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The internal organization of cells is largely determined by the architecture and orientation
of the microtubule network. Microtubules serve as polar tracks for the selective transport
of specific molecular motors toward either their plus or minus ends. How both motors
reciprocally move microtubules and organize the network’s arrangement and polarity is
unknown. Here, we combined experiments on reconstituted systems and theory to study
the interaction of microtubules with both plus- and minus-end directed motors bound to a
fluid membrane. Depending on motor concentrations, the system could lead either to the
constant transport of microtubules or to their alignment, stacking, and immobilization in
regular bands that separate motors into domains of opposite polarities. In bands, micro-
tubules shared the same polarity and segregated the two opposing motors accordingly.
These regular patterns resulted from the balance of forces produced by the two motors
as they walked in opposite directions along microtubules. The system was maintained in
a dynamic steady state in which the directional transport of microtubule-bound motors
compensates for the random diffusion of lipid-bound motors. The size of motor domains
depended on their respective concentrations. The constant flow of motors allowed the sys-
tem to respond to variations in motor concentrations by moving microtubules to adapt to
the new force balance. The polar sorting and linear arrangement of microtubules associated
with the segregation of motors of opposite polarity are typical of cellular architectures,
which these data may help to better understand.

active matter | microtubules | molecular motors | self-organization

Microtubules serve as tracks for intracellular transport by molecular motors. Comprising
heterodimers of alpha and beta tubulin, microtubules are inherently polar filaments capable
of guiding the transport of organelles in a specific direction—either toward their “plus” or
“minus” ends—depending on the type of molecular motors transporting the cargo (1, 2).
Hence, the architecture of the microtubule network determines the position of organelles,
the spatial organization of cell compartments, and the global orientation of cell polarity (3-6).
It has long been held that microtubule orientation and network architecture are con-
trolled by microtubule organizing centers, such as the centrosome and Golgi apparatus,
given their ability to nucleate microtubules and anchor their minus ends (7). Nevertheless,
it is now clear that a significant portion of the network architecture arises from the
self-organization of microtubules and molecular motors (8, 9). They can mutually transport
each other and generate large and highly ordered structures (10—12). These self-organizing
properties of microtubules and motor collective are particularly striking in mitotic and
meiotic spindles. In these structures, motors with opposite directions of motion, along
with microtubules, can move freely and form large, polarized, regular, and ordered archi-
tectures (13, 14). Polarized radial arrays can also form without a template in interphasic
egg extracts (15). As they form, these asters repel each other and define clear peripheral
limits despite the absence of spatial boundaries (16). This process is suggestive of the emer-
gence of self-organized cellular units (9). As such, cellular networks of cytoskeleton filaments
can be seen as active matter, dissipating energy to self-organize into complex yet regular
architectures (17). Determining whether common self-organizing principles underlie these
different structures and could extend to govern a broader range of cellular architectures is
an exciting possibility that has proven challenging to explore experimentally.
Reconstitution assays based on the bulk self-organization of microtubules with a
single type of motor showed that radial asters can form through motor transport and
accumulation at one end of microtubules (18, 19). In response to two motors with
opposite directionalities, microtubules coalesce into an array of asters with alternating
polarities (18, 20). Further efforts to associate two opposite motors in order to obtain
spindle-like organizations, with both clustering of microtubule minus-end in radial
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asters and sorting of plus-end in parallel alignment of microtu-
bules forming midzone-like structures, have remained a chal-
lenge (21, 22). When microtubules are aligned by external
crowding forces, and when motors cannot accumulate at the
ends, the microtubules slide along each other in a continuously
flowing dense nematic-like phase (23-25). However, in these
systems, microtubules are not polarity-sorted and continuously
move and transform (26-30).

In reconstituted systems where motors are attached to surfaces,
microtubules are transported and can move collectively when
aligned by external crowding forces (31). In response to two
motors with opposite directionalities, the motion of microtubules
is generally dominated by one motor, but they can also become
immobilized in a tug-of-war scenario within a narrow range of
motor concentration combinations (20, 32, 33). However, in these
conditions, immobilized microtubules could not self-organize into
regular structures at large scale.

A

His-tagged KIF5B

Glass coverslip

Timelapse

<

KIF5B <

Ncd

KIF5B

Ncd

KIF5B

Noteworthy, in most reconstituted systems, motors are either
immobilized or completely free. However, motors can also be
anchored to diffusible lipid membranes. Lipid-bound motors can
transmit forces and move microtubules (34) while diffusing and
concentrating along microtubules (35, 36). We wondered whether
these conditions could allow for both the self-organization of
microtubules into regular macroscopic structures and the sorting
of opposite motors into segregated domains.

We hence first tested the ability of two types of molecular motors
with opposite directionalities to balance their forces as they walk
along microtubules and diffuse in a supported lipid bilayer (SLB).
Motors were bound to NTA (Ni) lipids via their His tag. Stabilized
microtubules were then laid down on the bilayer (Fig. 14). In
contact with KIF5B, a plus-end directed motor of the kinesin 1
family, microtubules were propelled at about 100 nm/s (Fig. 1B
and Movie S1). As expected, microtubule gliding speed was lower
on a lipid bilayer than on glass (600 nm/s) (34). In contact with

SLB

Overlay Speed distribution

Counts

Counts

Counts

Gliding speed (nm/s)

Fig. 1. The transport of motors with opposite polarities results in a tug-of-war and sorting of the motors. (A) Schematic of the experimental setup. Plus-end
directed KIF5B and minus-end directed Ncd are attached to a SLB and microtubules are added. (B-D) Left, microscopy imaging of microtubules at low-density
gliding on KIF5B 0.6 nM (B) Ncd 2 nM (C) or both motors (D) Arrows indicate the leading tip of a microtubule. Middle, maximum projections of the microtubules
gliding over 10 min with a temporal color code. Right, histograms of the microtubules gliding speeds (N = 1 n = 632 for KIF5B, N = 1 n = 245 for Ncd, and N = 1
n =445 for both motors). () Motors accumulated under the microtubules and were sorted toward their respective microtubule end. Images show the maximum
projection of images acquired during 15 min of a single microtubule, in the presence of both KIF5B and Ncd. (F) Normalized intensities of KIF5B (magenta) and
Ncd (cyan) along microtubules (N =1, n = 32, error bar = SE). (In all panels, scale bars represent 10 um).
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Nonclaret disjunctional (Ncd), a minus-end directed motor of the
kinesin-14 family (37), microtubules were propelled at about 30
nm/s (Fig. 1C and Movie S1). When both motors were present,
their competition led to a tug-of-war and the immobilization of
the microtubules (Fig. 1D and Movie S1). In contrast to the case
of immobilized motors, in these conditions, the motors are still
continuously walking on the microtubule. This results in an inho-
mogeneous accumulation of motors along the filament, with
KIF5B accumulating toward the plus-end of the microtubule, and
Ned toward the minus-end (Fig. 1E). As a result, the two motors
exhibited steady, reproducible, and opposite increasing concentra-
tion profiles along the microtubule (Fig. 1F).

We wondered whether the local increases of motor concentra-
tions at microtubule ends could be sensed by neighboring micro-
tubules. We tested such a potential collective effect by increasing
the density of microtubules on the lipid bilayer. The conditions
leading to a tug-of-war among motors allowed only for transient
and limited microtubule displacements. However, at slightly
higher densities, we found that when two microtubules of similar
orientation were close enough, they slid along one another, bring-
ing their ends close together (Fig. 24 and Movie S2). We attrib-
uted this effect to the local increase in motor densities generated
by their transport along microtubules, which pushed or pulled
nearby microtubules and thereby forced them to align with the
reference microtubule. Step by step, this attraction led to the for-
mation of bundles of multiple microtubules (Fig. 2A4). Like indi-
vidual microtubules, bundles were kept in a frustrated gliding by
a tug-of-war between opposing motors. As we increased the den-
sity of microtubules, bundles were drawn closer together, forming
larger “bouquets.” The mutual attraction of these bouquets
resulted in the formation of linear stacks of microtubules (Fig. 2B).
‘The width of these bands corresponded to the length of individual
microtubules, which, in those conditions, were close to 10 mm.
Strikingly, these bands of parallel microtubules could self-organize
over several hundreds of micrometers and generate regular patterns
over areas of several millimeters squared (Fig. 2C). Bands of micro-
tubules enclosed alternating domains enriched in either KIF5B
or Ned (Fig. 2D). Depending on the density of microtubules and
the respective concentrations of motors, enclosed domains could
appear less linear and more compact (Fig. 2 and S/ Appendix,
Fig. S1). To further confirm that the alternation of motors of
opposite polarities was associated with the polarized orientation
of microtubules, we tested the self-organization of dynamic micro-
tubules assembled from stabilized seeds, which marked the
minus-end of microtubules. These minus-ends were localized
above the domain containing Ncd, i.e., the minus-end directed
motor (S Appendix, Fig. S2), confirming that the self-organizing
process sorted microtubules based on their polarity. These regular
alignments of polarity-sorted microtubules were reminiscent of
the “pineapple” patterns formed spontaneously by stabilized
microtubules in Xenopus meiotic egg extracts (38).

The self-patterning of motors and microtubules was likely
driven by the transient transport of microtubules and the concur-
rent translocation of motors along them. As motors push the
microtubules and walk in the opposite direction, they can natu-
rally create a feedback loop in which the propelling unit is pushed
away from the propelled object (28). According to this view, the
moving microtubules would stop when encountering an area
enriched by the opposite motor, which in turn had been generated
by another set of microtubules with opposite polarity (Fig. 34 and
Movie S3). Consistently, patterns of motors appeared in about 10
min, which corresponds to the time for microtubules of opposite
polarities to move at 30 nm/s over their average length of 10 to
20 pum (Fig. 3B). Once formed, the patterns of microtubules
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remained steady during the following hour. However, the motors
could keep on walking along these stationary microtubules. These
dynamics could be tested by analyzing individual components
recovery after the photobleaching of an elementary unit of the
pattern. The fluorescence of microtubules did not recover, showing
that there was almost no transport and exchange of microtubules
once the unit was assembled. By contrast, the fluorescence of the
two types of motors reappeared under the microtubule and accu-
mulated near the microtubule ends in a few minutes (Fig. 3Cand
Movie $4). Furthermore, the bleaching of motors along a section
of microtubule showed a directional recovery from the unbleached
toward the bleach section (87 Appendix, Fig. S3 and Movie S5).
These data showed that the morphological steady-state of micro-
tubules and motor patterns was associated to a permanent flux
of motors along the active boundaries formed by aligned and
polarity-sorted microtubules (Fig. 3D). The key role of this
boundary in maintaining the patterns was further demonstrated
by the local destruction of a few microtubules with a pulsed laser,
which led to the rapid dissolution of the patterns and the transient
reactivation of the gliding of the remaining microtubules (Movie
S6). The gentler severing of microtubules resulted in the two sev-
ered pieces gliding toward each other (Fig. 3£ and Movie S7).
This showed that at steady-state microtubules are held in position
by a force balance resulting from the constant transport of motors
toward their respective domains.

In order to understand the formation and maintenance of the
regular patterns of motors and microtubules, we modeled the trans-
port steady state and force balance leading to their self-organization
in periodic arrays. We built a simplified one-dimensional model
where the microtubules of length | make periodic bands all along
the same direction, perpendicular to the microtubule orientation
and separated by regions containing the two molecular motors and
no microtubules. The distance between two neighboring bands L
is imposed by the concentration of microtubules and the micro-
tubules in two consecutive bands have opposite polarities. The
pattern of microtubules and motors is invariant along the band
direction and its properties depend only on the direction x of the
microtubules. Because the system is periodic along x, it is sufficient
to study one period as sketched in Fig. 44. The two types of motors
with different polarities are pumped along the microtubule and
accumulate each on one of the regions outside the microtubule
depending on its polarity. In these two regions of sizes L, and L,,
the motors diffuse freely with a diffusion constant D and because
of the one-dimensional geometry, their concentrations are con-
stant. In the region occupied by the microtubule, each type of
motor can be in two states, either bound to the microtubule where
it walks at constant velocity v or unbound and freely diffusing. In
addition, the motors bind and unbind on the microtubules with
rates k., and k g The transport equations describing active trans-
port, diffusion, and the binding unbinding kinetics are given
Fig. 4B. We only discuss here the steady state for the concentration
of free motors c and the concentration of bound motors p.

2
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Fig. 2. Microtubules and plus and minus-end directed motors self-patterning. (A) Microtubules can align into bundles in the presence of motors of opposite
polarities. Microscopy imaging of bundling microtubules in the presence of 4 nM of KIF5B, 4 nM of Ncd, and a density 0.04 Microtubule/um?. (Scale bar, 10 um.)
(B) Effect of increased microtubule density on the organization of microtubules by motors of opposite polarities. Images show microtubules organization after 30
min of gliding in the presence of 4 nM of KIF5B, 4 nM of Ncd, at various densities of microtubule. (Scale bar, 20 um.) (C) Pattern formation at large scale. Images
show the stitching of multiple pictures of microtubules taken over a 6 mm PDMS well at various magnifications. White squares show the area which is zoomed
in the right image. (D) Self-sorting of KIF5B (magenta) and Ncd (cyan) in segregated domains during microtubule gliding and alignment in the presence of 4 nM
of KIF5B, 4 nM of Ncd. The patterns are observed after 60 min of gliding. Microtubule density was about 1 microtubule per pmz‘ (Scale bar, 20 um.) (F) Merged
images showing microtubules (yellow), KIF5B (magenta), and Ncd (cyan) at different concentrations of the two motors. From left to right images, concentrations of
KIF5B diminished from 4 to 1 nM while concentrations of Ncd increased from 1 to 6 nM. Microtubule density was about 1 microtubule per pmz. (Scale bar, 20 um.)
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Fig. 3. Microtubule and motors pattern dynamics. (A) Patterns emerge from an initial disordered state and remain steady over time. Images show time-lapse
acquisition of microtubules, Ncd, and KIF5B in the presence of 4 nM of KIF5B, 4 nM of Ncd over 60 min. (B) While microtubules are immobilized, motors keep on
diffusing in the lipid bilayer as well as attaching to, walking along, and detaching from microtubules (S/ Appendix, Fig. S3). Images show time-lapse acquisition of
microtubules, KIF5B, and Ncd after photobleaching in the rectangular area. (C) Graph shows the normalized fluorescence recovery of the three bleached signals
(N =1, n=3, error bar = SE). (D) Schematic of the dynamic behavior of motors on each side of a patterned microtubule. () Time-lapse sequence showing the
transport of microtubules sections after laser-based severing. (F) Schematic representation of the severing and transport of microtubules sections driven by
segregated motors. In all these conditions, microtubule density was about 1 microtubule per um?. (Scale bars, 20 ym.)
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Fig. 4. Model and simulations of microtubules and motors self-organization. (A) Schematic representation of the model parameters. In a box of length L (equal
to L1 + |+ L2), motors beneath a microtubule of length | are separated in two populations: bound p and unbound ¢, motors have a diffusion coefficient D,
a gliding speed on the microtubule v and transition rates between the two populations kon and koff. (B) Motors diffusion and sorting along the microtubule.
Top: transport and diffusion equations. Bottom: plot of the theoretical prediction of the motor concentrations profiles along the microtubule with D=1.5um?/s, | =2 um,
kon =1 s koff = 25 s™' v = 0.3 um/s for motor 1 and kon = 12 s™' koff = 1 s™' v = 0.5 um/s for motor 2. (C) Conditions for the emergence of self-patterning.
Top: force balance equation between motor 1 and motor 2. Bottom: phase diagram showing the emergence of the different behaviors in response to combinations
of motor concentrations. The model predicts that the boundaries between the “gliding” and “self-patterning” behaviors in this diagram are linear (S/ Appendix).
(D) Phase diagrams for different gliding speeds (here v1 = v2 = v). () Phase diagrams for different speed ratios between the motors. (F) Size of motor domains in
self-patterning conditions. The graph shows the theoretical area fraction of each motor for a given concentration of motor 1 and increasing concentration of motor 2.

parameters take different values for the two types of motors. These
equations are solved for the two types of motors in S/ Appendix
with boundary conditions ensuring the continuities of the con-
centrations of the two motors and of their fluxes. The average
concentrations of the two motors ¢, and ¢, are also imposed in
the experiment. The calculated concentration profiles of the
motors are shown in Fig. 4C. The boundary conditions are not
sufficient to fix all the parameters and one of them related to the
position of the microtubule remains undetermined because we
have fixed the microtubule at an arbitrary position.

The two types of motors walking along the microtubule exert
a force on the microtubule each in one direction. The stable posi-
tion of the microtubule is therefore the position, if it exists, where
the total force exerted on the microtubule vanishes. In ST Appendix,
we write explicitly the force balance on the microtubule and we
find that the existence of a stable position and therefore the exist-
ence of the periodic band pattern only depends on the ratio ¢,/c,
and not on the individual concentrations of the two motors.

https://doi.org/10.1073/pnas.2406985121

Therefrom, we can construct a phase diagram where the stability
of the patterned structure has two linear boundaries in a (¢, ¢,)
plane (c,/c, > £, and ¢,/c, < £, where f; and f are dimen-
sionless functions of the motor properties). In between these
boundaries, patterns form while beyond them microtubules keep
on gliding despite the opposite actions of the two motors (Fig. 4C).

This model also predicts that the range of concentrations leading
to the emergence of patterns is centered at ¢, = ¢, for identical but
opposing motors, it is narrower if motors are slower (Fig. 4D), larger
if microtubules are shorter or if diffusion is slower (S Appendix,
Fig. S4) and shifted toward higher concentrations of the slowest
motor if their velocities are different (Fig. 4E). Finally, the relation-
ship between the motor concentrations and system dimensions gives
a prediction of the size of the motor domains for a given combina-
tion of motor concentrations (Fig. 4F).

We then tested these predictions experimentally. We first per-
formed model simulations to estimate the distribution of motors
along microtubules serving as active boundary between motor

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials

Downloaded from https://www.pnas.org by ESPCI ParisTech on November 27, 2024 from | P address 193.54.90.216.

A NcdGliding Pattern Pattern

KIF5B Gliding

Fig. 5. Experimental investigation of the phase dia-
gram of microtubule and motors self-organization.
(A) Experimental observations of KIF5B-dominated,
or Ncd-dominated, microtubule gliding or motors and
microtubule self-patterning depending on motors
% concentrations. Images show KIF5B (magenta) and
Ncd (cyan). Microtubule density was about 1.6 mi-
crotubule per pmz. (Scale bar, 50 um.) (B) Diagram
of the experimental and theoretical behaviors as
a function of motor concentration. Experimental
conditions leading to gliding are shown with black

Ncd 72 nM cross, whereas those leading to self-patterning are

Area fraction
©c o o o =
N e (2] o o

©
=)

— shown with white dots. Theoretical predictions of

Neo the model are shown with the colored area as in
Fig. 4. (C) Variations of domain sizes depending
on motor relative concentrations. Images show
domains of Ncd (Top, cyan) and KIF5B (Bottom,
magenta) for a fixed concentration of Ncd (72 nM)
and increasing concentrations of KIF5B. Microtu-
bule density was about 1.6 microtubule per um?.
(Scale bar, 50 um.) (D) The graph shows the meas-
urements of the area fraction of each motor in the
conditions of panel C. (E) Transitions in real time

X— —X

domains. We used known parameters of KIF5B and Ned affinities
for microtubules (36, 37). The shape of these profiles fitted well
with experimental measurements, suggesting that our model based
on the balance between random diffusion and directed transport
properly accounted for the process inducing motors segregation
(SI Appendix, Fig. S5). To challenge the prediction of the model
regarding the transition between gliding and self-patterning states,
we tested multiple combinations of concentrations of KIF5B and

PNAS 2024 Vol.121 No.49 2406985121

10 20 30

within the phase diagram. Left: illustration of the
KIF5B (nM)

conditions used in the experiment. Arrows repre-
sent steps of KIF5B increase over time. Images show
KIF5B (magenta) and Ncd (cyan) upon sequential ad-
dition of KIF5B. At first, KIF5B concentration is low
and Ncd forced microtubule to glide (Left image). The
addition of more KIF5B counterbalanced the effect

- of Ncd and led to the self-patterning of microtubules

and motors (Central image). The second addition of
KIF5B destabilized the force balance and led to the
dissolution of the patterns and the gliding of mi-
crotubules (Right image). Microtubule density was
about 0.7 microtubule per um?. (Scale bar, 20 um.)

Ned. When one of the two motors was in large excess, microtubules
glided and aligned as expected under such high concentration of
microtubules gliding on lipids (31). At more balanced concentra-
tions of motors, microtubules and motors self-patterned in active
microtubule boundaries and segregated motor domains. The tran-
sition between the two states occurred at a higher concentration
of KIF5B if the concentration of Ncd was increased (and vice versa)
(Fig. 54). More precisely, we found that in the phase diagram
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projected in the plane of the two motors concentrations, the
boundaries between the self-patterning and gliding domain were
indeed linear as predicted by the model (Fig. 5B).

Other key predictions could also be validated experimentally.
‘The characteristic length of the motor domains relative to the unit
size, which can be characterized by the area fraction occupied by
these motors, showed a progressive increase with motor concentra-
tion (Fig. 5 C and D and SI Appendix, Fig. S1). The transition
between self-patterning to the gliding state could be obtained by
reducing the speed of motors (S Appendix, Fig. S6). Altogether,
these results show that the ability of microtubules to self-organize
with two opposite motors into regular and steady patterns results
from a balance of fluxes between motor diffusion and motor trans-
port along microtubules coupled to a balance of the mechanical
forces associated with this transport. Importantly, this also implied
that pattern maintenance is based on the constant flux of motors
and equilibration of the pools of the two motors along the micro-
tubules. This dynamical balance appears as a possible mechanism
of fast adaptation of the pattern size and shape to changes in the
concentrations of motors. Indeed, starting from conditions in which
microtubules were gliding in response to the dominating role of
Ncd, a progressive addition of KIF5B led first to the self-patterning
of the entire system, which could be later dismantled by further
addition of more KIF5B (Fig. 5£ and Movie S8). This suggests that
the non-equilibrium nature of the self-assembly ensures the robust-
ness of the patterns and allows for constant adaptation of their
spatial structure to external perturbations such as changes in motor
concentrations, velocities, affinities, or microtubule length.

These results demonstrate that free microtubules and motors of
opposite directionalities can self~organize into regular patterns, which
form by the sorting of motors into segregated domains and their con-
stant transports along immobilized microtubules that act as a sorting
barrier between motor domains. The self-organization process appears
robust yet flexible, and the permanent underlying dynamics of trans-
port confers additional adaptive properties to the system. Similar
patterns of motor domains and aligned microtubules can also be
obtained from microtubule—microtubule interactions and single
motor transport (18, 19, 39), but it is the competition between the
forces generated by the sorting of the two motors that imparts our
system with the ability to reconfigure itself into different patterns
or disassemble in response to variations in motor concentrations.
Here, we only tested a few parameters, and a minimal model of
the process in one dimension, but the underlying mechanisms of
pattern assembly, maintenance, and disassembly that we uncovered
may open possibilities to further understand the emergence of cel-
lular units (9, 15, 38), bipolar spindles (14), and other microtubule-
based architectures that can be found in differentiated cells (12). The
spatial segregation of plus- and minus-end motors and the associated
development of opposing forces that drive and then stabilize micro-
tubule positioning, as described here, can be considered as common
principles in the self-assembly of these architectures.

Materials and Methods

Lipids Preparation. First, 96% L-a-phosphatidylcholine (EggPC) (Avanti,
840051C) (10 mg/mL in chloroform), 2% DGS-NTA(Ni) (Avanti, 790404C), and
1% DOPE-ATT0390 (ATTO-TEC, 390-161) were mixed into glass tubes, dried
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Mol. Cell Biol. 23, 699-714 (2022).

3. M.Burute, L. C. Kapitein, Cellular logistics: Unraveling the interplay between microtubule
organization and intracellular transport. Annu. Rev. Cell Dev. Biol. 35,29-54(2019).

4. M.Bornens, Organelle positioning and cell polarity. Nat. Rev. Mol. Cell Biol. 9, 874-886 (2008).
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with argon gas, and incubated under vacuum overnight. The dried lipids were
then resuspended in a buffer that we further refer to as the "small unilamellar
vesicle (SUV) buffer” (150 mM NaCl, 10 mM Tris-HCl pH 7.4 and 2 mM CaCl,)
and sonicated on ice for 10 min. The mixture was centrifuged at 20,238 g for
10 min to remove contaminants and the supernatant was collected. The final lipid
concentration was 1 mg/mL. For experiments using KIF5B-SNAP-430, unmarked
lipids were used [98% EggPC and 2% DGS-NTA(Ni)]. Lipids were stored at 4 °C
for up to a month.

Stabilized Microtubules Preparation. Unlabeled tubulin (18 puM), Atto-565
tubulin (2 uM), and GMP-CPP (1 mM) were mixed in BRB80 and incubated at
37 °Cfor 2 h.The mixture was then centrifuged at 20,238 x g for 30 min and the
microtubules were resuspended in BRB80 supplemented with 10 uM of Taxol.
Stabilized microtubules were kept at room temperature for 4 d.

Gliding Experiments. Cover glasses and slides were first wiped with lint-free
tissues and Ethanol 96%, rinsed in ultrapure water, putin Hellmanex 11 (2% in
water, Hellmanex), and sonicated for 30 min at 60 °C. The glass was then rinsed
in ultrapure water and kept in water for 4 d. We used either flow cell (Figs. 1, 24,
3Band £,and 5Aand C, and S Appendix, Figs. S2 and S6) or open well (Figs. 2
B-£,3A,and 5E and S/ Appendix, Fig. S1) to perform the gliding assays. In both
cases, the bottom glass coverslip was dried with compressed air, activated with
air plasma for 3 min. In the case of open wells, a PDMS square with a punched
out 6 mm hole in the center was placed on the glass creating a well. In the
case of flow cells, two bands of double-side tape (70 um height) were covered
by a glass coverslip to contain an approximate volume of 15 pL. In both cases,
20 pLof lipids was added, incubated for 10 min then rinsed with SUV buffer. For
additional passivation, 1% w/v BSAin HKEM (10 mM HEPES pH = 7.2, 50 mM
KCI, 1 mM EGTA, 5 mM MgCl,) was incubated for 5 min. BSA was washed out
with TicTac buffer (10 mM HEPES buffer (pH 7.2), 16 mM PIPES buffer (pH 6.8),
50 mM KCl, 5 mM MgCl,, T mM EGTA, 20 mM dithiothreitol (DTT), 3 mg.mL‘1
glucose, 20 pg.mL ™" catalase, 100 pg.mL™" glucose oxidase, 0.3% BSA) supple-
mented with 1T mM ATP (Sigma Aldrich, A3377). Motors diluted in TicTac buffer
were added and incubated for 5 min, then washed, and microtubules diluted
in TicTac buffer were added and incubated for 3 min before being washed as
well. Finally, TicTac buffer supplemented with 2.7 mM of ATP and 0.2% methyl
cellulose was added prior to imaging. Experiments were performed at room
temperature.

Due to space limitation, experimental protocols describing protein expres-
sion, purification, and labeling, microscopy, photobleaching, photoabla-
tion, as well as image analysis procedures for microtubule tracking, motor
domains size measurement and motor density measurement are provided
in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.

ACKNOWLEDGMENTS. This work was supported by fundings from the Agence
Nationale pour la Recherche (the Grant AAPG2022-PRC-SHARP to J.-F.J.and M.T.and
the GrantANR-23-CHBS-0013 to M.T.), the European Molecular Biology Organisation
(EMBO postdoctoral fellowship ALTF 628-2022 to A.S.) and the Commissariata I'En-
ergie Atomique et aux Energies Alternatives (CEA CFR PhD fellowship to C.U.).

Author affiliations: ?°CytoMorpho Lab, Laboratoire de Physiologie Cellulaire et Végétale,
UMR5168, Université Grenoble-Alpes, CEA, INRA, CNRS, Interdisciplinary Research
Institute of Grenoble, Grenoble 38054, France; °CytoMorpho Lab, Chimie Biologie
Innovation, UMR8132, Université Paris Sciences et Lettres, Ecole Supérieure de Physique
et Chimie Industrielles de la Ville de Paris, CEA, CNRS, Institut Pierre Gilles De Gennes,
Paris 75005, France; “Collége de France, Université Paris Sciences et Lettres, Matiére
molle et biophysique, Paris 75231, France; and “Institut Curie, Université Paris Sciences et
Lettres, Physique de la Cellule et Cancer, Paris Cedex 05 74248, France

5. A N.Rao, P.W.Baas, Polarity sorting of microtubules in the axon. Trends Neurosci. 41, 77-88
(2018).

6. J.C.M.Meiring, B. 1. Shneyer, A. Akhmanova, Generation and regulation of microtubule network
asymmetry to drive cell polarity. Curr. Opin. Cell Biol. 62, 86-95 (2020).

7. J.Wu,A. Akhmanova, Microtubule-organizing centers. Annu. Rev. Cell Dev. Biol. 33,51-75(2017).

8. V.I.Rodionov, G. G. Borisy, Self-centring activity of cytoplasm. Nature 386, 170-173 (1997).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406985121#supplementary-materials

Downloaded from https://www.pnas.org by ESPCI ParisTech on November 27, 2024 from |P address 193.54.90.216.

1.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

PNAS 2024 Vol. 121

T.J. Mitchison, C. M. Field, Self-organization of cellular units. Annu. Rev. Cell Dev. Biol. 37,23-41(2021).

. A.L Jolly et al., Kinesin-1 heavy chain mediates microtubule sliding to drive changes in cell shape.

Proc. Natl. Acad. Sci. U.S.A. 107,12151-12156 (2010).

W. Lu, V. I. Gelfand, Moonlighting motors: Kinesin, dynein, and cell polarity. Trends Cell Biol. 27,
505-514(2017).

A. Akhmanova, L. C. Kapitein, Mechanisms of microtubule organization in differentiated animal cells.
Nat. Rev. Mol. Cell Biol. 23,541-558 (2022).

D. Oriola, D.J. Needleman, J. Brugués, The physics of the metaphase spindle. Annu. Rev. Biophys.
47,655-673(2018).

J.Brugués, D.J. Needleman, Physical basis of spindle self-organization. Proc. Natl. Acad. Sci. U.S.A.
111, 18496-18500 (2014).

X.Cheng, J. E. Ferrell, Spontaneous emergence of cell-like organization in Xenopus egg extracts.
Science 366, 631-637 (2019).

P.A. Nguyen, et al., Spatial organization of cytokinesis signaling reconstituted in a cell-free system.
Science 346, 244-247 (2014).

D.J. Needleman, Z. Dogic, Active matter at the interface between materials science and cell biology.
Nat. Rev. Mater. 2, 17048 (2017).

T.Surrey, F. Nedelec, S. Leibler, E. Karsenti, Physical properties determining self-organization of
motors and microtubules. Science 292, 1167-1171(2001).

R.A. Banks et al., Motor processivity and speed determine structure and dynamics of microtubule-
motor assemblies, eLife 12, 679402 2023, 10.7554/eLife.79402.

C. Hentrich, T. Surrey, Microtubule organization by the antagonistic mitotic motors kinesin-5 and
kinesin-14. J. Cell Biol. 189, 465-480 (2010).

J.Roostalu, J. Rickman, C. Thomas, F. Nedelec, T. Surrey, Determinants of polar versus nematic
organization in networks of dynamic microtubules and mitotic motors. Cell 175, 796-808.e14 (2018).
G. Henkin, W.X. Chew, F. Nédélec, T. Surrey, Cross-linker design determines microtubule network
organization by opposing motors. Proc. Natl. Acad. Sci. U.S.A. 119, 1-12 (2022).

T.Sanchez, D.T.N. Chen, S.J. DeCamp, M. Heymann, Z. Dogic, Spontaneous motion in hierarchically
assembled active matter. Nature 491, 431-434(2012).

K.-TT.Wu et al., Transition from turbulent to coherent flows in confined three-dimensional active fluids.

Science 355, eaal1979 (2017).

No. 49 2406985121

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

P. Chandrakar et al., Confinement controls the bend instability of three-dimensional active liquid
crystals. Phys. Rev. Lett. 125,257801 (2020).

L. Huber, R. Suzuki, T. Kriiger, E. Frey, A. R. Bausch, Emergence of coexisting ordered states in active
matter systems. Science 361, 255-258 (2018).

V. Schaller, C. Weber, C. Semmrich, E. Frey, A. R. Bausch, Polar patterns of driven filaments. Nature
467,73-77(2010).

F.L. Memarian et al., Active nematic order and dynamic lane formation of microtubules driven by
membrane-bound diffusing motors. Proc. Natl. Acad. Sci. U.S.A. 118,1-10(2021).

Y. Sumino et al., Large-scale vortex lattice emerging from collectively moving microtubules. Nature
483,448-452(2012).

A.Sciortino, A. R. Bausch, Pattern formation and polarity sorting of driven actin filaments on lipid
membranes. Proc. Natl. Acad. Sci. U.S.A. 118, 1-8 (2021).

D. Inoue et al., Depletion force induced collective motion of microtubules driven by kinesin. Nanoscale
7,18054-18061(2015).

G.A. Monzon et al., Stable tug-of-war between kinesin-1 and cytoplasmic dynein upon different
ATP and roadblock concentrations. J. Cell Sci. 133, jcs249938 (2020).

N.D. Derr etal., Tug-of-war in motor protein ensembles revealed with a programmable DNA origami
scaffold. Science 338, 662-665(2012).

R. Grover et al., Transport efficiency of membrane-anchored kinesin-1 motors depends on motor
density and diffusivity. Proc. Natl. Acad. Sci. U.S.A. 113, E7185-E7193 (2016).

W. 0. Hancock, Mechanics of Bidirectional Cargo Transport (Elsevier Inc., ed. 2,2018), vol. 2.
R.Jiang et al., Microtubule binding kinetics of membrane-bound kinesin-1 predicts high motor
copy numbers on intracellular cargo. Proc. Natl. Acad. Sci. U.S.A. 116, 26564-26570 (2019).

G. Fink et al., The mitotic kinesin-14 Ncd drives directional microtubule-microtubule sliding.

Nat. Cell Biol. 11,717-723(2009).

T.J. Mitchison, P. Nguyen, M. Coughlin, A. C. Groen, Self-organization of stabilized microtubules
by both spindle and midzone mechanisms in Xenopus egg cytosol. Mol. Biol. Cell. 24,1559-1573
(2013).

B.Lemma, N. P. Mitchell, R. Subramanian, D. J. Needleman, Z. Dogic, Active microphase separation
in mixtures of microtubules and tip-accumulating molecular motors. Phys. Rev. X. 12, 31006
(2022).

https://doi.org/10.1073/pnas.2406985121

90of 9


https://doi.org/10.7554/eLife.79402

	Force balance of opposing diffusive motors generates polarity-sorted microtubule patterns
	Significance
	Materials and Methods
	Lipids Preparation.
	Stabilized Microtubules Preparation.
	Gliding Experiments.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 15



