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Abstract

We report an ATP fueled soft gel machine reconstructed from muscle proteins of actin and myosin. Chemically cross-linked actin gel
filaments, several decade times the length of native actin filaments (F-actin) move along a chemically cross-linked myosin fibrous gel (1 cm
long and 50 pm in diameter) with a velocity as high as that of native F-actin, by coupling to ATP hydrolysis. The motility observed in muscle
protein-gels suggests that one might reconstruct a soft machine fueled by chemical energy by using actin and myosin molecules as

elementary elements.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There are two basic differences between the motion in a
man-made machine and in a biological motor. One is in their
principles. The motion of a man-made machine, which is
constructed from hard and dry materials such as metals,
ceramics or plastics, is realized by the relative displacement
of the macroscopic constituent parts of the machine. In
contrast to this, the motion of a living organism, which
consists of soft and wet protein and tissues, is caused by a
molecular deformation that is integrated to a macroscopic
level through its hierarchical structure [1-3]. The other
is in their energy sources. The man-made machine is
fueled by electrical or thermal energy with an efficiency
of around 30%, but a biological motor is driven by
direct conversion from chemical energy with an
efficiency as high as 80-90% [4].

In order to create biomimetic systems, polymer gels
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have been employed due to their reversible size and
shape change, thereby realizing the motion by integrat-
ing the deformation on a molecular level. Over the past
number of years, using these idea several kinds of
artificial soft machines have been constructed using
synthetic polymer gels. Examples include Gelooper (gel-
looper), gelf (gel golf), gel valves, chemical motor, etc.
[5-11]. However, the lack of hierarchical structures and
energy sources inside the gel lead to a decreased
response and restricts the further application of such
actuators for practical use in the human body.

Recently, we have found that chemically cross-linked
giant actin gel filaments, several tens of times the length of
native actin filaments, move along a chemically cross-
linked myosin fibrous gel with a velocity as high as that of
native actins, by coupling to ATP hydrolysis [12-15]
(Actins and myosins are major component of muscle
proteins and play an important role in dynamic motion of
creatures that is caused by the molecular deformation using
the chemical energy released by hydrolysis of ATP). This
result indicates that muscle proteins can be tailored into
desired shape and size without sacrificing their bioactivities.

In this article we will describe the adenosine triphosphate
(ATP) fueled soft gel machine constructed from chemically
cross-linked actin gel and myosin gel.
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2. Methods
2.1. Materials

2.1.1. Sample preparation

Actin was obtained from scallops by the method of
Spudich and Watt [16]. Myosin was obtained from scallops
by the method of Barany et al. [17]. Heavy meromyosin
(HMM) was obtained by the method of Craig et al. [18].
Cationic polymers (x,y-ionene (x=3 or 6; y=3, 4, or 10)
bromide polymers (x,y-ionene), poly-L-lysine hydrochloride
(p-Lys), poly-N-[3-(dimethylamino)propyl]-acrylamide
(PDMAPAA-Q)) and other polymer (poly
<ce:small-caps>l-glutamic acid sodium salt (p-Glu), deox-
yribonucleic acid sodium salt (DNA), polyethylene glycol
(PEG))were prepared as described in previous papers
[13,15].

2.1.2. Oriented myosin gel preparation

Myosin (10 mg/ml) dissolved in 50 mM 3-(N-morpho-
lino)propanesulfonic acid (MOPS; pH 7.0) containing
600 mM KCl was spread on the slide glass plate and then
dipped into 50 mM MOPS (pH 7.0) containing 10 mM KCl
for 10 min at 4 °C keeping the angle of slide glass to water
surface as 60° to the water surface. Part of the film edge was
slowly picked up using tweezers, stretched with a velocity
of 34 mm/s, and dipped in TG solution (1 unit against 1 mg
myosin) for 30 min at 13 °C to give chemical cross-links.
The cross-linked myosin filament was rinsed in 50 mM
MOPS (pH 7.0) containing 600 mM KCI for several hours
to remove soluble myosin.

2.1.3. Polymer—actin complex preparation

Fluorescent-labeled actin filaments (denoted as F-actin)
were obtained by stoichiometrically mixing G-actins and
rhodamine—phalloidin (Molecular Probes No. 4171) in
F-buffer (5 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES; pH 7.2), 0.2 mM ATP, 0.2 mM
CaCl,, 100mM KCI, 2 mM MgCl,) for 24h at 4°C.
Phalloidin bonds to G-actin stoichiometrically and stabilizes
the F-actin against de-polymerization at a decreased critical
concentration of actin.

The polymer—actin complex was obtained by mixing
F-actin that was diluted to 0.001 mg/ml with F-buffer and
various kinds of polymers with a prescribed weight ratio of
[polymer]/[F-actin] at room temperature.

2.2. Mg-ATPase activity

The actin activated Mg-ATPase activity was measured
by determining the amount of inorganic phosphate liberated
from ATP for 8 min at 15 °C (50 mM KCl, 20 mM Tris (pH
7.4) containing 2 mM MgCl,, 0.3 mM CaCl, and 1 mM
ATP) in the presence of myosin gels (0.66 mg/ml) and
0.5 wt% native actin, or actin gels in the absence of
monomeric actins and myosins. The reaction was

terminated by adding 10% of trichloroacetic acid (TCA).
The liberated inorganic phosphate was determined by the
method of Youngburg and Youngburg [19].

2.3. Electron microscopy

Transmission electron microscopy (TEM) was per-
formed by using a JEOL (JEM-1200EX) at 120kV
acceleration voltage. A drop of F-actin—polymer mixture
of about 10 pl was put on carbon-coated 200-mesh grids that
were rendered hydrophilically by glow discharge in a
reduced pressure. After waiting for 180 s for adsorption, the
grids were stained by one drop of phosphotungstic acid (pH
7.2).

2.4. Motility assay [20-22]

The polymer—actin complex was obtained by mixing
F-actin that was diluted to 0.001 mg/ml with F-buffer and
various kinds of polymers with a prescribed weight ratio of
[polymer]/[F-actin] at room temperature: [p-Lys]/[actin] =
0.35 g/g, [PDMAPAA-Q]/[actin] =0.49 g/g, [3,3-ionene]
/[actin] =4.1 g/g, [6,4-ionene]/[actin]=0.54 g/g, [6,10-
ionene]/[actin] =0.74 g/g.

The polymer—actin complex gel was obtained from
F-actin solution containing 20 mM KCI, 10 mM dithio-
threitol (DTT), 5 mM MgCl,, 0.1 mM CaCl,, 10 mM
MOPS (pH 7.2), and 25% glutaraldehyde solution (Junsei
Chem Co., Tokyo, Japan) as the cross-linker in the presence
of polycation (750 unit/mol). After cross-linking at 15 °C
for 1 h, the polymer—actin complex gel was obtained by
adding 2-mercaptoethanol for termination of reaction.

Myosin (1 mg/m1) was placed on a cover glass that was
pre-coated with 0.03% nitrocellulose. The cover glass was
then placed on a slide glass equipped with spacers 1.1-
1.4 mm high placed at both sides. The flow-cell made in this
way was filled with 50 mM MOPS (pH 7.0) buffer and
placed on ice. The flow cell was washed with 600 mM KCl
and 50 mM MOPS (pH 7.0) and was then filled with buffer
(50 mM KCl, 25 mM DTT, 2 mM MgCl,, 0.3 mM CaCl,
and 30 mM imidazole (pH 7.6)) containing 0.3 wt%
methylcellulose. A total of 2 pl of F-actin and polymer—
actin complex gel in the assay buffer was introduced into the
flow cell. The cell was placed on the stage of a fluorescence
microscope (Olympus BX 50), and the fluorescent-labeled
F-actins were observed using a 60X objective. The
movement of F-actin and polymer—actin complex gel was
initiated by filling the cell with assay buffer containing a
prescribed amount of ATP at 20 °C. The fluorescent image
was obtained with an inverted charge-coupled device
camera (Olympus Color Camera HCC-3900) and recorded
on a video recorder (Digital Videocassette Recorder DSR-
30). The velocity of F-actins or polymer—actin complex gel
on the surface of myosin was evaluated by the displacement
of their center position in 3.3 s. The motility assay on
oriented myosin gel was carried out in the same method.
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2.5. Polarity measurement

A drop of polymer—actin (obtained by the method of
Brown and Spudich [23]) mixture of about 10 pl was placed
on carbon-coated 200-mesh grids that were coated by
molten dental wax. After waiting for 10~40s for
adsorption, two drops of HMM buffer were placed on the
grid to remove excess polymer—actin mixture. And then one
drop of HMM (0.1 to 0.5 mg/ml in HMM buffer) was placed
on the grid. After waiting for 10-20 s, the grids were washed
by eight drops of 10 mM-NaPi (pH 7.2). After washing, the
grids were stained by four drops of 1% (w/v) uranyl acetate
(pH 4.0). Samples were observed with a JEM-1200EX
microscope (JEOL, Tokyo, Japan) at a 120 kV acceleration
voltage. The polarity of the polymer—actin complex was
defined by the following equation
polarity = M 1)

n +n,
where n; and n, are the numbers of actin filaments pointing
in the two perpendicular directions. Polarity was the average
over about 20 samples.

3. Results
3.1. Actin gel formed from polymer—actin complexes [13]

Since, the isoelectric point of actins is pH 4.7, F-actins in
neutral buffer are negatively charged. Therefore, they were
assumed to form complexes with cationic polymers through
electrostatic interaction. Fig. 1(a)—(d) shows some examples
of fluorescence microscope images of polymer—actin

3,3-ionene 6,6-ionene

10um

6,12-ionene F-actin only

Fig. 1. Fluorescence microscope images of polymer—actin complexes
formed by mixing F-actin and various cationic polymers at room
temperature. (a) p-Lys, (b) 3,3-ionene, (c) 6,6-ionene, (d) 6,12-ionene, (e)
F-actin only. The molar ratio of ammonium cation of polymer to
monomeric actin was kept constant at 30:1 for x,y-ionene polymers and
100:1 for p-Lys, which corresponding to weight ratios of [3,3-ionene]
/[actin] =0.41 g/g, [6,6-ionene]/[actin]=0.61 g/g, [6,12-ionene]/[actin]=
0.81 g/g, [p-Lys]/[actin] =0.35 g/g. Actin concentration was 0.001 mg/ml
({13D.

complexes obtained by mixing F-actins with p-Lys
(Fig. 1(a)) and x,y-ionene polymers (Fig. 1(b)-(d)) for
120 min. One can see that large filamentous, stranded and
branched complexes of 20-30 pm in size are formed in the
presence of p-Lys, 3,3- 6,6- 6,12-ionene polymers and their
morphological nature, both of size and shape, are strongly in
contrast to that of native F-actin (Fig. 1(e)). Fig. 2(a) shows
time courses of the average length of the complexes in the
presence of various kinds of polymers. Polymers have been
mixed with following weight ratios keeping the actin
concentration constant at 0.001 mg/ml as well as the
molar ratio of ammonium cation of polymer to actin
monomer of F-actin as 100:1 for p-Lys and 30:1 for ionene
polymers: [p-Lys]/[actin] =0.35 g/g, [3,3-ionene]/[actin] =
0.41 g/g, [6,4-ionene]/[actin]=0.54 g/g, [6,6-ionene]/
[actin] =0.61 g/g, [6,10-ionene]/[actin] =0.74 g/g, [6,12-
ionene]/[actin] =0.81 g/g.

The number-average length of fluorescence image of
F-actins is 2.14 um with a standard deviation of 0.11 pm
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Fig. 2. (a) Time courses of polymer—actin complexes growth. (b) Average
length of polymer—actin complexes observed from fluorescence microscope
images (white columns) and from transmission electron microscope (TEM)
images (shade columns) at 210-300 min. The molar ratio of ammonium
cation to monomeric actin was 30:1 for x,y-ionene polymers and 100:1 for
p-Lys. The corresponding weight ratios were as follows: [3,3-ionene]
/[actin] =0.41 g/g, [6,4-ionene]/[actin] =0.54 g/g, [6,6-ionene]/[actin]=
0.61 g/g, [6,10-ionene]/[actin] =0.74 g/g, [6,12-ionene]/[actin] =0.81 g/g,
[p-Lys]/[actin] =0.35 g/g, [p-Glu]/[actin]=0.36 g/g, [DNA]/[actin] =
0.77 g/g, [PEG]/[actin]=0.10 g/g. Actin concentration: 0.001 mg/ml
[JPG2] ([13]).
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(average over 784 samples) in the F-buffer. However,
polymer—actin complexes grow with time and reach as large
as 5-20 um within 1 or 2 h, which is about 2—10 times larger
than that of native F-actin. The growth profiles depend on
the chemical structure of the polycations. p-Lys shows a
relatively slow growth profile but gives out a large complex.
On the other hand, 3,3-ionene polymer gives the smallest
complexes. These results indicate that hydrophobicity and
charge density of the ionene polymers are important in
complex formation. The average lengths of polymer—actin
complexes are shown in Fig. 2(b). To confirm that this kind
of actin growth is due to the complex formation via
electrostatic interaction between the negatively charged
actins and positively charged polymers, we further studied
the actin growth in the mixture solution of actins and
negatively charged polymers such as p-Glu, DNA, and
neutral polymer, such as PEG at a molar ratio of monomeric
units of polymer to F-actin of 100:1. As shown in Fig. 2(a),
the F-actins do not grow into large filaments with time in the
presence of these anionic or neutral polymers. Therefore,
the formation of polymer—actin complexes should be
attributed to the electrostatic interaction between actins
and cationic polymers. As shown in Fig. 2(a), although 3,3-
ionene has a similar high charge density as that of p-Lys that
has charged moiety on its side chain, it shows a much less
ability of complex growth. This indicates that although the
complex formation is initiated by the electrostatic inter-
action, the flexibility of the charged moiety is important.
The complicated x, y value dependence of the complex
growth observed in x,y-ionene polymers might be associated
with the complementary effect between the charge density
and the flexibility of the charged moiety. Both 3,3-ionene
and 6,10-ionene form short complexes because the former
has a high charge density but with a less flexibility, while
the latter has a high flexibility but with a low charge density.
6,6-Ionene gives longest complex due to its proper charge
density and flexibility. Here, we could not find a clear role
related to the hydrophobicity of the x,y-ionene polymers.
The decrease in the filament length after 100 min of complex
formation observed for 6,4- and 6,12-ionene complexes seems
to be due to the aggregation of the complex.

Since, the formation of polymer—actin complexes is an
equilibrium reaction, the morphological features of the
product should depend not only on time and polymer
structure, but also on concentrations of actins and polymers.
Fig. 3(a) shows the effect of actin concentration on the
equilibrium size of the polymer—actin complexes when
mixed with p-Lys of a constant concentration (3.5X
10~ % mg/ml). When the actin concentration exceeds
0.001 mg/ml, the polymer—actin complexes increase the
length steeply with the increase in the concentration and
then saturate to a length around 15-20 pm. Fig. 3(b) shows
the effect of p-Lys concentration on the relative length 8 of
polymer—actin complexes in the equilibrium at a constant
actin concentration (0.001 mg/ml). Here @ is defined as a
ratio of average length to maximum length of actin—polymer
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Fig. 3. Average length of polymer—actin complexes as a function of F-actin
concentration (a) and dependence of § on the mixing ratio of polymer to
actin (b). Here (3 is defined as the ratio of average length to maximum length
of actin—polymer complex. Data in (a) were obtained at [p-Lys]=3.5X
10~* mg/ml at 60 min. and in (b) at an actin concentration of 0.001 mg/ml
at 90 min ([13]).

complex. No actin growth is observed at all when the
mixing ratio of p-Lys to actin is lower than 0.14 g/g,
indicating that the polymer—actin complex does not form at
such a low concentration. However, the length of polymer—
actin complexes abruptly increases when the mixing ratio of
p-Lys to F-actin exceeds 0.21 g/g. Thus, there exists a
critical p-Lys concentration to form complex, indicating
that the complex formation is cooperative. The similar
cooperative behavior was also observed in the complex
formation with ionene polymers, and the critical mixing
ratios of 3,3- 6,4- 6,6- 6,10- and 6,12-ionene to F-actin were
about 0.81, 0.054, 0.12, 0.024, and 0.022 g/g at a constant
F-actin concentration (0.001 mg/ml), respectively
(Fig. 3(b)). These results explain why we observed a
shortest complex length of 3,3-ionene in Fig. 2(a) performed
at [3,3-ionene]/[actin] =0.41 g/g, which was less than the
critical value of 0.81 g/g. Now, we can conclude that
interaction between polymers and actins behave coopera-
tively, and polymer—actin complexes are formed only when
both F-actin concentration and the mixing ratio exceed the
critical values.

From Fig. 3(b) we can obtain the binding constant (K) as
well as the other thermodynamic parameters of the actin—
polymer interaction by the following equation [24-26]. K=
Kou=1/(Cs)qy 5, where K, is the binding constant of the
cationic polymer bound to an isolated binding site on the
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actin filament (initiation process), (Cs)os is the cationic
polymer concentration at 3=0.5, here 3 is defined as a ratio
of average length to maximum length of actin—polymer
complex, and u is the cooperative parameter which tells the
extra interaction energy between the binding sites (propa-
gation process). The value of u can be calculated from the
slope of the growth profile at the half-length point

<L) _u )
dInCs)ys) 4

Ko and u as well as the total binding energy (AF o=
—RT1In K) and cooperative energy change (AFcoop=
—RT In u) were calculated and the results are summarized
in Table 1. One can see a large value of the cooperative
parameter (#) and, therefore, a large cooperative energy
(AFo0p) change for p-Lys and 3,3-ionene, and the smallest
value of cooperative parameter is observed for 6,12-ionene,
which is one order of magnitude smaller than the value of
the other polymers. On the contrary, 6,12-ionene shows the
highest binding constant of the initiation process (Kj).

As the lateral structures of the polymer—actin complexes
are too small to be clearly observed by fluorescent optical
microscope, we further studied polymer—actin complexes
by TEM, using the negative staining technique. Fig. 4 shows
the TEM images of the actin complexes prepared at a molar
ratio of ammonium cation of polymer to monomeric actin as
100:1 for p-Lys and 30:1 for ionene polymers at a constant
F-actin concentration 0.001 mg/ml. As shown in Fig. 4(a),
actin forms a relatively homogeneous and thin filament in
the presence of p-Lys. We also found that actin is able to
form an extremely homogeneous nano-scale wire (nano-
wire) with 3,3-ionene (Fig. 4(b)). Filamentous complexes
are observed in the presence of 6,6-ionene, (Fig. 4(c)).
Occasionally ring shaped complex (nano-ring) is observed
in 6,6-ionene-actin complex (Fig. 4(d)).

The average width of 3 the p-Lys-actin complex is
21.0 nm with a standard deviation of 2.6 nm. Comparing
with the native F-actins that have an average width of
12.1 nm with a standard deviation of 1.2 nm, p-Lys-actin
complexes are only slightly thicker than that of the native
F-actin with almost the same width scattering. 3,3-ionene
complexes also showed a very thin and homogeneous wire-
like morphology showing an average width of 16.1 nm with
a standard deviation of 1.7 nm. However, from Fig. 3(b), we
know that at a molar ratio of ammonium cation to actin
monomer as 30:1, the 3, 3-ionene polymer concentration is

Table 1

still below the critical concentration. Since, the complex
morphology is strongly dependent on the polymer concen-
tration, we further investigated the 3,3-ionene-actin
complex at a molar ratio of ammonium cation to actin
monomer as 300:1 ([3,3-ionene]/[actin] =4.1 g/g), which is
above the critical concentration of complex formation. As
shown in Fig. 4(e), bundles of thin filaments are formed
when the 3,3-ionene polymer exceeds the critical concen-
tration. Similar morphology are observed for other x,y-
ionene polymers above their critical concentration. Actin-
6,4-, 6,6-, 6,10-, and 6,12-ionene complexes have an
average width of 79.0, 59.3, 38.7 and 66.1 nm with a
standard deviation of 60, 29, 21, and 27 nm, respectively
(Fig. 5). The large scattering in the width of actin-6,4-, 6,6-,
6,10-, and 6,12-ionene complexes quantitatively indicates
the randomness of the morphology of the complexes.

Thus, designed micro-order polymer—actin complexes
could be obtained by changing the structure of cationic
polymer and other conditions. The polymer—actin
complexes were chemically cross-linked with the cross-
linking reagents (refer to experimental section) to form
stable gels (hereafter called, polymer—actin complex gel).
The motility of these polymer—actin complex gels will be
described in Section 3.2.

3.2. Oriented myosin gel formed by shear stress [12,14]

The chemically cross-linked myosin gel with its oriented
filament array 1cm long and 50 um in diameter was
obtained by reacting the scallop myosin at pH 7.0 using
transglutaminase (TG) under stretching. The oriented
myosin gel is semi-transparent, showing a swelling degree
of ca. 100, and a Young modulus of 190 Pa in the oriented
direction, which is more than two times larger than that of
the myosin gel prepared without stretching. Fig. 6(a) and (b)
show scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images of an oriented myosin gel,
respectively. Distinct bundles of regularly oriented fila-
ments ca. 1.5 pm in diameter are observed, indicating that
the rod-like myosin molecules are self-organized with
orientation to form a hierarchical structure as schematically
shown in Fig. 6(c). The molecular orientation of filaments
was confirmed by the strong IR dichroism of carbonyl
absorption at 1600 cm ™~ ! which could not be observed in
the absence of stretching.

The chemically cross-linked myosin gel showed an

Thermodynamic interaction parameters of complex formation between F-actin and various cationic polymers [JPG3] ([13])

Polymer K (10% u K, (10°) AF o (kJ/mol) AF ¢o0p (KJ/mol)
p-Lys 3.9 31 12 —37 -84
3,3- 0.4 32 0.1 —31 —84
6,4- 29 44 6.6 —-36 -35
6,6 2.3 20 12 —36 -173
6,10- 10.6 7.0 15 -39 —47
6,12- 153 22 7.1 —40 —19
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Fig. 4. Transmission electron microscope (TEM) images of polymer—actin complexes formed by mixing F-actin and various polymers at room temperature for
240 min. (a) p-Lys (b) 3,3-ionene, (c) 6,6-ionene (d) 6,6-ionene (e) 3,3-ionene (f) F-actin only. Mixing molar ratios are 100:1, the same as fluorescence
microscope observation (Fig. 1), except for (e) which is carried out at 300:1 ([3,3-ionene]/[actin] =4.1 g/g). Actin concentration: 0.001 mg/ml ([13]).

ATPase activity as high as that of native myosins in the
presence of 0.5 w/w native actin. Myosin gels cross-linked
by other cross-linking agents, such as glutaraldehyde and
1-ethyl-3-(3dimethyl aminoprolyl)carbodiimide, also
showed an ATPase activity, though not as high as those
cross-linked by TG. These results encouraged us to
investigate the motility of native F-actin on the myosin gel.

3.3. Motility assay of F-actin

As shown in Fig. 7, the average velocity, calculated from
the mean displacement over 30-50 samples of F-actinin 3 s,

sharply increased with an increase in ATP concentration,
and the profiles were essentially the same as that on native
myosins. A reciprocal plot of velocity against ATP
concentration (Lineweaver—Burk plot) showed a liner
relationship for the myosin gel, indicating essentially the
same ATP coupling process takes place as for a native
myosin.

F-actins showed a preferential motion along the axis of
oriented myosin gel as elucidated by the degree of
anisotropy (DA), which is defined as the ratio of the
square-root average velocity in the fiber direction to that
perpendicular to the fiber direction. The DA measured on
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Fig. 5. Average width of polymer—actin complexes obtained at 240 min by
TEM images. Error bar means standard deviation ([13]).

the non-oriented myosin gel was 1.1 (average over 66
samples), and that on the oriented myosin gel was 1.7
(average over 91 samples). The mean velocity on the non-
oriented myosin gel was 0.69 um/s with a standard
deviation of 0.24 um/s, while that on the oriented myosin
gel was 0.83 pm/s with a standard deviation of 0.30 pm/s.
Thus, actin filaments prefer to move along the axis of the
oriented myosin gel with an increased velocity.

3.4. Motility assay of polymer—actin complex gel

The p-Lys-actin complex gel cross-linked with TG also
showed a high motility on the oriented myosin gel in spite of
its large dimension. As shown in Fig. 8(a), the p-Lys-actin
complex gels moved preferentially along the axis of
oriented myosin gel almost without path deviations.
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Fig. 7. Mean average velocity of native F-actin on the chemically cross-
linked myosin gel (opened circle) and on native myosin (closed circle), as a
function of ATP concentration. Plots represent mean velocity over 30-50
F-actins ([12]).

Fig. 8(b) shows the velocity distributions of p-Lys-actin
complex gels on the oriented myosin gel (closed circles) as a
function of the individual filament size. The p-Lys-actin
complex gels, about four times larger than native F-actin,
moved with an average velocity of 1 pm/s, almost the same
as that of native F-actins on the oriented myosin gel (opened
circles). Some of the p-Lys-actin complex gels moved as
fast as 2.0 um/s. In addition, DA of the p-Lys-actin complex
gels was 2.2 (average over 38 samples) on the oriented
myosin gel, which was higher than that of the native F-actin
(DA=1.7), indicating an enhanced directional preference
along the axis of the oriented myosin gel.

Thus, despite its increased mass, the p-Lys-actin
complex gel, several tens to hundreds times the volume of

'

— -+ |

1.5 um 15um

Myosin

Fig. 6. (a) Scanning electron microscope (SEM) image and (b) atomic force microscope (AFM) image of the oriented myosin gel chemically cross-linked by
TG under stretching. (c) Hierarchical structure of oriented myosin gel. The myosin gel fiber, ca. 1 cm long and 50 um in diameter, is an aggregate of ca. 1000
bundles 1.5 pm in diameter. Since, a rod-like myosin molecule is 15 nm in diameter, one bundle has a diameter of 10* myosin molecules ([12]).
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Fig. 8. Chemically cross-linked p-Lys-actin complex gel moves with the
same speed as native F-actin on oriented myosin gel. (a) Sequential
fluorescent images of the movement of p-Lys-actin gel on the oriented
myosin gel. (b) Individual velocities of native F-actins (opened circle) and
p-Lys-actin gels (closed circle) of various length on the oriented myosin
gel. (c) Schematic illustration of the p-Lys-actin gels movement on the
myosin gel. DA=2.2 for the p-Lys-actin gels and DA=1.7 for native
F-actins. Scale bar: 50 um ([12]).

the native F-actin, moves on the covalently cross-linked
myosin gel, with an increased velocity. These results
indicate that actins can be tailored into the desired shape
and size without sacrificing their bioactivities by using
complex formation with synthetic polymers.

However, the polarity of polymer—actin complexes,
which is considered to be essential element in the sliding
motion of polymer—actin complex gel, has not been clarified
yet. This question is important for understanding the
cooperative motion by actin assembly. In Section 3.5 we
will describe the polarity of complexes formed in the
presence of polycations and elucidate the correlation
between the complex polarity and its motility on myosin.

3.5. Polarity and motility of polymer—actin complex gel [15]

An arrowhead-like pattern can be observed under
transmission electron microscopy (TEM) when HMM was
decorated on native F-actin (Fig. 9(a)), indicating that
F-actin has a well-defined polarity by self-organization. The
pointed end of arrowhead and the opposite end of arrowhead
are called the p-end and b-end, respectively. To evaluate the
polarity of actin complexes, we also attempted to decorate
the actin complexes with HMM by the same method used

(a) native F-actin

(b) 20

T T T T T T T T T

6,4-ionene

Number
(]
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Polarity
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# |
,,;5:“33?
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Width )

Fig. 9. (a) Polarity of polymer—actin complexes decorated with HMM.
White arrows indicate the direction of arrowhead structures of decorated
filaments. (b) Histograms of complex polarity distributions. (c) Enlarged

images of arrowhead structures of F-actin and various polymer—actin
complexes ([15]).
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for F-actin. However, HMM was decorated only on the
surface of the complex. Besides, the surface of the
complexes was covered with myosin aggregates that are
expected to be formed with extra polycations existing in the
buffer solution. By adding polystyrene particles of 1.053 pm
in diameter, we successfully removed the extra polycation
and obtained clear arrowhead images of actin complexes
decorated with HMM. Fig. 9(a) shows some examples of
TEM images of HMM-decorated PDMAPAA-Q-actin
complexes and 6,4-ionene-actin complexes. Different from
native F-actin that is a single strand, the polymer—actin
complexes are bundles that consist of 3-20 filaments.
Arrowhead structures within a filament of the bundle
pointed in the same direction, although some defects are
observed occasionally. However, arrowhead directions of
filaments within a bundle are not completely the same. The
complex polarity defined by Eq. (1) was estimated. Fig. 9(b)
shows the histograms of complex polarity distributions. As
shown in Fig. 9(b), PDMAPAA-Q complexes show a
preferential polarity. In contrast to this, distribution of 6,4-
ionene complexes is isotropic. The average polarity of the
actin complex is shown in Table 2. As shown in Table 2,
polarity depends on the chemical structure of polycations,
and PDMAPAA-Q-actin complex shows the highest
polarity as 0.89 (average over 23 samples), while 6,4-actin
shows the lowest value as 0.42 (average over 17 samples).
Thus, PDMAPAA-Q prefers to form actin filament bundle
having a unipolarity. These results show that actin and
polycation form complexes with a preferential polarity.
Fig. 9(c) shows the enlarged images of arrowhead
structures of F-actin and various polymer—actin complexes.
We find that the arrowhead structure differs for different
polymers. Table 3 summarizes the average arrowhead
length and width of polymer—actin complexes. The average
length and width of the arrowhead structure of native
F-actin are 29.8 and 23.1 nm with a standard deviation of
6.6 and 3.4 nm, respectively. However, the length of the
arrowhead structure of the p-Lys-actin complex and
PDMAPAA-Q-actin complex is elongated and reaches as
long as 44.5 and 40.5 nm with a standard deviation of 7.6
and 1.2, which is about 1.5 times and 1.3 times longer than
that of native F-actin, respectively. On the other hand,
average length and width of the arrowhead structure of the
6,10-ionene-actin complex is 24.2 and 17.5nm with a
standard deviation of 1.7 and 2.8, respectively, smaller than
that of native F-actin. The change of the arrowhead structure

Table 2

Polarities of polymer—actin complexes

Polymer Polarity
PDMAPAA-Q 0.89 (n=23)
p-Lys 0.76 (n=21)
3,3-Ionene 0.50 (n=22)
6,4-Ionene 0.42 (n=17)
6,10-Ionene 0.49 (n=22)

n is the number of samples for the average ([15]).

Table 3
Characteristic sizes of arrowhead structures of native actin and polymer—
actin complexes ([15])

Polymer Length (nm) Width (nm)
Native actin 29.8+6.6 23.1+34
PDMAPAA-Q 405423 219+1.2
p-Lys 445+7.6 248438
3,3-Ionene 28.7+4.5 21.14+3.3
6,4-Ionene 253+3.1 18.1+1.9
6,10-Ionene 242+1.7 17.5+2.8

might be attributed to the change of the helix pitch of a
p-actin. p-Lys and PDMAPAA-Q are polycations carrying
charges on their side chains. On the other hand, x,y-ionene is
a polycation carrying charges on its main chain. The high
flexibility of cations on the side chain of p-Lys and
PDMAPAA-Q might account for the well-defined polarity
of the complexes formed by actin and these polymers.

As reported in the above section, we have already
elucidated that chemically cross-linked p-Lys-actin
complex gels have an ability to slide on glass surfaces
coated with immobilized myosin. To examine whether actin
complex gels with PDMAPAA-Q and x,y-ionene bromide
polymers (x=3 or 6; y=3, 4, or 10) could slide on the
surface of myosin, the motility assays of PDMAPAA-Q-
actin complex gels and x,y-ionene-actin complex gels in the
presence of 4 mM ATP were performed. We found that all
these polymer—actin complex gels show a sliding motion.
Fig. 10 shows images of the PDMAPAA-Q-actin gel in
sliding. The average velocities of the PDMAPAA-Q- and
3,3-, 6,4-, and 6,10-ionene-actin complex gels, calculated
from the mean displacement in 3.3 s over 17-39 samples,
were 1.3, 0.69, 0.48, and 0.79 pm/s with standard deviations
of 0.63, 0.37, 0.38, and 0.41 pm/s, respectively, which are
comparable with those of native F-actin (0.77 um/s with a
standard deviation of 0.32 pm/s). Among all these polymer—
actin complexes, the PDMAPAA-Q-actin complex, which
has the highest polarity, also shows the highest motility with
a velocity of 1.3 pm/s. Dendritic complexes, which are
occasionally observed when F-actin is mixed with 6,4-
ionene, did not exhibit a translational motion but instead
migrate around their barycentric position.

As shown in Fig. 11, a linear relationship between
polarity and velocity at 3.3 s was observed, i.e. the velocity
of the complex is proportional to the polarity. These results

10pm

Fig. 10. Images of sliding motion of the PDMAPAA-Q-actin complex gel
on myosin. The numbers in images are time in seconds ([15]).
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Fig. 11. Relationship between the polarity and the sliding velocity as
determined by a time interval of 3.3 s for polymer—actin complex gels.
Velocity data are the average over 17 samples. The velocity of a native
F-actin is shown by the arrow in the figure ([15]).

suggest that the polarity of the polymer—actin complex is
essential in producing a high motility. It is known that a
native F-actin always moves toward one direction without
moving back to the opposite direction. The direction of the
F-actin motion is associated with its polarity [27]. For
the polymer—actin bundles that are assembly of F-actin, the
whole polarity is determined by the polar direction of
F-actin. If the F-actin filaments assemble in an antiparallel
way, the whole polarity is cancelled and leads no sliding
motion. This explains why the correlation between polarity
and velocity is observed.

However, the difference between the velocity of native
F-actin and that of the polymer—actin complex gel with a
polarity close to 1 (p-Lys-actin and PDMAPAAQ-actin)
cannot be explained only in terms of polarity. The higher
velocity observed for the complex gel should, therefore, be
attributed to two possible factors: (1) the arrowhead
structure and (2) the bundle formation. As shown in
Fig. 9(c) and Table 3, the two gels, p-Lys-actin and
PDMAPAAQ-actin, show an elongated arrowhead structure
in comparison with the native F-actin and other polymer—
actin complexes. If the change of the arrowhead structure is
attributed to the change of the helix pitch of an actin
filament, an elongation of arrowhead pattern will cause the
extensions of helix structure of the actin filament. In
consequence, the elasticity of the actin filament might
increase and cause the effective motion.

On the other hand, by forming an actin bundle, the
bending fluctuation is eliminated, and this also favors an
effective motion. To elucidate the randomness of the
motion, we investigate the trajectory of the motion.
Fig. 12 shows the trajectory of native F-actin (Fig. 12(a))
and the p-Lys-actin complex (Fig. 12(b)) on the surface of
myosin. One can see that the p-Lys-actin complex not only
moves for a longer distance but also shows a more linear
motion along its filament axis. To characterize the sliding
motion, the displacement (d) of polymer—actin complex gels
and native F-actin was plotted on a logarithmic scale as a
function of observation time (f) (Fig. 13). Data are an
average over 17 samples. The displacement (d) increases
with the increase in the observation time (¢) and follows a
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Fig. 12. Trajectories of sliding motion of native F-actin (a) and p-Lys-actin
gel (b) on myosin. The position of trajectories is arbitrary. The time
intervals of the plot of native F-actin and p-Lys-actin gel are 0.4 and 0.03 s,
respectively ([15]).

power law as docf®. The exponent 8 characterizes the
motion. $=0.5 corresponds to random motion, while =1
indicates constant linear translational motion. The 8 values
for p-Lys-, PDMAPAA-Q-, and 3,3-, 6,4-, 6,10-ionene-actin
complexes, and native actin filament were 0.81, 0.90, 0.82,
0.71, 0.84, and 0.69, respectively (Table 4). From this
characterization, it is found that all polymer—actin
complexes show more translational motion than that of
native F-actin. Because polymer—actin complexes are
bundles formed from actin filaments, they are less flexible
than native F-actin. The less random motion of polymer—
actin complexes is attributed to the less structural flexibility.

Previous studies of actin molecule motion on the glass
surface coated with mysion showed that the sliding velocity
is proportional to the probability, f, that one motor exerts the
sliding force. fis expressed as f=7¢/7., where, 7 and 7. are
the time the sliding force is exerted on actin and the cyclic

10 T T

’

. s
poly-Lysine g’

Displacement d (um)

0.1}

0.01 0.1 1 10
Observation time ¢ (s)

Fig. 13. Logarithmic plot of displacement (d) of p-Lys-actin gel (@) and
native F-actin (O), as a function of observation time (). The solid lines are
experimental observations, and the dotted lines are theoretical values
supposing a Brownian motion ([15]).
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Table 4

Exponents § of native actin and polymer—actin complexes ([15])

Polymer Native PDMAPAA-Q p-Lys 3,3-Ionene 6,4-Ionene 6,10-Ionene
B 0.69 0.90 0.81 0.82 0.71 0.84

time of ATP hydrolysis, respectively [28,29]. The factor
that a highly oriented actin bundles show a higher sliding
velocity than that of a single actin filament indicates that if
many motors act on the same actin bundle, fluctuation which
is associated to the stochasticity of the motor is negligible.

It should be emphasized that the sliding motion observed
here is different from Brownian motion. Sliding motion
occurs two-dimensionally on the surface of the motor
protein of myosin, whereas Brownian motion is three-
dimensional thermal diffusion. It is tempting to make a
comparison between the sliding velocity driven by the
chemical energy of ATP and the diffusion velocity arising
from thermal agitation. We estimate the diffusion coeffi-
cient, D, of the actin bundle gel and native actin filament
using the theory for stiff rods model [30]:

_ kT | Lc

= 3
2TC7ISLC n b ( )

where b=12.1 and 25.3 nm are the average diameter of the
native F-actin and actin bundle gel, respectively. Lo=2.13
and 7.22 pm are the average contour lengths of the native
F-actin and actin bundle gel, respectively, which are
estimated from TEM and scanning electron microscopy
images. kg is the Boltzmann constant, 7 is the temperature,
and is the viscosity of the buffer. The diffusion coefficients
of the native F-actin (D,) and actin bundle gel (D)
estimated from Eq. (3) are 18.8X107'* and 6.08 X
10~ " m?/s, respectively. As a result of its larger size of
actin bundle gel, the D, is about 1/3 of the D,; that is, native
actin filament can diffuse a 3° times longer distance per
unit time, as shown in Fig. 13. For an observation time
longer than 1 s, for example, the actin bundle gel moves
with velocity about 1 order of magnitude faster than that of
the thermal diffusion.
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