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Abstract

Self-propelled biomolecular motor systems, such as microtubule-kinesin or microtubule-dynein, are intricate natural
machines with the ability to convert chemical energy into mechanical work with high efficiency. In recent years,
the biomolecular motor systems have emerged as promising candidates for studying active self-assembly based on the
in vitro gliding assay of the motor systems. Several strategies have been developed to demonstrate the active self-assembly
of biomolecular motors, which provided a wealth of organized and complex structures. Here we review the latest progress in
the active self-assembly of microtubule-kinesin and microtubule-dynein with an emphasis on the emergence of various
structures and necessary design parameters for controlling their polymorphism.

Introduction

Self-assembly is a highly prevalent phenomenon in nature in
which organized and functional structures are spontaneously
formed from disordered discrete components [1, 2]. Nature
vastly utilizes self-assembly to design various architectures
that has significant roles in maintaining necessary functions in
living organisms [1]. From a broader perspective, self-
assembly can be categorized into two groups: passive and
active self-assembly [3, 4]. In passive self-assembly, thermal
fluctuations serve as the driving force to move the isolated
building blocks through space to form organized structures.
Self-assembly in supramolecular systems or conventional
fabrication techniques belongs to the category of passive self-
assembly. In contrast, active self-assembly is driven by
external sources of energy and has an advantage over passive
self-assembly in that it is able to surmount the limitation of
assembly speed encountered by passive self-assembly and can
form complex non-equilibrium structures. It is noteworthy
that active self-assembly differs from active self-organization
in that self-organization is a process in which the formation of
patterns or structures is maintained in a non-equilibrium
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dynamic state by the continuous flow of energy, whereas
active self-assembly uses energy flow in the formation but not
in the maintenance of the structures, as the structures are
thermodynamically stable. Living organisms are by far the
most prominent examples of active self-assembly systems in
which hierarchical macroscale structures are formed from
molecular components through energy-driven assembly pro-
cesses [5]. Some of the fascinating examples are cilia and
mitotic spindles in living organisms, in which microtubules
(MTs), a self-assembled structure of globular protein tubulins,
play versatile roles in their organization and functions [6, 7].
By virtue of recent advances in science and technology, it is
now possible to reconstruct those cellular components in cell-
free conditions in their full functional and structural form.
This ability has opened a door to employing biological units
in exploring active self-assembly processes in the synthetic
world by utilizing their functional advantages over artificial
units [8, 9]. A great deal of effort has been dedicated in recent
years to studying the self-assembly of biomacromolecules,
e.g., MTs and actin in vitro [10-12]. A large part of those
efforts explored the self-assembly of microtubules and actin in
static conditions, i.e., through passive self-assembly [13]. The
greatest hurdle in the self-assembly of MTs or actins was
controlling the interactions among the building blocks in a
user-defined route. The application of dynamic conditions has
started to evolve in recent years to overcome this limitation.
As a consequence, several methods have been developed that
were successful in regulating the interactions among the
building blocks and allowed the formation of stable, large-
scale self-assembled structures with a much faster rate than
that in the passive self-assembly [10]. In the study of the
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Fig. 1 a Schematic
representation of the active self-
assembly of MTs in an in vitro
gliding assay on kinesin using
streptavidin (St)-biotin (Bt)
interaction. b Fluorescence
microscopy images of MT
bundles, rings, and network
produced in active self-
assembly. Scale bar: 10 um

active self-assembly of MTs, a model experimental setup,
named the in vitro gliding assay, has been extensively uti-
lized. In this experimental design, biomolecular motors such
as kinesin or dynein are adsorbed to the surface of a substrate,
which then propel MTs by utilizing the energy obtained from
the hydrolysis of adenosine triphosphate (ATP) [14—16]. The
propelled MTs are then able to make contact with each other
to facilitate their self-assembly if suitable conditions are
provided [17]. Fluorescence labeling of the MTs allows
the monitoring of this assembly process by a fluorescence
microscope. Thus, the in vitro gliding assay of biomolecular
motors offers a self-propelled system for studying active self-
assembly. In this review article, recent progress in the active
self-assembly of MTs is discussed, focusing primarily on the
methods developed to manipulate the interactions among the
MTs and their impacts on the emergence of various types of
organized structures.

Results and discussion

MTs are one of the major components of the eukaryotic
cytoskeleton [5]. As MTs have the highest rigidity
(22%x 1073 Nm?) and persistence length (~6 mm) among
the cytoskeletal components, they are able to provide
mechanical support to cells [18]. MTs also have a role as
tracks for biomolecular motor protein-based intracellular
transportation. MTs are polymers of o,p-tubulin hetero-
dimers that join together end-to-end in a polar fashion to
form protofilaments. The protofilaments of tubulins then
associate laterally to form an MT, a hollow cylinder with an
outer diameter of ~25nm [5]. Although MTs in cells are
composed of 13 protofilaments, the protofilament number in
an MT in vitro varies depending on the polymerization
conditions [19]. MTs in cells are in a dynamic equilibrium
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between assembly and disassembly, where one end of the
MTs (plus end) grows faster than the other (minus end) [5].
On the other hand, MTs prepared in vitro can be stabilized
by using a drug, Taxol, to prevent their disassembly [20].
Kinesin and dynein are two families of motor proteins that
act as ATPases and interact with MTs by consuming the
energy obtained from ATP hydrolysis. Kinesin-1 is the most
familiar member of the kinesin family and is a dimeric,
processive, plus end-directed motor protein, whereas dynein
is a minus end-directed motor protein of MTs [5]. In recent
years, both kinesin-1 and dynein have been employed in the
active self-assembly of MTs based on the in vitro gliding
assay. In the active self-assembly of MTs during the in vitro
gliding assay on motor proteins, two strategies have cap-
tured attention and have been successfully applied to form
various large-scale, complex and stable structures from
MTs, such as bundles, rings or spools, networks, and
streams through regulation of the interactions among the
MTs. One method involves the functionalization of MTs
with crosslinker molecules; a strong interaction between
streptavidin protein and biotin was used to induce attractive
interactions among the MTs gliding on a kinesin-coated
substrate [21]. The other is based on the use of depletant
molecules, e.g., methylcellulose (MC), which can impart a
depletion force to MTs [22]. Biotin, or vitamin H, binds
streptavidin with a very strong affinity (dissociation con-
stant, K4;~107'%) and a lifetime of several hours [23]. The
demonstration of the active self-assembly of MTs using the
streptavidin-biotin interaction requires prior functionaliza-
tion of the MTs with biotin. When biotin-functionalized
MTs are allowed to glide on a kinesin motor-coated sub-
strate, they can interact in the presence of streptavidin,
ultimately resulting in active self-assembly (Fig. 1a). The
initial collision of the MTs provides them with an oppor-
tunity to align and form noncovalent bonds among the
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Fig. 2 a Ring-shaped MT structures produced through active self-
assembly on dyneins using streptavidin-biotin interaction. Scale bar:
20 um. Reproduced from ref. 27 with permission. b In an in vitro
gliding assay on kinesins, MT filaments were transformed into ring-
shaped assemblies when the filaments were subjected to an air-buffer
interface. Scale bar: 25 um. Ref. [29] reproduced by permission of The
Royal Society of Chemistry. ¢ Effect of MT length on the size of the
MT rings produced through active self-assembly using streptavidin
and biotin. Here, (i) to (iv) represent fluorescence microscopy images
of MTs with gradually shortened lengths and (v) to (viii) represent
images of MT rings for the corresponding MTs, respectively. The size
of MT rings decreased with decreasing length of the MT filaments.
Scale bar: 20 um. Ref. [35] reproduced by permission of The Royal

colliding MTs, resulting in the formation of bundles of MTs
(Fig. 1a, b). Similar to the single MTs, the MT bundles are
able to exhibit translational motion, and with time they may
grow in length or thickness through collision with other
MTs or MT bundles. In optimized conditions, the MT
bundles can be transformed into wires of millimeter-scale
dimension [24]. Sometimes other structures such as MT
rings or spools and network structures are reported to
emerge in active self-assembly (Fig. 1b). A number of
studies have been carried out to explore how to control the
emergence of these various structures and to unravel the
factors that control the structural polymorphism in the
active self-assembly of MTs. The concentration of MTs
employed in the assembly process and the ratio of strepta-
vidin to biotin were the important factors that regulated the
polymorphism of the active self-assembly [25, 26].
Among the various types of self-assembled MT struc-
tures, the rings or spools are fascinating in that they can
transform the linear motion of motors into rotational motion
in either a clockwise or an anticlockwise direction. The

Society of Chemistry. d Average diameter of ring-shaped MT
assemblies obtained from the active self-assembly of length-controlled
Taxol stabilized GMPCPP-MTs (square), GMPCPP-MTs (triangle),
and Taxol stabilized GTP-MTs (circle). The difference in the size of
ring-shaped MT assemblies due to changes in the length and rigidity of
MTs was statistically significant (*P <0.01, #P<0.05 using Student’s
t-test). Error bar: SEM. Ref. [35] reproduced by permission of The
Royal Society of Chemistry. e Fluorescence microscopy images show
changes in the thickness of MT rings upon successive active self-
assembly. Here, (i) to (vi) represent the first to sixth successive active
self-assembly steps of MTs. Scale bar: 25 um. Ref. [33] reproduced by
permission of The Royal Society of Chemistry

rings or spools of MTs were assembled not only on a
kinesin-coated substrate but also on dyneins (Fig. 2a) [27].
The success of active self-assembly depends on the mobility
of MTs on a motor protein-coated surface. In this regard,
the hydrophilicity of the substrate surface appears to be an
important factor. Strong hydrophobic interactions between
the dynein and the cover glass surface hindered the motility
of MTs, although no such difficulty was observed for
kinesin. The ring-shaped MT assemblies formed on kinesin
showed a preference for counterclockwise rotational
motion. However, the ring-shaped MT assemblies obtained
on dynein showed no preference in the direction of rota-
tional motion, and the percentages of rings rotating in the
CW and CCW directions were almost equal. This difference
could be ascribed to the interaction mechanisms of kinesin
and dynein with MTs. Kinesin moves along the MTs in a
highly coordinated manner because of its high processivity,
whereas the less processive dynein shows a highly variable
stepping pattern along MTs. Typically, the size of MT rings
assembled using streptavidin/biotin interaction varies over a
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Fig. 3 a Schematic representation of the active self-assembly of MTs
in the presence of a depletent, methylcellulose. Ref. [22] reproduced
by permission of The Royal Society of Chemistry. b Fluorescence
microscopy images of MTs in an (i) isotropic and (ii) nematic phase.
The nematic phase consisted of self-assembled MTs with collective

wide range (1-12.6 ym in diameter) [26, 28]. In contrast,
the formation of MT rings with a very narrow size dis-
tribution (1.8 pm with a standard deviation of 0.4 pm) has
been realized at an air-buffer interface without making use
of the streptavidin/biotin interaction (Fig. 2b) [29]. The
formation of MT rings using the streptavidin/biotin system
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motion. Scale bar: 50 um. Ref. [22] reproduced by permission of The
Royal Society of Chemistry. ¢ Change in the orientation of MTs with
time upon changing the concentration of MTs and methylcellulose.
Ref. [37] published by The Royal Society of Chemistry

has been depicted by a phase diagram [25] correlating the
design parameters, but there are also other reasons for MT
ring formation, as reported in the literature, including the
crosslinking of multiple MTs or MT bundles in closed loops
and the pinning of MTs by defects in the in vitro motility
assay [30, 31]. A large body of works have explored various
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characteristics of the MT rings, including controlling the
direction of rotation, size, thickness, bias of rotation, etc.
[28, 32-34]. The direction of rotation of the motion of MT
rings is primarily governed by the helical structure of the
MTs. Unlike the MTs in cells, the MTs prepared in vitro are
composed of a variable number of protofilaments [19]. With
the change in the protofilament number from 13, the MTs
attain a left- or right-handed supertwist in their protofila-
ment arrangement, which in turn affects their rotational
direction [31]. The rotational direction and velocity of MT
rings could be tuned by changing the supertwist structure of
MTs by varying the preparation conditions of MTs [30].
Furthermore, the length of the MTs and the concentration
and type of kinesin (as there are variations in the structure of
the kinesin tail region) have a profound influence on the
bias of rotation of the MT rings [32]. Furthermore, the size
of the MT rings (inner diameter) is closely related to the
length and rigidity of the MTs employed in the active self-
assembly (Fig. 2c, d) [35]. An increase in the length and
rigidity of the MTs used in self-assembly can increase the
size of the MT rings (Fig. 2¢), which was also supported by
models and simulations [28]. In addition, incorporating
MTs into the active self-assembly in a successive manner
has been proven to be successful in controlling the thickness
of the MT rings [32] (Fig. 2e). The MT rings are perfect
examples of non-equilibrium structures with energy storage.
However, many of the features of those structures, such as
the distribution of their sizes [35] and the direction of
rotation, are yet to be fully controlled.

We now discuss the second strategy used for the active
self-assembly of MTs. Instead of wusing crosslinker-
functionalized MTs, this approach is based on the employ-
ment of depletion force among the MTs in the in vitro gliding
assay, where a high density of MTs is a prerequisite. Deple-
tion force is an attractive interaction between colloidal parti-
cles or macromolecules suspended in a polymer solution such
as MC or polyethylene glycol [36]. In this approach to active
self-assembly, MTs are allowed to travel on a motor protein-
coated substrate in the presence of depleting molecules, e.g.,
MC [22] (Fig. 3a). In these experiments, MC was used as
purchased without any further treatment. At the onset of
gliding motion, the MTs travel randomly without preference
for any particular direction, which represents an isotropic
phase (Fig. 3b). Soon, a nematic phase arises, in which the
MTs self-assemble into groups much larger in size than the
individual MT filaments (Fig. 3b). The structure of the MT
assemblies in the nematic phase was found to be a two-
dimensional structure composed of overlapping bundles of
MTs [37]. In the nematic phase, the MTs exhibit preferential
collective motion and over time produce various fascinating
patterns, e.g., streams and vortexes [38—40]. Several factors,
such as the density of MTs and kinesin, and the concentration
of MC, have important roles in the active self-assembly of

MTs in the form of collective motion [22]. To allow the
emergence of collective motion, the density of MTs must be
maintained above a critical value of ~28 x 10* mm™> [22].
MC has a crucial role in the collective motion of MTs by
regulating the dynamic behavior of gliding MTs and their
mutual interactions in a concentration-dependent manner.
While moving on kinesins, the MTs randomly approach each
other and collide, resulting in two types of events: snuggling
and crossing over [22]. In the absence of MC, the probability
of crossing over was much higher than that of snuggling. In a
snuggling interaction, gliding MTs interact in a parallel or an
antiparallel alignment. MC has a profound influence on the
gliding behavior of the MTs. For example, in the presence of
0.1 wt% MC, the probability of a snuggling event was 30%
and increasing the MC concentration further to 0.3 wt%
increased the probability of snuggling to 50%. Snuggling is
considered the most important behavior of gliding MTs for
producing collective motion [38]. Thus, an increased prob-
ability of snuggling at higher MC concentrations facilitates
the emergence of collective motion. The depletion force
between two MTs induced by 0.3 wt% MC could be esti-
mated from the excluded volume associated with each MTs
by treating them as cylinders with a radius of ~12.5 nm sur-
rounded by a depletion layer. The radius of gyration of
140kDa MC is ~30 nm. According to the Asakura—Oosawa
model [41], flexible polymers such as MC are typically
treated as freely interpenetrating hard spheres, which are
excluded from the colloid surface by a thin layer. Then, the
size of the depletion force was calculated to be ~0.11 pN, and
given the force of each kinesin ~5pN, the total force of
kinesins interacting with each MTs on the surface should be
several tens of pN. Thus, the total force of kinesin is much
larger than the depletion force between the two MTs.

The kinetics of the emergence of collective motion
depends on the concentrations of MTs and MC employed in
the gliding assay [37]. High concentrations of MTs or MC
can substantially accelerate the kinetics of the orientation
process, i.e., the “isotropic to nematic” phase transition of
MTs (Fig. 3c¢). Moreover, a minimal concentration of both
MTs and MC is required to demonstrate the collective
motion. The minimum concentration of MC required to
induce the collective motion of MTs decreased to lower
values when the concentration of MTs was very high. On
the other hand, a minimum concentration of MTs was
found, at or below which no collective motion could be
observed even if the concentration of MC was very high.
This minimum concentration of MTs was also dependent on
the concentration of MC employed in the gliding assay. The
effect of the concentration of MTs and MC on the kinetics
of phase transition of the MTs was clearly evident from the
heat maps of MT orientation at different observation times
(Fig. 3c) [37]. The patterns of self-assembled MTs that
emerged through the collective motions could be stabilized
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Fig. 4 a Schematic diagram of the experimental design employed to
demonstrate the active self-assembly of MTs in a confined space. Ref.
[42] reproduced with permission. b Fluorescence microscopy images
of self-assembled MTs inside confined areas with the circle, square,
triangle, rectangle with sharp edge, hexagon, rectangle with round
edge and star-shapedareas. Shape size: 200 um. Ref. [42] adapted with
permission. ¢ Effect of the size of the confined area on the active self-
assembly of MTs. MTs were allowed to move inside circular confined
areas of varying size. Scale bar: 10 um. Ref. [42] reproduced with

by using the MT-associated protein MAP4 [22]. In the
presence of the 0.25 uM MAP4 fragment with 0.3 wt% MC,
MTs formed streams that were stable for more than 2h.
However, in the presence of the 2.5 uM MAP4 fragment,
MTs formed small bundles instead of streams and the
bundles were easily detached from the surface.

In addition to the physicochemical parameters discussed
above, external factors such as geometric confinement [42] or
confinement by asymmetric experimental conditions [43] also
have a significant effect on the active self-assembly of MTs.
Geometric confinement with different shapes or sizes, fabri-
cated using photolithographic techniques, can directly regulate
the orientation of the MTs. An experimental system was
developed on a micropatterned glass surface to explore the
effect of confinement on the active self-assembly of MTs
(Fig. 4a). The glass substrate was fabricated using photo-
lithography to create a hydrophilic/hydrophobic pattern such
that hydrophilic regions of definite shape and size were pat-
terned on the glass substrate coated with the hydrophobic
fluoropolymer, Cytop. Then, a flow cell was fabricated on the
patterned glass and sequentially filled with buffers containing
kinesins and MTs. Cytop reduces the nonspecific binding of
proteins, allowing the attachment of MTs to the hydrophilic
part of the patterned surface. A mixture of lipid-containing
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permission. d Schematic diagram of the experimental design used to
demonstrate the active self-assembly of microtubules at an air-buffer
interface. Ref. [43] reproduced by permission of The Royal Society of
Chemistry. e Fluorescence microscopy image of MT vortices produced
at the air-buffer interface. Ref. [43] reproduced by permission of The
Royal Society of Chemistry. Scale bar: 2.5 um. f Time-dependent
change in MT vortices at the air-buffer interface. Ref. [43] reproduced
by permission of The Royal Society of Chemistry. Scale bar: 2.5 um

mineral oil was then passed through the flow cell to allow a
lipid layer to cover the surface of the MT buffer droplet due to
the amphiphilic nature of the lipid. As a result, a semispherical
droplet of MT buffers was confined on the hydrophilic region
of the patterned glass surface covered by the lipid layer,
making a confined space. All experiments were repeated sev-
eral times, and the reproducibility of the results was confirmed.
The self-assembled MTs were found to align preferentially in
particular directions under geometrical confinement. The
aligned MTs demonstrated different orientations inside con-
fined areas of different shapes and sizes (Fig. 4b, ¢). In circular
confined areas, MTs were preferentially aligned either along
the periphery or at the center of the circle. When confined in a
square, triangle, rectangle with sharp edge, hexagon, rectangle
with round edge or star, the MTs showed two types of orga-
nization behaviors, as observed in the circle. MTs were aligned
along the wall around the periphery and along the diagonal
around the center of the shapes. Analysis of the orientation
angles revealed that the MTs showed similar types of orien-
tation in the square, triangle, rectangle with sharp edges and
hexagons. The MTs were oriented mostly in two directions.
At the center, the MTs were aligned along the diagonal of
the confined area and oriented in a particular direction. On
the other hand, the orientation of MTs in the rectangle with
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Fig. 5 a Schematic a
representation of the

experimental design employed

to demonstrate the DNA-

regulated active self-assembly

and disassembly of

microtubules. Adapted from

Htgaggy

greopem  EHEES B

+ [-DNA1

ref. [47] with permission.
b Formation of ring-shaped

<— Receptor DNA1 (--DNAT)

<« Linker DNA1 (I-DNA1)
<— Dissociation DNA (d-DNA)

Receptor DNA2 (-DNA2)

MT assemblies with time using
DNA-based interactions.
Adapted from ref. [47] with
permission. ¢ Disassembly of an
MT ring with time using
dissociation DNA, which
mediates the DNA strand
displacement reaction. Adapted
from ref. [47] with permission.
Scale bar: 20 um

a round edge was almost the same as that observed in the
circular shape. In the star-shaped confined area, the MTs
were found to orient along the four vertices of the star. The
distinct orientations of MTs could be accounted for by the
differences in the geometry of the confined areas in different
shapes. In addition to the shape, the size of the confined area
also greatly influences the self-assembly and orientation of
MTs (Fig. 4c).

On the other hand, confinement under asymmetric
assembly conditions facilitated the morphological transition
of MTs into rings or vortices. MT rings with very small
circumferences were formed when MT filaments were
subjected to an incompatible environment, e.g., an air-
buffer interface [43] (Fig. 4d, e). The required driving force
for this morphological transformation of MTs could be
explained by the need for MT protein filaments to reduce
their energy in an incompatible environmental condition
(air). Interestingly, these MT rings exhibited dynamic
transformation with time (Fig. 4f), following four different
routes [43]. The most striking feature of the MT rings
formed at the air-buffer interface is that they demonstrated
periodic mechanical oscillation, which is ascribed to the
mechanical frustration of the dynamic rings. Crowding
effects and interactions of MTs with their nearest neighbors
in a high-density condition can also act as the driving force
in the formation of MT vortices [38, 40].

Reversibility is a salient feature of self-assembly in nat-
ure that can be observed in the swarming of fish schools, ant
colonies, bird flocks, and so on [44-46]. The demonstration
of self-assembly in such a reversible fashion requires the

ability to control the local interactions among the building
blocks, which is a challenging task in fabrication-based
conventional self-assembly or supramolecular chemistry. In
a recent study, programmability was successfully intro-
duced into the dynamic self-assembly of MTs [47]. DNA
was employed as a universal interface to reversibly regulate
the self-assembly of MTs in a programmable manner. DNA
is a storage device for genetic information and has emerged
as a versatile tool for molecular computing. Recent advan-
ces in chemical DNA synthesis have rendered DNA a
potential building block for the precise construction of
nanostructures [48, 49]. By tethering single-strand DNA to
MTs as an information processor, it has been possible to
control the active self-assembly of MTs by programming
their interactions. Here, the active self-assembly of MTs
was demonstrated based on the in vitro gliding assay of
MTs as discussed above. However, the MTs were con-
jugated with two single-stranded DNAs, termed “receptor
DNA” (r-DNA), of prescribed base number, e.g., T16 and
(TTG)S, through a copper-free click reaction. The DNA-
conjugated MTs were propelled similarly to the bare MTs
by surface-adhered kinesins, using the chemical energy of
ATP, without sacrificing their velocity. Kinesin is an
ATPase, i.e., it can consume ATP and release ADP and
inorganic phosphate. Kinesins can move towards the plus
end of MTs by converting the chemical energy of ATP
hydrolysis into mechanical work [5, 18]. When adsorbed to
a surface, kinesin can generate force (~5 pN) by consuming
ATP, and thus MTs are made to move on the kinesins in
the in vitro gliding assay. Dyneins are also ATPase- and
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Fig. 6 a Reversible hydrogen bonding between photoresponsive
DNAs by the light-induced cis—trans isomerization of azobenzene.
Adapted from ref. [47] with permission. Photoregulated repeated
assembly and disassembly of b microtubule bundles and ¢ rings.

MT-associated motor proteins, but unlike kinesins, dyneins
move towards the minus end of MTs. Therefore, on a
kinesin-coated surface, gliding MTs move with their minus
end as the leading end, whereas the plus end of MTs
becomes the leading end when MTs are made to move on a
dynein-coated substrate. Linker DNA (I-DNA) was
designed to be partially complementary to the r-DNAs and
able to crosslink them through hybridization (Fig. 5a). The
self-assembly of the gliding MTs was initiated by the
introduction of I-DNA. While gliding, the r-DNA-con-
jugated MTs collided and formed bundles (Fig. 5b), and the
size of the bundles increased over time. Despite the increase
in size, the MT bundles exhibited translational motion with
a velocity (0.51+0.02ums™ ") close to that of individual
MTs (0.60+0.05ums ). Ring-shaped MT assemblies
were produced through repeated collision of the bundles
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Visible light induced the assembly of rigid and flexible MT filaments
into bundles and rings, respectively. Upon UV light irradiation, the
bundles and rings of MTs were disassembled into the filament MTs.
Adapted from ref. [47] with permission. Scale bar: 20 um

(Fig. 5b). From the count of the number of individual MTs
at different times, the association ratio was calculated as the
fraction of the number of MTs initially incorporated into the
swarms. The active self-assembly was dependent on the
concentration of »-DNAs, /-DNA, and the density of MTs,
suggesting that all these components play significant roles
in the self-assembly of the DNA-conjugated MTs. Rever-
sibility in the self-assembly of MTs was demonstrated by
introducing a dissociation DNA (d-DNA), which was
designed to extract the I-DNA through a DNA strand
exchange reaction. Within a few minutes after the addition
of the d-DNA, the self-assembled MT rings were dis-
sociated into isolated MTs upon (Fig. 5c). The utility of
DNA as an operator for molecular computing further
allowed the demonstration of different logical operations,
e.g., YES, AND, and OR logic gates, through the active
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self-assembly of MTs. Moreover, by precisely tuning the
physical properties of MTs, a reversible bundle-shaped
assembly of MTs was obtained. The incorporation of the
photoresponsive molecule azobenzene into the DNA
facilitated reversible and noninvasive control of the active
self-assembly of MTs for multiple cycles by photoirradia-
tion (Fig. 6a). This photoregulation of the dynamic self-
assembly of MTs was successful for both MT rings and
bundles (Fig. 6b, c).

Summary and outlook

In this review article, the latest advances in the active self-
assembly of MTs have been summarized. Various methods
developed in recent years for demonstrating the active self-
assembly of the self-propelled bimolecular motor system
have been comprehensively discussed. The methods are
broadly categorized into three main groups depending on
the mechanisms through which interactions among the MTs
are regulated in the assembly process. First, the active self-
assembly of MTs by employing a strong interaction
between streptavidin and biotin was discussed. This method
has provided self-assembled structures with rich morpho-
logical variations, i.e., bundles, rings, and networks. In
another approach, utilizing depletion force, a large number
of MTs were self-assembled into gigantic stream or vortex
patterns. However, both of these methods have limitations
in that they were unable to allow reversibility in the
assembly processes, as nature does. In the latest approach, a
solution to this limitation was provided. Utilizing the
potential of DNA for logical operations, molecular com-
putations and high selectivity, reversible regulation of the
active self-assembly of MTs in a programmable manner was
realized using both chemical and physical input signals.
This advance should impact self-assembly not only in the
field of biomolecular motors but also in supramolecular
chemistry and in bio- and DNA-related nanotechnology.
The application of biomolecular motors in active self-
assembly has greatly benefited our understanding of self-
assembly in nature. Although we now have greatly
improved control over the characteristics of the structures
created through self-assembly, the variety of the structures
is still quite limited compared to that available in nature.
Further exploration is required to address the need for more
precise control of the emergence of the structures and their
prospective applications in an artificial environment.
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