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We investigated the role of the concentration of microtubules and depletion force in the emergence of
collective motion of microtubules driven by kinesins. Critical concentrations were found for both
microtubules and the depletant to demonstrate the collective motion of microtubules. More importantly,
the kinetics of the collective motion were found to be significantly dependent on the concentration of
microtubules and the depletant. Substantial variations in the time course of emergence of the collective
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and the depletant. This study provides new insights into the kinetics of the collective motion of
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Introduction

Collective motion is a fascinating display of coordinated
behavior of moving or self-propelled objects.'* A wide range of
self-propelled objects, such as animals, birds, cells, and
bacteria, exhibit collective motion in nature, which is most
often associated with the formation of fascinating large scale
patterns.*™° In silico studies significantly contributed to much
of our understanding of the coordinated behavior and pattern
formation of the self-propelled objects.”*® A suitable experi-
mental system has long been awaited for demonstrating the
collective motion in vitro in order to verify the mechanisms of
collective motion and pattern formation suggested by the in
silico studies. In recent years, the biomolecular motor systems
F-actin/myosin and microtubule/dynein have emerged as ideal
candidates for experimentally demonstrating the collective
motion through an in vitro gliding assay.”*° At the same time
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the failure in demonstrating the collective motion of microtu-
bules driven by kinesins, the most widely used biomolecular
motor in vitro, raised a question about the universality of
biomolecular motor systems to demonstrate collective motion.
Although formation of an active gel of microtubules cross-
linked via kinesin clusters has been reported,> it was not
sufficient to understand the coordinated behavior of kinesin
driven microtubules using the in vitro gliding assay as demon-
strated for other biomolecular motor systems. Recently, we
succeeded in demonstrating the collective motion of the
microtubules driven by kinesins, which was associated with
a transition in the orientation of the microtubules from an
isotropic to a nematic phase, leading to the formation of
fascinating stream patterns.”> We showed that mutual interac-
tion among the microtubules, which could be regulated by
employing a depletion force among the microtubules, is an
important criterion for demonstrating the collective motion of
the microtubules on kinesins.?” Nonetheless, how different
parameters influence the emergence of collective motion of the
kinesin driven microtubules has not been well understood since
the role of different parameters in the collective motion of
microtubules has not been investigated. In the present study, by
examining the effects of the concentration of microtubules and
a depletant (methylcellulose), we explored in detail the time
course of the emergence of collective motion (i.e., kinetics of
transition of microtubule's orientation from an isotropic to
a nematic phase). We found that the concentration of the
microtubules and methylcellulose had a profound influence on
the kinetics of emergence of collective motion of the kinesin
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driven microtubules. High concentrations of microtubules or
methylcellulose can substantially accelerate the phase transi-
tion of microtubules (i.e. emergence of the collective motion of
microtubules). Moreover, a minimal concentration of both of
the microtubules and methylcellulose was required to demon-
strate the collective motion. The minimal concentration of
microtubules was altered when the concentration of methyl-
cellulose employed in the gliding assay was varied and vice
versa. This study provided a comprehensive scenario of the roles
of microtubule concentration and depletion force on the
kinetics of the collective motion of microtubules driven by
kinesins, which consequently would help obtain a better
understanding of the coordinated behavior of other self-
propelled objects.?*>*

Experimental
Preparation and labelling of proteins

Tubulin was purified from porcine brain using a high concen-
tration PIPES buffer (1 M PIPES, 20 mM EGTA, and 10 mM
MgCl,; pH was adjusted to 6.8 using KOH).>** The high
concentration PIPES buffer and BRB80 buffer were prepared
using PIPES from Sigma, and the pH was adjusted using KOH.
Kinesin-1 consisting of the first 575 amino acid residues of
human kinesin-1 was prepared by partially modifying the
expression and purification methods described in the litera-
ture.”” Rhodamine-labelled microtubules were obtained by
polymerizing a mixture of rhodamine-labelled tubulin (RT) and
non-labelled tubulin (WT) (RT:WT = 4:1; final tubulin
concentration, 55.6 pM) at 37 °C in the presence of 1 mM GTP
according to the standard technique. The solution containing
the microtubules was then diluted with motility buffer (80 mM
PIPES, 1 mM EGTA, 2 mM MgCl,, 0.5 mg mL~" casein, 1 mM
DTT, 10 uM paclitaxel and ~1% DMSO; pH 6.8).

In vitro gliding assay of microtubules

A flow cell with dimensions of 5.0 x 5.0 x 0.15 mm? (w x [ x h)
was assembled from two cover glasses of sizes (5 x 7) mm? and
(40 x 50) mm> (MATSUNAMI), and a double-sided tape was
used as the spacer. First, the surface of the flow cell was coated
with casein buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl, and
~0.5 mg mL ™" casein; pH 6.8) and incubated for 3 min. Then, 3
pL of kinesin-1 solution (~80 mM PIPES, 1 mM EGTA, 1 mM
MgCl,, 0.5 mg mL™ " casein, 1 mM DTT, 10 uM paclitaxel/DMSO,
~1% DMSO; pH 6.8) was applied to the flow cell and incubated
for 1 min to bind the kinesin to the casein coated surface of the
flow cell through non-specific interaction. The flow cell was
washed with 5 pL of motility buffer (80 mM PIPES, 1 mM EGTA,
1 mM MgCl,, 0.5 mg mL™" casein, 1 mM DTT, 10 mM paclitaxel
and ~1% DMSO; pH 6.8). Next, 3 uL of microtubule solution of
a prescribed concentration was applied to the flow cell and
incubated for 2 min, followed by washing with 5.0 pL of motility
buffer. Then, 10 pL of 10 mM adenosine triphosphate (ATP)
buffer containing methylcellulose of a prescribed concentration
(~80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, 0.5 mg mL ™" casein,
1 mM DTT, 10 uM paclitaxel/DMSO, 0-0.3 wt% methylcellulose,
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~1% DMSO; pH 6.8) was added to the flow cell. The flow cell
was placed inside the inert chamber after the addition of ATP,
and humid nitrogen gas was passed through the chamber to
remove oxygen from the chamber.”®* The time of ATP addition
was set at 0 min, and microtubules were monitored with fluo-
rescence microscopy. All these experiments were performed at
room temperature.

Quantitative analysis of collective motion of microtubules

The orientation of microtubules was calculated in terms of the
nematic order parameter (S), which was calculated according to
the following equation®**' using Image] plugin, orientation J
(http://bigwww.epfl.ch/demo/orientation/):

180

2 2
] 180
S = 5 (ZO R cos20; | + ; R; sin 20;

where N refers to total number of microtubules in the frame and
R; is frequency of the angle of individual microtubules ©; (i =
0 to 180). The range of ®; was fixed from 0° to 180° based on the
symmetry of horizontally or vertically aligned microtubules with
respect to the X-axis. Since the microtubules in the nematic
phase were oriented along the X-axis, we fixed the director for
both the isotropic and nematic phase along the X-axis and
measured the nematic order parameter of microtubules in the
XY plane.

Microscopic image capture

The samples were illuminated with a 100 W mercury lamp and
visualised with an epi-fluorescence microscope (Eclipse Ti;
Nikon) using an oil-coupled Plan Apo 60 x 1.40 objective
(Nikon). Filter blocks with UV-cut-off specifications (TRITC:
EX540/25, DM565, BA606/55; GFP-HQ: EX455-485, DMA495,
BA500-545; Nikon) were used in the optical path of the micro-
scope to allow the visualisation of samples while eliminating
the UV portion of the radiation and minimising the harmful
effects of UV radiation on the samples. Images and movies were
captured using a cooled CMOS camera (Neo sCMOS; Andor)
connected to a PC. To capture a field of view for more than
several minutes, ND filters (ND4, 25% transmittance) were
inserted into the illuminating light path of the fluorescence
microscope to avoid photobleaching.

Results and discussion

To explore the kinetics of the collective motion of microtubules
driven by kinesins, we investigated in detail the effect of some
relevant parameters, such as the concentration of microtubules
and a depletant (methylcellulose), on the collective motion. We
performed an in vitro gliding assay of microtubules on kinesins
by varying the concentration of the microtubules and the
methylcellulose in the assay system (Fig. 1A). Microtubules were
prepared through polymerization of fluorescence dye labeled
tubulins (molecular weight ~ 55 kDa) and stabilized with Taxol,
as mentioned in the experimental section. Due to the stochastic
assembly process, the length of the microtubules varied over

This journal is © The Royal Society of Chemistry 2017
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In vitro gliding assay of microtubules on a kinesin coated surface in the presence of methylcellulose. (A) Schematic diagram of in vitro

gliding assay. (B) Effect of concentration of microtubules and depletant (methylcellulose) on the organization of microtubules, where left and
right side images show the orientation of 1.0 uM microtubules in the absence of methylcellulose and 10 M microtubules in the presence of 0.3

wt% methylcellulose, respectively. Scale bar: 20 pm.

a wide range. We calculated the number average length ((L,))
and weight-average length ((L)) of microtubules as 15.23 um
and 16.69 pm, respectively (number of microtubules consid-
ered: 100), from which the polydispersity index (Ly/L,) was
found to be ~1.1.%?

As the first step, we performed the gliding assay of micro-
tubules on the kinesin coated substrate in the absence of the
depletant varying the concentration of the microtubules over
a wide range (1-15 pM). The gliding assay of microtubules was
performed on a flow cell made from cover glass (see experi-
mental section). In brief, recombinant kinesins consisting of
575 amino acid residues of human kinesin-1 were adsorbed to
the casein coated surface of the flow cell through a non-specific
interaction. Next, the fluorescence dye-labeled microtubules
with length of 15.78 &+ 2.29 um (average + standard deviation)
were deposited to the flow cell through interactions with the
kinesins. By adding adenosine triphosphate (ATP), motility of
the microtubules was initiated on the kinesin carpet at room
temperature (25 °C). The microtubules were monitored under
a fluorescence microscope. On addition of ATP, the microtu-
bules started moving with an average velocity of ~480 + 21 nm
s~', and no directional preference of the gliding microtubules
was observed just after the ATP addition. Such random move-
ment of microtubules observed just after the addition of ATP
was confirmed by measuring the angle of orientation of the
microtubules® (ESI Fig. 11). Over time, no collective motion was
observed, and the microtubules kept randomly moving, which
is clear from the fluorescence microscopy images (Fig. 1B, left)
and the angle of orientation (ESI Fig. 17).

For further confirmation, we quantified the orientation of
the microtubules from the fluorescence microscopy images
captured at different time intervals after the ATP addition. We
calculated the nematic order parameter of the microtubules (S),
which is a measure of the orientation of the microtubules.*®*!
The value of S ranged between 0 and 1, where S = 0 or 1
represents random or ordered/aligned orientation of the
microtubules, respectively. Our analysis revealed that the
nematic order parameter decreased until ~30 min after ATP
addition, and then remained almost constant with time within
the investigational period (Fig. 2A). Such a decrease in the
nematic order parameter confirmed that no phase transition of
microtubules took place from the isotropic to a nematic state.
This observation was in agreement with a previous report where

This journal is © The Royal Society of Chemistry 2017

no collective motion of microtubules was observed in the
absence of depletion force induced by methylcellulose.”?” The
change in the nematic order parameter with time was found to
be independent of the concentration of microtubules employed
in the gliding assay (Fig. 2A). On increasing the concentration of
microtubules in the gliding assay system, the density of
microtubules on the kinesin coated surface of the flow cell
increased. However, the increased density of the microtubules
had no effect on their orientation and failed to result in tran-
sition from the isotropic to a nematic state. As reported in
literature, snuggling of gliding microtubules is a prerequisite
for demonstrating collective motion.***> Therefore, based on
our results, it can be concluded that, in the absence of meth-
ylcellulose, even when the density of microtubules was much
increased, the behavior of the gliding microtubules was not
appreciably changed. As a result, no phase transition was
observed. The random motion of microtubules at high
concentrations on the kinesins observed in our study was
contrary to what was observed on dyneins,*® which suggests that
the type of motor protein employed in the gliding assay is an
important factor in the emergence of the collective motion of
microtubules.

Next, we investigated the role of the depletion force in the
collective motion of microtubules. We performed the gliding
assay of microtubules of varying concentrations as described
above. However, the motility of the microtubules was initiated
by the addition of ATP buffer containing methylcellulose.
Herein, we varied the concentration of methylcellulose over
a wide range (0.05-0.3 wt%), through which the depletion force
among the microtubules was tuned (ESI Fig. 2t). As discussed
above, we monitored the orientation of microtubules over time
using fluorescence microscopy and measured the nematic order
parameter in each case. When the concentration of methylcel-
lulose was 0.05 wt%, the microtubules at all the concentrations
showed a random orientation. Despite the fact that the presence
of methylcellulose increases the probability of a snuggling event
among the gliding microtubules and favors the emergence of
collective motion,”> we observed no collective motion of
microtubules in the presence of the 0.05 wt% methylcellulose
for any of the employed concentrations of microtubules. The
nematic order parameter was found to decrease over time for all
the microtubule concentrations, similar to that observed in the
absence of methylcellulose (Fig. 2B). On increasing the

RSC Adv., 2017, 7, 13191-13197 | 13193
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Fig. 2 Change in the orientation of microtubules with time at different methylcellulose and microtubule concentrations. In each case, the
concentration of methylcellulose is given above the figure (from 0.0 to 0.3 wt%). In these figures, the lines (a, b, ¢, d, and e) represent the order
parameter for 1.0, 3.0, 5.0, 10.0, and 15.0 uM microtubules, respectively.

concentration of methylcellulose to 0.1 wt%, we observed
collective motion of microtubules at concentrations of 10 and
15 uM, but we could not observe the collective motion for the
concentrations of 1, 3, and 5 uM. For the 10 and 15 uM
microtubules, the nematic order parameter of microtubules
gradually increased with time and reached a plateau by ~60 min
after ATP addition (Fig. 2C). At 0.15 wt% of methylcellulose,
collective motion was also observed for 5 uM microtubules, in
addition to that for 10 and 15 pM microtubules. Interestingly we
found that the time required to reach the plateau of the nematic
order parameter decreased under this condition. As shown in
Fig. 2D, it took ~20 min to form a stable nematic phase of
microtubules when the concentration of methylcellulose was
0.15 wt%. On further elevation of the methylcellulose concen-
tration (e.g. at 0.2 and 0.3 wt%), collective motion was observed
for all the microtubule concentrations employed in this study,
except for the concentration of 1 pM. At these methylcellulose
concentrations (0.2 and 0.3 wt%), no further decrease in the
time required to form stable nematic phase was observed
(Fig. 2E and F). This observation suggests that even for the high
concentrations of microtubules and methylcellulose,
a minimum time was required to cause the phase transition of
the gliding microtubules from the isotropic to the nematic
state.

Based on the above discussed investigations, we summa-
rized our findings, which are shown in Fig. 3A and B. From the
summarized results, it is evident that concentration of the
microtubules and methylcellulose have profound influences on
the kinetics of the collective motion of microtubules on kine-
sins. For each of the two parameters, a minimum or threshold

13194 | RSC Aadv., 2017, 7, 1319113197

value was found at or below which no phase transition of
microtubules from an isotropic to a nematic state could be
observed. Moreover, both the parameters were found to be
dependent on each other. The minimum concentration of
methylcellulose, which was required to induce the collective
motion of microtubules, decreased to lower values when the
concentration of microtubules was much higher. On the other
hand, a minimum concentration of microtubules was found at or
below which no collective motion could be observed even if the
concentration of methylcellulose was very high. This minimum
concentration of microtubules also depended on the concentra-
tion of methylcellulose employed in the gliding assay. The effect
of the concentration of microtubules and methylcellulose on the
kinetics of phase transition of the microtubules was clearly
evident from the heat maps of microtubule orientation at
different observation times (Fig. 3A). Initially, just after ATP
addition (0 min), no ordered orientation of microtubules was
observed for any of the concentrations of microtubules or
methylcellulose. For this observation time, the heat map entirely
represents random orientation of the microtubules. Although
a little ordered orientation could be detected, this might have
been due to transient ordering of the colliding microtubules. At
15 min, the nematic phase could be detected only for relatively
higher concentrations of microtubules and methylcellulose. In
contrast, for the relatively lower concentrations of microtubules
and methylcellulose, the emergence of the collective motion was
much slower (e.g., 30 or 45 min). From this stage (~45 min),
a clear separation of the random isotropic and ordered nematic
phase could be easily observed from the heat maps, with no
further change in microtubule orientation with time.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Heat maps showing the nematic order parameter of microtubules at different observation times as a function of microtubule and
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(indicated by blue color) to a nematic phase (indicated by red color) could be observed under different experimental conditions. (B) Change of
nematic order parameter with the change in concentration of methylcellulose for different microtubule concentrations, as shown in the legend.
The nematic order parameter was calculated after 120 min of ATP addition.

Based on the above discussion, the effect of concentration of
microtubules and depletion force on the kinetics of the collec-
tive motion of microtubules was clearly evident. To understand
the mechanistics in detail, we investigated the behavior of
gliding microtubules under different experimental conditions.
We quantified the probability of the snuggling and crossing
over event of gliding microtubules for different concentrations
of methylcellulose. The results, shown in ESI Fig. 3,1 revealed
that methylcellulose had a significant effect on the behavior of
the gliding microtubules. In the absence of methylcellulose, the
probability of crossing over was much higher compared to that

This journal is © The Royal Society of Chemistry 2017

of the snuggling. As reported in the literature, snuggling is the
most important behavior of gliding microtubules for demon-
strating collective motion.**** Therefore, the higher probability
of crossing over in the absence of methylcellulose might have
prevented the microtubules from exhibiting collective motion,
even at very high concentrations of the microtubules. This
result also implies that the gliding behavior of microtubules
was not affected by the concentration of microtubules. Inclu-
sion of the methylcellulose in the gliding assay system (0.05
wt%) was found to increase the probability of snuggling of
gliding microtubules. The probability of snuggling kept

RSC Adv., 2017, 7, 13191-13197 | 13195
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Fig. 4 Two-dimensional structure of the microtubule assemblies in
the nematic phase. The images were captured using a confocal laser
scanning microscope. The values to the right of the images indicate
the height (i.e. focus position along Z-axis).

increasing as the concentration of methylcellulose increased
and reached a plateau at 0.15 wt%, after which no change was
observed on increasing the methylcellulose concentration
further. From these results, it can be concluded that methyl-
cellulose expedites the kinetics of the collective motion of
microtubules by increasing the probability of snuggling of the
gliding microtubules. Herein, it should be mentioned that we
observed no considerable effect of methylcellulose on the
velocity of microtubules under the present experimental
conditions (ESI Fig. 47), and the viscosity of the buffer also did
not appreciably change on changing the concentration of the
methylcellulose within the range studied (ESI Fig. 51).

In addition to the kinetic study, we also investigated the
structure of the microtubule assemblies in the nematic phase
(microtubules in the collective motion) using a confocal laser
scanning microscope. The results, shown in Fig. 4, revealed that
the nematic phase of the microtubules was a two dimensional
structure comprised of overlapping bundles of microtubules.
However, changes in the structural organization of microtubule
assemblies in the nematic phase in response to the changes in
concentration of the microtubules and methylcellulose is
unclear at this moment. Understanding this would require
a detailed investigation in the future. It is worth noting that, the
force that drove the microtubules came from kinesins through
consumption of the energy of ATP hydrolysis. The diffusion of
kinesin driven microtubules was much faster compared to that
driven by thermal forces.** Therefore, in our study, the thermal
force induced diffusion had a negligible effect on the movement
of microtubules, and the time scale of phase transition of
microtubules should be governed by the active movement of
microtubules, depletion force and mutual interaction of the
dynamic microtubules.??

Conclusions

We have explored the kinetics of the collective motion of
microtubules driven by kinesins. We unveiled how the

13196 | RSC Adv., 2017, 7, 13191-13197
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concentration of microtubules and depletion force affect the
ensemble behavior of microtubules driven by kinesins. Our
results disclosed that both the concentration of microtubules
and the depletant (methylcellulose) have crucially important
roles in the kinetics of the collective motion of the kinesin
driven microtubules. A minimum concentration of microtu-
bules or methylcellulose was required to allow the emergence of
collective motion of microtubules and cause a transition from
an isotropic to a nematic phase. For low concentrations of
methylcellulose (e.g., <0.05 wt%), no collective motion of
microtubules emerged even for high concentrations of micro-
tubules. On the other hand, even for the relatively higher
concentrations of methylcellulose (e.g., 0.3 wt%), we observed
no collective motion when the concentration of microtubules
was low (1 pM). A minimum concentration of methylcellulose
(0.1 wt%) can induce the phase transition of microtubules if the
concentration of microtubules is =10 uM. Conversely, for the
microtubules, a minimum concentration (3 pM) was required
for the phase transition for any of the concentrations of meth-
ylcellulose investigated. Importantly, the time required to cause
such a phase transition was also found to be affected by the
concentration of microtubules and the methylcellulose
employed in the gliding assay. This study offers a better
understanding of the collective motion of kinesin driven
microtubules, which consequently would be useful in under-
standing the coordinated behavior of other self-propelled
systems in nature. At the same time, this study would be
beneficial to expand the nanotechnological applications of
biomolecular motor systems.**
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