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Abstract

Flocking is a fascinating coordinated behavior of living organisms or self-propelled particles
(SPPs). Particularly, monopolar flocking has been attractive due to its potential applications in
various fields. However, the underlying mechanism behind flocking and emergence of monopolar
motion in flocking of SPPs has remained obscured. Here, we demonstrate monopolar flocking of
kinesin-driven microtubules, a self-propelled biomolecular motor system. Microtubules with an
intrinsic structural chirality preferentially move towards counter-clockwise direction. At high
density, the CCW motion of microtubules facilitates monopolar flocking and formation of a spiral
pattern. The monopolar flocking of microtubules is accounted for by a torque generated when the
motion of microtubules was obstructed due to collisions. Our results shed light on flocking and
emergence of monopolar motion in flocking of chiral active matters. This work will help regulate
the polarity in collective motion of SPPs which in turn will widen their applications in

nanotechnology, materials science and engineering.
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Introduction

Flocking is a typical example of collective motion which is exhibited by living organisms ranging
from animals to bacteria [1-4], as well as artificial self-propelled particles (SPPs) [5-20]. One of
the remarkable features of flocking is the emergence of ordered states in which the organisms or
SPPs translocate towards the same direction and ultimately form a monopolar phase. Such
unidirectional alignment of flocks (monopolar flocks) in collective motion has attracted much
attention not only in non-equilibrium physics and biology but also in materials science and
engineering. For instance, SPPs have been promising for potential applications in molecular
transport systems and micro-devices, [21-25] where integration of the motion of SPPs is essential
for efficient accomplishment of tasks and force integration. Several attempts were undertaken to
align SPPs by using external stimuli or microfluidic channels [21-25]. Another approach was based
on the application of ratcheting structures into systems that enabled collective works from
randomly moving SPPs [26]. Monopolar flocking may offer advantages to integrate the motion of
SPPs without application of these external stimuli. Despite such potential applications of flocking,
the underlying mechanism of flocking and monopolar phase formation by flocks have remained

obscured yet.

To investigate the mechanism of flocking in laboratory conditions, various wet experiments have
been proposed using self-propelled colloids [5-9] and cytoskeletal protein filaments (actin,
microtubules) driven by biomolecular motors [10-20]. In these works, the SPPs were often
organized into monopolar flocks, similar to that observed in nature, depending on the density of
the SPPs. However, microtubules driven by the biomolecular motor kinesin or dynein did not form
monopolar flocks but exhibited collective motion with bipolar orientation [11, 17-20]. Recently
we demonstrated an in silico study in which the SPPs had intrinsic chirality in their motion. The
results of our simulation suggested that the SPPs with chiral motion facilitate monopolar and
rotational flocking [27]. Inspired by the outcomes of our in silico work, in this study, we investigate

the effect of chirality in motion of the kinesin-driven microtubules on their collective motion.

In order to demonstrate collective motion of the microtubules with innate chirality in their structure,
we prepared the microtubules through polymerization of tubulin using the nucleotide guanylyl- (a.,
B)-methylene-diphosphonate (GMPCPP). GMPCPP is an analogue of guanosine triphosphate



(GTP) and predominantly polymerize microtubules by assembling 14-protofilaments (PFs) of
tubulins in a left-handed supertwist helical alignment [28]. Since, while translocating along a
microtubule, kinesins move along the PFs of tubulins, kinesins exhibit rolling motion towards
counter-clockwise (CCW) direction due to left-handed helical structure of GMPCPP-microtubule
lattice [29, 30]. Therefore, it can be assumed that, in an in vitro gliding assay of GMPCPP-
microtubules on kinesins, the CCW rolling motion of kinesins along PFs would be reflected in

resulting chirality of rotational motion of the GMPCPP-microtubules.

Results and Discussion

To verify our assumption, an in vitro gliding assay of GMPCPP-microtubules was demonstrated
on a kinesin coated substrate in the presence of methylcellulose (Figure 1) where we varied the
density of microtubules over a wide range. As shown by the fluorescence microscopy images
(Figure 2a, b), microtubules exhibited translational motion at low density. Upon increasing the
density, the microtubules started to rotate in CCW direction which indicated chirality in their
(rotational) motion (Figure 2a, c). In order to evaluate the chirality in motion of the microtubules,
Left/right asymmetry (LR asymmetry) of microtubules trajectory was analyzed by tracking the
moving direction of individual microtubules and measuring the rotational angle (6) of the
microtubules with respect to a reference axis. Preferential motion of the microtubules either in the
CW or CCW direction was defined by the positive or negative values of the cosine of rotational
angle respectively (Figure 2e). The cosine of the rotational angles of microtubules were then
plotted against the density of microtubules to understand the LR asymmetry in microtubule motion.
From the analysis, it can be confirmed that, at low density the microtubules exhibited translational
motion with a slight tendency to rotate in the CCW direction without any preference in their global
orientation. The cosine of rotational angle of microtubules exhibit less negative values (almost
25%) in the range of (-0.007) to (-0.7) (Figure 2e). Increase in the microtubule density above 1.4
x10°%/mm? facilitated emergence of local monopolar flocks embedded in the homogeneous
disordered microtubule regime (Figure 2a, Movie S1). These moving flocks showed distinct CCW
rotational motion. As shown in Figure 2e, at relatively high density the cosine values of rotational
angles of microtubules become negative in the range of (-0.05) to (-0.8). This implies that the
gliding microtubules tend to skew to the CCW direction as the density of microtubules increases.
With further increase in the density of microtubules, a large-scale spiral pattern of microtubules

rotating in CCW direction emerged (Figure 2d, Movie S2). Apparently, at high density, most of
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the microtubules (~84%) rotated towards CCW direction with only a few moving in the CW

direction.

The polarity of microtubules, which confirms the degree of monopolar alignment in the flocks,
was also analyzed at various densities from the trajectory analysis of the microtubules. Figure 2f
shows the correlation between the microtubules density and polarity. From the figure, it is evident
that upon increasing the density of microtubules the polarity increases; the monopolar motion of
microtubules can be confirmed particularly at the high densities. To further confirm the
involvement of intrinsic chirality of microtubules in their monopolar motion, we demonstrated
collective motion of the taxol-stabilized GDP microtubules which are mostly of non-chiral lattice
structure (~50%). The polarity of microtubules was measured at the density of 2.8 x10%/mm?.
Unlike the GMPCPP microtubules, the polarity of the GDP microtubules was close to 0, which
agrees to our previous report [17] This result confirms that the intrinsic charity of microtubules
plays the key role in the emergence of monopolar motion at high densities. It is to note that, the
unipolar flocking of microtubules was observed particularly at the center of the spiral pattern; at

the periphery, the microtubules were found to maintain a bipolar alignment (Figure S1).

The rotational monopolar flocking of microtubules coincides well with the results predicted by our
previous in silico work. The density-dependent emergence of chiral collective motion of
microtubules might be related to a torque generated upon collision of the chiral microtubules. We
hypothesize that the collision between microtubules is likely to cause short-term pinning of the
motion of microtubules at their front ends (Figure 3a). The pinning of the microtubules at their
front ends leads to bending of the front part of the microtubules, which then spreads towards the
lagging end of the microtubules to release the local bending stress. More precisely, the left-handed
supertwist of microtubules tends to cause leftward bending of the front end which results in
rotation of the microtubules in the CCW direction.

To verify our hypothesis experimentally, we demonstrated an in vitro gliding assay of
microtubules on a substrate with a micro wall made of acrylic resin (Figure 3b, c). The purpose of
this experiment was to use the micro wall as an obstacle for the gliding microtubules and to observe
the behavior at the front end of the microtubules after the microtubules collide with the wall.

Focusing on the microtubules that collided with the wall perpendicularly, we found that ~66.7%



of the microtubules were bent in a CCW direction upon collision and after the collision the
microtubules kept moving along the wall (Figure 3d, Movie S3). Interestingly, some of the
microtubules which collided with the wall at an acute angle (~30°) moved to the CW direction
along the wall after collision and remained stationary for a while (Figure 3e). The microtubules
then turned to the CCW direction using their leading tip as the center of the rotational axis, and
then continued to move along the wall towards the CCW direction. Such preferential CCW rotation
of microtubules mediated by collision with the wall may also happen when the microtubules
collide with each other. The observed collision induced CCW motion of microtubules should be
amplified with the increase in frequency of the collision event at the high microtubule density
conditions. Thus, the torque generated by the microtubules with intrinsic left-handed supertwist
lattice gives rise to the CCW rotational motion of individual microtubules and microtubules

moving in the groups.

In summary, we show that the kinesin-propelled microtubules with chiral structure self-organize
into monopolar flocks that exhibit rotational motion towards CCW direction. Relatively high
density of microtubules favors the formation of the large spiral pattern. The observed monopolar
flocking of the chiral microtubules, i.e. the GMPCPP-microtubules is different from the bipolar
laning of taxol-stabilized GDP microtubules reported in our previous work [17, 18]. The taxol-
stabilized GDP microtubules consist of almost an equal proportion of microtubules formed from
13 and 14 protofilaments (PFs) with straight and helical orientation respectively [15, 28]. On the
other hand, ~96% of GMPCPP microtubules have helical conformation due to formation of
microtubules from 14 PFs [28]. Thus, our results suggest that the collective behavior of
microtubules can be controlled simply by tuning the proportion of chiral microtubules for any

population.

From the gliding behavior of the single microtubules colliding with the micro wall, we speculate
that the observed preferential motion of monopolar flocks towards CCW direction arises due to
the bending of the microtubules (twisted by surface immobilized kinesins) due to collision among
the microtubules. The observed bias in motion of microtubules towards CCW direction is similar
to the "Interaction torque™ (IT) reported in our previous in silico work [27]. However, at this
moment, any correlation between the density of microtubules and emergence of monopolar flocks

is unclear from the outcomes of our wet experiments.



Our previously reported simulation suggests that IT also induces anisotropy in the system. When
the microtubules moving in opposite directions collide, the bias towards CCW direction may force
microtubules to move apart from each other (Figure S2). Intrinsic CCW rotation of single
microtubules may also play a role in this repulsion. On the other hand, if the microtubules moving
in the same direction collide, their moving direction is not changed which may facilitate the
formation of monopolar flocks. Although this model may explain the mechanism of monopolar
flocking at the center of the spiral, it doesn’t satisfy the bipolar alignment of microtubules observed
at the periphery of the spiral pattern. This unique coexisting ordered states of mono- and bi-polar
alignment was previously reported in the in vitro gliding assay of F-actins driven by myosin [31].
The interesting aspect of our results is that the coexistence of two ordered states seems to be related
to the geometry of the microtubule pattern, such as the curvature of their moving trajectory. In
addition, the lifetime of each state is longer (several hours) than what was reported for the actin
myosin system. In depth study, based on experiments and simulations, will be performed in future
in order to understand the detail mechanism of polar flocking of microtubules. This work will help
understand how the chirality of self-propelled objects influences their global chiral behavior in
collective motion and facilitates the emergence of large-scale chiral structures [32-36].
Spontaneous emergence of unidirectional motion of motile objects in the absence of external force
[21-25] and ratchet systems [26] will widen the applications of self-propelled systems in

nanotechnology.
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Materials and methods

Purification of tubulin and kinesin and labelling of tubulin

A high-concentration PIPES buffer (1 M PIPES, 20 mM EGTA, and 10 mM MgCly; pH adjusted
to 6.8 using KOH) was used to purify tubulin from the porcine brain. To prepare high-
concentration PIPES buffer and 80 mM PIPES buffer (BRB80), PIPES from Sigma was used, and
KOH was used to adjust the pH [37]. Recombinant kinesin-1 consisting of the first 573 amino-
acid residues of human kinesin-1 was prepared by following the purification method reported
literature [38]. ATTO-488 labelled tubulin was prepared using ATTO-488 succinimidyl ester
(ATTO-488; ATTO-Tec Gmbh) and ATTO-565 labelled tubulin was prepared using ATTO-565
succinimidyl ester (ATTO-565; ATTO-Tec Gmbh) according to the standard techniques [39]. The
labelling ratio of both ATTO-488 labelled tubulin and ATTO-565 labelled tubulin was 1.0. The
ratio was determined by measuring the absorbance of tubulin, ATTO-488 dye and ATT-565 dye
at 280 nm, 501 nm and 564 nm respectively. The labelled tubulin was mixed with non-labelled

tubulin at a ratio of 4:1 in a way that the concentration of tubulin in the solution became 70 uM.

Preparation of microtubules

Two types of microtubules were separately prepared by polymerizing ATTO-488 labelled and
ATTO-565 labelled tubulin. 70 uM labelled tubulin was incubated at 37 °C in a polymerization
buffer (80 mM PIPES, 1 mM EGTA, 5 mM MgClz, 1 mM GMPCPP; pH 6.8). The solution
containing the microtubules was then diluted with motility buffer (80 mM PIPES, 1 mM EGTA,
2 mM MgCls, 0.5 mg/mL casein, | mM DTT, 10 uM paclitaxel and ~1% DMSO; pH 6.8). The
final solution was made by mixing these two different dyes labelled microtubules, such that the
ratio of the microtubules would remain 9:1 (ATTO 488: ATTO 565).

In vitro gliding assay of microtubules on a kinesin coated glass substrate

In vitro gliding assay of microtubules was performed as described in literature [17, 18]. An open
flow cell with dimensions of 5x5 mm? (WxL) was prepared on a 40x50 mm? cover glass
(MATSUNAMI), without using any spacer or coverslip. The open cell was then plasma treated for
3 min by a plasma etcher (SEDE-GE; Meiwafosis) to make it hydrophilic. Then, 5 uL casein buffer
(BRB80 buffer supplemented with 0.5 mg/mL casein) was applied on the flow cell. After
incubating for 3 min, the flow cell was washed with 10 uL. of motility buffer. Then, 5 pL of 500
nM kinesin solution (~80 mM PIPES, 1 mM EGTA, 1 mM MgCl;, 0.5 mg/mL casein, 1L mM DTT,
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10 uM paclitaxel/DMSO, ~1% DMSO; pH 6.8) was introduced and incubated for 5 min. The flow
cell was washed with 15 pL of motility buffer. Next, 6 uL. of microtubule solution of prescribed
concentration was introduced and incubated for 4 min, followed by washing with 15 pL of motility
buffer two times. Then, 15 uL of 10 mM ATP buffer (~80 mM PIPES, 1 mM EGTA, 1 mM MgCly,
0.5 mg/mL casein, ] mM DTT, 10 uM paclitaxel/DMSO, ~1% DMSO; pH 6.8) supplemented
with 0.3 wt% methylcellulose (methylcellulose 4000, Junsei Chemical Co., Ltd, MW=140 kDa)
was introduced into the flow cell. All the aforementioned experiments were performed at 25 °C in
an inert nitrogen gas atmosphere [40].

Collision assay with a micro-wall

The micro-wall was fabricated on a cover slip (24 x 60 mm?) by using UV acrylic hard type resin
(REJICO, Japan). To make a smooth surface of the wall, we sandwiched a small water droplet
between two coverslips and contacted the edge of the water with the resin. The resin was cured by
UV/LED Nail Lamp (wavelength at 365 and 405 nm, 6W) for 45 sec UV exposure. After curing
the resin, one of the coverslips was removed and the flow chamber was assembled by using two
double-sided tapes as spacers between top small cover slip (18 x 18 mm?) and the bottom cover
slip with the micro-wall. The gliding assay was performed as mentioned above.

Microscopic image capture

The samples were illuminated with a 200W mercury lamp and visualized with an epifluorescence
microscope (Eclipse Ti; Nikon) using oil-coupled Plan Apo 40% 1.40 objectives (Nikon). Filter
blocks with UV-cut specifications (TRITC: EX540/25, DM565, BA606/55; GFP-B: EX480/30,
DM505, BA515; Nikon) were used in the optical path of the microscope to allow for visualization
of samples while eliminating the UV portion of the radiation and minimizing the harmful effects
of UV radiation on the samples. Images and movies were captured using a cooled CMOS camera
(Neo sCMOS and Zyla5.5 for collision assay; Andor) connected to a PC. To capture a field of
view for more than several minutes, ND filters (ND16, 6.25% transmittance) were inserted into

the illuminating light path of the fluorescence microscope to avoid photobleaching.

Data analysis
The detail method of data analysis is given in the supplementary information.
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Figure 1. Schematic diagram of an in vitro gliding assay of microtubules on a kinesin coated

substrate in the presence of methylcellulose.
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Figure 2. Effect of the density of GMPCPP microtubules on their collective motion. (a)
Fluorescence microscopy images of GMPCPP microtubules show emergence of spiral pattern
upon increasing the microtubule density. Images were captured after 15 minutes of ATP addition.
Arrows indicate the direction of motion of the microtubules. Microtubules form spiral patterns and
tend to rotate towards the counter-clockwise direction as the density increases. Kinesin
concentration was 500 nM. (b) Temporal color-coded projections of microtubules for 150 second

interval frames. (c) Time overlay image of a monopolar microtubule flock rotating to the CCW
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direction. (d) The global view of the spiral pattern of GMPCPP microtubules formed at high
density conditions. (e) Scheme shows measurement of rotational angle 8 of GMPCPP microtubules
that was calculated from their trajectory analysis. The initial angle of the microtubules was set as
6 = 90°along their longitudinal axis. When the value of rotational angle was greater than 90°i.e. ¢
> 90°, it is considered as a positive value which implies clockwise motion of the microtubules. The
values of rotational angle that are smaller than 90° i.e. 8 < 90°, are considered as negative values
which indicates counter-clockwise motion of the microtubules. Box plots show change of LR
asymmetry at different densities of microtubules. As the density of microtubules increases most
of them tend to move towards the counter-clockwise direction. (f) Change in polarity of GMPCPP
upon changing their density. The polarity of microtubules is higher at high density conditions
compared to that at the low-density conditions. For comparison, the polarity of taxol-stabilized
GDP microtubules is also shown (red square). The experiment was performed as described in a
previous work [17]. Scale bars: (a-¢) 50 um and (d) 500 um.
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Figure 3. Collision induced preferential CCW rotation of single microtubules. (a) Schematic
representation of the model for predicting the CCW rotation of microtubules at high density
conditions. Collisions among the neighbor microtubules at high density conditions facilitate
rotation of the microtubules towards CCW direction. The black arrows indicate the moving
direction of microtubules before collision. (b) Schematic representation of the experimental design
for investigating the gliding behavior of microtubules after collision with the micro-wall. (c) Time
overlay image shows the trajectory of microtubules near the micro-wall. (d) Probability of CCW
or CW rotation of microtubules upon collision with the micro-wall. Only the microtubules which
collided with the wall at the angle of 90° were considered for analysis. (e) Time lapse fluorescence
microscopy images show a typical example of CCW rotation of a microtubule filament upon
collision with the micro wall at an acute angle (~30°) towards CW direction. Scale bars: (¢) 25 pum,
(e) 10 um.
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