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Nonequilibrium Self-Assembly of Microtubules Through
Stepwise Sequential Interactions of DNA

Jakia Jannat Keya, Mousumi Akter, Yuta Yamasaki, Yoshiyuki Kageyama, Kazuki Sada,
Akinori Kuzuya,* and Akira Kakugo*

The assembly of biological systems forms nonequilibrium patterns with
different functionalities through molecular-level communication via stepwise
sequential interaction and activation. The mimicking of this molecular signaling
offers extensive opportunities to design self-assemblies of bioinspired
synthetic nonequilibrium systems to develop molecular robots with active,
adaptive, and autonomous behavior. Herein, the design and construction of
biomolecular motor system, microtubule (MT)-kinesin based molecular swarm
system, are reported through stepwise sequential interactions of DNA. DNA
signals are exchanged between three different DNA-tethered MTs, whereby
the DNA signal from the first MT can activate the DNA strand on the second
MT by communicating through physical contact, which facilitates assembly
formation between the second and third DNA-tethered MTs. The DNA strands
on the MTs can recognize the specific sequences of other DNA strands
in the system and communicate with the complementary DNA on other MTs.
This work will pave the way for developing autonomous molecular machines
with advanced functionalities for complex nanotechnological applications.

1. Introduction

Self-assembly is the process in which individual compo-
nents spontaneously organize into complex structures through
their mutual communication or communication with the
environment.[1,2] From the viewpoint of thermodynamics, self-
assembly can be divided into two classes, i.e., passive and
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active self-assembly.[3,4] Passive self-
assembly is driven by thermal energy
and produces structures close to equi-
librium in supramolecular systems or
molecular crystals. Active self-assembly,
in contrast, is driven by an applied en-
ergy source and produces nonequilibrium
structures. In nature, a whole range of
assemblies, from cellular proteins to bi-
ological microorganisms, is driven by
molecular-level communication.[5,6] In-
spired by this, researchers have been
working to understand molecular-level
communication in order to trigger active
self-assembly in synthetic systems with un-
precedented levels of functionalities, e.g.,
adaptive and autonomous properties.[7–11]

Controlling active self-assembly in syn-
thetic nonequilibrium systems through
molecular-level communication may ad-
vance molecular machinery as well as
nanotechnology.[12–14] External energy, i.e.,
magnetic,[15,16] electric,[17,18] or light,[19,20]

can power colloidal systems and permit the assembly forma-
tion, although this is not a self-propelled system. On the other
hand, chemical,[21] enzymatic,[22] or photochemical reaction-
driven[23] self-propelled systems are utilized to demonstrate ac-
tive self-assembly due to their active motion. Among enzymatic
self-propelled systems, ATP-fueled biomolecular motor-driven
cytoskeletal filaments[4,24,25] have been extensively utilized to
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develop active self-assembly processes by controlling their inter-
actions using associated proteins,[26] depletion agents,[27] ligand–
receptor-based crosslinking,[24,25,28] or DNA hybridization.[29,30]

The first three interactions lack programmability, but DNA can
promote direct or stepwise sequential interactions that regulate
assembly formation through molecular communication.[31–37]

Our group previously reported on DNA-assisted self-assembly
of microtubules (MTs) driven by kinesin motors, where DNA
was externally added to control the self-assembly process.[29]

Nevertheless, relying on external control limits the complex-
ity of molecular communication needed for constructing active
self-assembly systems.[38] To address this challenge, we recently
developed an autonomous, MT-based molecular machine in
which DNA cascade reactions self-regulate the assembly of DNA-
functionalized MTs without the need for external stimuli.[30]

However, this system depends on multiple enzymes and a DNA-
based molecular control network for assembly initiation, with a
centralized control mechanism sustaining the assembly and dis-
assembly processes, rather than allowing independent, decen-
tralized actions. Here we introduce an autonomous active self-
assembly system in which DNA signals facilitate mutual com-
munication between active agents, enabling a decentralized con-
trol mechanism. This approach is crucial as it eliminates the
need for centralized enzymatic or molecular control, enhancing
system adaptability and robustness. Learning the adaptability in
the MT-kinesin system, DNA tethered to MTs can actively self-
assemble the MTs through stepwise sequential interactions of
DNA by transferring chemical messages. Specifically, one DNA-
modified MT acts as a chemical messenger to activate a sec-
ond DNA-modified MT, which then facilitates further active self-
assembly with a third set of DNA-modified MTs. We also examine
the kinetics of the DNA strand displacement reaction for mes-
sage transfer and compare it to the MT-kinesin system. Our ac-
tive self-assembly system offers advantages in achieving complex
synchronized operations and adaptability in active matter sys-
tems and molecular machinery.[39–41]

2. Results

The self-assembly formation of MTs through sequential interac-
tions with DNA followed by activation is schematically illustrated
in Figure 1. The system includes three different DNA-tethered
MTs where MTs are modified with fluorescent dye-labeled DNA
strands through a copper-free click reaction (Figure 1a). MTs
modified with a complex of DNA strand 1 and DNA blocker
(dS1/dB), DNA activator (dA), and DNA strand 2 (dS2) are
assigned as green, blue, and red MTs, respectively. The se-
quences of DNA strands and their schematic representations
are shown in Figure 1b (Table S1, Supporting Information).
In the dS1/dB complex, yellow-colored dS1 hybridizes partially
with pink blocker DNA strand, dB to give a bulge-loop struc-
ture in dS1. This structure protects the hybridization informa-
tion (TTGTTGTTGTTG = TTG4) with complementary DNA,
dS2 (CAACAACAACAACAA = CAA5), in the red MT. At the
5′-end of dB, a 7 nucleotide protruding portion (TAAAGTG) is
introduced to provide a toehold for sequence-selective strand
displacement.[42] Based on the melting temperature (Tm) simula-
tion results, the base number in a DNA strand is fixed such that
it works under ambient conditions (25 °C). To initiate hybridiza-

tion, blue activator DNA, dA, was designed as complementary to
dB. Here, dA hybridizes with blocker DNA dB by a strand dis-
placement reaction, and therefore free dS1 forms a duplex with
a complementary dS2 strand in the next step. We confirmed the
inhibition and initiation of the reactions between multiple DNA
sequences through a nondenaturing polyacrylamide gel elec-
trophoretic study (native PAGE) (Figure 1c). Native PAGE pre-
serves the double-stranded structure of hybridized DNA, thereby
ensuring that the mobility of the DNA is primarily determined by
its length. The position of the DNA bands indicates whether two
different DNA strands have formed an assembly. Lane dS1/dB in-
dicates successful hybridization after annealing occurs between
strands dS1 and dB, which is confirmed by the positions of the
reference bands dS1, dB, and dS1+dB, which is a simple mix-
ture of the two strands. The addition of dS2 did not change the
band position, as observed from lane dS1/dB+dS2, which indi-
cates complete inhibition of hybridization between dS1 and dS2
in the presence of dB. Further addition of the activator strand,
dA, in the system initiated the strand displacement reaction of
dB from dS1/dB. Thus, the duplex formation of dS1 and dS2 took
place, as depicted from lanes dS1/dB+dS2+dA. The band posi-
tions from the reference bands indicate that the expected reac-
tion between DNA strands occurred. This molecular recognition
of DNA may facilitate the active self-assembly of dS1- and dS2-
modified MTs followed by multistep displacement reactions as
shown in Figure 1d.

Figure 2 demonstrates the active self-assembly of DNA-
tethered MTs. In the presence of adenosine triphosphate (ATP),
DNA-tethered MTs of 5–10 μm in length were observed to propel
under fluorescence microscopy. The estimated velocity (0.5 ± 0.1
μms−1; average ± standard deviation, n = 30) of the MTs indi-
cates that DNA conjugation does not hinder the interaction be-
tween MTs and kinesins. The total density (70 000 mm−2) of the
three MTs was adjusted to an ≈1:1:1 ratio, and 0.3 μM recom-
binant kinesin, consisting of the first 573 amino acid residues
of human kinesin-1, was used in the in vitro gliding assay ex-
periment. We optimized the molarity concentration of tubulins
and density of MTs in each experiment to maintain the den-
sity ratio of MTs. This optimized MT density was essential for
achieving robust results in the MT assembly process. Figure 2a
shows the fluorescence microscopy images of the self-assembly
formation through the stepwise interaction of all three of the
DNA-tethered MTs. The transfer of dB between the blue and
green MTs might have occurred during their collision at 12 s
after that they moved away. Then, the activated green MT col-
lided with a red MT at 18 s at that point they began to move
together. Figure 2b illustrates the possible interaction among
three single MTs that expedited the assembly formation of red
and green MTs. When a gliding dS1/dB-MT meets a dA-MT
on the kinesin coated surface, we hypothesize that a minimum
of one DNA strand displacement may be sufficient to enable
subsequent interactions although direct evidence is lacking and
further computational simulations are needed to explore these
dynamics.

Next, the self-assembly of the DNA-tethered MTs was achieved
through multistep DNA displacement reactions (Figure 3;
Movies S1–S4, Supporting Information). The interactions of all
four combinations of self-propelled MTs, (i) dS1/dB-MT + dS2-
MT, (ii) dA-MT + dS2-MT, (iii) dS1/dB-MT + dA-MT, and (iv)
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Figure 1. Schematic diagram of the stepwise sequential interaction of DNA and self-assembly of DNA-tethered MTs. a) Schematic illustration of the
DNA-tethered MT gliding system on the kinesin-coated substrate. b) Sequences of DNA and their schematic representations in which dS1 is strand 1
for self-assembly (yellow-colored), dB is a blocker strand (pink-colored), dA is an activator strand (blue-colored), dS2 is strand 2 for self-assembly(pink-
colored). c) Native PAGE analysis of the step-by-step transfer of the DNA signal (dB) through strand displacement reaction with dA. Lanes dS1, dB, dA,
dB+dS2, dA+dS2, dS1+dB, and dA+dB show the reference bands corresponding to the DNA sequences. Lane dS1/dB shows the desired bulge DNA
structure formation in the annealed system with a band corresponding to excess dB. Lane dS1/dB+dS2 shows no change in the band position after
adding dS2 to the dS1/dB system, indicating the successful protection of the DNA strand. The final lane shows that dA triggers strand displacement
and thus the formation of the dS1/dS2 complex. d) Schematic diagram of the self-assembly of MTs using stepwise signaling of DNA followed by DNA
activation.

dS1/dB-MT + dA-MT + dS2-MT, were investigated (Figure 3a).
Figure 3b shows time-lapse fluorescence microscopy images of
the MT behaviors. As is indicated by the existence of the thick
bundles in Figure 3b(iv), the self-assembly of the MTs was ob-
served to occur in the presence of all of the DNA-tethered MTs.
Lack of any one of the DNA-MTs resulted in individual MT move-
ments without any association throughout the timeline (i-iii), in-
dicating the AND-gated molecular recognition of the DNA se-
quence (Figure 3c). Self-assembly of the DNA-tethered MTs was
quantitatively analyzed by counting the number of single MTs
manually and dividing the number at time t by the initial num-

ber of MTs (t = 0) to produce an association ratio (Figure 3d).
The association ratio increased over time and reached 86% after
60 min of ATP addition. The association ratios for other combi-
nations did not change over time.

Finally, we studied the hybridization kinetics of the DNA reac-
tion used for multistep signaling in solution and compared these
kinetics with those of the active matter system (See Additional
Sections S2, S3 and Figure S2, Supporting Information). The
strand displacement reaction between dS1/dB and dA and the
subsequent duplex formation between dS1 and dS2 were mon-
itored by FRET quenching measurements of dS1 labeled with
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Figure 2. Visualization of stepwise sequential interaction of DNA through collisions between single DNA-tethered MTs. a) Time-lapse fluorescence
microscopy images show the green and blue MTs approach each other, collide once (12 s), and separate (18 s). The green MT then communicates with
a red MT through DNA hybridization at which point they begin to move together (30 s). Kinesin concentration: 0.3 μm, scale bar: 5 μm. b) Schematic
illustration shows the possible interaction of DNA-tethered MTs after a collision, as observed in (a).

fluorescent dye in the bulk system. It was found that the rate
constant of the second reaction was much faster than that of the
first reaction (k1 = 0.7 μm−1 min−1 and k2 = 4.4 μm−1 min−1),
indicating that the strand displacement reaction is the slowest,
rate-limiting step. Compared to the bulk system, the reaction
rate in the active matter system (k = 0.2 μm−1 min−1) was much
slower for hybridization of dS1 and dS2, which resulted in the
self-assembly of dS1-MT and dS2-MT (Figure S3; Table S3, Sup-
porting Information). In this case, the number of effective colli-
sions of motile MTs is an important factor affecting the kinetics of
the self-assembly of MTs. Similarly, we determined the rate of as-
sembly formation in the presence of three DNA-tethered MTs in
which self-assembly occurred by the multistep signaling of DNA.
The rate constant was considerably slower (k = 0.02 μm−1 min−1)
than that of the dS1-MT and dS2-MT systems, indicating the
contribution of the slowest step, i.e., the strand displacement re-
action between dS1.dB-MT and dA-MT (Figure 4). The effect of
the time of addition of dS2-MT on self-assembly formation was
also studied by varying the time to 0, 10, and 30 min after the
addition of ATP buffer to allow sufficient time for the interac-
tion between dS1/dB-MT and dA-MT. Upon the addition of dS2-
MT to the system, it was observed to react immediately with the
free dS1-MTs (Figure 4a). The time-lapse fluorescence images re-
flect the time-dependent self-assembly formation considering the
time of addition of dS2-MT to be 0 min. The change in the associ-
ation ratio upon the addition of dS2-MT is presented in Figure 4b.
The rate of self-assembly was found to increase almost double af-
ter the addition of dS2-MTs at 10 min (k=≈0.04 μM−1 min−1) and
30 min (k = ∼0.04 μm−1 min−1) compared to 0 min (Figure 4c).
The kinetics of self-assembly can be further tuned depending
on the optimization of the velocity of the MTs, the number of
effective collisions between them, surrounding macromolecular
crowding, length of DNA strand, etc., which will be studied in
our future research.

3. Discussions

This study addresses the conceptual and experimental chal-
lenges in achieving stepwise sequential interactions among
DNA-modified biomolecular motors for the autonomous self-
assembly of MTs within active matter systems. Specifically, we
demonstrate that kinesin-driven MTs modified with DNA can
communicate chemically, enabling autonomous signal transfer
between MTs that facilitates higher-order self-assembly. Unlike
previous approaches that relied on external molecular controls
or enzymatic systems, this framework allows one DNA-modified
MT to act as a molecular messenger that triggers subsequent in-
teractions in a second, distinct population of MTs, which then
catalyzes the assembly of a third set. This process represents a
novel paradigm in active self-assembly, allowing MTs to inter-
act sequentially and autonomously, thus overcoming prior lim-
itations and enabling more sophisticated, multi-step assembly
dynamics.

The key question of our study explores whether DNA-mediated
communication between MTs enables a self-regulated, adaptive
assembly system within active matter, by introducing a mem-
ory mechanism that allows MTs to dynamically change behavior
in response to DNA signals and retain these modifications.[30]

This DNA-based memory facilitates not only the initiation and
propagation of complex assembly sequences but also provides a
foundation for adaptive, biomolecular motor-based systems with
potential applications in tasks that require signal transduction,
biosensing, and analytical applications.[43–45]

Building on prior work that explored DNA-based assembly
with external and enzymatic control, our approach is distin-
guished by its fully autonomous nature, wherein MTs can engage
in multi-stage, self-propagating assembly without external inter-
vention. This autonomy is crucial for developing scalable and re-
silient active matter systems that could eventually be deployed in
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Figure 3. Assembly formation of different combinations of DNA-tethered MTs on kinesin-coated surfaces. i) dS1/dB-MT + dS2-MT, (ii) dA-MT + dS2-
MT, iii) dS1/dB-MT + dA-MT, and iv) dS1/dB-MT + dA-MT + dS2-MT. a) Schematic illustration of the interactions of the different combinations of
DNA-tethered MTs (i), (ii), (iii), and (iv). b) Representative time-lapse fluorescence images of the DNA-tethered MTs in the different combinations
(i), (ii), (iii), and (iv). Fluorescence microscopy images were taken after ATP addition to the solution. Kinesin concentration: 0.3 μm, scale bar: 20 μm.
Number of trials: 3 c) Schematic table representing the AND-gated molecular communication of DNA which shows that all three DNA-tethered MTs are
required for self-assembly. d) Time course of the association ratio of the self-assembly in the four combinations of self-propelled DNA-tethered MTs.
Error bar: standard deviations. Statistical hypothesis testing was performed for association ratio of dS1/dB-MT+dS2-MT+dA-MT at 0, 30, and 60 min
and the association ratio was found significantly different from 0 to 30, 30 to 60, and 0 to 60 min, having confidence intervals <0.001. The one-way and
two-way ANOVA tests corrected with Tukey’s Honest Significant Difference were used.

real-world environments requiring intricate operation and robust
adaptability.[46]

To introduce additional functionality and modularity, we ex-
plored approaches for enhancing the system’s complexity and
control. For example, the incorporation of secondary or bulge-
loop DNA structures could facilitate hierarchical assembly path-
ways, enabling more sophisticated organization of MTs.[47,48] Fur-
thermore, by tethering small biomolecules (e.g., RNA, enzymes,
antibodies) through DNA hybridization, we establish a versatile
platform with significant potential for biosensing and analytical
applications.[49–52]

Further precise control of the reaction kinetics may be fea-
sible since the properties of MTs, such as concentration (num-
ber), velocity change through ATP concentration, flexural rigid-

ity, or DNA density, can be freely and easily tunable. These tun-
able parameters allow us to precisely regulate reaction kinetics,
creating highly controlled and programmable systems that out-
perform conventional solution-based mixtures.[53] Incorporating
photoresponsive molecules, such as azobenzene, into the DNA
structure could further introduce reversibility and robust control
in the self-assembly process.[29,54]

In conclusion, our study contributes a significant advance-
ment toward the realization of autonomous, biomolecular
motor-based microscale machines. By embedding adaptive, self-
regulating capabilities within MT assemblies, we set the stage
for developing biomolecular systems capable of performing com-
plex operations within active matter frameworks.[14,41,55] Future
work will focus on refining these control strategies and further

Small 2024, 2408364 © 2024 The Author(s). Small published by Wiley-VCH GmbH2408364 (5 of 8)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202408364 by C
ochrane Japan, W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. Kinetic control of MT self-assembly with the stepwise sequential interaction of DNA signals. a) Representative time-lapse fluorescence images
of MT self-assembly with varying time upon dS2-MT addition at 0, 10, and 30 min after adding ATP buffer to the system to accelerate the kinetics. The
time course of images reflects the time of self-assembly considering the addition of dS2-MT as 0 min. Scale bar: 20 μm. 3 repeats were performed.
b) Time-dependent association ratio of the MT self-assembly upon time variation of dS2-MT addition at 0, 10, and 30 min after adding ATP buffer
containing dS1.dB-MTs and dA-MTs. Error bars: standard deviations. c) Determination of the rate constant of hybridization of dS1 and dS2 resulting in
MT self-assembly after adding dS2-MT to the system. The concentration of dS1 was determined from the estimated number of dS1 strands attached to
single dS1-MTs with time. The estimated concentration of dS1 was fitted with the equation (1/[dS1-MT] = kt +1/[dS1-MT]0) (details in Supplementary
Materials) to estimate the rate constants for 0, 10, and 30 min addition as k = 0.02, 0.04, and 0.04 μm−1 min−1, respectively.

elucidating the system’s potential for practical applications, while
addressing remaining limitations in scalability and functional de-
ployment in diverse environments.

4. Experimental Section
Design and Preparation of DNA Sequences: All the DNA strands were

designed from simulation of melting temperature (Tm) using ‘OligoAn-
alyzer 3.1′ software with a Tm between 0 and 60 °C for experimental
testing. Dibenzocyclooctyne (DBCO) and fluorescent dye-labeled strands
were chemically synthesized using appropriate CPG columns and a phos-
phoramidite (Glen Research, VA) on an ABI 3900 automatic DNA synthe-
sizer, purified by reverse phase HPLC and fully characterized by MALDI-
TOF/MS (Bruker Microflex LRF). The DNA was modified at the 3′ end with
either ATTO-488, ATTO-550, or ATTO-647 and at the 5′ end with DBCO.
For DNA Native PAGE analysis, DNAs were purchased from Eurofins Ge-
nomics LLC, Hokkaido Science System (Japan), and Integrated DNA Tech-
nologies (IDT, Singapore).

Annealing of DNA Sequences: In order to prepare bulge DNA struc-
tures, DNA with the bulge sequence (dS1), and block DNA (dB) strands
were annealed where the concentration ratio of bulge DNA: block DNA

was maintained as 1:2. The annealing was done by cooling the DNA solu-
tion at -0.5 °C per min from 95 to 25 °C using a thermal cycler (MiniAmp
Plus).

Native PAGE Analysis of DNA Multi-Step Signaling: Native PAGE
was used to separate and analyze shorter DNA while maintaining its
double-stranded structure. The addition of a denaturant (i.e., urea) to
the gel typically causes the DNA to become single-stranded. In dena-
tured gels, secondary structures do not form, and as a result the mobil-
ity of the DNA was influenced solely by its length. 20% polyacrylamide
gel was used to demonstrate the multi-step interaction of DNA signal-
ing. 0.5 x TBE buffer (Tris base: 44.5 mm, Boric acid: 225 mm, EDTA:
1.275 mm, pH 8.3) was used as a running buffer and sample buffer
with 8% glycerol. The gel was run on a WSE-1100 gel electrophoresis
unit at 20 mA for 90 min at room temperature. Post-staining was done
with 0.5 mgml−1 gelstar and visualized by UV transillumination with
ATTO-Luminograph.

Purification of Tubulin and Kinesin: Tubulin was purified from the
porcine brain using a high-concentration PIPES buffer (1 m PIPES, 20 mm
EGTA, and 10 mm MgCl2) and stored in BRB80 buffer (80 mm PIPES,
1 mm EGTA, 2 mm MgCl2, pH adjusted to 6.8 using KOH).[56] In brief,
food-grade porcine brains were purchased from a local slaughterhouse,
and conserved before use in ice-cold PBS (phosphate buffer saline) pre-
pared by mixing 137 mm NaCl, 8.1 nm Na2HPO4, 2.68 mm KOH and
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1.47 mm KH2PO4 (all reagents from WAKO Pure Chemical Corpora-
tion, Japan). High-concentration PIPES buffer and Brinkley BR buffer 1980
(BRB80) were prepared using the dipotassium salt of PIPES (Sigma–
Aldrich, USA), and the pH was adjusted to 6.8 using KOH (WAKO Pure
Chemical Corporation, Japan). Recombinant kinesin-1 consisting of the
first 573 amino-acid residues of human kinesin-1 was prepared as de-
scribed in the literature.[57] Azide-labeled tubulin was prepared using N3-
PEG4-NHS following the established protocol of labeling tubulin with a
fluorescent dye.[56,58] The tubulin concentration was determined by mea-
suring the absorbance at 280 nm using a UV spectrophotometer (Nan-
odrop 2000c).

Preparation of MTs with DNA Sequences: MTs were prepared by adding
azide tubulin to polymerization buffer (80 mm PIPES, 1 mm EGTA, 1 mm
MgCl2, 1 mm polymerizing agent, pH 6.8) in a 4:1 ratio, where the fi-
nal concentration of tubulin was 56 μM incubating at 37 °C for 30 min.
The polymerizing agent was Guanosine-5′-[(𝛼,𝛽)-methyleno]triphosphate
(GMPCPP), a slowly hydrolyzable analog of guanosine triphosphate (GTP)
to prepare short and rigid MTs. Copper-free click reaction was initiated
by adding 3.5 μL DBCO conjugated DNAs (≈500 μm) to the 5 μL azide-
MTs (56 μm), which allowed azide-alkyne cycloaddition reaction and incu-
bated at 37 °C for 6 h.[59] 100 μL of cushion buffer (BRB80 buffer supple-
mented with 60% glycerol) was used to separate the MTs by centrifugation
at 201000 × g (S55A2-0156 rotor, Hitachi) for 1 h at 37 °C. After removing
the supernatant, the pellet of DNA-conjugated MTs was washed once with
100 μL BRB80P (BRB80 supplemented with 1 mm taxol) and dissolved in
15 μL BRB80P.

Demonstration of Self-Assembly of MTs Using Stepwise Signaling of DNA:
A flow cell with dimensions of 9 × 2.5 × 0.1 mm3 (L×W×H) was
assembled from two cover glasses (MATSUNAMI Inc.) using a double-
sided tape as a spacer. The flow cell was filled with 5 μL casein buffer
(BRB80 buffer supplemented with 0.5 mg mL−1 casein). After incubat-
ing for 3 min, 0.3 μm kinesin solution was introduced into the flow cell
and incubated for 5 min resulting in a density of 4000 μm−2 on the sub-
strate. Kinesin density for different feed concentrations was estimated
using quartz crystal microbalance following this previous report.[60] Af-
ter washing the flow cell with 5 μL of wash buffer (BRB80 buffer supple-
mented with 1 mm DTT, 10 μm taxol), 5 μL of green dS1/dB-MTs solu-
tion was introduced and incubated for 2 min, followed by washing with
10 μL of wash buffer. Subsequently, 5 μL of the red dS2-MTs solution was
introduced and incubated for 2 min, followed by washing with 10 μL of
motility buffer. Then finally 5 μL of blue dA-MTs was introduced and in-
cubated for 2 min, followed by washing with 10 μL of motility buffer. The
motility of MTs was initiated by applying 5 μL ATP buffer (wash buffer sup-
plemented with 5 mm ATP, 4.5 mg mL−1 D-glucose, 50 U mL−1 glucose
oxidase, 50 U mL−1 catalase, and 0.2% methylcellulose (w/v)). The wash
buffer and ATP buffer contain 1 mm of MgCl2. The ATP buffer, containing
5 mm ATP and 1 mm Mg2+, ensures that the available 1 mm Mg2+ pref-
erentially forms 1 mm Mg-ATP complexes,[61,62] which were adequate for
activating kinesins and facilitating its binding to MTs, as well as support-
ing motility. The excess ATP remaining in the solution as free ATP does not
interfere with kinesin activity. The time of ATP addition was set as 0 h. Soon
after the addition of ATP buffer, the flow cell was placed in an inert cham-
ber system (ICS)[63] and the MTs were monitored using a microscope
at room temperature (25 °C). The experiment was performed at least 3
times for each condition. The samples were illuminated with a 100 W
mercury lamp and visualized by an epifluorescence microscope (Eclipse
Ti, Nikon) using an oil-coupled Plan Apo 60× N.A.1.4 objective (Nikon).
UV cut-off filter blocks (TRITC: EX 540/25, DM565, BA605/55; GFP-B:
EX460-500, DM505, BA510-560; Cy5: EX 604/644, DM660, EM 672/712
Nikon) were used in the optical path of the microscope. Images were
captured using a cooled-CMOS camera (NEO sCMOS, Andor) connected
to a PC. Two ND filters (ND4, 25% transmittance for TRITC and ND2,
50% transmittance for GFP-B and Cy5) were inserted into the illumination
light path of the fluorescence microscope to reduce photobleaching of the
samples.

Estimation of the Association Ratio of MTs: The time-dependent asso-
ciation ratio R(t) of red and green MTs was determined by counting the

number of single MTs manually and dividing the number at time t by the
number present initially (t = 0) as follows

R (t) =
(

N (0) − N (t)
N (0)

)
(1)

with N (0) = Initial number of single MTs, N (t) = Number of single MTs
after time t. The mean association ratio was obtained from the average of
four regions of interest (138.5 μm × 117 μm).

Statistical Analysis: All statistical analyses were performed using NIS-
Elements software (Nikon Instruments Inc.) and Image J software (ij152-
win-java8, Center for Information Technology, Bethesda, Maryland, USA).
The analyzed data were plotted using OriginPro19 software (OriginPro ver-
sion 2019, OriginLab Corporation, Northampton, MA, USA). Statistical
analyses were performed using GraphPad Prism. The one-way and two-
way ANOVA tests corrected with Tukey’s Honest Significant Difference
were used.
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