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ABSTRACT: The swarming of self-propelled cytoskeletal fila-

~100

ments has emerged as a new aspect in the field of molecular & ;% {' 4;:"0:
machines or robotics, as it has overcome one of the major < -(.% . +¥ $ ONA
challenges of controlling the mutual interaction of a large number Q c 50

of individuals at a time. Recently, we reported on the photo- ; "% - :
regulated swarming of kinesin-driven cytoskeletal microtubule < (e 2y ;"D:A
filaments in which visible (VIS) and ultraviolet (UV) light © ﬁ Ole sl
triggered the association and dissociation of the swarm, .g 0 3 6'0 90
respectively. However, systematic control of this potential system & Time (min)

has yet to be achieved to optimize swarming for further

applications in molecular machines or robotics. Here, we demonstrate the precise and localized control of a biomolecular motor-
based swarm system by varying different parameters related to photoirradiation. We control the reversibility of the swarming by
changing the wavelength or intensity of light and the number of azobenzenes in DNA. In addition, we regulate the swarming in local
regions by introducing different-sized or shaped patterns in the UV light system. Such a detailed study of the precise control of
swarming would provide new perspectives for developing a molecular swarm system for further applications in engineering systems.

B INTRODUCTION this photoregulated swarm system is effective for achieving
cooperative and efficient tasks,”* there is still uncharted
territory in terms of manipulating swarm behavior by altering
the number of photoswitches or adjusting the intensity and
wavelength of light exposure. Exploring these possibilities
could enable the utilization of the photoactivated swarm
system for multifaceted multitasking across a broad spectrum
of wavelengths.”>™>’ In addition, the incorporation of a
photosensor in the swarm system has further advantages in
regulating the swarm in a spatiotemporal manner. Here, we
conducted a thorough investigation of how azobenzene,
serving as a photosensors, can be utilized to govern the
swarming behavior of kinesin-driven MTs. We have also
illustrated how varying the number of photoresponsive
azobenzene molecules within DNA sequences and adjusting
the intensity of UV light can influence the swarming of MTs.
Additionally, we have demonstrated the ability to exert spatial
control over the formation and dispersal of swarms in response
to light signals. This precise manipulation and optimization of
the swarm system have the potential to significantly advance

Living organisms often adopt swarming as a strategy to survive
in nature."” Appropriate signal processing is mandatory to
trigger swarming in response to signals from the environ-
ment.”* The signals include chemical and physical cues such as
pheromones,5 temperature,6 pH,7 acoustic signals,8 magnetic
signals,9 and light.10 Among them, the light signal provides a
significant amount of information because of its high
propagation directionality and wide range of wavelengths.''
These primary properties are important to initiate communi-
cation within swarm units. Inspired by nature, several light-
activated artificial swarm systems, including active colloids"
and biological motors,"’ have been reported to understand
their behavior from fundamental to application aspects.
Photoactive colloidal materials exhibit swarming by triggering
optical forces'*'® or photochemical reactions'®'” and photo-
physical effects, i.e., photocatalytic reactions,'>'® photothermal
conversion, photoisomerization,zo_22 and so on. Compared
to these externally powered active colloidal systems, self-
propelled biomolecular motor-based swarm systems have not
yet been well explored. Recently, we reported a light-activated

swarm system driven by biological motors (microtubules/ Received:  April 3, 2024
kinesins) conjugated with DNA in which visible (VIS) light Revised:  August 7, 2024
triggers swarming and ultraviolet (UV) light facilitates the Accepted: August 13, 2024

dissociation of swarms.'” In this system, azobenzene was Published: August 23, 2024

inserted into the DNA backbone as a photoswitch for ON/
OFF switching of swarming.23 While it has been shown that
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the development of swarm robots, enabling them to tackle
intricate tasks in the realms of molecular computation,
robotics, and nanotechnology.

B MATERIALS AND METHODS

Purification of Tubulin and Kinesin. Tubulin was
purified from the porcine brain through two cycles of
polymerization and depolymerization using a high concen-
tration of PIPES buffer (1 M PIPES, 20 mM EGTA, and 10
mM MgCl,) and then preserved in BRB8O buffer (80 mM
PIPES, 1 mM EGTA, and 2 mM MgCl,, pH maintained to 6.8
using KOH).”® Recombinant kinesin-1 consisting of the first
573 amino acid residues of human kinesin-1 was prepared as
described in the literature.”” Preparation of azide-labeled
tubulin was performed using N;—PEG,-NHS following the
established protocol of labeling tubulin with a fluorescent
dye.’® The tubulin concentration was determined by
measuring the absorbance at 280 nm using a UV
spectrophotometer (Nanodrop 2000c spectrophotometer).
ATTOSS0- and ATTO488-labeled tubulins (red and green)
were also prepared following the same protocol.

Preparation of MTs. MTs were polymerized from a
mixture of 70 uM azide-labeled tubulin [80% (v/v)] and dye-
labeled tubulin [20% (v/v)] using polymerization buffer (80
mM PIPES, 1 mM EGTA, 1 mM MgCl, and 1 mM
polymerizing agent, pH ~ 6.8). The polymerizing agent for
MTs was the nonhydrolyzable guanosine triphosphate analog
guanosine-S’-[ (a,3)-methyleno]triphosphate (GMPCPP).
Then, the mixture was incubated at 37 °C for 30 min to
form GMPCPP-stabilized MTs. One microliter of 4X BRB80
buffer and 0.5 uL of 1 mM Taxol were added to the MT's just
after polymerization to stabilize the MTs. The copper-free click
reaction was initiated by adding 3.5 yL of DBCO-conjugated
pDNAs (200 uM) to S uL of azide-MTs (56 uM), which
allowed the azide—alkyne cycloaddition reaction, and
incubated at 37 °C for 6 h.*’ One hundred microliters of
cushion buffer (BRB80 buffer supplemented with 60%
glycerol) was used to separate the MTs by centrifugation at
201,000 g (S55A2—0156 rotor, Hitachi) for 1 h at 37 °C. After
removing the supernatant, the pellet of pPDNA-conjugated MT's
was washed once with 100 uL of BRBSOP (BRBSO
supplemented with 1 mM Taxol) and dissolved in 15 uL of
BRB8OP.

Preparation of Swarm of MTs. Five uL of casein buffer
[BRB8O buffer supplemented with casein (0.5 mg/mL)] was
added to the flow cell. After incubation for 3 min, 800 nM
kinesin solution was introduced into the flow cell. After
washing the flow cell with S uL of wash buffer (BRB8O buffer
supplemented with 1 mM dithiothreitol and 10 M Taxol), S
UL of green MT (pDNA2-modified ATTO488-labeled MTs)
solution was introduced and incubated for 2 min, followed by
washing with 10 uL of wash buffer. Subsequently, S uL of red
MT (pDNA1-modified ATTOS50-labeled MTs) solution was
introduced and incubated for 2 min, followed by washing with
10 uL of wash buffer. The motility of MTs was initiated by
applying S uL of ATP buffer [wash buffer supplemented with §
mM ATP, p-glucose (4.5 mg/mL), glucose oxidase (S0 U/ml),
catalase (50 U/ml), and 0.2% methylcellulose (w/v)]. 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 chamber
system,”” and pDNA1-MTs and pDNA2-MTs were monitored
using an epifluorescence microscope at room temperature.

B RESULTS AND DISCUSSION

The photoactivated molecular swarm system is illustrated in
Figure la, in which VIS light irradiation (1 > 480 nm)
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Figure 1. Photocontrol of the swarming of kinesin-driven MTs. a.
Schematic illustrations of swarm formation and dissociation of
azobenzene-incorporated DNA-conjugated MTs through duplex
formation and dissociation of the DNA duplex into single strands
under VIS (wavelength, 1>480 nm) and UV light (4 = 365 nm),
respectively. b. Time-lapse fluorescence microscopy images show the
effect of VIS and UV light on the swarm of pDNA-modified MTs and
control DNA (same DNA sequences without azobenzene modifica-
tion)-modified MTs. Scale bar: 20 um. c. The time course association
ratio of pDNA-modified MTs and control DNA-modified MTs under
VIS and UV light irradiation. The blue area shows the VIS irradiation
time (60 min), and the purple area shows the UV irradiation time (30
min). d and e. VIS irradiation time changes the length and width of
MT swarms respectively upon changing the VIS irradiation time.
Error bar: standard deviation. After 30 min of VIS light irradiation, the
length and width go to plateau. Length and width of the swarms were
measured by Fiji-Image] software.

facilitates the formation of the MT swarm, but UV light (1 =
365 nm) triggers the dissociation of the swarm into single
MTs. Swarm units were prepared prior to the swarm
demonstration by polymerization of a mixture of azide-labeled
tubulins and dye-labeled tubulins to allow modification with
DBCO—-DNA and visualization under fluorescence micros-
copy. Swarm units were propelled by surface-adhered
recombinant kinesins, consisting of the first 573 amino acid
residues of human kinesin-1 in the presence of ATP. To
control the swarming of MTs under photoirradiation, two
complementary azobenzene-incorporated DNAs (pDNA1 and
pDNA2) were employed to modify two different sets of MT's
(pDNA1-MT and pDNA2-MT) by an azide—alkyne cyclo-
addition reaction (DNA sequences are mentioned in Table
S1). This DNA conjugation triggers the ON/OFF switching of
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the MT swarming by VIS-UV light-induced trans—cis isomer-
ization of the azobenzene moiety through the chan§e in
melting temperature of DNA hybridization (Figure S1). ?

pDNA1-MTs and pDNA2-MTs started to form bundle-like
swarms upon collision while moving in the same direction on
the kinesin-coated glass surface under VIS light (Figure 1b
top). In the absence of VIS light, MTs exhibited movement
and collisions, yet fail to organize into swarms due to the
absence of conducive interactions. The size of the bundle in
terms of length and width changed with VIS irradiation time as
cis to trans isomerization of azobenzene in pDNA facilitates the
hybridization of the complementary DNA as well as the
association of the swarm units. The swarms of MTs exhibited
translational motion with a velocity (0.56 + 0.04 ums™')
slightly lower than that of single MTs (0.58 + 0.05 yms™")
(Figure S2). Under UV irradiation, the trans-form of
azobenzene converts to the cis form, and the nonplanar cis-
azobenzene destabilizes the DNA sequence by steric
hindrance, which breaks the DNA duplex. To investigate the
effect of UV light on swarming, UV light (intensity, I = 0.6
mW/cm?) is irradiated directly on the MT swarm, which
triggers the dissociation of the swarm into single MTs. To
confirm that only azobenzene in DNA initiates the reversible
swarming of MTs, a similar experiment was carried out with
the same DNA sequences without azobenzene incorporation
(control DNA) (see Table S1). Figure 1b (bottom) confirms
the effect of azobenzene-incorporated DNA on the dissociation
of the swarm, in which no dissociation was observed under
constant irradiation with UV light for 30 min. We
characterized the dissociation of the swarm MTs by calculating
the association ratio as the fraction of the number of initial
MTs incorporated into the swarm at a definite time (See SI for
details). Figure 1c shows the time course association ratio of
the complementary pDNA-modified MTs and control DNA-
modified MTs under VIS-UV irradiation. The dissociation of
the swarm into single MTs is quantified by a significant
decrease in the association ratio. This result indicates that
azobenzene acts as a photoswitch in the swarm system that can
sense the wavelength of the light and program the association—
dissociation of the MT swarm. Visible light was irradiated on
DNA-modified MTs for 60 min, and then UV light was
irradiated for 30 min. Under visible light, the association ratio
increased and plateaued after 30 min, but after UV light
application, the association ratio decreased rapidly within 4
min. Figure 1d and 1le present the increase in MT bundle size
in terms of length and width, as the VIS irradiation time
progresses.

We then systematically investigated how the number of
azobenzenes in DNA influences the dissociation of swarm
MTs. The number of azobenzenes (Z) was varied in the
pDNAL sequence from 1 to 7 and then modified to the MTs
by an azide—alkyne cycloaddition reaction (DNA sequences
and the labeling ratio of DNA to tubulin are mentioned in
Table S2). The same intensity of UV light (I = 0.6 mW/cm?)
was irradiated directly onto the MT swarms just after swarm
formation under 60 min of VIS light irradiation. Figure 2a
shows fluorescence microscopy images of the dissociation of
the swarm of different numbers of azobenzene-incorporated
pDNA1l-modified MTs after 5 min of UV irradiation. UV light
was irradiated for a longer time, but it was observed that all the
MT swarms dissociated at an intensity of 0.6 mW/cm? within
S min of UV light irradiation. Figure 2b shows the drastic
decrease in the association ratio of MTs with UV irradiation
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Figure 2. Effect of the number of azobenzenes on the dissociation of
the MT swarm. a. Fluorescence microscopy images showing the
dissociation of the MT swarms upon varying the number of
azobenzene, Z (n) in T},(TTG)(y1)Z() DNA after S min of UV
irradiation. The intensity of UV light is 0.6 mW/cm? The association
images were captured after 60 min of VIS light irradiation. The
labeling ratio of DNA to MT was maintained the same. Scale bar: 20
pum. b. Change in the association ratio of the MTs with the UV
irradiation time in which MTs were modified with different numbers
of azobenzene-incorporated DNA. Error bar: standard deviation. The
inset shows the enlarged association ratio from 0 to 10 min. c. Change
in the relaxation time (7) of MT dissociation from the swarm under
UV irradiation with the number of azobenzenes, Z (n) in DNA.
Relaxation time was measured from the fitted curve of Figure 2b; the
data were fitted with Y = (Y, - Plateau)*exp(-K*X) + Plateau, where
K is the rate constant). Relaxation time is the characteristic time for
dissociation, which is computed as the reciprocal of the rate constant.
The best fit line has a slope of —0.31 & 0.08 and a goodness of fit of
R? = 0.82. (Y, — Plateau), the amplitude of the exponential decay is
found to increase with the Azobenzene number of DNA.

time. Before UV irradiation, the association ratio of the MTs is
near 100% in all cases. After 10 min of UV irradiation, the
association ratio decreases to almost 10%, which means that
almost all the swarm dissociates into single individuals. Figure
2c demonstrates a decrease in the relaxation time of the swarm
dissociation with the degree of confinement from 4.4 to 2.8
min of UV light irradiation. The relaxation time or the
characteristic time for swarm dissociation is found to depend
on the azobenzene number, which means that dissociation of
the swarm into single MTs is faster in the case of a higher
number of azobenzenes in DNA strands. The relaxation time is
calculated from the fitted curve of the association ratio of the
MT swarm with the UV irradiation time (Figure 2b, details in
the caption). As the trans-to-cis isomerization efficiency
increases with the number of incorporated azobenzenes,” a
greater azobenzene presence facilitates the dissociation of the
MT swarm within a short UV irradiation time. The kinetics of
dissociation of the swarm can be further tuned depending on
the optimization of the velocity of the MTs, length of DNA
strand, UV light intensity, etc.,, which will be studied in our
future research.

As demonstrated earlier, the dissociation of MT swarms is
affected by UV light irradiation, and we further carried out a
systematic investigation to determine the effect of UV light
intensity on the reversible swarming of MTs. Keeping the
labeling ratio of DNA to tubulin (Table S3) and the
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association ratio of MTs almost the same (>80%), we varied
the intensity of UV light from 0.1 to 0.6 mW/cm? Supporting
Movie 1 shows the application of different intensities of UV
light on the MT swarms formed after 60 min of VIS light
irradiation. The fluorescence microscopy image in Figure 3a
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Figure 3. Effect of UV light intensity on the dissociation of the MT
swarm. a. Fluorescence microscopy image showing the extent of
dissociation of MT swarms after 10 min of UV light irradiation with
different intensities (I = 0.59 mW/cm? 0.50 mW/cm?, 0.20 mW/cm?,
and 0.06 mW/cmz). Here, MTs were modified with pDNAI and
pDNA2. Scale bar: 20 ym. b. Change in the association ratio of MTs
with the UV irradiation time in which the intensity of UV light
irradiation was varied. Error bar: standard deviation. c. c. Change in
the relaxation time (7) of MT swarm dissociation at different intensity
of UV irradiation. Relaxation time was measured from the fitted curve
of Figure 3b and the data were fitted with Y = (Y, - Plateau)*exp(-
K*X) + Plateau, where K is the rate constant). The best fit line has a
slope of 0.17 + 0.09 and a goodness of fit of R*= 0.94. (Y, — Plateau),
the amplitude of the exponential decay is found to increase with the
Azobenzene number of DNA.

shows the change in the swarming of MTs after 10 min of UV
irradiation at different intensities. At a lower intensity of UV
light (0.1-0.2 mW/cm?), the MT swarm did not show
complete dissociation, which can be confirmed by the change
in the association ratio with UV irradiation time (Figure 3b).
At T = 0.1 mW/cm” the association ratio of the swarm
becomes 40% after 10 min of UV irradiation, whereas at I = 0.6
mW/cm? the association ratio is reduced to almost 10% within
S min of UV irradiation (Figure S3). At higher intensities of
UV light, the association ratio decreases very rapidly with
irradiation time. Figure 3c confirms the decrease in the
relaxation time to dissociate the MT swarms with the intensity
of the UV light. This suggests that an optimum intensity of UV
light, which is likely more than 0.2 mW/cm” is needed to
control the reversible swarming of MTs.

We also investigated the localized control of the swarming of
MTs in response to photoirradiation (Figure 4a). UV light was
applied to the swarming of MTs through a square-shaped
photomask (Figure 4b). The intensity of the UV light was kept
at 0.6 mW/cm’. The fluorescence microscopy image in Figure
4c shows that MT swarms started to dissociate into single MT's
just after entering the square-shaped UV irradiation area due to

a

UV irradiation through
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MT swarm dissociation MT swarm  Olass surface

0 min 2 min 4 min

Figure 4. Localized control of the swarming of MTs. a. Schematic
illustration of the spatial control of the swarming of MTs through
local irradiation of UV light using a square-shaped yellow pattern. b.
Fluorescence microscopy image of the square-shaped pattern in which
the white area shows the UV light-irradiated region and the black area
shows the VIS light-irradiated region. The area of the square region is
120 ym X 120 pum. Scale bar: 40 um. c. Time-lapse fluorescence
microscopy images of spatial control of the reversible swarming of
MTs into individuals through local irradiation of UV light via a square
pattern. The yellow dotted box shows the UV light irradiated area.
Scale bar: 20 pm.

the dissociation of the conjugated DNAs on MTs (Supporting
Movie 2). However, in the visible region, the MT swarms
continued gliding with the same gliding motion without
showing any dissociation. Moreover, swarms in the VIS region
continued to grow into a large bundle with irradiation time.
UV irradiation through the differently shaped patterns at
different locations indicates the localized remote controllability
of our swarm system (Figure S4). UV or visible irradiation
through multiple multisized or shaped patterns simultaneously
on swarm MTs will facilitate an increase in the controllability
of the swarm for further applications as transporters.

In conclusion, we systematically investigated the effect of
wavelength and intensity of light on the DNA-assisted
swarming of a self-propelled biomolecular motor system,
MT-kinesin. This work demonstrates the advantage of
photoirradiation to control the swarm system in a reversible
and spatiotemporal manner. Over other external stimuli, light
is minimally intrusive, allowing instantaneous manipulation
and local triggering of the systems with higher spatiotemporal
precision and accuracy.’® This work provides a strategy for
precisely and remotely controlling a swarm system by inserting
different numbers of appropriate photosensors by means of
global or local control.

This study is expected to broaden the application of
molecular swarm systems for more intricate sequencing tasks.”*
The incorporation of various photosensors, such as different
azobenzene derivatives, diarylethenes, spiropyrans, and stil-
benes, into DNA can introduce diversity into the molecular
swarm system.” In addition, to understand the effect of DNA
melting temperature on the MT swarm dissociation requires
more investigation, which constitutes our next area of focus.
Moreover, Utilizing light-inducible interactions to regulate MT
swarming as well as their gliding assays, opens up new
possibilities for reconstructing and comprehending intricate
biophysical and biological phenomena.’®”” Given the signifi-
cance of kinesin-driven microtubule (MT) gliding assays in
various nanotechnological applications such as analyte
detection, biocomputation, and mechanical sensing, we believe
our work will inspire scientists to control the interaction of
glided MTs using light, enhancing their practical applica-
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tions.”>*” Our study will be helpful not only to control the self- Research (A) (JP21H04434) to A.K. The Grant-in-Aid for
assembly of biomolecular motor systems but also to control Transformative Research Areas (A) (JP20H05972) and a
the self-assembly of synthetic colloidal particles*”*' or Grant-in-Aid for Scientific Research (C) (JP21K04846) were

inorganic nanomaterials.”> The precise control over swarming
in biomolecular motor-based systems demonstrated in this
study opens up new possibilities for designing swarming
behavior with engineered functionalities in the fields of
molecular computation and molecular robotics.**~*
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