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The metaphase spindle is a dynamic structure orchestrating chro-
mosome segregation during cell division. Recently, soft matter
approaches have shown that the spindle behaves as an active lig-
uid crystal. Still, it remains unclear how active force generation
contributes to its characteristic spindle-like shape. Here we com-
bine theory and experiments to show that molecular motor-driven
forces shape the structure through a barreling-type instability. We
test our physical model by titrating dynein activity in Xenopus egg
extract spindles and quantifying the shape and microtubule ori-
entation. We conclude that spindles are shaped by the interplay
between surface tension, nematic elasticity, and motor-driven
active forces. Our study reveals how motor proteins can mold
liquid crystalline droplets and has implications for the design of
active soft materials.
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Cell division relies on the self-organization of the mitotic
spindle, a highly dynamic nonequilibrium structure that seg-
regates chromosomes to the two daughter cells. This structure
is composed of an aligned array of microtubules—dynamic poly-
mers that nucleate, grow, and shrink—and energy transducing
proteins such as molecular motors (1) that generate forces and
fluxes within the structure. In vitro reconstitution approaches
have advanced our basic understanding of how microtubule-
motor mixtures self-organize (2-6). Motor activity can bun-
dle, cluster, and slide microtubules. These processes generate
nonequilibrium patterns in bulk mixtures such as asters, vortices
(2, 6), or even turbulent-like flows (3) that can be recapitulated
by active liquid crystal descriptions (7-9). The self-organization
of molecular motors and microtubules in spindles has been
the subject of intense investigation (10-14). Nevertheless, how
motor-driven forces determine the characteristic bipolar shape
of the spindle remains poorly understood (11, 15-18).

Mitotic motors are known to critically influence spindle shape
and microtubule orientation (18-22). Inhibition of dynein leads
to unfocused poles and flag-like microtubule structures (Fig. 14)
(20, 23), whereas inhibition of kinesin-5 leads to monopolar spin-
dles (18, 24). How the interplay of motor-induced forces and the
liquid crystalline order governs spindle shape is unclear. Here
we combine theory and experiments to understand how motor
activity shapes Xenopus egg extract spindles. By considering the
spindle as a liquid crystal droplet, we find that its characteristic
bipolar shape emerges through a barreling-type instability as a
consequence of dynein activity. The mechanism resembles the
process by which an elastic beam acquires a barrel-like shape
under the action of compressive forces (25). We experimentally
test our theory by characterizing the evolution of the spindle
shape and microtubule orientation under the titration of a dynein
inhibitor. Overall, our results are consistent with spindle pole
focusing being a consequence of a mechanical instability driven
by dynein-mediated forces.

Differential Surface Tension and Bulk Contractility Control
Spindle Pole Focusing

To understand how motor forces lead to spindle pole focus-
ing, we formulate a coarse-grained theory considering the spin-
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dle as a liquid crystal with director p, characterizing the local
axis of microtubule orientation, and microtubule density p. We
consider the spindle as a tactoid (26-31) using a prescribed
bispherical orientational field p as depicted in Fig. 1B. For
an equilibrium nematic liquid crystal, the bulk free energy
Fy reads (7,9, 32)

v [ B K 2 A (Y
Po= [ av | 5w e (7 ) +2(p0)}
(1]

where K; and K3 are the Frank elastic constants (32), A is a
compression modulus, and dp=p — po corresponds to density
fluctuations around a preferred density po (7). The first two terms
account for splay and bending deformations of a bulk nematic,
respectively, while the last term penalizes density fluctuations. We
do not include a saddle-splay term since it merely renormalizes
the splay contribution for a bispherical director field (28). At the
interface with the surrounding cytoplasm, we adopt the following
expression for the surface free energy F (28):

Fs:/SdS [y + (=) (p-m)?], (2]

where n is the normal vector to the interface, v is the sur-
face tension, and w —+ is an anchoring strength describing
how microtubules anchor to the spindle surface (28, 31). The
anchoring strength is chosen such that for normal and tangen-
tial anchoring to the surface, the resulting surface tension values
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Fig. 1. Theory of spindle pole focusing. (A) Averaged retardance images of egg extract spindles under different concentrations of the dynein inhibitor
p150-CC1. Images correspond to different titration days. (Scale bars: 20 um.) (B) The spindle is described as a tactoid of length 2L, width 2r, and pole-to-pole
distance 2R. The two dimensionless parameters describing the spindle shape are the pole focusing parameter ® =L/R and the aspect ratio a=r/L. The
spindle is parameterized using bispherical coordinates {&, n, ¢}, and the director field p follows the ¢ coordinate (S/ Appendix). (C) Dimensionless energy
of the spindle relative to the cylindrical configuration AU/~L? as a function of the pole focusing parameter ® for two different values of the stress o. The
shape is found by minimizing AU = U(®) — U(0). (D) Phase diagram of how spindle shape changes as a function of the contractile stress o and the surface
tension at the poles w. (Inset) Evolution of o* and w* as a function of the dimensionless volume v. (E) Bifurcation diagram considering dynein contractility
o as the control parameter: Below a certain critical contractility o the cylindrical configuration ® = 0 is stable. Once the contractility exceeds the threshold
value o, the structure undergoes axisymmetric buckling, acquiring a barrel-like shape. The solid curve corresponds to the full solution, and the dashed
curve corresponds to the analytical solution expanding the energy up to quartic order in ® (S/ Appendix). The study is done in the limit of constant volume
(AL/~ — o0) with parameters K1 /K3 =1, K1 /vL=0.1, w/y=0.3,and v =1.2.

are w and ~, respectively. In general, motor activity is known to  microtubule flows since they are not affected by dynein inhibition
influence material properties such as the viscosity (8, 33) or the  and the velocity gradients are small near the poles (S Appendix,
surface tension (34), as compared to the passive case. Hence, in  Fig. S1, and Materials and Methods). We parameterize the spin-
general the surface tensions v and w depend on motor activity. ~ dle by its length 2L, width 2r, and the distance between the
In addition to contributing to surface tension, motor proteins can  virtual poles 2R (Fig. 1B). Such parameterization allows us to
also generate active stresses in the bulk (7-9, 18). These can be  continuously move from a tactoid to a cylinder, reproducing the

written as shapes observed under the titration of dynein activity (Fig. 14).
o=—C <pp— E)7 31 The s'pindle shape is determined by two parameters: the pol.e
3 focusing parameter ® = L/ R and the aspect ratio a = r/ L. Addi-

where the strength of the active stress is characterized by the  tionally, we consider the spindle length 21 to remain constant
cocfficient . The sign of ¢ defines the extensile (¢ > 0) or con-  under changes in spindle shape. This constraint is motivated by
tractile (¢ <0) nature of the active stress (7-9). Motivated by ~ recent evidence suggesting that spindle length is mainly set by
in vitro studies, we consider the overall motor activity to be  microtubule nucleation gradients and tubulin mass balance but
dominated by dynein and thus to be contractile (4, 35, 36). In  not by mechanics (37, 38).

general, active stresses can drive internal flows. In our approach, Given the previous considerations, it can be shown that the
we neglect the role of viscous stresses arising from internal curves a(®) are independent of the active stress (SI Appendix).
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This allows us to reduce the problem to the minimization
of an effective work function U(®) that includes passive and
active contributions. For simplicity, we consider the case where
the spindle volume V; is conserved and further show that
compressibility effects do not significantly change the physics of
the problem within the parameter regime relevant for the spin-
dle (SI Appendix, Fig. S2). Close to the cylindrical configuration,
i.e., when the virtual pole-to-pole distance R is much larger than
the spindle length L (Fig. 1B), the effective work function can be
expanded for small pole focusing parameter ® << 1. The prob-
lem can then be mapped to a Landau theory (39), where ® plays
the role of the order parameter,

U(®) = Uy + Ua®* + Usd* + O(9°), [4]

and the different coefficients can be explicitly determined (SI
Appendix). In particular, U, changes sign as a function of the
surface tension at the poles w and the bulk contractility parame-
ter o = —2¢/3 > 0. Provided that U, > 0, axisymmetric buckling
[alias barreling (25)] occurs (Fig. 1 C-E) whenever w or o exceed
a critical value and the cylindrical configuration (® = 0) becomes
unstable (Fig. 1D and Movie S1). Taking o as our control param-
eter, the spindle undergoes a barreling transition at the critical
stress (Fig. 1E and SI Appendix):

_ 9V2mvy — (167 + 3v)w
B 3vL ’

where v = Vo/L3. Our theory shows that contractile stresses as
well as differential surface tension can focus spindle poles via a
barreling-type instability. Contractility may focus the poles either
exerting normal stresses (o) or in-plane stresses (w) at the spin-
dle poles, whereas nematic elasticity (K1, K3) and the surface
tension at the spindle walls (y) oppose active forces.

[5]

Oc

A

orientation

theory

Dynein Controls a Barreling-Type Instability in Spindles

Our theory predicts that spindle pole focusing is driven by a
barreling-type instability. To verify this prediction, we exper-
imentally quantified the changes in shape and microtubule
orientation in spindles during the transition from closed to
open poles by using an LC-Polscope (Materials and Methods)
and titrating the dynein inhibitor p150-CC1 (23). The transi-
tion was found to be reversible and poles focused by adding
back fresh extract (Materials and Methods and SI Appendix,
Fig. S3).

We characterized spindle shapes using the retardance images
(Fig. 1A4) to obtain the distance between the virtual poles (2R),
spindle length (2L), and spindle width (2r) (Materials and Meth-
ods and SI Appendix, Fig. S4). The steady state spindle length
and width were not significantly affected by the inhibition of
dynein and read 2L =57 £14 um and 2r =26 £ 9 um (n = 362,
mean *+ SD), respectively. Although spindles elongated right
after the addition of p150-CCl, their steady state length after
~30 min of inhibitor addition was not significantly affected dur-
ing the titration (SI Appendix, Fig. S5, Left), consistent with
microtubule nucleation mainly determining spindle size (37, 38).
At the same time, the steady state spindle volume remained con-
stant (SI Appendix, Fig. S5, Right) in agreement with previous
studies where spindle volume recovers after external deforma-
tions (40). The evolution of the microtubule orientational field
was quantified using the slow axis component of the LC-Polscope
(Fig. 24) and showed good agreement to the prescribed orien-
tational field (Fig. 2 B and C). This result is a strong evidence
that microtubule orientation in spindles is determined by passive
liquid crystal elasticity and validates our choice of orientational
field (14).

To compare our theory to the experiments, we first estimated
the different parameters. We calculated the mean spindle vol-
ume using the measured shape parameters for the tactoidal
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Fig. 2. The microtubule orientational field in the spindle corresponds to a bispherical orientational field. (A) Averaged orientational fields corresponding
to the different spindles in Fig. 1A where 0 is the orientation angle respect to the spindle long axis. (B) Prescribed orientational field p =e. /|e¢| according
to the shape parameters measured using the retardance signal. The angle range is chosen for visualization purposes. (C) Comparison between the prescribed
orientational field in B (red dashed lines) and the averaged experimental orientational field in A (solid lines) for different sections along the spindle long
axis (Upper) and along the spindle short axis (Lower). The shaded error bars correspond to SD.

Oriola et al.

PNAS Latest Articles | 3 0of 6

COMPUTATIONAL BIOLOGY

BIOPHYSICS AND


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2002446117/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002446117/-/DCSupplemental

Downloaded at Max-Planck Gesellschaft MPDL on June 29, 2020

shape, which lead to a mean volume Vg = (3.0 +0.2) x 10* pm?
(n=362, mean =+ SEM) (Materials and Methods) and a cor-
responding dimensionless volume v = Vj/L? =1.2740.08. To
estimate the ratio of surface tensions w/v, we used that in the
absence of dynein activity (o =0) the spindle is found in an
unfocused configuration, implying w/v <w*/~v=~0.46 for our
measured dimensionless volume v~ 1.2 (Fig. 1D). To deform
the structure, contractility needs to be comparable to the sur-
face tension at the spindle walls, and thus, we expect . ~~/L
as shown in Fig. 1D. Using the values 0 ~70 Pa and -~ 140
pN/um estimated from fluctuation spectroscopy (14), we obtain
o L/~v ~20. Using for simplicity the one-constant approximation
K = K, = K3, nematic elasticity needs to be K /vL~0.1 for the
poles to be almost completely focused with the previous contrac-
tility value (SI Appendix, Fig. S6). Relaxing the approximation
does not change the results significantly (SI Appendix, Fig. S6,
Inset). With the values given above we estimate the nematic
elasticity to be K ~400 pN. Finally, microrheology studies on
spindles suggest that the Young’s elastic modulus is on the order
of kilopascals (41). Taking the compressibility modulus of the
same order as the Young’s modulus, A ~ 1 kPa, leads to a value
AL/~ ~ 200, suggesting that the constant volume assumption is a
good approximation. This is indeed confirmed when we compare
the dependence of the aspect ratio with the pole focusing param-
eter of our model to the one found experimentally (S Appendix,
Fig. S3 and Fig. 3, Inset). SI Appendix, Table S1 summarizes all
of the parameters used.

In Fig. 3 we compare the experimental results with the
theoretical bifurcation curves (analytical and numerical curves
in Fig. 1E) for our estimate of parameters. The theoreti-
cal curves are plotted assuming the active stress is a linear
decreasing function of the inhibitor concentration (legend of
Fig. 3). Given the fact that the critical concentration of the
inhibitor depended on the extract used, we plotted ® versus
the rescaled inhibitor concentration for each titration (Materi-
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Fig. 3. Bifurcation diagram under the titration of a dynein inhibitor. Pole
focusing parameter ® as a function of the rescaled concentration of p150-
CC1 inhibitor (c/c*) with respect to the critical inhibitor concentration ¢*
for the corresponding extract day. The circles correspond to the averaged
experimental results using data from 10 different titrations during 7 dif-
ferent extract days (n =277 spindles). Error bars indicate SD. The purple
dashed curve and the yellow solid curve correspond to the dashed and solid
curves in Fig. 1E, respectively, using ¢/c* =1 — (0 — o¢)/(0max — 0c), Where
omax is the dynein stress at zero inhibitor concentration. omaxl /v = 20, and
ocl /v =2.376. The vertical error bars denote SD. (Inset) Aspect ratio a as a
function of the pole focusing parameter ® (mean + SD, n =362 spindles).
The theoretical curve (yellow) stems from the constant volume condition
and has no fitting parameters (S/ Appendix). The parameters used for the
theoretical curves are the same as in Fig. 1.
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als and Methods) (Fig. 3). Overall, we found good agreement
between experiments and theory and thus conclude that a
barreling-type instability captures the process of pole focusing
in spindles.

Discussion

We have shown that pole focusing in spindles is a consequence
of a mechanical instability driven by dynein activity. Dynein has
been reported to generate active contractile stresses in disor-
dered networks as a consequence of its accumulation at micro-
tubule minus-ends (4, 35, 36). Our results are consistent with
dynein focusing spindle poles by either generating bulk contrac-
tile stresses or increasing the surface tension at the poles, where
dynein is known to be enriched (42). However, our experiments
cannot distinguish these two scenarios.

Although we have shown that dynein drives pole focusing,
it is less clear what drives pole unfocusing in the absence of
dynein. Our model provides three different ways to unfocus
the spindle poles: via active dipolar extensile stresses (¢ > 0),
increasing nematic elasticity (K, K3) (SI Appendix, Fig. S6), or
decreasing the surface tension at the poles (w) (Fig. 1D). A
potential candidate to account for these effects is kinesin-5, a
tetrameric plus-ended motor that generates poleward flows by
sliding antiparallel microtubule overlaps (42, 43). One possibility
is that kinesin-5 motors generate extensile stresses in the spin-
dle, similarly to artificial tetrameric motor clusters in in vitro
active nematic systems (3). However, microtubule overlaps dra-
matically decrease close to the poles (13). Consistent with this
picture, unfocusing of spindle poles can be achieved in the pres-
ence of a kinesin-5 inhibitor (FCPT), forcing tight binding of
kinesin-5 onto microtubules and blocking its ATP activity (44).
We thus propose that kinesin-5 might unfocus spindle poles by
bundling microtubules in the spindle, thus increasing nematic
elasticity and/or decreasing the effective surface tension at the
poles.

Our study also provides an explanation to the puzzling prob-
lem of a bipolar structure under the double inhibition of kinesin-
5 and dynein motors (13, 18, 45). In this case, spindle shape is
set by a combination of differential surface tension and nematic
elasticity, which in general can lead to a tactoidal shape with
partially focused poles (Fig. 1D; o = 0). Kinesin-5 bundles micro-
tubules, thus leading to a flag-like configuration of the spindle in
the absence of dynein activity. When dynein is added to the sys-
tem, it focuses the poles by overcoming the stresses generated
by kinesin-5, thus resuming a spindle-like shape. This raises the
question of why the competition between kinesin-5 and dynein
motors is necessary to set spindle shape given that a spindle-like
structure is achieved in the absence of the two types of motors.
A possible answer is that kinesin-5 poleward flux is essential for
the proper microtubule organization in Xenopus extract spindles
(13, 46, 47). However, as a side product of this activity, kinesin-
5 induces pole unfocusing in the absence of dynein. Thus, we
propose that dynein activity is essential to maintain a spindle-
like structure to overcome pole unfocusing driven by kinesin-5,
in line with recent studies in mammalian spindles (48).

We argue that our results generally apply to spindles made
of microtubules that are shorter than the overall spindle size.
While it was previously thought that this was only the case for
large spindles such as in Xenopus (13, 49), recent work shows
that this is also true for smaller spindles in other organisms
such as Caenorhabditis elegans and sea urchin (50, 51). This sug-
gests that the approach presented may be applicable to a wide
range of spindles. More generally, our work shows that the spin-
dle behaves as an active nematic droplet, similarly to in vitro
condensates such as actin (31, 52, 53) or microtubule (54) tac-
toidal droplets. Further work will be needed to elucidate to what
extent the physics of active nematic droplets can be used to
understand cell division (52, 55, 56).

Oriola et al.
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Materials and Methods

Cytoplasmic Extract Preparation, Spindle Assembly, and Biochemical Pertur-
bations. Cytostatic factor (CSF)-arrested Xenopus laevis egg extract was
prepared as described previously (57, 58). In brief, unfertilized oocytes were
dejellied and crushed by centrifugation. After adding protease inhibitors
(Leupeptin, Pepstatin, Chymostatin [LPC]) and Cytochalasin D (CyD) to a final
concentration of 10 ng/mL each to fresh extract, we cycled single reactions
to interphase by adding frog sperm (300 to 1,000 sperm/uL final concen-
tration) and calcium solution (10 mM CaCl,, 250 mM KCl, 2.5 mM Mgdl, to
0.4 mM Cat™ final concentration), with a subsequent incubation of 1.5 h.
While fresh CSF extract containing LPC and CyD was kept on ice, all incu-
bation steps were performed at 18 to 20 °C. The reactions were driven
back into metaphase by adding 1.3 volumes of fresh CSF extract (containing
LPC and CyD). Spindles formed within 30 min of incubation. We inhibited
dynein with p150-CC1, purified according to ref. 59 and added to the reac-
tions to the desired final concentration, and incubated for an additional
~20 min. Prior to imaging, Hochst 33342 was added to the reactions to a
final concentration ~16 pg/mL, to visualize DNA. For each titration, four
different concentrations of p150-CC1 were used in 30 pL reactions using
the same extract batch, in the range from 1 to 8 uM. Backward titrations
were set in parallel to the forward titrations, and increasing amounts of
crude metaphase extract were added after 30 min to the different dynein-
inhibited reactions. Titrations were repeated for different extract days. Six
microliters of the previous extract reactions were dropped on MatTek glass
bottom dishes and covered with 1 mL mineral oil to prevent the evaporation
of the drops. In these conditions, spindles were remarkably stable and could
be imaged continuously for more than 30 min. The critical dynein inhibitor
concentration showed variability depending on the extract day; therefore,
we estimated the critical concentration for each day and normalized the
inhibitor concentration with respect to this value.

LC-Polscope. Spindles were imaged using an LC-Polscope (on a Ti Eclipse
microscope body) with an sCMOS camera (Hamamatsu Orca Flash 4.0) using
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