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Summary

We have created an ATP fueled soft gel machine reconstructed from
muscle proteins.  Chemically cross-linked gels of polymer-actin
complex, several decade times the length of native actin filament (F-
actin) move on myosin coated surface 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. We have investigated the growth process of
polymer-actin complexes and the correlation between the polarity and
the motility of polymer-actin complex gels.

Introduction

Biological motors have two basic differences from man-made machines.
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, the motion of biogical
motors, 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!'™!. 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%"*!,

In order to create biomimetic systems, polymer gels have been
employed due to their reversible size and shape change, thereby
realizing the motion by integrating 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®". 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.
Recent advance in the field of molecular biology have enabled the
discovery of a family of motor proteins and their assemblies. These
proteins based on supramolecular assemblies would be biocompatible
and practical for use in body. 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. Actins can form large
complex in the presence of polycations due to the polyelectrolyte nature
of F-actin.

We have found that chemically cross-linked gels of polymer-actin
complexes can move on myosin coated surface with a velocity as high
as that of native actins, by coupling to ATP hydrolysis. This result
indicates that muscle proteins can be tailored into desired shape and
size without sacrificing their bioactivities.

This article reviews recent work on the growth process of polymer-actin
complexes in the presence of various polycations and the effect of the
polarity of polymer-actin complexes on their velocities!'>"*!. This study
has illuminated the creation of ATP fueled biomachine with desired
shape and polarity without loss of bioactivity.

Results and discussion

Actin gel formed from polymer-actin complexes!'”

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.
Figure 1a-d shows some examples of fluorescence microscope images
of polymer-actin complexes obtained by mixing F-actins with p-Lys
(Figure 1a) and x,y-ionene polymers (Figure 1b-1d) for 120 min.

It has been shown that large filamentous, stranded and branched
complexes of 20-30 #m 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 (Figure 1e).
Figure 2a demonstrates time courses of the average length of the
complexes in the presence of various kinds of polymers. Polymers have
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Figure 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. Actin
concentration: 0.001mg/ml. Cited from ref. 13 and asking for permission.
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Figure 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 microscopy(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. Actin concentration: 0.001mg/ml. Cited from ref. 13 and asking for permission.

been mixed with following weight ratios keeping an actin concentration
constant at 0.001mg/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. The number-average length of fluorescence image of
F-actins is 2.14um with a standard deviation of 0.11pum (average over
784 samples) in the F-buffer. However, polymer-actin complexes grow
with time and reach as large as Sum-20pm within one or two hours,
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 induces the formation of
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 Figure 2b. To confirm that this kind of actin growth is attributed to
the complex formation by the electrostatic interaction between the
negatively charged actins and cationic 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 Figure 2a, the F-actins do not grow into large filaments with
time in the presence of these anionic or neutral polymers. Therefore,
the electrostatic interaction between actins and cationic polymers
should be essential for the formation of polymer-actin complexes. As
shown in Figure 2a, 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 in
spite of the initial formation of polymer-actin complex by the
electrostatic interaction, the flexibility of the charged moiety would be
an important factor. 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 induces the formation of 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 100min 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, he morphological features of the product should depend not
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Figure 3 Average length of polymer-actin complexes as a function of F-actin concentration (a)
and dependence of ﬂ on the mixing ratio of polymer to actin (b). Here ,B is defined as the

ratio of average length to maximum length of polymer-actin complex. Data in (a) were obtained
at [p-Lys]=3.5 x 10 mg/ml at 60 min. and in (b) at an actin concentration of 0.001mg/ml at 90
min. Cited from ref. 13 and asking for permission.

only on time and polymer structure, but also on concentrations of actins
and polymers. Figure 3a shows the effect of actin concentration on the
growth size of the polymer-actin complexes when mixed with p-Lys of

a constant concentration. When the actin concentration exceeds
0.001mg/ml, the length of polymer-actin complexes increases steeply
with the increase in the concentration and then saturate to a length
around 15-20um. Figure 3b shows the effect of p-Lys concentration on
the relative length f of polymer-actin complexes in the equilibrium at a
constant actin concentration (0.00lmg/ml). Here £ is defined as a ratio
of average length to maximum length of polymer-actin complex. Only
native F-actins are observed when the mixing ratio of p-Lys to actin is
lower than 0.14g/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 0.21g/g. Thus, there exists a critical p-Lys concentration to
form complex, indicating that the complex formation is cooperative.
This 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 0.022g/g at a constant F-actin concentration (0.001mg/ml),



respectively (Figure 3b). These results explain why we observed a
shortest complex length of 3,3-ionene in Figure 2a performed at [3,3-
ionene]/[actin]=0.41g/g, which was less than the critical value of
0.81g/g. In conclusion, it is indicated that interaction between polymers
and actins behave cooperatively, and polymer-actin complexes are
formed only when both F-actin concentration and the mixing ratio
exceed the critical values.

From Figure 3b we can obtain the binding constant (K as well as the
other thermodynamic parameters of the actin-polymer interaction by the
following equation!'*'®l. K = K ,u=1/(Cs),,, where K, is the binding
constant of the cationic polymer bound to an isolated binding site on the
F-actin (initiation process), (CS )y s is the cationic polymer concentration
at #=0.5, here f is defined as a ratio of average length to maximum
length of polymer-actin complex, and u is the cooperative parameter
which tells the extra interaction energy between the binding sites
(propagation process). The value of U can be calculated from the slope

of the growth profile at the half-length point.
(dB/dInCs),, =Ju/4  (Eq.2)
K, and u as well as the total binding energy (AF, —RT InK') and

cooperative energy change (AR, =—RT Inu) were calculated and the

otal —

results are summarized in Table 1. One can see a large value of the
cooperative parameter ( J) and therefore a large cooperative energy
(AF,,, ) 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 U value of the other polymers. On the
contrary, 6,12-ionene shows the highest binding constant of the
Initiation process (K,).

oop

Table 1 Thermodynamic interaction parameters of complex formation between F-actin and
various cationic polymers. Cited from ref. 13 and asking for permission.

Polymer K u KO AF a1 AF ¢o0p
[10°] [10%] [kImol™] [kImol™]
p-Lys 3.9 31 12 -37 8.4
3,3- ionene 0.4 32 0.1 -31 -8.4
6,4- 2.9 4.4 6.6 36 3.5
6,6- 23 20 12 -36 1.3
6,10- 10.6 7.0 1.5 -39 4.7

6,12- 153 2.2 7.1 -40 -1.5
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Figure 4 Transmission electron microscopy (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 (figure 1), except for (e) which is
carried out at 300:1 ([3,3-ionene]/[Actin]=4.1g/g). Actin concentration: 0.001mg/ml. Cited
from ref. 13 and asking for permission.

Since the lateral structures of the polymer-actin complexes are too small
to be clearly observed by fluorescent microscope, we observed
polymer-actin complexes by transmission electron microscopy (TEM),
using the negative staining technique. Figure 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 actin concentration (0.001lmg/ml). Figure 4a
shows that F-actins form a relatively homogeneous and thin bundles in
the presence of p-Lys. It is also found that an extremely homogeneous
nano-scale wire (nano-wire) is formed with 3,3-ionene (Figure 4b).
Filamentous complexes are observed in the presence of 6,6-ionene,
(Figure 4c). Occasionally toroids like complex (nano-ring) was
observed in the presence of 6,6-ionene (Figure 4d).

The average width of the p-Lys-actin complex is 21.0 nm with a
standard deviation of 2.6 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 show 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, as shown in Figure
3b, the 3,3-ionene polymer concentration is still below the critical
concentration at a molar ratio of ammonium cation to actin monomer as



30:1. Since the morphology of polymer-actin complexes is strongly
dependent on the polymer concentration, 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]=4.1g/g), which is above the
critical concentration of complex formation. As shown in Figure 4e,
thicker bundles are formed when the 3,3-ionene polymer exceeds the
critical concentration. 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 nm,
59.3 nm, 38.7 nm and 66.1 nm with a standard deviation of 60 nm, 29
nm, 21 nm, and 27 nm respectively. The polymer-actin complexes were
chemically cross-linked with the cross-linking reagents to form stable
gels (hereafter called, polymer-actin complex gel). The motility of
these polymer-actin complex gels will be described in following section.

Polarity and motility of polymer-actin complex gel'

An arrowhead-like pattern can be observed by TEM when HMM was
decorated on native F-actin (Figure 5a), indicating that F-actin shows a
well-defined polarity by self-organization. The pointed end of
arrowhead and the opposite end of arrowhead are called the pointed end
(P-end) and barbed end (B-end), respectively. To evaluate the polarity
of actin complexes, we attempted to decorate the polymer-actin
complexes with HMM by the same method used 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 1.053um in diameter, we
successfully removed the extra polycation and obtained clear arrowhead
images of polymer-actin complexes decorated with HMM. Figure 5a
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 was estimated by:

o [n |
polarity =— (Eq.1)

1 2
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Figure 5 (a) Polarity of polymer—actin complexes decorated with HMM (Scale bars: 200nm).
White arrows indicate the direction of arrowhead structures of decorated filaments. (b)
Histograms of complex polarity distributions. Cited from ref. 15 and asking for permission.

Table2 Polarities of polymer—actin complexes. Cited from ref. 15 and asking for permission.

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.

Figure 5b shows the distribution of the polarity of polymer-actin
complexes. As shown in Figure 5b, PDMAPAA-Q complexes show a
preferential polarity. In contrast to this, distribution of 6,4-ionene
complexes are 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 induces the formation of actin bundle having a



unipolarity.  These results show that actin and polycation form
complexes with a preferential polarity.

To examine the correlation between the polarity and the velocity in
polymer-actin complexes, the motility assays of p-Lys-actin complex,
PDMAPAA-Q-actin complex gels and x,y-ionene(x=3 or 6; y=3, 4, or
10)-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. The average velocities of the PDMAPAA-Q-, 3,3-, 6,4-, and
6,10-ionene-actin complex gels, calculated from the mean displacement
in 3.3s over 17-39 samples, were 1.13 um/s, 1.3 pm/s, 0.69 um/s, 0.48
um/s, and 0.79 um/s respectively, which are comparable with those of
native F-actin (0.77 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 Figure 6, a
linear relationship between polarity and velocity at 3.3s was observed,
that is. the velocity of the complex is proportional to the polarity. These
results indicate that the polarity of the polymer-actin complex would
dominate motility of polymer-actin complexes. A native F-actin moves
toward one direction without moving back to the opposite direction.
The polarity of F-actin motion determines the direction of its motility!".
The reason that the polarity of polymer-actin complexes is correlated
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Figure 6 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. Cited from ref. 15 and
asking for permission.



with its velocity can be explained as follows. For the polymer-actin
complexes that are organized by F-actin, the whole polarity is
determined by the polar direction of F-actin. If F-actins are assembled
into polymer-actin complexes in an anti-parallel way, the offset effect of
the whole polarity leads no sliding motion.

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 (t) (Figure 7). Data is an average over
17 samples. The displacement (d) increases with the increase in the

observation time (t) and follows a power law as d o«ct”. The exponent
p characterizes the motion. £ = 0.5 corresponds to random motion,
while # = 1 to constant linear translational motion. The £ values for
p-Lys-, PDMAPAA-Q-, and 3,3-, 6,4-, 6,10-ionene-actin complexes,
and native F-actin were 0.81, 0.90, 0.82, 0.71, 0.84, and 0.69,
respectively (Table 3). This shows that all polymer-actin complexes
have more translational motion than that of native F-actin. Because
polymer-actin complexes are thicker bundles than F-actins, they are less

flexible than native F-actin due to the increase of the thickness. The
10

-
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Figure 7 Logarithmic plot of displacement (d) of p-Lys—actin gel (®) and native F-actin (o), as
a function of observation time (t). The solid lines are experimental observations, and the dotted
lines are theoretical values supposing a Brownian motion. Cited from ref. 15 and asking for
permission.

Table 3 Exponents B of native actin and polymer—actin complexes. Cited from ref. 13 and
asking for permission. Cited from ref. 15 and asking for permission.

Pol i PDMA L
olymer native PAA-Q p-Lys 3,3- 6,4- 6,10-

ﬂ 0.69 0.90 0.81 0.82 0.71 0.84




less random motion of polymer-actin complexes is attributed to the

decrease of flexibility by bundling effect.

It has been known that F-actin motion on the glass surface coated with

mysion shows that the sliding velocity is proportional to the probability,
f , that one motor exerts the sliding force. f is expressed as

f= 7,/7,, where, 7, and 7_ are the time the sliding force is exerted

on actin and the cyclic time of ATP hydrolysis, respectively?**!. The
fact that a highly oriented actin bundles show a higher sliding velocity
than that of a single F-actin 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 in our
experiment 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 coefficient, D, of the
polymer-actin gel and native F- actin using the theory for stiff rods
model*!;
6T ke (3
2rnle b

where b=12.1 nm and 25.3 nm are the average diameter of the native
F-actin and polymer-actin gel, respectively. Lc=2.13 pm and 7.22 um
are the average contour lengths of the native F-actin and polymer-actin
gel, respectively, which are estimated from TEM and scanning electron
micorscopy images. Kg is the Boltzmann constant, T is the temperature,
and 7, is the viscosity of the buffer. The diffusion coefficients of the

D=

native F-actin (D,) and polymer-actin gel (D,) estimated from eq.2 are
18.8x10™"* and 6.08x 10™"* m%/s, respectively. As a result of its larger
size of polymer-actin gel, the D, is about 1/3 of the D, ; that is, native
F-actin diffuses a 3°° times longer distance per unit time, as shown in
Figure 7. For an observation time longer than 1s, for example, the
motility of polymer-actin gel shows the velocity about 1 order of
magnitude faster than that of the thermal diffusion.

Our results show that the cooperative motion of the polymer-actin
complex is strongly dependent on the polarity of the complex. Thus,
the further studies about making polymer-actin complex with same
polarity are required for creating biomachine with high efficiency.
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