Kinesin-Recruiting Microtubules Exhibit Collective Gliding Motion
While Forming Motor Trails
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ABSTRACT: Microtubules gliding on surfaces coated with kinesin motors are minimalist experimental systems for
studying collective behavior. Collective behavior in these systems arises from interactions between filaments, e.g. from
steric interactions, depletion forces or cross-links. To maximize the utilization of system components and the
production, it is desirable to achieve mutualistic interactions leading to the congregations of both types of agents, that
is cytoskeletal filaments and molecular motors. To this end, we used a microtubule-kinesin system, where motors
reversibly bind to the surface via an interaction between a hexahistidine (Hiss) tag on the motor and a Ni(Il) -
nitrilotriacetic acid (Ni-NTA) moiety on the surface. The surface density of binding sites for kinesin motors was
increased relative to our earlier work driving the motors from the solution to the surface. Characterization of the
motor-surface interactions in the absence of microtubules yielded kinetic parameters consistent with previous data
and revealed the capacity of the surface to support two-dimensional motor diffusion. The motor density gradually fell
over two hours, presumably due to the stripping of Ni(Il) from the NTA moieties on the surface. Microtubules gliding
on these reversibly bound motors were unable to cross each other and at high enough densities began to align and form
long, dense bundles. The kinesin motors accumulated in trails surrounding the microtubule bundles and participated
in microtubule transport.
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mutualistic interactions

Swarming organisms, such as flocks of birds, schools of fish,
and tuxedos of penguins self-organize and respond to
environmental stimuli through inter-agent interactions.!”’
Advances in robotic technology81° and synthetic biology!!-
16 create a need for a fundamental understanding of how
collective behaviors emerge as a function of the actions and
interactions of individual agents;7 it would allow for better
design in applications ranging from drug delivery by
colonies of magneto-tactic bacteria, over directing traffic
flow of fleets of self-driving cars, to aerial control of gaggles
of drones.16:18-20 Systems of active nanoscale filaments, such
as functionalized microtubules propelled by surface-
adhered kinesin motor proteins,?129 are excellent testbeds
for analyzing how simple interactions between agents
result in dynamic self-assembly and collective behaviors.3°-
43 One of the first systems described consisted of
biotinylated microtubules gliding on a kinesin-1 motor
protein-coated surface, which cross-link via biotin-
streptavidin bonds and form spools and wires.37.44-46¢ Under
optimal conditions nearly millimeter-long wires can form.38
Microtubules gliding on kinesin motors in the presence of

weaker, depletion force-induced interactions have been
shown to form nematically organized streams.34:36 39, 40
Microtubules gliding on truncated kinesin motors in the
absence of depletion forces exhibited collective behavior
dependent on kinesin surface density; these behaviors
varied from long range order at low kinesin densities to
clustering at high kinesin densities. Actin filaments
gliding on myosin motors in the presence of depletion
forces have been demonstrated to form streams and density
waves, and have been used to test theories of active
matter.30 32 33,47 Microtubules gliding on dynein-coated
surfaces have been found to nematically align upon
collisions, resulting in the formation of large vortices.*3

These nanorobotic and active matter systems are
constructed in a way that prevents the utilization of a large
portion of the available components: the majority of the
biomolecular motors attached to the surface are idly
standing by, rather than actively propelling filaments. If
motors could co-localize with cytoskeletal filaments, the
utilization of system components and other benefits arising
from motor-filament interactions, such as enhanced
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filament stability,*® 49 would be maximized. Such a
mutualistic interactions® between motors and filaments
would be reminiscent of how the spread of fruit seeds by
elephants leads to the growth of fruit-bearing trees along
their paths.51-53 Our goal was to engineer such a mutualistic
interaction in the microtubule-kinesin system (Figure 1a).

A first step towards that goal was to develop a system where
motors could dynamically change their position, turning
them into mobile agents. This was achieved in our previous
work that described a system consisting of microtubules
gliding on reversibly surface-adhered kinesins (Figure
1b).5% 55 Reversibility arises from a weak interaction
between kinesins and the surface via Ni-NTA - His-tag
bonds (Figure 1b).5* A microtubule gliding on the surface
accumulates kinesin motors from solution, places them on
the surface in a “trail” under itself, and uses them to propel
itself forward. After kinesins have reached the end of a
microtubule they are left behind, and unbind from the
surface within a minute. As such, kinesin motors undergo
reversible transitions between four states: (1) diffusing in
solution, (2) head-bound to a microtubule, (3) tail-bound to
the surface, and (4) doubly-bound to both the microtubule
and the surface (Figure 1c). The earlier experiments did not
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demonstrate collective behavior, due to low microtubule
densities and weak interactions between microtubules. An
important shortcoming of the system was that, due to the
weak binding to the surface, 99% of the kinesin motors
were diffusing in the solution without contributing to the
generation of force.

Here, a regime of this dynamic system is demonstrated,
where the density of Ni-NTA binding sites on the surface is
hundred-fold increased and the kinesin population is
shifted towards the surface-bound states (states (2) and (4)
in Figure 1c). In this regime gliding microtubules exhibit
collective behavior by assembling into dense bundles
(Figure 1d). Bundling arises from a higher microtubule
density and a direct, steric interaction discouraging
microtubules from crossing due to a strong, Kkinesin-
mediated microtubule-surface interaction, similar to that
observed by Tanida et al#! Kinesin motors are initially
dispersed on the surface, but increasingly co-localize with
the microtubule bundles. The resulting bundles provide not
only a demonstration of mutualistic collective behavior in a
system of two mobile agents, but also demonstrate the
possibility of higher order self-assembly where both motors
and filaments assemble hierarchically.

Figure 1. Studying collective behavior in the microtubule/kinesin system with reversible kinesin binding. (a) In the
traditional microtubule-kinesin system, microtubules glide on surfaces uniformly coated with kinesin motors. By tuning the
microtubule density and steric interactions, Tanida et al#! demonstrated that this system can be used to generate dense
bundles (scale bar 20 um). (Image reprinted with permission from Tanida et al.#*. Copyright 2020 American Physical Society).
We engineer a system where kinesin motors dynamically reorganize to co-localize with microtubules. (b) Schematic of the
kinesin-surface bond. In our dynamic system, kinesin motors labeled with green fluorescent protein (GFP-kinesin) and tagged
with a Hises tag reversibly bind to the Pluronic-F108-NTA coated surface via a weak, Hiss-Ni-NTA bond. (c¢) Schematic of motor
binding states. In our dynamic system, motors can access four states: diffusing in solution, head-bound to a microtubule, tail
bound to the surface, and both head-bound to a microtubule and tail bound to the surface. The fluxes between these states
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strongly depend on ATP concentration ([ATP]), microtubule surface density (omr), and kinesin surface binding site density
(onta). The parameters Lk and pur-k denote the reach length of kinesin and kinesin linear density along the microtubule,
respectively. (d) (Top) Composite images of HiLyte 670 microtubules (red) and GFP-kinesin motors (green) imaged using
total internal reflection fluorescence (TIRF) microscopy. (Bottom) Individual channels showing the formation of bundles of
HiLyte 670 microtubules (red) and trails of GFP-kinesin motors (green). Images taken 30 mins after the start of the
experiment; the initial experimental conditions were 1 mM ATP, 25 nM GFP-Kinesin, and 16 pg/mL tubulin.

Results and Discussion

Dynamics of the kinesin-surface interaction in the absence of
microtubules

Although stable microtubule gliding was achieved in the
demonstration of this dynamic system by Lam et al4, its
analysis revealed that the interaction of GFP-kinesin motors
with the surface was weaker than expected: the association
constant of GFP-kinesin binding to the surface was 0.3 pm-2
nM-1, which implied a Ni-NTA binding site surface density of
300 um2, (based on the 1 puM dissociation constant for the
NTA-Hise bond accepted in literaturesé57) a value far below
the maximum packing density of 62,500 um-2 (considering
a radius of gyration of about 2 nm for the Pluronic F108-
NTA polymer). The presence of imperfections in the coating
was further highlighted by high densities of non-specifically
bound kinesin aggregates on the surface.

Here, the strength of the motor-surface interaction was
increased by adopting a rigorous coverglass cleaning
procedure, which included an acetone wash, a base etch,
and a longer silanization step. Furthermore, in order to
lessen the stripping of Ni(Il) ions from the surface,
dithiothreitol (DTT) was removed from the oxygen
scavenging system, and the Ni(II) ion concentration in the 2
mg/mL Pluronic F108-NTA coating solution was increased
from 50 mM NiSO4 to 500 mM NiSOs. The removal of DTT
did not appear to have a significant effect on
photobleaching. The implementation of this cleaning
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procedure changed the dynamics of the interaction of GFP-
kinesin with the Pluronic F108-NTA-coated surface.

The kinesin-surface interaction was characterized in
experiments where kinesin motors interacted with the
surfaces in the flow cell in the absence of microtubules
(Figure 2a). Single molecule imaging of picomolar
quantities of GFP-kinesins interacting with the surface were
used to calibrate the fluorescence signal as a function of
microscope, and camera settings and exposure time
(Supplementary Section 1).

The surface density of kinesin motors changed with time,
increasing from 0 pm?2 to 1200 pm2 within the first 500
seconds of the experiment and then falling to 500 pm2
within the next 1,500 seconds (Figure 2a-c). The slow rise
in surface density can be attributed to the diffusion-limited
landing rate of motors on the surface; the subsequent
depletion of motors from the surface can be explained by
the stripping of nickel ions from the surface by ethylene
glycol tetraacetic acid (EGTA) molecules in the BRB80
buffer (Figure 2b-c). Two different models incorporating
mass transport-limited surface kinetics were used to fit the
data: a two-compartment model which is commonly used to
analyze data from signal plasmon resonance (SPR)
experiments for binding kinetics,’® 59 and a landing rate
model approximating the diffusion equation with reversible
surface binding® (Supplementary Section 2).

C (:l-\ T T T
¥ 1500
S e
=1 / M
N / \\\
2 1000 { ~. -
) e
c S
a) ~
0O s00f |
£
)
[}
c 0 | 1 1
< 0 500 1000 1500
Time (s)
f g\ZOOO T T
IS
= 1500 |- .
>
=
(7] L i
@ 1000
o)
(@]
c S0
7]
m 1 1
c o0
> 0 1000 2000 3000
Time (s)

Figure 2. The kinesin-surface interaction via the NTA-Hiss bond is dynamic even in the absence of microtubules. (a)
The binding of GFP-kinesin motors to the surface is observed via fluorescence imaging with TIRF illumination. (b) Images of
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the surface at identical contrast settings taken at 0 s, 200 s, and 1800 s after the beginning of the experiment show a clear
peak in fluorescence near 200 s. (c) Average kinesin density over time (green) fit with a two-compartment model (black,
dashed) describing mass-transfer limited adsorption of kinesin motors to the surface. Details on the calibration are in the
Supplementary Info. (d) In a Fluorescence Recovery After Photobleaching (FRAP) experiment a region of the field of view is
photobleached, and the recovery of fluorescence in the bleached region is observed and compared to that of a nearby
unbleached region. (e) Imagestaken 0s, 1500 s,and 3000 s after photobleaching, and (f) profile of fluorescence of unbleached
area (green) and bleached area (black) obtained from the indicated areas as described in Supplementary Section 4.

While the models have different forms, they arrive at similar
conclusions: The association constant for the motor-surface
interaction is between 60-100 pm2 nM-, which implies a
Ni-NTA surface density of 60,000-100,00 pm2 (based on the
accepted Kp of 1 uM for the NTA-Hiss interaction), a value
which is much closer to the packing density and compares
well to SPR measurements of the Pluronic-F108 coating
density on a gold surface of 58,000 pm=2.61 The rate constant
for the decrease of the motor surface density at the longer
time scale (>500 s) is 6 - 107* s}, presumably due to the
stripping of Ni(II) ions from the surface by the 2 mM EGTA
(a chelator for divalent ions) in the BRB80 buffer. This
stripping rate is comparable to the 1.7 - 10~ s! rate found
by Nieba et al5¢ for His-tagged streptavidin leaving a Ni-
NTA Bioacore surface in the presence of 300 uM EDTA and
the 3-107* s stripping rate for hexahistidine peptides
leaving a Ni-NTA coated surface in the experiments of
Knecht et al57 Nickel ion stripping was also observed in a
similar assay examining microtubule gliding on a tris-NTA
coated surface by Bhagawati et al.®2 We ensured that the fall
in fluorescence was not due to photobleaching by observing
that unexposed regions of the surface 200 um away had
similar fluorescence. The surface density of motors stopped
falling after 5000 s (Supplementary Section 3), at which
point it reaches a steady state value of 180 * 40 pm-2 (N=7,
Standard Error).

To ensure that the reversible binding of the motors was still
operational while the motor density was falling, a
fluorescence recovery after photobleaching (FRAP)
experiment (Figure 2d-f) was performed. The recovery of
fluorescence in the bleached area was compared to that of
an unbleached area 20 pm away. It was found that while the
fluorescence of the unbleached portion of the surface was
steadily falling, the fluorescence of the bleached area
initially increased, and then fell to match the diminishing
intensity of the unbleached area. The ability of the surface
to recover fluorescence after photobleaching indicates that
the surface-kinesin interaction remains specific and
reversible.

The unbinding rate of the kinesin from the surface was
determined by single molecule imaging of individual GFP-
kinesins landing and leaving the surface (Supplementary
Section 5). 90% of the binding events identified by the
tracking program had off-rates greater that 0.12 s1. This
could correspond to the Hise-Tag-mono-NTA off rate
constant of 1.8 s! found be Lata et al63; however, the
accuracy of this estimate is limited by the minimum 0.5 s
exposure time necessary to image the single fluorophore
and also limited by the false-positive rate of the automation
of the tracking program. 10% of tracked kinesin motors
unbind from the surface with an off rate of 0.024 s-1, which

is in excellent agreement with the experimentally
determined off-rate for Hiss-Tag-bis-NTA binding of 0.022
s1 found by Lata et al.63

An additional interesting behavior observed in these single
molecule experiments was the surface diffusion of
individual motors (Supplementary Section 5). By fitting
their mean square displacement (MSD) with MSD =
4DAt + ¢, it was found that GFP-kinesins had a surface
diffusion coefficient of (1.70 £ 0.02) - 1073 um2 s°1, which is
surprising because a surface density of binding sites on the
order of 60,000 um2 and an off rate as high as 1.8 st would
imply a surface diffusion coefficient of 3-105 pm?2/s,
suggesting that the movement of individual fluorophores is
due to either displacement reactions or crawling
mechanisms.64 65

Dynamics of microtubule motility

In pursuit of our goal to enhance microtubule interactions
as they are propelled by the kinesin on the surface, we
increased the microtubule surface density five-fold relative
to Lam et al5* to 14,000 mm=2. The microtubules had an
average length of 21+ 1 pum and were gliding in the
presence of 25 nM GFP-kinesin and an initial ATP
concentration of 1 mM (initial velocity: 610 + 10 nm/s).
The microtubule density was chosen such that the rate of
collisions between microtubules (proportional to the
microtubule density o, length [, and velocity wv:
Kinteraction ~ 0lv) was roughly an order of magnitude larger
than the rate at which a gliding microtubule loses
directional information (proportional to velocity and
inversely proportional to a trajectory persistence length L:
kpersistence ~ V/Lp). This gives a critical density of o, =
1/Lpl = 500 mm~2 for 20 pm-long microtubules with a
trajectory persistence length of 100 pm.5¢ The
microtubules surface density used by us is similar to the
50,000 mm2 used to form vortex lattices on dynein-coated
surfaces*3 and an order of magnitude smaller than the
280,000 mm2 critical density determined for microtubules
gliding in the presence of methylcellulose-induced
depletion forces to demonstrate ordered behavior.*

Under these conditions, we observe microtubule bundle
assembly driven by the nematic alignment of microtubules
upon collisions (Figure 1d). However, due to the rapid
conversion of ATP by the 25 nM kinesin (at a rate of up to 2
uM/s), the gliding velocity begins to fall within the first 10
min of the experiment. We therefore increased the initial
ATP concentration to 10 mM and imaged the dynamics over
the course of 2 hours, during which the microtubule velocity
had fallen from an initial 720 + 20 nm/s down to 16 + 1
nm/s. During this time period, gliding microtubules formed
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bundles and kinesin motors were redistributed from the
surface to the microtubules (Figure 3a). This redistribution
of kinesin can be observed in the composite images of the
microtubule and kinesin channels. In these images, the
color of individual microtubules changes from red at time t
=0 s to yellow at t = 7000 s. At the same time, the green
background of kinesin fluorescence vanishes.

The temporal evolution of the distribution of kinesin and
microtubules on the surface was quantified by recording
the pixel-wise mean and variance of the flattened images of
the microtubule and kinesin channels. The means of both
channels remain roughly constant over time, indicating that
the numbers of microtubules and kinesins remain constant
(Supplementary Section 6). However, the ratio of variance
to mean (Figure 3b) - often employed as a measure of
swarming®’ - shows a noticeable increase after 1 h. This
increase is more striking in the green channel, as motors
transition from being homogenously distributed across the
surface to being concentrated along the microtubules. The
transition is less apparent in the microtubule channel
because even the initial, disordered distribution of
microtubules has a high variance due to their rod-like
shape. By fitting the pixel-wise green channel fluorescence
as a linear function of the pixel-wise red channel
fluorescence, it is possible to decompose the fluorescence of
the green channel into a background and microtubule-
bound component (Figure 3c). The rate constant for
background depletion is 2:10# s, similar to the 6-10- s
stripping rate constant found for kinesin leaving the surface
in the microtubule-free assay described in the previous
section, suggesting that as the kinesin is finding fewer
binding sites on the surface, it accumulates on the
microtubules.

The temporal evolution of the velocity of the microtubules
is shown in Figure 3d, where the average velocity of 10
microtubules was recorded every 100 frames and fit with a
model accounting for the Michaelis-Menten dependence of
kinesin activity on ATP concentration and the resulting ATP
depletion. The fit parameters were a Kv of 1.8 mM, a Vmax of
920 nm/s, and an active kinesin concentration of 24 nM. The
high Kwm value originates from the accumulation of ADP and
Pi in the solution as a result of ATP hydrolysis, because ADP

acts as an inhibitor.68 Microtubule velocity can also be
affected by the mechanical coupling of surface-bound
motors and crowding of motors along individual
microtubules, which is not modeled here.® 70 The high
concentration of active kinesin (95 % of all kinesins),
demonstrates that almost all kinesins are stepping on
microtubules, because kinesin ATPase activity is dependent
on microtubule binding.”t

The drastic increase in microtubule bundling and kinesin
colocalization with microtubules after one hour coincides
with a significant decrease of the gliding velocity (Fjgure
3b,c). The decreasing kinesin velocity combined with a
largely unchanged run length of the kinesin
(Supplementary Section 7) yields a greatly reduced
unbinding rate from the microtubule (as low as 0.009 st
based on a FRAP experiment). A decreasing unbinding rate
from microtubules in turn stabilizes the kinesin population
on the microtubules relative to the kinesin population on
the surface.

The idea that longer-lasting kinesin-microtubule
interactions are conducive to bundling is further supported
by experiments with an additional 100 pM adenylyl-
imidodiphosphate (AMP-PNP), which acts as a non-
hydrolyzable analog of ATP and locks kinesin motors in the
microtubule-binding ATP-bound state.  This system
demonstrated nematic alignment at the onset of the
experiment but featured a noticeable increase in the
number of spool-like bundles (Supplementary Section 8).
Similar spool-like bundles have been observed by Tanida et
al*! for microtubules gliding on high surface densities of
kinesin, indicating that the AMP-PNP-induced spools we
observe could be a consequence of a stronger microtubule-
surface interaction mediated by kinesins.

The effects of varying the kinesin and microtubule
concentrations are shown in Supplementary Section 9.
Increasing the kinesin concentration from 25 nM to 75 nM
did not have a significant effect on microtubule dynamics.
However, decreasing the kinesin concentration to 3.1 nM
prevented bundle formation and lowered microtubule
surface-landing. Decreasing microtubule density two-fold
and ten-fold resulted in less dense bundles.



1.6 500 08
A o
M9 el |
: MY ¢ ot 7 .
X 42 v 2 g 300 9ro @
= 1 8 @ Up, £ °
° | . O q 3 04
. I = 2, H X
B ‘ N k! 3 >
) l‘v [ | B (\d 0.2 a
0.8 |1 |" ‘\"" ! 100 A /30\3 .
\\ e
0.6 0 0 =
0 2000 4000  6C0Z 0 2000 4000 6000 0 2000 4000 6000
Time (s) Time (s) Time (s)

Figure 3. Microtubules assemble into bundles as GFP-kinesins assemble on microtubules. (a) Flattened composite
images of microtubules gliding in the presence of an initial 10 mM ATP. (b-d) Analysis of flattened images in (a). (b) Ratio of
pixel-wise variance to pixel-wise mean plotted against time. (c) Decomposition of mean green channel fluorescence into a
background (green) and a microtubule-bound (orange) component, as determined by performing linear regression on green
channel fluorescence as a function of red channel fluorescence. (d) Microtubule velocity with respect to time, fit with a
function accounting for ATP-dependent velocity and velocity-dependent ATP depletion.

Collective microtubule behavior arises from nematic
alignment

The emergence of collective behavior requires the presence
of interactions between individual agents. In this system,
the result of these interactions is the nematic alignment of
microtubules upon collision (Figure 4a). The alignment is
reversible, in that microtubules dissociate from bundles
either mid bundle or at bundle turns (Figure 4b).

In previous studies of microtubules propelled by
(permanently) surface-adhered full-length kinesins, a
microtubule colliding with another microtubule usually
passes either over or under it, likely as a result of height
fluctuations of the advancing microtubule tip.”73 In studies
demonstrating collective behavior, filament alignment has
been usually achieved by engineering interactions between
filaments, either by the use of strong, streptavidin-biotin
interactions,3” depletion forces,*® or DNA-crosslinking.3* A
recent study examining the gliding of microtubules on
SNAP-tagged kinesin motors bound to a Pluronic-F127
coated surface found that tuning kinesin surface density
allowed for the control of filament alignment during
collisions.*! Alignment events were occasionally observed
in the previous version of our system, but were too rare to
generate collective behavior.5+

In the current system, interactions originate primarily from
steric effects and chemical guidance. High densities of GFP-

kinesin motors, similar to the ones that are used in this
experiment (consisting of the first N-terminal 401 amino
acids of kinesin from Drosophila melanogaster compared to
the first N-terminal 430 amino acids of rat kinesin used in
these experiments), have been previously shown to
mechanically influence the dynamics of microtubule
gliding.®® In this dynamic system, under the chosen
conditions, microtubules generate many linkages to the
surface via the high density of kinesin motors recruited
from solution. The dense surface attachment reduces
vertical fluctuations and prevents microtubules from
crossing each other, forcing them to buckle and align with
the microtubule they are colliding with. This is supported
by the observation that bundling increases as the density of
microtubule-bound kinesin increases (Figure 3c).
Additionally, the kinesin motors used here have truncated
tails (430 amino acids) and are thus shorter than the full-
length kinesin (963 amino acids for rat kinesin’4), so they
cannot be stretched as much to accommodate a crossover.

In further support of the concept that steric interactions are
a source of nematic alignment among microtubules, we
were able to observe ramming’ events, where an incoming
microtubule visibly indents another microtubule (Figure
4c). However, such microtubule deflections are rare; we
were only able to observe a few such events in experiments
initialized with 1 mM ATP. This is not surprising, since
typically more kinesins hold the indented microtubules
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than push the ramming microtubule. However, visible
deflections become more frequent if microtubules are
gliding in the presence of 1 mM AMP-PNP (the non-
hydrolyzable analog of ATP, adenylyl-imidodiphosphate).
An example of this is shown in Figure 4c. AMP-PNP
molecules lock kinesin motors in their strong microtubule-
binding state, which increases the density of kinesin motors
holding the microtubule to the surface, and most likely acts
as a support to prevent microtubules from buckling early,
thereby facilitating ‘ramming’ events.

“Snapping into alignment” contributes to bundle formation

An additional mechanism by which microtubules align is a
‘snapping’ event, where a microtubule that has begun to
cross over another microtubule suddenly snaps to align
with the microtubule it has crossed over (Figure 4d). This
“snapping into alignment” has been observed in Brownian
Dynamics simulations of gliding microtubules approaching
the edge of a kinesin-track,’> and can be considered
chemical guiding by the kinesin track formed under a
gliding microtubule.

A phenomenon similar to “snapping into alignment” has
been observed in microtubules growing in the presence of
the positively charged tetravalent starPEG-(KA7)s cross-
linker that was designed to mimic microtubule associated
proteins.’¢  This cross-linker, which has a dissociation
constant for a microtubule of 30 nM, was found to laterally
zip microtubules at cross-linker concentrations of 50 nM
and 100 nM. In addition, when concentrated at the
depolymerizing end of a microtubule, this cross-linker was
found to produce depolymerization-coupled forces of up to
8.4 pN. Although it is likely that multi-valent kinesin motors
are present in our dynamic system (discussed below), it is
unlikely that the same zippering mechanism plays a
significant role during snapping events, as these happen on
a much faster time scale. The data shown by Drechsler et
al.7¢ suggests that zippering events happen over the course
of 40-50 s, while the snapping events observed here occur
in under 5 s.

Chemical guiding by the kinesin trail: The case for
pheromonic interactions

Prior work on filament guiding on motor protein coated
surfaces has shown that filaments follow permanent trails
of motors created by chemical surface patterning if the
required change in the angle of motion is small (<15° for
microtubules),’ 77,78 or if the microtubule is already aligned
with a narrow track and the radius of curvature is large
enough (> 17 um).8 Trails of motors have also been printed
by deposition of motor-covered microtubules; these
extremely narrow tracks have a length equal to the
depositing microtubule, guide movements effectively, and
can be considered a “static” precursor to the dynamic
attachment introduced by us.”?

These “chemical guiding” mechanisms imply that the
deposition of a kinesin trail by one microtubule may induce
another microtubule to follow, which would be reminiscent
of the trails of pheromones deposited by ants to induce

other ants to follow and it would constitute another,
“pheromonic” interaction mechanism between gliding
microtubules.

Such pheromonic interactions were weak in our previous
work using low microtubule densities,5* 55 because it was
exceedingly rare that a gliding microtubule encounters a
kinesin trail under a small enough angle. In the system
described here, the initially high density of kinesins on the
surface makes the Kkinesin trails less prominent and
prevents alignment. However, steric interactions can align
microtubules and the redistribution of the kinesin motors
from the surface to the trails (Fig. 3a) can increase the
prominence of the kinesin trails relative to the surrounding
surface, resulting in a strengthening of the pheromonic
interaction. An example of a microtubule behavior
potentially related to the pheromonic interaction is shown
in Supplementary Section 10, where a microtubule begins
to migrate away from another microtubule but soon returns
to rejoin it. We initially interpreted the absence of
microtubules emerging from the outside of a curved bundle
as indication that the bundle must be stabilized by depletion
forces (absent here, see next section), cross-linkers (weak
here, see next section), or a pheromonic interaction.
However, the bundle morphology observed by Tanida et
al*! in the absence of the pheromonic interaction (Fig. 1a)
appears identical to the bundle morphology in our system
(Fig. 1d), demonstrating that a pheromonic interaction is
not required to explain the system behavior.

Alternative mechanisms of microtubule interactions

There are two other conceivable mechanisms by which
microtubules interact in our assay: (1) depletion forces
induced by excess Pluronic F108-NTA remaining in solution
and (2) multi-headed kinesin motors cross-linking to each
other in solution and then cross-linking microtubules.
However, for the reasons outlined below, we do not believe
these mechanisms play a significant role.

Previous studies have reported that the generation of
depletion forces in systems of active nanoscale filaments
require polymer concentrations on the order of a few
milligrams per milliliter. For example, the work of Inoue et
al*® used a concentration of 3 mg/mL methylcellulose to
induce depletion forces in a classical motility assay, and the
work of Wu et al.8! used 20 mg/mL of Pluronic F127. In our
experiments, while we do initially flow in 20 pL of 2 mg/mL
Pluronic F108-NTA to coat the surface of the flow chamber,
we then wash it out three times with 20 pL of BRB80 buffer.
This suggests that the leftover Pluronic F108-NTA
concentration can be expected to be as much as three orders
of magnitude lower than that required for inducing
depletion forces between microtubules82. Furthermore, the
presence of depletion forces would have a constant effect on
nematic alignment, which is in contrast to the velocity-
dependent alignment that is observed in this dynamic
system. As a result, we conclude that the Pluronic F108-
NTA polymer remaining in solution is insufficient to cause
significant depletion forces.



Microtubules can also interact by cross-linking via kinesins.
This can be seen from the formation of dense microtubule
clusters when microtubules and kinesin are mixed in the
presence of 1 mM ATP and either 100 uM or 1 mM AMP-
PNP, which locks kinesin motors in a strong microtubule-
binding state. Itis possible that these cross links contribute
to microtubule interactions. Indeed, cross-linkers such as
Asel have been found to generate significantly stronger
entropic sliding forces between microtubules than the
depletion forces which have been used for generating
collective behavior.83-85 However, it is also important to

note that, in our experiments, even at high AMP-PNP
concentrations, the cross-links are reversible and do not
significantly affect microtubule velocity. In Supplementary
Section 11, we demonstrate that a cluster of microtubules
can spread out over time. In Supplementary Section 12, we
show that microtubules gliding in the presence of 1 mM
AMP-PNP (while moving significantly slower overall) do
not exhibit a statistically significant change in velocity even
during antiparallel collisions.
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Figure 4. Microtubule interactions. (a) Collisions do not lead to crossing but to alignment either in antiparallel or parallel
fashion depending on the angle of collision. Scale bar: 5 um (Top), 10 pm (Bottom). (b) The alignment is reversible, as
microtubules can dissociate afterwards. Scale bar: 10 pm. (c) A microtubule “ramming” another microtubule and creating an
indent in the absence (top) and presence (bottom) of AMP-PNP. Scale bar: 10 pm (Top and Bottom). (d) Microtubule
“snapping” to align with another microtubule that it had already crossed. Scale bar: 20 pm.

The origin of these kinesin cross-links is unclear. A likely
explanation is that motors aggregate, generating multi-
headed complexes that can bind multiple microtubules at
once. An alternative, though unlikely, mechanism for
multivalent kinesin formations is nickel ion mediated
interactions of their His-tags.8¢ In our experiments, it is
unlikely that this mechanism plays a major role because it
requires free nickel ions in solution. However, nickel ion
chelating agents (NTA groups on the surface and 2 mM
EGTA in the BRB80 buffer) will bind all free nickel ions and
compete them away from the His-tags. In addition, such
cross-linking  would prevent microtubules from
dissociating after aligning, which is not what we observe
(Figure 4b).

Comparison of collective behavior to other dynamic systems

The bundles formed in our dynamic system are similar to
the active foam generated in numerical simulations of
Vicsek-like particles moving with memory.87 They are also
similar to the swirling, spooling, and giant flock regimes
generated in simulations of gliding filaments with high
rigidities and interaction energies.?8 Tanida et al*! recently
investigated the effects of tunable binary collisions in a
dynamic system where the strength of the microtubule-
surface bond is regulated by kinesin density, and found that
increasing bond strength changed the system behavior
from long range order to aggregation. The bundles formed
in their system at moderate Kkinesin surface density
(example shown in Fig. 1a) are similar to the bundles
generated in our dynamic system.



Conclusions

In this study, we present a system of two agents exhibiting
mutualistic  collective motion where components
dynamically rearrange to maximize system utility:
microtubules assemble into dense bundles and kinesin
motors rearrange to support the assembled bundles. These
bundles have several layers of dynamic organization: first,
kinesin motors are assembled by single microtubules to
allow for microtubule propulsion; next, propelled
microtubules collide and align due to the strong surface
bond provided by the kinesin motors (the first level of
organization), forming long bundles; finally, bundles
interact to form large scale networks stabilized by the
migration of the kinesin from the surface to the trails.
Swarming is thus achieved here through a combination of
direct, steric interactions and environmental modification
(the assembly of kinesins into trails on the surface).

The high degree of engagement (>95%) of the available
kinesin motors in the generation of force, as indicated by the
rapid consumption of ATP and the depletion of the kinesin
from the surface areas between trails, is a highly desirable
outcome. Dynamic turnover enables adaptation and self-
repair, but ideally unproductive stores of building blocks
are kept small. This has been achieved here by increasing
the surface affinity for kinesin motors, which reduced the
concentration of motors in the solution without impeding
the kinesin trail formation.

The next steps will aim to achieve unidirectional movement
of the microtubules in these bundles, for example through
the utilization of asymmetric guiding structures, as well as
the coupling of loads to the microtubules in the bundles to
extract work from the system. Ultimately, this work pushes
towards the development of artificial muscles from active
nanoscale filaments.

Methods

Microtubule and Kinesin Preparation. Microtubules were
polymerized by reconstituting 10 pg of HiLyte647-labeled
lyophilized tubulin (Cytoskeleton Inc., Denver, CO) in 6.25
uL of polymerization buffer (BRB80 buffer and 4 mM MgCl,
1 mM GTP, 5% dimethyl sulfoxide) and incubating at 37 °C
for 75 min. BRB80 buffer contains 80 mM piperazine-N,N’-
bis(2ethanesulfonic acid), 1 mM MgClz, and 1 mM ethylene
glycol tetraacetic acid at a pH of 6.9 (adjusted with KOH).
The microtubules were then stabilized by diluting them 20-
fold into BRB80 buffer with 10 uM paclitaxel (Sigma, Saint
Louis, MO). A kinesin construct containing the first 430
amino acids of rat kinesin heavy chain fused to eGFP and a
C-terminal His-tag at the tail domain (rkin430eGFP)?8° was
expressed in Escherichia coli and purified using a Ni-NTA
column (prepared by the team of G. Bachand at the Center
for Integrated Nanotechnologies at Sandia National
Laboratories). The concentration of the GFP-kinesin stock
solution was 2.5 puM as determined by observing the
absorbance at 488 nm with a Nanodrop instrument with a
1 mm path length.

Surface cleaning. Coverslips were cleaned by sonicating
them for 20 minutes in acetone, rinsing with water,
sonicating for 20 min in 1 M KOH, rinsing with water, and
oven-drying. The dried coverslips were then UV/ozone
treated on both sides for 20 min, sonicated in water for 20
min, and oven dried. The coverslips were then UV/ozone
treated again, after which they were immersed in a solution
of 5% dimethyldichlorosilane in toluene for 30 min.
Coverslips were then rinsed two times with toluene, three
times with methanol, and dried with nitrogen gas.

Experimental procedure. Cleaned coverslips were
assembled into a flow cell of 1 cm width and 100 pm height
using double-sided tape as spacers. A solution of 2 mg/mL
Pluronic F108-NTA (gift from AllVivo Vascular) in 500 mM
nickel(II) sulfate (Sigma, Saint Louis, MO) was first flowed
into the flow cell. The Pluronic-F108-NTA was allowed to
adsorb for 7 min. Then the solution was replaced three
times with 15 pL. BRB80 buffer solution. Next, a solution
containing microtubules (8 ug mL™1), 25 nM GFP-kinesin, 1
mM ATP in 0.5 mg/mL casein (Sigma), 10 uM paclitaxel, and
an enzymatic antifade system (20 mM D-glucose, 20 pg mL?
glucose oxidase, and 8 pg mL™! catalase) in BRB80 buffer
was flown in. The edges of the flow cell were sealed with
vacuum grease to prevent evaporation.

Images were acquired with an objective-type total internal
reflection fluorescence setup on an Eclipse Ti microscope
(Nikon Instruments, Melville, NY) with a 100x/1.49 NA
objective lens (Nikon Instruments, Melville, NY) using a 642
nm laser and a 480 nm laser (Omicron Laserage) for the
imaging of microtubules and kinesin, respectively. Pairs of
images were taken with a Zyla 4.2 sCMOS camera (Andor
Technology) once every 5 s (exposure time of 30 ms for both
channels) for as long as motility was observed. All
experiments were performed at room temperature, which
varied between 22-24 °C.

Supporting Information

The Supporting Information is available free of charge on
the ACS Publications website:

The supporting sections referenced in the main text,
including (1) kinesin fluorescence calibration, (2) models
for the kinesin-surface interaction, (3) kinesin fluorescence
profile over the course of two hours, (4) FRAP experiment
analysis, (5) single molecule analysis of the kinesin-surface
interaction, (6) analysis of microtubule gliding assays, (7)
kinesin dwell time analysis on microtubules, (8) effect of the
addition of AMP-PNP to the microtubule gliding assay, (9)
effect of changing kinesin/microtubule concentration, (10)
example of a possible pheromonic interaction, (11)
dispersion of AMP-PNP-induced microtubule cluster, and
(12) change in MT velocity during collisions in the presence
of AMP-PNP.
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