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A gelation transition enables the self-organization
of bipolar metaphase spindles

Benjamin A. Dalton®'2345 David Oriola®'2345 Franziska Decker ®2345, Frank Julicher ®234 and

Jan Brugués ®1234x

The mitotic spindle is a highly dynamic bipolar structure that emerges from the self-organization of microtubules, molecular
motors and other proteins. Sustained motor-driven poleward flows of dynamic microtubules play a key role in the bipolar orga-
nization of spindles. However, it is not understood how the local activity of motor proteins generates these large-scale coher-
ent poleward flows. Here we show that a gelation transition enables long-range microtubule transport causing the spindles to
self-organize into two oppositely polarized microtubule gels. Laser ablation experiments reveal that local active stresses gener-
ated at the spindle midplane propagate through the structure, thereby driving global coherent microtubule flows. Simulations
show that microtubule gels undergoing rapid turnover can exhibit long stress relaxation times, in agreement with the long-range
flows observed in experiments. Finally, our model predicts that in the presence of branching microtubule nucleation, either dis-
rupting such flows or decreasing the network connectivity can lead to a microtubule polarity reversal in spindles. We experi-
mentally confirm this inversion of polarity by abolishing the microtubule transport in spindles. Overall, we uncover a connection

between spindle rheology and architecture in spindle self-organization.

processes such as cell division, cell motility, force genera-

tion and morphogenesis"’. Cytoskeletal structures consist of
dynamic filaments that are cross-linked by molecular motors and
rely on constant energy consumption for their assembly and func-
tion. Molecular motors drive the organization of cytoskeletal struc-
tures by actively clustering, pulling and sliding filaments apart®*.
This activity often leads to the emergence of large-scale flows within
the structures that can transport material’, exert force® or establish
a gradient of filament polarity’. Although the emergence of flows
in active matter has been successfully captured by hydrodynamic
theories'’, the microscopic origins of flows and their relation to
the rheology and architecture of cellular structures remains poorly
understood.

A prominent example of active large-scale flows is the poleward
movement of microtubules observed in metaphase spindles'"".
Spindles are self-organized molecular machines responsible for the
segregation of sister chromatids during cell division. They are made
of dynamic microtubules that are continuously transported towards
the poles by molecular motors in a process known as poleward flux’.
In Xenopus laevis egg extract spindles, this flux depends on the
activity of Eg5—a kinesin motor that can slide antiparallel microtu-
bules®'*-". Spindle bipolarity is known to be a consequence of Eg5
motors cross-linking and forcing apart microtubules of opposite
polarities, thereby sorting microtubules into an antiparallel array'°.
Mean-field models considering such a mechanism naturally lead to
a linear dependence of velocity on the spatial distribution of anti-
parallel microtubule overlaps or polarity field">", which contrasts
with the remarkably constant flows observed in spindles'® where the
density of antiparallel microtubule overlaps forms a pronounced
gradient’.

Recent work in vitro demonstrated that mixtures of stabi-
lized microtubules and motors can generate active flows that are

( :ells use active cytoskeletal structures to perform essential

independent of the spatial distribution of antiparallel microtubule
overlaps'. It was suggested that these flows can arise from the high
degree of connectivity introduced by molecular motors. However,
in contrast to stabilized mixtures, microtubules in the spindle turn-
over rapidly””~*! and are constantly nucleated throughout the struc-
ture’>*. In particular, microtubule nucleation is an autocatalytic
process”*, which leads to microtubule structures that are genu-
inely different from the ones obtained in other simplified in vitro
systems®'7*°. Previous attempts to recapitulate such flows using
computational models lacked some key aspects such as microtubule
dynamics” or the polarity-preserving effect of branching microtu-
bule nucleation®. How the interplay between microtubule active
flows and autocatalytic microtubule waves establish the correct
spindle architecture remains unknown.

Here we combine experiments and simulations to show that a
gelation transition enables long-range active flows in Xenopus egg
extract spindles. This transition leads to the self-organization of
two polar, interpenetrating and mechanically distinct microtubule
gels of opposite polarity. Simulations of highly cross-linked active
microtubule networks reveal that despite continuous microtubule
turnover, microtubule gels can sustain long-range steady-state
flows. Furthermore, simulations predict that either disrupting such
flows or decreasing the network connectivity can lead to a micro-
tubule polarity reversal in spindles. We experimentally confirm
our prediction by disrupting Eg5 activity and abolishing flows in
spindles. Altogether, we illustrate a functional relevance of gelation
in the proper organization of metaphase spindles, elucidating an
unexpected connection between gelation, microtubule nucleation
and microtubule transport.

Active flows in the spindle are independent of polarity
The mechanism by which Eg5 motors sort antiparallel overlaps
implies that forces between microtubule pairs should strongly
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Fig. 1| Local sorting of antiparallel microtubule overlaps is not sufficient to explain poleward microtubule transport. a, Fluorescent spindles labelled
with Atto565 pig tubulin and corresponding schematic of the spindle architecture for the control and dynein-inhibited cases. Scale bar, 10 um. b, Speckle
microscopy (~1nM Atto565 frog tubulin) is used to measure the microtubule transport (Supplementary Video 2). Scale bar, 10 pm. ¢, Speckles move in
antiparallel overlaps due to the action of Eg5 motors, but they remain static in parallel overlaps. d, Speckle trajectories are tracked and classified according
to their direction of motion. Speckles whose longitudinal velocity was smaller than 0.2 pm min~" were discarded from the analysis (-4%). The total time
elapsed is 210 s. e, Number density of the two microtubule populations, namely, p* and p~, for the plus and minus networks, respectively (mean+s.d.;
n=10spindles). f, Normalized value of the averaged velocity profiles of the plus and minus networks v,/v,(0) compared with the normalized number
density of antiparallel overlaps p,,/p.,(0) (Supplementary Information). Eg5 can only generate forces in the spindle centre where antiparallel overlaps

are enriched (mean +s.d.; n=10spindles). g, Comparison between the polarity profile P=(p_—p,)/(p_+ p,) obtained from the speckle data (mean+s.d.;
n=10spindles) and the polarity profile obtained using laser ablation (mean+s.d.; n=25 cuts). This result provides direct evidence that the direction of

movement of the speckles is a readout of the microtubule polarity.

depend on their relative orientation'>'*. In this picture, antiparal-
lel interactions drive the motion of both filaments, whereas parallel
filaments remain static'®. A mean-field description would result in
flows that linearly depend on the antiparallel microtubule overlap
density’>". To test this mechanism in Xenopus spindles, we quanti-
fied the microtubule transport and density of antiparallel overlaps
throughout the spindle structure, similar to previous studies'*'*. To
focus on microtubule transport, we inhibited dynein activity, which
is known to affect poleward flux at the poles as well as control spindle
shape'*'®* (Fig. 1, Extended Data Fig. 1a and Supplementary Video
1). Therefore, we treated spindles with p150-CC1 (which disrupts
pole formation), causing microtubule alignment along the spindle
long axis (Fig. 1a)*. Dynein inhibition only caused a minor effect
on the spindle architecture (Extended Data Fig. 1b-d). To visual-
ize the motion of individual microtubules in the spindles, we used
single-molecule speckle microscopy”'® (Fig. 1b,c and Supplementary
Video 2). Speckle trajectories showed two distinct populations
(Fig. 1d) moving coherently towards the poles. To compare the
microtubule velocity profiles with the antiparallel microtubule over-
laps, we quantified the density distribution of the two microtubule
populations p, and p_ (Fig. le), revealing two interpenetrating net-
works, in agreement with previous studies'®. Computing the density
of microtubule overlaps as p,,=2p_p./(p_+p,), we found that the
number density of antiparallel overlaps was maximal at the spindle
centre and decreased by ~90 % at the poles (Fig. 1f). In contrast,
microtubule transport was found to be constant throughout the
spindle with an average value of 2.5 + 0.4 pm min™" (n =549 speckles
from 10spindles; mean +s.d.; Fig. 1f and Extended Data Fig. 1a),

in agreement with Yang et al.”®. To ensure that speckle microscopy
provides an accurate readout of microtubule polarity, we com-
pared P=(p_—p,)/(p_+p,) (Fig. 1g, circles) with the microtu-
bule polarity profiles obtained by laser ablation (Fig. 1g, squares)
(Methods and Brugués et al.’). The two approaches were in agree-
ment, confirming that the direction of speckle transport reveals the
microtubule polarity. We conclude that the microtubule transport
velocity is independent of the local antiparallel overlap density (that
is, the microtubule polarity; Extended Data Fig. 2). Thus, a local
mean-field picture of antiparallel sliding is not sufficient to explain
the long-range flows.

Active flows are a consequence of long-range stress
propagation

Our speckle analysis suggests that a local mean-field picture of anti-
parallel sliding (hereafter referred to as ‘local sorting’) is not suf-
ficient to explain microtubule transport in spindles. One possible
explanation for the polarity-independent flows observed through-
out the spindle is that the local stresses generated by Eg5 in the
region of antiparallel overlaps are propagated over long distances.
To test this hypothesis, we designed an assay combining fluores-
cent speckle microscopy and laser ablation (Fig. 2a and Methods).
We reasoned that if Eg5 activity is mainly restricted to the spindle
midplane and propagates throughout the structure, disconnecting a
region of the spindle that is far from the midplane using laser abla-
tion should reduce microtubule transport within that disconnected
region (DR; Fig. 2a(i)). Alternatively, if Eg5 is homogeneously act-
ing in the structure via local sorting, microtubule motion in the
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Fig. 2 | Microtubule transport is a consequence of long-range stress propagation mediated by Eg5. a, Combination of laser ablation and speckle
microscopy techniques are used to distinguish between two scenarios: (i) Eg5 generates stresses at the centre of the spindle and they propagate across
the structure. Speckles stop in the pole region after laser ablation, whereas speckles in the rest of the spindle remain unaffected. (ii) Eg5 generates local
stresses throughout the structure and speckles are not affected in the pole region after the cut. b, Antiparallel overlaps in the DR that survive after the laser
cut are the only ones that can drive the poleward speckle movement. ¢, Fluorescent speckle image before laser ablation. Scale bar, 10 pm. CR, connected
region; DR, disconnected region. The arrow denotes the direction along which the kymograph in d is studied and the width of the grey region denotes the
averaged region. d, Kymograph from ¢ showing how speckle trajectories stop in the DR after consecutive laser ablation events. The kymograph is divided
in three different time intervals, namely, (i), (ii) and (iii), between the laser cuts. The fact that the speckles stop on disconnection of the pole validates the
scenario in a(i). e, Speckle trajectories before (time interval (i)) and after (time interval (ii)) the first laser ablation during 40's (Supplementary Videos 4
and 5). f, On-axis velocity of speckles during time intervals (i), (ii) and (iii) in the CR and DR. A progressive reduction in speckle velocity is observed in the
DR, whereas the speckle velocity remains unaffected in the CR. Only speckles with >—0.2 pm min~" were considered in the analysis. A reduced subset of
100 data points is shown in the CR case for the sake of clarity. **P < 0.01 and ***P < 0.001. The squares indicate outliers. A two-sample t-test was used.

DR should mainly remain unaffected (Fig. 2a(ii)). A key aspect of
this perturbation is that the poleward-moving speckles that survive
after the laser cut would correspond to intact antiparallel overlaps,
since the cut microtubules only depolymerize from the newly cre-
ated plus end, whereas the new minus ends remain stable’ (Fig. 2b).
Additionally, kinetochore microtubules connecting the poles to the
midplane will depolymerize in the DR, thus not contributing to the
analysis.

We achieved the complete disconnection of a spindle pole by a
series of three consecutive laser cuts across the spindle (Fig. 2a-c
and Supplementary Video 3). After each series of cuts (Fig. 2d,
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white sparks), all the speckles in the severed region instantaneously
slowed down (Fig. 2d-f and Supplementary Video 3). We analysed
the corresponding time intervals labelled (i), (ii) and (iii) (Fig. 2d-f)
between the successive laser cuts. The microtubule velocity was sig-
nificantly reduced after ablation in the DR from 1.8 +0.1 pm min™!
(time interval (i); n=122trajectories; median+s.e.m.) before the
cut to 0.8 +£0.1 pm min~" after the cuts (time interval (iii); n=61 tra-
jectories; mean+s.em.) (Fig. 2d-f and Supplementary Videos
4-6). In contrast, the microtubule velocity remained unaffected in
the connected region (CR) (Fig. 2d,f and Supplementary Videos
7-9). The instantaneous slow down of the speckles after a series of
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Fig. 3 | Two-point correlations reveal two interacting rigid-like microtubule networks in the spindle. a, Fluorescently labelled tubulin speckles in a
dynein-inhibited spindle. Zoomed-in region shows the speckle pair (i,j) separated by distance RY. Scale bar, 5pm. b, Speckle trajectory tracked from its
appearance at t=0 and disappearance at time t=T. The position of speckle i at time t is defined as xil(t) during its lifetime t € [0, T,], where a=z and
a=y correspond to the longitudinal and transversal components, respectively. ¢, Speckle-pair trajectories and positions at two different times separated
by At. A speckle fluctuation is defined as ¢}, (t) = 6x,,(t) — (x;,(t)) 7, where 8x, (t) = x{ (t + At) — x (). The two-point correlation function is defined
as Cau(r) = (el (e, (1)8(r — R"/(t)))/.#t. d, Speckle fluctuations and classification according to their mean velocity along the spindle long axis z. Speckles
moving towards the right are coloured in red, whereas speckles moving towards the left are coloured in blue. The total time elapsed is 210s. e-g, Log-log
plots of the two-point correlations for dynein-inhibited spindles (mean +s.d.; n=10 spindles), namely, C,(r) (e) and |C, ()| (f,g), of the speckles classified
in the same network (yellow), different networks (grey) or not classified (blue) (Supplementary Information). The absolute value of C,, is used to compare
the amplitude of longitudinal correlations using speckles from the same and different networks, despite correlations having the opposite sign. Transversal
fluctuations decay and are decoupled between the two networks, whereas longitudinal correlations are coupled between the networks and do not decay

within the networks. g, Shear correlations C,(y, zo) = (€. (t)e,(1)8(y — Yi(t))8(zo — Z"f(t))),-#j/t for zy=5,10, 15 and 20 pm (from dark to light blue)

(Supplementary Information).

cuts indicates that connectivity is essential to sustain the poleward
flux at the poles. The residual flux after complete disconnection
is probably attributed to a minor local sorting contribution at the
pole, which is non-zero (Fig. 1f,g) due to the remaining antiparal-
lel overlap. We obtained similar results in other experiment repli-
cas (Extended Data Fig. 3 and Supplementary Videos 10 and 11).
We also note that most of the speckles in the DR survived after the
complete disconnection of the pole (Fig. 2d and Supplementary
Video 6), indicating that microtubules in the pole region are typi-
cally short, in agreement with previous studies’. However, we can-
not dispel the likelihood that some long microtubules extend into
the pole region, thus contributing to the flux. Regardless, the reduc-
tion in transport in the DR after ablation suggests that microtubule
flux in that region is not a consequence of local microtubule sorting
or treadmilling at the spindle poles, as previously proposed'*"*
Instead, local stresses generated by Eg5 propagate throughout the
structure from the spindle midplane region to the poles, driving
microtubules poleward.

The spindle consists of two rigid-like microtubule networks
We wondered how the two microtubule populations in the spindle
could sustain long-range stress propagation, especially given that
microtubules are—on average—short compared with the length of

the spindle and that they turnover rapidly*". To gain an insight into
the material properties of the two networks, we measured the fluc-
tuations of speckle pairs in dynein-inhibited spindles (Fig. 3a-d)
and performed a two-point correlation analysis on these fluctua-
tions (Fig. 3e-g) (Methods and refs. ****). We calculated two-point
correlations C,,(r) along the transversal (¢=y) and longitudinal
(a=z) axes of the spindle as a function of the distance between
speckles, r (Fig. 3b,c). We classified the speckles according to their
direction of movement and considered three different cases: pairs
belonging to the same network, pairs from different networks and
pairs taken indiscriminately from either population (Fig. 3e-g, with
yellow, grey and blue colours, respectively). Transversal correlations
decayed as ~1/r (Fig. 3e), in agreement with correlations expected
for a continuum material****. Strikingly, when we considered speckle
pairs from either a single network or different networks, we did not
observe any decay in the longitudinal correlations (Fig. 3f, yellow
and grey). This suggests that the two networks behave as rigid-like
materials along the spindle long axis and they are deformable along
the short axis. The fluctuations in speckle pairs coming from the
same network were positively correlated, implying coherent stress
transmission across each network. In contrast, the fluctuations in
speckle pairs from opposite networks were negatively correlated,
suggesting that Eg5 acts on the two networks pushing them apart.
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Fig. 4 | A gelation transition enables long-range flows in filament networks. Computer simulations of filament networks in a pinning-field channel. a, The
pinning field substitutes for one of two filament networks. The schematic shows the simulation environment of the pinning-field channel. b, Conceptual
overview for simulations: dynamic microtubules nucleate throughout the channel, restricting antiparallel overlaps to the pinning-field region. Increasing
the Eg5 concentration increases the filament connectivity, enabling long-range flow. The solid walls constrain the filament orientations and maintain a
high filament density. ¢, Kymograph for minus-end speckles, showing a line section along the channel long axis for three different Eg5 concentrations
(Supplementary Video 12); here N,, is the number of motors and N; is the number of filaments. d, Length scale of the filament velocity profiles increases
with increasing Eg5 concentration (figure legend shows the colour scheme for d, e and g) (mean +s.d.; n=10 simulations). e, Distributions P(s/N;) of
filament cluster size s/N; indicate a percolation transition in the filament networks. The distributions are calculated as a function of Eg5 concentration.
Inset, near the percolation threshold, the distribution approaches a power-law distribution with an exponent of ~2.2, in agreement with the percolation
theory. f, Mean and normalized variance for the cluster-size distributions in e. Here s; is the size of the ith cluster, N is the total number of clusters and n is
the upper cluster size. g, Longitudinal two-point fluctuation correlations C,, reveal the onset of rigid-like behaviour in gelated networks. The correlations are
shown for simulations in d, e and f. h, Transverse two-point correlations C,, decay for high Eg5 concentrations. A wider simulation domain is used to probe
transverse fluctuations (Methods). i, Shear correlations C,,(z,) for gelated networks are also constant over a range of z, values. The channel geometry is
the same asin h.

Similar results were obtained when studying the shear correlations
(Fig. 3g). These results suggest that the spindle is composed of two
interpenetrating rigid-like microtubule networks of opposite polar-
ity that are coupled at the central overlap region and driven apart
by Eg5 activity.
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A gelation transition enables long-range stress
propagation

Mixtures of filaments and motors can behave like fluids or gels
depending on the filament connectivity’®". To test whether a gela-
tion transition underlies the long-range propagation of stresses
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Fig. 5 | Viscoelastic relaxation time of the gel is larger than filament lifetime. Active microrheology measurements for viscoelastic response in

simulated filament networks. a, Schematic showing the active microrheology setup, including an oscillating pinning field and a trapped probe filament.

The permanent probe filament is confined to a harmonic trap in the x, y and z axes, set at z,,,=20 um. The pinning field oscillates according to

2,,(t) =2,5in(2xft), where z,=0.75 pm. Network connectivity enables stress propagation from the pinning field to the trapped probe filament. Given that
motors only generate forces at the pinning field and effectively act as passive cross-linkers elsewhere, the motor activity was turned off. The parameters
for passive cross-linkers are listed in Supplementary Information. b, Network deformations are driven by pinning-field oscillations and resistance of the
trapped filament. The network deformations are given by e(t) = z,,,(t) — z,,,(t) — L, where L,=20 pm. The trajectories of probe filaments indicate the force
response; ki, is the stiffness of the harmonic trap. ¢, Phase plots show that contributions from viscous and elastic responses vary depending on the driving
frequency. The phase response is shown for three frequencies (N./N;~4). d, Kymographs for gelated networks show the probe moving in response to the
driven pinning field. The driving frequencies are the same as in c. e, Viscoelastic transition times vary depending on the cross-linker concentration. The plot
shows the rescaled material viscoelastic response over a range of cross-linker concentrations (n=10 simulations; mean +s.d.), rescaled by the crossover
frequency f, and crossover modulus Z,,. The fit for a Maxwell model included for Z2'/Z,=A’(f/f)?/ A+ (f/f)?) and 2"/ Z,= A" (f/f)/ 1+ (f/f,)?), where
A’=210and A”=2.01. Inset, viscoelastic relaxation times 7, increase with increasing cross-linker concentration (defined as the number of cross-linkers N,

per number of filaments Ny); 7; corresponds to the mean filament lifetime.

in the spindle, we turned to large-scale simulations (Methods,
Supplementary Information and Extended Data Fig. 4). For sim-
plicity, we simulated the dynamics of one filament network and sub-
stituted the second network for a pinning-field structure of fixed,
polar aligned filaments. We also included active motor cross-links
and filament turnover. The length of the fixed arrangement of fila-
ments controlled the region of antiparallel overlaps, representing
the spindle midplane (Fig. 4a,b, red region).

To study the effect of connectivity on transport, we system-
atically varied the number of motors in the system (Fig. 4c and
Supplementary Video 12). We found that for motor concentrations
below 0.5motors per filament, the flows abruptly decayed beyond
the overlap region with a length scale close to the mean filament
length (Fig. 4d). Above this concentration, we observed the emer-
gence of coherent flows that spanned the entire channel (up to a
range that was approximately ten times larger than the mean fila-
ment length). To test if the emergence of these long-range flows
corresponds to the onset of a gelation transition, we measured the
connectivity within the cross-linked filament networks and calcu-
lated the distribution of cluster sizes as a function of motor con-
centration (Fig. 4e). At approximately 0.5motors per filament, we
observed the emergence of a distinct peak in the cluster-size dis-
tribution accompanied by a maximum in the cluster-size variance

(Fig. 4f), indicating that the system undergoes a percolation transi-
tion. The peak in the cluster-size distribution indicates the forma-
tion of a filament cluster that spans the entire length of the channel,
enabling the long-range propagation of stresses generated at the
pinning field. The size of the dominant cluster increases as a func-
tion of motor concentration, saturating for highly cross-linked net-
works (10-15 motors per filament'”**). Adding a second population
of passive cross-linkers led to an increase in the length scale of the
velocity profile as well as reducing the peak flow due to an increase
in the friction in the pinning-field region (Extended Data Fig. 4e).

Finally, we tested whether gelation could account for the material
properties of the spindle by performing two-point microrheology
in our simulations. For gelated systems, longitudinal correlations
were long-range, transversal correlations decayed as ~1/r, and there
were no shear fluctuations (Fig. 4g-i), in agreement with experi-
ments (Fig. 3e.f, yellow curves, and Fig. 3g). Altogether, our simula-
tions show that a gelated polar network is sufficient to sustain the
long-range flows observed in spindles.

Polar gels exhibit long relaxation times despite filament
turnover

Our experiments and simulations suggest that the gelation of
microtubule networks in spindles results in the emergence of two
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Fig. 6 | Microtubule gelation is required for the proper spindle architecture. a, Computer simulations reveal a mechanism for generating polarity profiles
observed in p150-CC1-treated Xenopus extract spindles. The simulation snapshots show the time evolution of two branching filament networks, interacting
via passive or active motors. In passive systems, the polarity profiles are reversed compared with the polarity observed in spindles. In active systems, local
polarity sorting and gelation lead to the establishment of the proper spindle polarity, with transport counteracting the effect of the autocatalytic branching
wave. b, Polarity reversal enabled by gelation in active systems (steady state at t=12min and constant vé: 0.15pms™). Varying connectivity by the Eg5
population size (N¢/Nyr=0, 0.36, 0.77,1.60 and 2.50 from red to blue), where N, is the number of motors, N; is the number of filaments and v,, is the
motor speed. ¢, Polarity reversal enabled by activity in gelated networks (t=12min and constant N./Ny;=1.62). Varying the activity by unloaded Eg5
velocity (v‘é= 0, 0.10, 0.15 and 0.20 pms~" from red to blue). d, Gelation enables proper organization of the two networks (v’6=0.15 pms™). In b-d, branching
nucleation occurs between z=—-8 pm and 8 pm (Supplementary Information) and n=10 simulations with mean +s.d. e, Laser ablation for dynein-inhibited
spindles in the presence (Supplementary Videos 15 and 16) and absence (Supplementary Videos 17 and 18) of FCPT. Time series of differential intensity
plots show depolymerization waves travelling in opposite directions, indicating a microtubule polarity reversal. f, Polarity reversal in Xenopus extract spindles
measured using laser ablation (mean=+s.d.; n=39 cuts; red circles). The blue circles correspond to the laser ablation data in Fig. 1g.

interpenetrating gels. However, the binding and unbinding of motor
proteins and rapid microtubule turnover should fluidize the gels at
long timescales®. To understand the rheological properties of polar
filament gels, in the absence of motor activity, we oscillated the
pinning field and studied the response of a filament probe trapped
in a harmonic potential far from the pinning field (Fig. 5a-c). We
measured the response of the probe to frequencies in the range of
~0.003—0.100s". This method mimics previous microrheological
measurements using a combination of rigid and flexible micronee-
dles in spindles®, although in those measurements, the two gels
were indistinguishable. To characterize the rheological properties of
the network, we calculated the in-phase and out-of-phase response
of the network deformation, namely, Z’' and Z”, respectively, to
periodic forcing (Supplementary Information and Extended Data
Fig. 5a). In the moderately cross-linked regime and at higher fre-
quencies (0.1s7"), the response of the trapped filament was in phase
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with the deformations, implying that the gel behaved as an elastic
solid (Fig. 5¢, left). In contrast, for lower frequencies (0.008s7"), the
response was out of phase and the system behaved as a viscous fluid
(Fig. 5¢, right). The crossover frequency from the elastic to fluid
response varied with the cross-linker concentration (Extended Data
Fig. 5a). However, by rescaling Z’, Z” and frequency with respect
to the corresponding values at the crossover point for different
cross-linker concentrations, we found that all the curves collapsed
following a Maxwell model (Fig. 5e). The relaxation time increases
with increasing cross-linking and saturates for ~10 cross-links per
microtubule (Fig. 5e, inset). Strikingly, for high cross-linker concen-
trations, the relaxation time is ~80s, which is approximately three
to four times larger than the mean filament lifetime. This relax-
ation time scale depends on the microtubule-length distribution
as well as the cross-linker binding/unbinding kinetics (Extended
Data Fig. 5d). Finally, for moderately cross-linked networks
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(~5 cross-linkers per microtubule), we estimated the hydrodynamic
length scale to be ~300 pm, which is much larger than the channel
length (Supplementary Information and Extended Data Fig. 5¢,d).
Thus, we conclude that long-range stress propagation in the spindle
is a consequence of a long relaxation time, despite the fast microtu-
bule turnover, emerging from network gelation.

Microtubule gelation controls a polarity-reversal transition
Our results show that above the gelation point, flows become long
range and independent of the filament polarity profile, whereas
below the gelation point, flows decay over the length scale of a fila-
ment. We reasoned that long-range, polarity-independent flows may
be required to maintain the proper spindle polarity. Indeed, micro-
tubule transport is necessary to counteract branching microtubule
nucleation in spindles, which is known to occur in the form of
autocatalytic waves that propagate away from the mother microtu-
bules?>**>%%_To test this, we simulated spindles by considering two
interacting networks of opposite polarity. We included microtubule
branching nucleation and we systematically varied the connectivity
in the network as well as motor activity (Fig. 6a—d, Extended Data
Figs. 6 and 7, and Supplementary Information). Above the gelation
point and for a sufficiently large motor activity, we observed the
emergence of a gradient of polarity at the steady state similar to those
observed in experiments (Fig. 6a and Supplementary Video 13), and
with network densities having the same organization as in real spin-
dles (Fig. 6d compared with Fig. 1e). Strikingly, when we reduced
the connectivity below the gelation point and kept the motor activ-
ity constant, filaments self-organized with a reversed polarity pro-
file, with autocatalytic waves of filaments growing towards the poles
(Fig. 6b) and polarity-dependent velocity profiles (Extended Data
Fig. 8). Similarly, when we reduced the motor activity in a gelated
system, we observed the same polarity reversal (Fig. 6¢).

Our simulations predict the possibility of an ‘inverted’ spindle phe-
notype when the motor activity is reduced or when the microtubule
networks are not gelated. We tested the former by perturbing the spin-
dles with the Eg5 inhibitor FCPT—a drug that suppresses Eg5 ATP
hydrolysis—as well as keeping the motors bound to microtubules and
thought to maintain spindle bipolarity*’. In spindles, this drug abol-
ished microtubule flows (Extended Data Fig. 9 and Supplementary
Video 14) as well as maintained a spindle-like structure (Fig. 6e and
Supplementary Video 15), in agreement with previous studies*.
To test the possibility that FCPT treatment increases the lifetime of
microtubules and thus the overall connectivity, we compared the
microtubule lifetimes of FCPT-treated spindles to dynein-inhibited
and control spindles, finding no clear differences (Extended Data
Fig. 10). We, therefore, expect a similar filament connectivity in these
treated spindles. According to our simulations, the abolition of micro-
tubule flows in FCPT-treated spindles should trigger a microtubule
polarity reversal, despite resembling regular spindles. When measur-
ing microtubule polarity in these structures using laser ablation, we
found a reversed microtubule polarity profile, with depolymerization
waves propagating inwards (Supplementary Videos 15 and 16) instead
of poleward (Supplementary Videos 17 and 18) (Fig. 6e,f). Altogether,
these findings support that a gelation transition, together with molec-
ular motor activity, is necessary for correct spindle self-organization.

A gelation transition enables the correct spindle
architecture

By using a combination of laser ablation, speckle microscopy and
simulations, we have shown that a gelation process in spindles can
reverse the intrinsic polarity set by microtubule branching nucle-
ation by means of long-range microtubule transport. Our results
show that the generation of long-range flows in spindles requires
that microtubules at the poles are sufficiently connected to primary
microtubules in the region of productive antiparallel overlap in the
spindle midplane where the forces are generated. This is evident

from our laser ablation experiments, where microtubule flows are
severely impaired due to the disconnection of the spindle pole. One
limitation of our laser ablation assay is that it cannot completely
disentangle the contribution of rare long microtubules. Certainly, a
small fraction of long microtubules spanning the midplane-to-pole
region is present, and we cannot discard that they contribute to the
generation of flows. However, as shown in our simulations, in the
absence of gelation, long microtubules alone cannot account for
the long-range flows. Instead, we hypothesize that they might help
facilitate spindle gelation by establishing long connections within
the microtubule networks. Overall, our results suggest that the gela-
tion process is the key, and that connectivity is mediated by a per-
colated network of predominantly short microtubules that spans
the full midplane-to-pole region. Our results are in line with recent
studies showing that polarity-independent flows in nematic systems
arise only in regimes of high cross-linking'>"". Although the spindle
was already known to be composed of two interdigitating antiparal-
lel microtubule arrays with the plus ends of the microtubule point-
ing towards the chromosomal plate'*'#***=%* it remained unclear
how such an architecture could be reconciled with the presence of
branching microtubule nucleation****, which naturally leads to
microtubule structures in which the plus ends of the microtubule
point outwards. Our numerical simulations reveal that motor activ-
ity, together with a high degree of dynamic cross-linking, can reverse
the polarity profile that would naturally result from autocatalytic
microtubule nucleation in the proximity of chromosomes. We fur-
ther tested this prediction by treating Xenopus egg extract spindles
with the FCPT drug and observed a reversal of microtubule polarity.
Hence, our study shows the key role of gelation in spindle assembly
and highlights the important balance between autocatalytic micro-
tubule nucleation, microtubule transport and cross-linking in orga-
nizing and maintaining the proper spindle architecture.
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Methods

Cytoplasmic extract preparation, spindle assembly and biochemical
perturbations. Cytostatic factor (CSF)-arrested X. laevis egg extract was prepared
as described previously*>*. In brief, unfertilized frog eggs were dejellied and
crushed by centrifugation. After adding protease inhibitors (leupeptin, pepstatin
and chymostatin (LPC)) and cytochalasin D (CyD) to a final concentration of

10 pgml~" each to the fresh extract, we cycled single reactions to the interphase
by adding frog sperm (to a final concentration of 300-1,000 sperm pl~') and
calcium solution (10.0 mM CacCl,, 250.0 mM KCl and 2.5mM MgCl, to a final
concentration of 0.4mM Ca**), with a subsequent incubation of 1.5h. Although
fresh CSF extract containing LPC and CyD was kept on ice, all the incubation steps
were performed at 18-20°C. The reactions were driven back into the metaphase
by adding 1.3 volumes of fresh CSF extract (containing LPC and CyD). The
spindles formed within 30 min of incubation. We inhibited dynein with ~10 pM
p150-CCl1 (purified according to King et al.”’) and Eg5 using ~100 uM FCPT. In
both cases, inhibitors were added to the reactions and incubated for an additional
~20 min. Before imaging, Atto565-labelled purified porcine tubulin (purified
according to Castoldi et al.*) and Hoechst 33342 were added to the reactions

to a final concentration of 150 nM and ~16 pgml™, respectively, to visualize the
microtubules and DNA. For speckle microscopy experiments, Atto565 frog tubulin
(purified from X. laevis frog egg extract according to Groen et al.*”) was added

to the egg extracts to a final concentration of ~1 nM. The speckle videos were
obtained from distinct spindles on different extract days.

Image acquisition. Fluorescent spindles were imaged using a Nikon spinning-disc
microscope (ECLIPSE Ti), electron-multiplying charge-coupled device camera
(Andor iXon DU-888), X60 1.2 numerical aperture water-immersion objective and
AndorIQ software for image acquisition. The room temperature was kept at 19°C.

Microtubule lifetime measurements. The speckles were tracked using the

Fiji plugin TrackMate*’, and the resulting track statistics were analysed with a
custom-written Python (3.8) code. We included only those speckles that appeared
and disappeared during the length of the video. To calculate the average lifetime
of the microtubules, we used the lifetime distribution P(t) of a diffusion and drift
process to fit it to our data according to P(t) ~ t~*?e~"", where 7/4 is the expected
lifetime of a microtubule of average length®.

Laser ablation. The femtosecond laser ablation setup was composed of a mode-
locked Ti:sapphire laser (Coherent Chameleon Vision II) oscillator coupled into the
back port of the Nikon spinning-disc microscope and delivering 140fs pulses at a
repetition rate of 80 MHz. We used a pulse picker (APE pulseSelect) to reduce the
pulse frequency to 20 kHz. Cutting was performed using a wavelength of 800 nm;
typically, power of ~500 pW was used before the objective. The sample was mounted
on a piezo stage that positioned the sample in three dimensions with sub-micrometre
precision. The laser-cutting process was automatically executed by a custom-written
software that controlled the mechanical shutter in the beam path and moved the
piezo stage to create the desired shape of the cut. Linear cuts were performed in
several planes to cover the total depth of the spindle around the focal plane. The
density of cuts in depth was two cuts per micrometre to ensure proper disconnection
of the spindle. Cutting was finished within 2-10s depending on the thickness of the
cut region. The images were acquired at least every 2s during the cutting procedure
as well as for ~3 min after the cut. The depolymerization wave typically disappeared
within 30s. The laser cuts were performed a maximum of three times on the same
spindle. The analysis of the spindle cuts was done using custom C++ (Microsoft
Visual C++ 2012 Redistributable (x64) 11.0.61030) and Python scripts.

Simulation of active long-range flows. All the simulations were performed using
custom simulation software, which is available for download. The simulations
included filament nucleation and turnover, as well as active-force generation by
transient motors that walked along the filaments mimicking Eg5 (Supplementary
Information provides a schematic with an overview). In the pinning-field channel
simulations, new filaments are nucleated with an orientation that is antiparallel to the
pinning field. Eg5 performed the roles of both cross-linker in parallel overlaps and

a motor in antiparallel overlaps. The mean lifetime for the dynamic filaments was
approximately 30s and the mean pair-binding time for the Eg5 motors was 10s. To
ensure a high filament density as well as to reproduce the conditions for microtubule
orientation in the spindle, we confined the filaments to narrow channels with
strongly repulsive walls that forced the filaments into a dense polar phase (Extended
Data Fig. 4). This minimal system enabled us to study how localized active stresses
can propagate through cross-linked filament networks. Pinning-field channel
simulations are described in Supplementary Information. The channel cross-section
is 1 pm in both the x and y directions. The domain of nucleation is between z=0
and 75 pm. The average number of microtubules in the steady state is approximately
530 with a mean length of 6.5 um (Extended Data Fig. 4a). We varied the number

of available motors for each state point. In the steady state, the average number of
pair-bound motors is constant (Extended Data Fig. 4b). For the long, narrow channel
simulations (Fig. 4d-g), the steady-state number of pair-bound motors reads 25, 80,
170, 315, 530, 960, 2,260, 4,875 and 7,770. For the short, wide channel simulations
(Fig. 4h-i), the range reads 550, 2,330 and 3,760. The simulations were typically run

for 5x 10*time steps with individual time steps representing At=>5 ps. We allowed
1 x 10%time steps for the system to reach a steady state before collecting the data.
The data were collected every 1 x 10°time steps (0.5s). For the velocity profiles, we
calculated the displacements every 2. For correlation calculations, we calculated
the fluctuations with time steps of 4s. For each state point, we reduced the noise by
averaging over ten simulations with the same microscopic parameters but initiated
with different random seeds. The plotted velocity profiles and correlation profiles
correspond to the mean over the ten simulations. The error bars correspond to
standard deviations. We describe the details for calculating the velocity profiles,
connectivity plots and correlations in detail in Supplementary Information. We
carried out all the analyses using custom MATLAB (version R2018a) scripts.

Active microrheology simulations. We describe the simulations to probe the
material properties of our system in detail in Supplementary Information. To avoid
active flows, we set the motor velocity to zero. Otherwise, the cross-linker parameters
correspond to the same used for Eg5. For each oscillation frequency and cross-linker
concentration, we averaged over ten simulations. We allowed 3.5 X 10°time steps
before beginning the pinning-field oscillations. Once the oscillations begun, the
simulations were run for long enough such that a minimum of four oscillation cycles
could be completed. We discarded the data from the first cycle to avoid transient
effects. The domain of microtubule nucleation is found between z=0 and 40 pm.

On average, approximately 300 dynamic microtubules exist in the steady state. The
number of pair-bound cross-linkers corresponds to 410, 850, 1,280, 1,710, 2,550

and 5,070. We set the equilibrium trap position at z=20pm and the stable, trapped
filament had a constant length of 7 um. We chose oscillation frequencies such

that we could best probe the viscous and elastic response for different cross-linker
concentrations. Thus, we used oscillation periods of 10, 30, 45, 60, 120, 180 and
300s, all of them with an amplitude of z,=0.75 pm. We recorded and analysed the
trajectories for the trapped filaments using custom MATLAB scripts.

Branching filament network simulations. Branching simulations are described in
detail in Supplementary Information. The initial conditions for all the simulations
shown in Fig. 6 and Extended Data Fig. 6, except for Extended Data Fig. 6¢, are from
two seeds of opposite polarity, with the centre of mass of the filament located at
z(t=0)=—4 pm and 4pm (or —3 pm and 3 pm; Fig. 6a), with the plus ends pointing
towards each other. In Extended Data Fig. 7, we consider a system generated with an
alternative initial condition. In general, to spatially localize the nucleation, branching
nucleation is restricted to occur on the filament sites that are located between the
channel positions z=—8 pum and 8 pm (except for Extended Data Fig. 6¢). This is
intended to represent the length scale of the branching nucleation activity. Figure 6a
shows the transient, early-stage development of the simulated system, and is intended
for visualization purposes. The polarity profiles displayed below the simulation
snapshots in Fig. 6a are instantaneous profiles for the networks presented at t=60s.
Systems evolve until a steady state is reached, requiring approximately 150s (Extended
Data Fig. 6d-g). Once in the steady state, we recorded the density and polarity
profiles. For each state point, we run ten individual simulations with equivalent
microscopic parameters and initial conditions, but with different random number
generator seeds. The error bars in Fig. 6b—d correspond to standard deviations

for the instantaneous polarity and density profiles, taken across the ten individual
simulations. The error bars in Extended Data Figs. 6c-¢ and 7e,f were calculated in
the same way. The branching nucleation rate, number of available nucleators and
catastrophe rate resulted in a steady-state value of approximately 500 filaments in total
(sum of both networks). The steady-state values for the number of pair-bound motors
correspond to 0, 175, 385, 800 and 1,225, resulting in ratios of the number of motors
to the number of filaments of approximately 0, 0.36, 0.77, 1.60 and 2.50. Extended
Data Fig. 6¢c shows the time evolution of a system with the initial condition of a single
filament seed, located at z=0pm and with initial orientation u,=1, an unbounded
domain of nucleation, and a limited number of available nucleators.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All the data generated or analysed in this study are available from the
corresponding authors upon reasonable request.

Code availability

All the computer simulations and data analysis were performed using custom
MATLAB, C++ or Python code. Particle tracking was performed using the Image]
plugin TrackMate from Fiji. The computer simulation software can be downloaded
from the Zenodo website (https://doi.org/10.5281/zenodo.4618598). Additional
codes to analyse the data are available from the corresponding authors upon
reasonable request.
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Extended Data Fig. 1| Microtubule architecture of control and dynein-inhibited spindles. Comparison between the microtubule architecture of control
(n=13 spindles, black) and dynein-inhibited spindles (n=10 spindles, red; data from Fig. 1). (A) Averaged velocity profiles of the plus-network. (B) Density
profiles of the plus-network. (C) Polarity profiles. (D) Antiparallel overlap densities. Gray shaded areas indicate SD.
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Extended Data Fig. 2 | Microtubule transport velocity does not depend on microtubule polarity. Microtubule transport velocity vs polarity using the data
in Fig. 1. Shaded error bars correspond to the SD.
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Extended Data Fig. 3 | Additional data for speckle velocities before and after pole disconnection. Box plots of the average on-axis velocity of speckles
before and after cuts for connected (CR) and disconnected (DR) regions. Only speckles with > -0.2 um/min were considered in the analysis. A reduced
subset of 100 data points is shown in the disconnected region case for the sake of clarity. * p < 0.05 and ** p < 0.01. Squares indicate outliers. The test
used was a two-sample t-test. Spindle 1 corresponds to Supplementary Video 10, and Spindle 2 corresponds to Supplementary Video 11.
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Extended Data Fig. 4 | Additional details for pinning-field channel simulations. (A) Mass turnover of dynamic filaments. The trajectory in black
shows (N(t)) averaged over 10 simulations with standard deviations. The red curve shows a theoretical prediction given by N(t) =k, z(1—exp(—t/7)),
where 7= (1+v,/v_)/k.is the mean filament lifetime, k. is the catastrophe rate and k, is the nucleation rate, and v, and v_ are the polymerization and
depolymerization rates of the filaments respectively. (Inset) filament length distribution with exponential fit (red curve) (mean length 6.5 um). (B) The
number of pair-bound Eg5 motors as a function of time, corresponding to Figs. 1d-g. (C) The number density for the two distinct filament populations,
calculated along the length of the pinning-field channel. The finite domain of nucleation is between z=0 and 75 um. (D) The total filament polarity
profile, combining dynamic filaments and the pinning field. n=10 simulations, mean + SD. (E) Velocity profiles for systems with mixed Eg5 and passive
cross-linkers (zero velocity), for moderate concentrations of Eg5 motors. Number of available Eg5 motors is N, =350 for all systems. N, is the number
of passive cross-linkers. Otherwise, relevant parameters for passive motors are chosen to be the same as Eg5, as given in Table 2 of the Supplementary
Information.
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Extended Data Fig. 5 | Active microrheology and material properties of simulated filament networks. (A) Four examples of viscoelastic response,
calculated with AMR. The intercept of the solid response (bold line) and the fluid response (dashed line) indicates the scaling frequency and modulus,
used to scale each system for Fig. 5e. The figure legend presents N,/N,, as in Fig. 5e. (B) Relaxation times calculated using the AMR technique for different
system parameters. The dependency on filament length distribution and the crosslinker unbinding rate is shown. The independent variable is N/Ltot since
L;ot will be the same for each system with equal crosslinker concentration, whereas N,/N; will vary, depending on the microtubule length distribution.
Motor binding and unbinding parameters for the fast unbinding system are k,n=2.5x10"*um™'s™ and k= 0.1s™", and for the slow unbinding system
k,,=2.5%10"*um's™" and k= 0.011s7". Effective network viscosity (C) and elastic modulus (D) calculated using AMR (Supplementary Information: Active
microrheology).
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Extended Data Fig. 6 | Additional details for branching filament network simulations. (A) Schematic showing the branching connections introduced by

a nucleation event. Descriptions of the various parameters are found in the Supplementary Information: branching nucleation. (B) Plus and minus network
naming conventions. Naming indicates the direction of active transport due to Eg5 activity. (C) Forward autocatalytic propagation of a single branching
network along a channel. Branching nucleation can occur in the domain O < z < 100 um. Networks begin from a single seed. A finite number of nucleators
places an upper limit on the total mass density. Nucleation rate 0.1um~'s™". Black dashed line for nucleation rate 1.0um='s7. (inset) mass density peak
location as a function of time. The velocity of peak propagation is~0.lums. (D), (E), and (F) details of the system steady-state for data shown in the main
text Fig. 6. (D) Evolution of the number of filaments for Fig. 6b-d. Grey region indicates the steady-state where the total mass saturates. (E) Number of
crosslinkers (Eg5) in Fig. 6¢. (F) and (G) Instantaneous polarity and density profiles for the two interacting branching networks shown at different time

intervals in the steady-state region.
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subsequent dynamics depend on Eg5 motor activity. (B) - (D) Filament minus-end kymographs generated from simulation trajectories with different motor
activities. (E) Polarity calculated for steady-state monopolar structure (B at t=100 s) and bipolar structure (D at t=300 s). (F) Steady-state normalized
filament mass density for the distinct plus and minus networks. Polarity and density are averaged over n=10 simulations at the same time point, with

mean + SD. We neglect systems that remain uncoupled by Eg5 from our analysis.
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Extended Data Fig. 8 | Gelation enables polarity-independent flows in simulated spindles. Plus-network velocities for branching filament network
simulations above and below the gelation transition. Velocities are calculated from speckle points that are random and uniformly distributed along
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the same as in Fig. 6 and Extended Data Fig. 6 (see Tables 1and 2 in the Supplementary Information).
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Extended Data Fig. 9 | Spindle polarity reversal as a consequence of FCPT treatment. (A) Speckle microscopy snapshot of a spindle inhibited

with~100uM FCPT and ~10uM p150-ccl. The image corresponds to the first time point of Supplementary Video 14. (B) Kymograph along the yellow line in
(A) showing that microtubule transport is abolished.
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