order to inquire any functional implications of hy-

per-mobile water, it is of primary importance to study

how actin-binding proteins affect such a unique feature
of actin hydration, because the actin participates in var-

ious processes vital to living cells through interaction

with these proteins [11]. This report is concerned with

the myosin motor-domain (S1), since its interaction with

actin (acto-S1 interaction) is the fundamental basis of

muscle contraction and hence has been well character-

ized by various physicochemical methods [12,13].
Materials and methods

Proteins. Actin was prepared from chicken pectoral and leg muscle

[14] and concentrated with Aquacide II (Calbiochem). Myosin pre-

pared from the pectoral muscle [15] was digested by papain to prepare

S1 [16], which was purified by DEAE–cellulose chromatography [17]

and concentrated by precipitation with ammonium sulfate followed by

dissolving in a small amount of buffer. Proteins prepared were sub-

jected to SDS–PAGE analysis, which assured a purity of >98%. The

Mg-ATPase activity was measured at pH 7.2, 20�C by the malachite

green method [18]. The S1 activity was 0.05–0.06s�1 and the actin-
activated one was 7.0s�1. Protein concentrations were determined

from absorption at 280nm with A1%
280 nm ¼ 7:5cm�1 [17] for S1 and

290nm with A1%
290 nm ¼ 6:3cm�1 [11] for actin. The values of partial

specific volume (sv) for F-actin, acto-S1 filament ([actin]:[S1]=13:2),

and S1 were 0.74, 0.73, and 0.73ml/g, respectively, which was calcu-

lated from the density of their solutions measured with an Anton-Paar

DMA-58 density meter.

Sample preparation. Acto-S1 solutions for dielectric spectroscopy

were prepared by the two-step procedure. First, actin (�16mg/ml) in

2mM Hepes (pH 7.0) containing 0.1mM ATP and 0.1mM CaCl2 was

polymerized by adding KCl and MgCl2 to 50 and 2mM, respectively.

S1 (�18mg/ml) in 2mM Hepes (pH 7.0) containing 0.1mM CaCl2,

50mM KCl, and 2mM MgCl2 was then added and mixed. To ensure a

thorough mixing of the proteins at such high concentrations, the ATP

concentration was raised to 0.2mM just prior to mixing. The G-actin-

unit/S1 molar ratio adopted was 13:2, which roughly corresponds to

the state of an actin filament fully overlapping with myosin in muscle.

It was difficult to make accurate measurements at higher ratios (the

solution became turbid).

Dielectric spectroscopy. All measurements were made in a conically

shaped glass cell (total volume, 3.2ml) connected to a microwave

network analyzer at 20.0 ± 0.01�C (Hewlett Packard 8720C-85070A).

The frequency (f)-dependent signals were converted into complex

dielectric spectrum consisting of real and imaginary parts, e* = e 0 � ie00

(Figs. 1A and B), which were analyzed as previously described [3,4]. In

short, the spectra of the buffer ðe�wðf ÞÞ and protein solution ðe�apðf ÞÞ
were measured in pairs 4–12 times at a given protein concentration.

The difference was taken for each pair (difference spectrum De�ðf Þ,
protein solution vs. solvent buffer). The difference spectra obtained

were then averaged and subjected to mathematical smoothing to re-

duce the noises of various sources, which were then analyzed with a

randomly oriented ellipsoidal/double-shelled-solute model [19]. This

procedure enables our measurement to resolve 0.01 of De 0 and 0.02 of

De00 over the frequency range from 2 to 20GHz. The axial ratio of the

solute was assumed to be 30 for F-actin and 3.0 for myosin S1. The

dielectric constant of solute ðe�qÞ as a function of f was approximated

by a Debye relaxation function with relaxation frequency (fc) and

dispersion amplitude (d). For the first hydration shell with the volume

fraction /1 (Fig. 2, please see [3]): e�q1 ¼ eq11 þ d1=f1þ iðf =fc1Þg, and
for the second shell with the volume fraction /2 : e

�
q2 ¼ eq12 þ

d2=f1þ iðf =fc2Þg, where both eq11 and eq12 are the dielectric con-

stants at a high frequency limit for the inner shell (set to be 5.6 as in

our earlier study [4]) and for the outer shell (set here to be 5.6 as for

free water [20]), respectively. Then the set of parameters (fc1, d1, /1; fc2,

d2, /2) was obtained as described in [3]. Finally, assuming that S1-

bound F-actin solution is a one-solute/one-solvent system, the dielec-

tric spectrum of the hydrated solute e�qðf Þ with the volume fraction



Fig. 1. Dielectric spectra of acto-S1 and S1 solutions. Open and closed symbols refer to the real and imaginary parts of dielectric spectra, respectively

(A) Spectra of acto-S1 solution (circles, 16.3mg/ml) in buffer containing 10mMHepes (pH 7.2), 0.2mM ATP, 0.1mM CaCl2, 50mMKCl, and 2mM

MgCl2, and the buffer (stars). (B) Spectra of S1 solution (triangles, 11.5mg/ml) in buffer containing 10mMHepes, 50mMKCl, and 2mMMgCl2, and

the buffer (stars). (C) Difference dielectric spectrum of acto-S1 (acto-S1 solution vs. buffer) corresponding to (A). Solid lines are the fitting curves. (D)

Difference dielectric spectrum of S1 (S1 solution vs. buffer) corresponding to (B). Solid lines are the theoretical curves.

Fig. 2. Double-shelled ellipsoid model of S1-bound F-actin.
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/t = v + /1 + /2 was calculated by solving the equation of the shelled-

ellipsoid model [3,19].
Results and discussion

Actomyosin complex for dielectric spectroscopy

A prerequisite for dielectric measurements is a highly

concentrated protein solution (>10mg/ml). Hence, acto-
S1 solutions were prepared using a two-step procedure.

Actin was first polymerized by increasing the ionic

strength and S1 was then mixed in the presence of

0.2mM ATP to ensure thorough mixing of these pro-

teins at high concentrations. The ATP added should

have been completely hydrolyzed into ADP and inor-

ganic phosphate (Pi) during the pre-incubation period
(�1h) at 20 �C. In the presence of ADP, the interaction

between actin and S1 forms a closed set of equilibria (Pi

contribution is negligible):

Aþ S1þADP ¢
K1

Aþ S1 : ADP

K3 #" #" K2

A : S1þADP ¢
K4

A : S1 : ADP

where A denotes actin, K1 and K2 are the equilibrium

constants for S1 and acto-S1 to bind ADP, respectively,

and K3 and K4 are those for the association of proteins.

Literature values are available for these Kis [21] to calcu-

late the relative proportion of the four states of S1 (free

S1, S1:ADP, A:S1, and A:S1:ADP complexes). This

indicates that most of S1 (>98%) would be in the
A:S1:ADP state under the experimental conditions used

in this study.

Dielectric properties of actomyosin complex

The acto-S1 solution prepared was then introduced

into the measuring cell connected to a microwave net-

work analyzer and the dielectric spectrum, e�ap, was re-
corded (Fig. 1A). In the low microwave frequency
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region (<2GHz), the ionic conduction effect was ob-

served for e00ap, so that analysis of the dielectric spectra

was only made for the data in the frequency range

P2GHz and so this is the description referred to unless

otherwise stated. The difference in the dielectric proper-

ties between the protein solution and the solvent is very
small but systematic (Fig. 1A), which can be clearly

shown by the difference spectrum, Deap(f) (Fig. 1C).

We confirmed that both De0ap and De00ap values calculated

at the different frequencies were proportional to

the acto-S1 concentration (Fig. 3), indicating that no

significant aggregation occurred in our measurements.
Fig. 3. Linear relation between difference dielectric constant and

protein concentration (A) for S1 and (B) for acto-S1. ‘‘r’’ and ‘‘i’’

denote real and imaginary parts of the complex dielectric constant,

respectively.

Fig. 4. Difference dielectric spectra of acto-S1 and S1 solutions. Open and clo

respectively. Data were normalized to a protein concentration of 10mg/ml. (

x:imaginary). (B) Dielectric spectra of hydrated acto-S1and F-actin. Symbol
Although the acto-S1 De(f) was very similar to the actin

De(f), there were small but significant differences be-

tween them (Fig. 4A). Thus, acto-S1 De00(f) is always

positioned below actin De00(f) at frequencies >2GHz,

whereas acto-S1 De 0(f) outgrows actin De 0(f) > 6GHz,

These are the reflections of differences in the dielectric
properties of the hydrated acto-S1 and actin, which

are illustrated in the calculated dielectric spectra, eq(f)s,
of hydrated proteins (Fig. 4B. The acto-S1 e00q increases

steadily with frequencies >2GHz, while actin e00q shows

a small, broad hump around 6GHz and becomes smal-

ler than acto-S1 e00q. On the other hand, there are obvious

differences between acto-S1 e0qðf Þ and actin e0qðf Þ. There
is a distinctive gap between e0q and e00q in the high fre-
quency region (>7GHz) for hydrated actin, which has

not been observed for myoglobin or other globular pro-

teins examined so far [3,4]. This suggests that there exists

water component having a dielectric relaxation fre-

quency higher than that of bulk water. This component

is referred to as hyper-mobile water [3]. Thus, hydrated

acto-S1 is qualitatively similar to hydrated actin having

a hydration shell of hyper-mobile water, which differs
quantitatively from that of actin.

The dielectric data were analyzed as described

in Materials and methods. The dielectric parame-

ters, dielectric relaxation frequency ðf acto-S1
ci Þ, dispersion

amplitude ðdacto-S1i Þ, and volume fraction of hydrated

solute ð/acto-S1
i Þ are shown in Table 1. This analysis pro-

vided a satisfactory fitting of the curves for the observed

difference spectrum of acto-S1 De(f) (Fig. 1C). Com-
pared with the parameters for actin, no significant

changes are observed for any parameters in the first

hydration component. For the second hydration compo-

nent, however, a large increase in the volume fraction of

hydrated solute ð/acto-S1
2 Þ is obvious with little changes in

f acto-S1
c2 and dacto-S12 values, which is reflected in the spec-

tral difference between acto-S1 and actin (Figs. 4A and

B). The dielectric spectra of S1 with bound ADP, e(f)
(Fig. 1B) and De(f) (Fig. 1D), are similar to those for

myoglobin and other globular proteins examined re-

cently [3,4]. For the spectrum of the hydrated solute of

S1(ADP), e00qðf Þ shows a broad but clear peak at
sed symbols refer to the real and imaginary parts of dielectric spectra,

A) Difference dielectric spectra of acto-S1(circles) and F-actin (+:real,

s are defined same as in (A). (C) Dielectric spectrum of hydrated S1.
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7.5GHz, and e0qðf Þ decreased steeply above 4GHz (Fig.

4C). Both these features are quite distinct from the acto-

S1 spectra. The dielectric spectra of S1(ADP) solution

can be well described by a single-shelled sphere model

for globular proteins [4]. Both the S1(ADP) De 0(f) and
De00(f) could be well fitted by theoretical curves from 2
to 20GHz (Fig. 1D). These results indicate that there

is no relaxation component with a high fc for the hydra-

tion of S1(ADP). Essentially the same result was ob-

tained for ADP-free S1 (Table 1). Nevertheless, S1

affects the double hydration shell of F-actin (Table 1).

First, the volume fraction of the first hydration

shell is considered. Assuming that the acto-S1 is

formed from the simple binding of actin and S1 with-
out involving reorganization of their hydration shells,

the value of /acto-S1
1 can be calculated as /acto-S1

1 ¼
ð13/actin

1 þ 2/S1
1 Þ=13. The value obtained is in good

agreement with the observed value, suggesting that no

appreciable change is induced in the volume of the first

hydration shell upon acto-S1 formation. For the acto-S1

complex it has been estimated that a decrease in ASA

(accessible surface area) of �11nm2 would be as large
as �4% for S1 and �10% for actin [22,23], which then

should be accompanied by a displacement of �100

water molecules. On the basis of an actin unit, this would

only correspond to a decrease of less than 3%, which is

within the experimental error in the present study.

For the second hydration shell, the result of

/acto-S1
2 > /actin

2 indicates that on the G-actin unit basis,

there is a large increase (�30%) of the volume fraction
of the hyper-mobile water when F-actin binds to S1

which has no such water. If only the G-actin unit was

considered to directly interact with S1, then /2 would

be several times as large as of its molecular volume.
Fig. 5. Surface charge distribution of the actin and acto-S1 complex. The im

from PDB1ALM. (A) Charge clusters on the surface of an F-actin segment

image (shown in B). The image on the right is the same as the one on the left

with different colors with the color codes for charged residues as follows: mag

show the charged clusters. (B) Charge distribution of acto-S1 drawn using th

and negative charges, respectively. Note that a positively charged cluster in t

sub-domain-I (SD-I) of actin, while positive charges of the 25K-domain of S1

side) which directly interacts with S1. (For interpretation of the references to

this paper.)
Structure and hydration of actomyosin complex

Theories worked out for the water-structure breaking

effect of alkali metal and halide ions [24,25] suggest that

the effect can be attributed to the surface electric field

around the solute and the balance of strength between
water–solute electrostatic interaction and water–water

hydrogen bond. Using our direct method of dielectric

spectroscopy of the equivalence of effects of water-struc-

ture breaking and induction of hyper-mobile water [3],

along with a reported calculation of the electrostatic po-

tential for F-actin [26], we have attempted to explain by

analogy how hyper-mobile water is induced around

F-actin. F-actin can be seen as a double helix of bulbs
of negative potential extending into the solvent. There

is a region in the vicinity of the surface of actin sub-do-

main I (SD-I), where the estimated strength of the elec-

tric field is in the range 10–50MV/m considering the net

charge (��8e) and the radius �1lm of SD-I. The

strength is comparable to that around I�, a typical

water-structure breaking ion. The hydrogen-bonded net-

work of water may be affected in this area in such a way
that some of the bonds are short-lived and thereby en-

able water molecules to become more mobile. The next

question is then how the binding of S1(ADP) could af-

fect this increase in volume. In general, the strength of

the electric field decays rather sharply as a function of

distance from the charged surface due to the Debye

screening effect, which would be damped down within

1nm from the surface. Thus, there are only two possible
ways to increase the volume of hyper-mobile water: (1)

increase the total surface area of the appropriate charge

or (2) modulate the strength of the electric field specifi-

cally generated by actin.
ages are drawn based on the theoretical model composed of a-carbons
. Images were obtained by removing the S1 portion from the original

but rotated 90� around its axis. Each actin monomer unit is displayed

enta, positively charged; yellow, negatively charged. Red dashed circles

e original model of PDB1ALM. Green and red marks indicate positive

he lower 50K-domain of S1 faces the negatively charged cluster of the

face the negative charge of SD-I of the actin adjacent unit (barbed-end

colour in this figure legend, the reader is referred to the web version of
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The S1-increased ASA itself will not make any contri-

bution to the volume increase of hyper-mobile water, be-

cause no such water exists around S1. It cannot be ruled

out, however, that a certain binding-induced reorganiza-

tion of the charge density occurs somewhere on the sur-

face of S1 and/or actin, which results in a net increase of
hyper-mobile water. The second possibility is a dilata-

tion of the effective region in the decaying electric field

around the surface of actin SD-I. It seems that in the

3-D atomic structure of acto-S1 complex [27,28], the

lower 50K domain of S1 bound to a G-actin unit and

the SD-I of the latter locks up a three dimensional

half-closed space (pocket) (Fig. 5). A part of the S1 sur-

face is rich in positive charge which faces the negatively
charged actin surface. This would in effect generate an

electric field with an appropriate strength to accommo-

date a large amount of hyper-mobile water. Alterna-

tively, as predicted by simulation [29] and as observed

[30] for some other actin-binding proteins, the S1 could

induce a change of the topological position for the SD-I

of G-actin unit by directly interacting with S1 relative to

the SD-II of the adjacent unit along the F-actin axis.
Unlike the SD-I, SD-II is rich in positive charge, so that

the electric field formed in between could be modulated

in a similar way to the case of the actin/S1 sub-domain

interaction.

Implication in chemo-mechanical energy conversion

As previously predicted [3] and confirmed here, a
quantitative change of the hyper-mobile component

occurs upon S1 binding. Such dynamic change of actin

hydration would provide a novel approach to our

understanding of the chemo-mechanical energy conver-

sion by actomyosin system. Since the high relaxation

frequency of molecular orientation of water reflects

loosening of cooperative hydrogen-bond network

among water molecules to lower the viscosity [31,32],
the present result indicates that the solvent space

around S1 bound to F-actin is asymmetric in viscosity

(Fig. 7 of [3]). Consequently, once this myosin motor

domain goes into the weak-binding state (low affinity

for actin) by binding and splitting ATP, its center of

mass tends to move toward the direction of lower

viscosity by Brownian motion along the filament axis

under thermal agitation. This viscosity-based Brownian
ratchet model may provide a plausible answer to the

key issue of ‘‘symmetry breaking’’ common to any of

the models of chemo-mechanical energy conversion

[33,34].

The results show us that water is by no means just a

simple milieu for proteins to fold and function, but

rather is an active agent that can change its dynamic

properties depending on conformation of the proteins.
In particular for interacting proteins, the water provides

a go-between by changing its dynamic properties in
response to protein structures, which in return affects

protein dynamics.
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