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SUMMARY

Spindles are arrays of microtubules that segregate
chromosomes during cell division. It has been diffi-
cult to validate models of spindle assembly due to
a lack of information on the organization of microtu-
bules in these structures. Here we present a method,
based on femtosecond laser ablation, capable of
measuring the detailed architecture of spindles. We
used this method to study the metaphase spindle in
Xenopus laevis egg extracts and found that microtu-
bules are shortest near poles and become progres-
sively longer toward the center of the spindle. These
data, in combination with mathematical modeling,
imaging, and biochemical perturbations, are suffi-
cient to reject previously proposed mechanisms of
spindle assembly. Our results support a model of
spindle assembly in which microtubule polymeriza-
tion dynamics are not spatially regulated, and the
proper organization of microtubules in the spindle
is determined by nonuniform microtubule nucleation
and the local sorting of microtubules by transport.

INTRODUCTION

In Eukaryotes, the spindle segregates chromosomes during cell
division. Spindles are composed of microtubules and associated
proteins that regulate microtubule polymerization dynamics,
transport, and nucleation, but the manner in which these activi-
ties generate bipolar spindles—and the extent to which they
are spatially regulated—is not understood.

A wide variety of models have been proposed to explain how
the spatial and temporal regulation of microtubules and associ-
ated proteins results in the assembly of the spindle (Dumont and
Mitchison, 2009; Goshima and Scholey, 2010; Mogilner and
Craig, 2010). Some models postulate that the organization of
the spindle is controlled by reaction-diffusion systems of soluble
proteins that stabilize and nucleate microtubules near chromo-
somes (Karsenti and Vernos, 2001; Sampath et al., 2004). Others
argue that the architecture of the spindle is governed by selective
stabilization (Greenan et al., 2010) or destabilization of microtu-
bules near spindle poles (Loughlin et al., 2010). Spindle structure

554 Cell 149, 554-564, April 27, 2012 ©2012 Elsevier Inc.

might also be determined by a tight regulation of the lengths of
individual microtubules, even without spatial variations in micro-
tubule stability (Howard and Hyman, 2007), a balance of forces
between different mechanical elements (Dumont and Mitchison,
2009), the distance a microtubule travels before it depolymerizes
(Burbank et al., 2007), or the nucleation of microtubules off of
other microtubules (Goshima et al., 2008). Different mechanisms
could also be present in other systems (Goshima and Scholey,
2010). These models make distinct predictions for the lengths
and organization of microtubules in the spindle—for example,
if microtubules are stabilized around chromosomes, they would
be longer near chromosomes, whereas if microtubules are stabi-
lized near spindle poles, they would be longer at that location.
However, there is currently insufficient structural information
on spindles to determine the validity of these models.

Microtubules in spindles are too dense to resolve with
light microscopy, even with modern super-resolution techniques
(Schermelleh et al., 2010). Individual microtubules in spindles
can be clearly seen with electron microscopy (EM), but the
largest spindles whose structures have been completely recon-
structed to date are from the yeasts Schizosaccharomyces
pombe (Ding et al., 1993) and Saccharomyces cerevisiae (Winey
et al.,, 1995, 2005), which are approximately 2 microns long
at metaphase and contain ~40 microtubules. Spindles from
Metazoans can have volumes thousands to tens of thousands
of times larger than those of yeasts, so obtaining detailed EM
data on these structures is challenging. Partial reconstructions
of larger spindles (Mcintosh and Landis, 1971; Mastronarde
etal., 1993; Heald et al., 1997; Srayko et al., 2006) have revealed
that these spindles can contain thousands to hundreds of thou-
sands of microtubules, the majority of which are nonkinetochore
microtubules, that do not make direct contact with chromo-
somes. However, the limited extent of these reconstructions is
insufficient to determine the organization and lengths of microtu-
bules in these spindles. Indirect methods have shown that micro-
tubule plus ends and minus ends are located throughout larger
spindles and have been used to argue that microtubule lengths
are broadly distributed in these structures (Burbank et al.,
2006; Yang et al., 2007). However these techniques are unable
to resolve spatial variations in microtubule length and organiza-
tion within spindles, greatly limiting the conclusions that can be
drawn from them.

We have developed a method, based on femtosecond
laser ablation, capable of quantitatively measuring the length
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Figure 1. Laser Ablation Induces Fronts of Synchronous Microtubule Depolymerization

(A) Geometry of a laser cut in the spindle.

(B) Series of fluorescent images of a spindle taken before the cut and at 5 s and 10 s after the cut. Scale bar, 10 um. See also Movie S1.
(C) Graphical representation of the cut microtubules from (B). The laser-cut microtubules (gray) generate a pair of microtubules with new plus ends (red) and new
minus ends (green). The newly generated minus ends (green) remain stable, whereas the newly generated plus ends depolymerize (red), which creates two

depolymerization fronts of opposed polarity. see also Figure S1.

distribution and polarity of microtubules throughout spindles, as
well as the density and locations of microtubule plus ends and
minus ends. We used this method to characterize microtubules
in metaphase spindles assembled in Xenopus laevis egg ex-
tracts. We discovered a complex organization in these spindles,
in which microtubules are shortest at poles and progressively
increase in length toward the center of the spindle. These struc-
tural data, in combination with biochemical perturbations, fluo-
rescence optical imaging, and mathematical modeling, support
a model in which the internal architecture of the spindle arises
from the spatial profile of nucleation in combination with local
sorting of microtubules by transport.

RESULTS

Laser Ablation Induces Synchronous Depolymerization
of Microtubules in Spindles

We used a pulsed amplified femtosecond laser to cut microtu-
bules in metaphase-arrested spindles assembled in Xenopus
laevis egg extracts (Hannak and Heald, 2006; Murray, 1993).
As opposed to mechanical cutting techniques or long-pulsed
laser severing, femtosecond laser ablation can be used to per-
form very accurate and selective surgery in the sample bulk
with energies of only a few nanojoules (Heisterkamp et al.,
2005). We cut thin, rectangular regions, typically 20 x 2 X
0.1 um® (Figure 1A). These cuts induce a rapid, synchronous
depolymerization of microtubules that propagates toward the
poles (Figure 1B; Movie S1 available online). After approximately
1 min, the spindles completely recover to their previous state,
showing no signs of damage. When microtubules are cut
in vitro (Walker et al., 1989) or in interphase cells (Khodjakov
et al., 2004; Botvinick et al., 2004; Colombelli et al., 2005), the
newly generated plus ends rapidly depolymerize, whereas the
newly generated minus ends remain stable, and strong argu-
ments have been made that the same phenomenon occurs in
spindles (Inoué, 1964; Forer, 1965; Spurck et al., 1990; Leslie

and Pickett-Heaps, 1984; Maiato et al., 2005; Tirnauer et al.,
2004; Nicklas et al., 1989). Cutting individual polarity-marked
microtubules and polarized arrays of microtubules in extract
confirms that cut microtubules depolymerize from the newly
generated plus ends (see Extended Experimental Procedures
and Figure S1). We therefore interpret the waves of microtubule
depolymerization as coming from depolymerizing newly gener-
ated microtubule plus ends produced by the laser cut (Figures
1C and S1).

We quantified the rate of microtubule depolymerization after
a cut by numerically calculating the time derivative of the inten-
sity at each pixel of the images in the time-lapse movies (Figures
1B and S3; Movie S1). This procedure shows that depolymeriza-
tion occurs in two narrow fronts perpendicular to the long axis of
the spindle (Figure 2A; Movie S2), which can be conveniently
visualized by integrating the depolymerization in the perpendic-
ular direction to the spindle axis and plotting the fronts on a one-
dimensional graph (Figures 2B and S3). The fronts propagate
toward the poles at a constant velocity (Figure 2B, insert), with
an average speed of 34.7 + 1.7 um/min, corresponding to the
microtubule depolymerization velocity. The images of the prop-
agating fronts of depolymerization (Figure 2A) are reminiscent
of data from tubulin photoactivation experiments (Sawin and
Mitchison, 1991), but these two measurements are fundamen-
tally different as photoactivation is used to visualize marked
tubulin in the microtubule lattice, whereas the fronts are direct
measures of microtubule depolymerization.

The Asymmetry in the Depolymerization Fronts Reveals
the Polarity of Microtubules in Spindles

The total amount of microtubule depolymerization immediately
after the cut is typically different for the two depolymerization
fronts that are created (Figure 2B, blue curve—the area under
the two peaks is different). As depolymerization after a cut is
due to newly generated plus ends (see above), this asymmetry
in microtubule depolymerization is caused by a different number
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Figure 2. Characterization of the Fronts of Depolymerization

(A) Rate of intensity loss 5's, 10's, and 15 s after the laser cut obtained by calculating the negative of the temporal derivate at each pixel of the movie corresponding
to Figure 1B and applying a Gaussian filter to aid visualization. See also Movie S2.

(B) One-dimensional profile for the rate of intensity loss from Figure 2A at 5 s (blue), 15 s (black), and 25 s (orange) (see also Figure S2). Inset, trajectories of the
wave front for three cuts at 8.6 um (blue), 16.8 um (green), and 20.7 pm (black).

(C) Spatial dependence of microtubule polarity. Error bars represent standard deviations (SD) for positions and standard errors of the mean (SEM) for
polarity.

(D) Total normalized rate of intensity loss as a function of the distance from the cut and corresponding exponential fits, for cuts performed at an average of 8.6 um
(blue triangles), 16.8 pm (green squares), and 20.7 um (black circles) from the pole toward which the front propagates. The bars are SD.

(E) Spatial variation of the decay (inverse decay length) of the depolymerization front obtained by fitting an exponential to the rate of intensity loss as a function of
the distance from the cut. The bars correspond to the SD for the position and are calculated using error propagation of the error in the fit and the error in the

propagation velocity of the front for the inverse decay length.

of newly generated plus ends in the two directions. Therefore,
the relative ratio of the initial area under the fronts is a measure
of the polarity—the fraction of microtubules pointing in one
direction—at the location of the cut (see Extended Experimental
Procedures). We investigate the spatial variation of polarity in the
spindle by cutting a total of 36 spindles at different locations and
grouping the cuts by proximity with at least 5 spindles per group
(Figure 2C). In the middle of the spindle, the polarity is 0.48 +
0.05, with equal numbers of microtubules pointing in both direc-
tions, whereas, close to a pole, the majority of microtubules are
oriented with their plus ends away from the pole. These results
are consistent with previous EM measurements of microtubule
polarity in other spindles (Euteneuer et al., 1982; Heald et al.,
1997).

The Progressive Decrease in the Depolymerization
Fronts Reveals the Locations of the Minus Ends

of Cut Microtubules

The area of the front of depolymerization decreases as it prog-
resses away from a cut (Figure 2B). This decrease is not caused
by photobleaching, which is negligible during the lifetime of the
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front (Figure S2A), and indicates that progressively fewer micro-
tubules depolymerize as the front advances. We quantify this
decrease by averaging results from different spindles cut at
similar locations. The area under the front decays exponentially
(R?>0.99) for all cuts, but the length scale of this decay depends
on the position of the cut (Figure 2D): fronts from cuts made near
the pole exhibit a rapid decay as they propagate toward the
pole, whereas fronts from cuts made far away from the pole
display more gradual decays as they progress in that direction
(Figure 2E).

Two different mechanisms could explain the decrease in
microtubule depolymerization as the front advances: (1) cut
microtubules might depolymerize all the way to their minus
ends, and, if these minus ends are spread throughout the
spindle, that would result in less depolymerization as the front
progresses (Figure 3A, upper); (2) depolymerizing microtubules
might experience rescues, converting to a nondepolymerizing
state (Figure 3A, lower). The first mechanism is likely to con-
tribute to the decrease in depolymerization because there is
extensive evidence that microtubule minus ends are present
throughout Xenopus laevis extract spindles (Burbank et al.,
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Figure 3. Using Laser Cuts to Study the Organization of Microtubules in Spindles

(A) The decrease in depolymerization as the front propagates could be caused by cut microtubules (left) either depolymerizing completely to their minus ends
(upper, dotted red) or converting to a nondepolymerization state (lower, solid green). See also Figure S2.

(B) Two examples illustrating that the decay of the front depends on both microtubule organization and length. Upper: If microtubules are arranged with all minus
ends at the poles, the amplitude of the depolymerization wave remains constant until reaching the pole. Lower: If microtubules of the same length are randomly
arranged, the depolymerization wave decreases linearly as it approaches the pole.

(C) Graphical representation of the two-cut method for measuring microtubule lengths and organization (see also Figure S3). In this graphical representation, we
only consider microtubules of one polarity. Upper left: A cut at a distance x from the pole severs microtubules that cross x (gray). These microtubules depoly-
merize to their minus ends, located a distance y from the cut (green), revealing the densities of minus ends n(x,y), located at a distance x — y from the pole, of
microtubules that cross the cut at x. Lower left: A cut performed at a nearby location will typically have a different decay profile because microtubules severed by
the second cut (dotted yellow) do not necessarily have the same lengths and organization as microtubules severed by the first cut (solid green). Right: The
difference between the minus-end densities from the two cuts is equal to the densities of minus ends whose corresponding plus ends lie between the two cuts

(red microtubules and solid red profile).

2006; Yang et al.,, 2007; Needleman et al., 2010). As the
frequency of rescues in Xenopus laevis spindles has not been
directly measured, we designed a method to quantify the
importance of this second mechanism (see Extended Experi-
mental Procedures). Briefly, if the decrease in depolymerization
is primarily caused by rescues, then this decrease would not
be changed by perturbations that increase microtubule length
through a reduction in the frequency of catastrophes. Therefore,
we perturbed microtubule lengths by inhibiting the protein
MCAK (also referred to as XKCM1 or KIF2C), a microtubule
depolymerase that increases catastrophe frequency in vivo
(Walczak et al., 1996) and in vitro (Desai et al., 1999). We
measured that the rate of decay of the front in these perturbed
spindles is greatly reduced, showing that the rescues are negli-
gible (see Extended Experimental Procedures). These results
demonstrate that the decrease in depolymerization as the front
progresses is caused by the cut microtubules depolymerizing
all the way to their minus ends, which are spread throughout
the spindle. Conversely, this means that the decrease in depoly-
merization of the advancing front provides a quantitative
measure of n(x,y), the density of microtubule minus ends located
at a position x — y from microtubules that were cut at position x
(Figures 3 and S3; Extended Experimental Procedures). The
dynamics of individual microtubules in these extracts suggest
that the minus ends are static during the time the front propa-
gates (see Figure S1C).

Combining Information from Two Cuts Allows

a Quantitative Measure of the Length and Organization
of Microtubules in Spindles

The lengths of microtubules that cross the cut cannot be inferred
from the positions of their minus ends alone, as this depends
on both their length and organization in the spindle (i.e., the
locations of both their plus ends and minus ends). This effect is
illustrated in Figure 3B, which demonstrates how microtubules
with the same lengths can have minus ends at different locations
and thus produce different decays.

We devised a method that uses information from multiple
cuts to extract both the locations and densities of microtubule
minus ends and plus ends, as well as the length distribution
of microtubules at different locations in the spindle. We present
an overview of the method here (Figures 3C and S3), and a
more detailed derivation is given in the Extended Experimental
Procedures. Consider a cut in a spindle such as in Figure 3C,
upper left. We will analyze the front traveling toward the left
pole, which is caused by cut microtubules whose plus ends
point away from that pole. The locations and densities of the
minus ends from these microtubules are specified by the decay
of the front. Although the locations of their plus ends previous to
the cut are unknown, these plus ends must extend past the cut.
Two nearby cuts do not necessarily exhibit identical decays
(Figure 3C, lower left). Indeed, from the microtubules severed
by the first cut, only those whose plus ends extend past the
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(A) Normalized probability distribution of microtubule lengths pointing away from a pole at three different distances from the pole, 8.6 um (black circles), 16.8 um
(green squares), and 39.8 um (blue triangles), and corresponding error bars obtained from error propagation. Solid lines correspond to exponential fits (R% = 0.98,
0.94, and 0.93, respectively). In the inset, the same data are displayed on a log-linear plot.

(B) Spatial variation of the microtubule mean length measured from their plus ends (black circles). Error bars are obtained from the SD for the position and from

error propagation for the mean length.

second cut are also severed by the second cut. Therefore
differences between the minus ends obtained from the two
cuts correspond to those minus ends whose plus ends are
located between the two cuts, i.e., those microtubules that
cross the location of the first cut but not the location of the
second cut (Figure 3C, right). In mathematical terms (Figure 3C
and Extended Experimental Procedures), the densities of
microtubules of length y whose plus ends are located at a posi-
tion x, p(x,y), are related to the densities of microtubule minus
ends at a position x — y from microtubules that cross a position

X, n(x,y), by

)= = (55 )1 O

where the two partial derivatives arise because, in this coordi-
nate system, the positions of minus ends depend on both y
and x. As n(x,y) can be measured from individual cuts, this
equation allows us to combine information from multiple
cuts on different spindles to measure the length distribution
of microtubules at different locations throughout spindles,
p(x,y) (see Extended Experimental Procedures for additional
information).

Numerically evaluating Equation 1 using data obtained from
different cuts reveals that microtubule lengths are exponentially
distributed at all locations, though their average length depends
on their position in the spindle (Figure 4A). The mean length of
microtubules near a pole, with their plus ends pointing away
from that pole, is 2.4 + 1.0 um. Microtubule lengths monotoni-
cally increase away from that pole, reaching a maximum of
13.7 £ 1.1 um (Figure 4B).

Distinguishing Mechanisms of Microtubule Length
Regulation in Spindles

Why are microtubules shorter near spindle poles and longer
away from them? This spatial variation in microtubule lengths
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must result from a spatial variation in some aspect of microtubule
behavior. We consider two very general classes of models:

(1) Spatially varying microtubule stability: the increase in
microtubule length away from poles might result from
microtubules being selectively stabilized in the central
region of the spindle (perhaps caused by proximity to
chromosomes) or the destabilization of microtubules
close to the poles.

Spatially varying microtubule nucleation with microtubule
transport: the observed differences in microtubule lengths
could also arise with spatially uniform microtubule sta-
bility. If the creation of new microtubules —nucleation—
is not uniform in the spindle, then microtubule transport
can displace microtubules, creating a nonuniform length
distribution in the spindle, which will depend on the nucle-
ation profile and the extent of microtubule transport.

S

A Mathematical Model Reveals that Either Spatially
Varying Nucleation or Spatially Varying Stability Could
Reproduce the Measured Lengths of Microtubules

We developed a mathematical description to investigate the val-
idity of the two models—spatially varying microtubule stability
(model 1) and spatially varying microtubule nucleation with
microtubule transport (model 2). Our description includes the
key elements of microtubule behavior: nucleation, transport,
and polymerization dynamics. Briefly, we model microtubules
as polymerizing at a rate of », = 10 pm/min (measured from
Alexa569-EB1, data not shown, and Tirnauer et al., 2004), depo-
lymerizing at a rate vy = 35 um/min (estimated from the propaga-
tion velocity of the fronts after a laser cut), and transported
toward their minus ends at a constant velocity »; = 2.5 pm/min
(measured from speckle microscopy, data not shown, and Miya-
moto et al., 2004). We characterize microtubule stabilization via
a catastrophe rate vy: the rate of transitioning from the polymer-
izing state to the depolymerizing state. Incorporating alternative



mechanisms of spatially varying stability—such as disassembly
from minus ends or severing—would not substantively alter the
conclusions that follow. Finally, we model the creation of new
microtubules via a rate of microtubule nucleation r. We then
considered two extreme limits corresponding to our two poten-
tial models: either a uniform rate of microtubule nucleation r and
a spatially varying rate of catastrophe y to represent spatially
varying microtubule stability (model 1) or a spatially varying
rate of nucleation and a uniform catastrophe rate to represent
spatially varying microtubule nucleation (model 2).

To test these two potential scenarios, we sought to determine
whether it was possible to find a profile of catastrophe (model 1)
or a profile of nucleation (model 2) that could reproduce the
measured variation in microtubule lengths in the spindle. We
numerically fit both models to the data, keeping all other param-
eters fixed (Figures 5A and 5B; Extended Experimental Proce-
dures). Both models result in good fits to the measured microtu-
bule length distribution (Figure 5C, with R? > 0.99 for both
models), indicating that either of these models could potentially
account for the observed spatial variation in microtubule lengths.

Tubulin Incorporation and Polymerizing Plus Ends Are
Consistent with Spatially Varying Nucleation with
Microtubule Transport and Inconsistent with Spatially
Varying Stability

Although both models predict similar microtubule length distri-
butions, the underlying behaviors of microtubules that give rise
to these distributions are very different. If microtubule nucleation
is peaked in the center of the spindle as postulated in the
spatially varying nucleation with microtubule transport model,
then tubulin incorporation would be more rapid in the center of
the spindle. In contrast, the spatially varying stability model
predicts more rapid turnover at the poles (intuitively: in this model
microtubules are shorter at poles because they are less stable
there, so, if microtubule density is constant, they must turnover
more rapidly at poles). We measured microtubule turnover in
spindles by spiking in Atto565-labeled tubulin to previously
assembled spindles in the presence of Atto488-tubulin and
imaging fixed samples at various time points to follow the incor-
poration of new tubulin into the spindle (Figure 5D, upper) (Brown
et al., 2007; Burbank et al., 2006; Needleman et al., 2010). These
data indicate that tubulin becomes more rapidly incorporated in
the center of the spindle and are quantitatively consistent with
the predictions of the spatially varying nucleation with microtu-
bule transport model, using the previously determined nucle-
ation profile (compare Figure 5D, lower, gray solid lines and
blue solid lines). These results are inconsistent with the spatially
varying stability model, which predicts more rapid incorporation
of tubulin at poles (Figure 5D, lower, dashed yellow lines).

If the spatially varying nucleation with microtubule transport
model is correct, an increased rate of microtubule nucleation in
the center of the spindle would result in a higher density of
growing plus ends at the center compared to the poles. In
contrast, the spatially varying stability model predicts a more
uniform density of growing plus ends (arising from the constant
nucleation rate and the addition of growing microtubules of
both polarities). We measured the densities of growing plus
ends in spindles using fluorescently labeled EB1 (Alexa568-

EB1), a +TIP protein that selectively labels growing plus ends
(Tirnauer et al., 2004). As observed previously (Tirnauer et al.,
2004), we found that EB1, and thus growing plus ends, is en-
riched in the center of the spindle (Figure 5E, upper). These
results are quantitatively consistent with the predictions of the
spatially varying nucleation model using the previously deter-
mined nucleation profile (compare Figure 5E, lower, gray solid
lines and blue solid lines) but are inconsistent with predictions
from the spatially varying stability model (Figure 5E, lower,
dashed yellow lines).

Inhibition of Microtubule Transport by Doubly Inhibiting
Kinesin-5 and Dynein Homogenizes Microtubule
Lengths, as Predicted by the Spatially Varying
Nucleation with Microtubule Transport Model

The spatially varying nucleation with microtubule transport
model also explains the experimentally determined densities
of plus ends and the ratio of the number of plus ends to the
number of minus ends in different regions of the spindle (Fig-
ure 5F; Extended Experimental Procedures). Therefore, all of
our measurements are consistent with spatially uniform microtu-
bule stability and a spindle architecture that results from a combi-
nation of microtubule transport and a nucleation profile that is
enriched in the middle of the spindle (Figure 5G). Spatially
uniform microtubule stability implies that, if we follow an indi-
vidual microtubule in the spindle during its lifetime, its mean
length would be the same regardless of its location in the spindle,
given that microtubule dynamic properties are uniform in the
spindle. The core of the nucleation and transport model is that
transport from different spindle locations of microtubules, whose
relative amounts are given by the spatially varying nucleation
profile, contributes to the microtubule length distribution at any
location in the spindle. A strong prediction of the model is that
decreasing the rate of transport reduces the mixing of microtu-
bules and homogenizes the length distribution throughout the
spindle. As the minus ends of microtubules remain immobile
when transport is impaired, the model predicts that the mean
length of microtubules as measured from their minus ends—
i.e., the length of microtubules whose minus ends are at a certain
location in the spindle—corresponds to the length of an indi-
vidual microtubule and is constant throughout the spindle
because the polymerization dynamics and stability of microtu-
bules are uniform. To test this prediction, we assembled spindles
and simultaneously inhibited kinesin-5, by adding 200 puM of
monastrol (Groen et al., 2008), and dynein, by adding 2 uM of
P150-CC1 (Gaetz and Kapoor, 2004). Such doubly inhibited
spindles have a bipolar structure with focused poles but a greatly
reduced speed of microtubule transport (Miyamoto et al., 2004)
of 0.6 £ 0.2 um/min compared to the 2.3 + 0.4 pm/min in unper-
turbed spindles in our experiments (measured by speckle
microscopy; data not shown). Cutting such structures reveals
that the organization of their microtubules is drastically different
from that in control spindles. The decay length no longer
decreases near the poles but is spatially uniform and equal to
the longest decay length measured in control spindles (Fig-
ure 6A). To further investigate whether the increase on decay
length results from the inhibition of dynein or from inhibiting
microtubule transport, we assembled dynein-inhibited spindles
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Figure 5. Verification of the Nucleation and Transport Model for Microtubule Length Regulation in the Spindle

(A-C) Profile of catastrophe rate (A, green dashed) and nucleation rate (B, solid blue) obtained by fitting the measured length distribution (C).

(D) Atto565-tubulin images of turnover measurements at 30 s (upper left), 75 s (upper middle), and 120 s (upper right), after adding Atto565-tubulin to spindles
previously assembled in the presence of Atto488-tubulin. Lower: Normalized line-scan intensity profiles —Atto565-tublin intensity divided by the reference
Atto488-tubulin intensity —(gray solid) corresponding to the white dashed line in upper images, and their predictions for the stabilization (dashed green) and
nucleation (blue solid) models.

(E) Growing plus ends labeled with Alexa568-EB1 (upper). Lower: Intensity profile (gray solid), corresponding to the white dashed line in the upper image, and
predictions from the stabilization (dashed green) and nucleation (blue solid) models. The curves from stabilization and nucleation were normalized so that their
maximum intensity corresponds to the maximum of the Alexa568-Eb1 intensity profile.

(F) Densities of plus ends as a function of the distance from the poles, for microtubules pointing away from the pole, measured using the two-cut method (black
circles) and prediction from the nucleation model (blue solid). Inset: Ratio of plus to minus ends as a function of distance from the pole for microtubules pointing
away from the pole (solid black) and prediction from the nucleation model (blue solid). The bars correspond to the SD for the position and are calculated using
error propagation for the plus-end density and for the ratio of plus-end to minus-end density.

(G) Prediction of the spindle architecture obtained from the nucleation and transport model. A small fraction of microtubules are highlighted for illustration
purposes. Red lines correspond to polymerizing microtubules, and black lines to depolymerizing microtubules. Right: Microtubules of opposed polarity (arrows)
slide by the action of molecular motors (green) generating a poleward transport.
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Figure 6. Inhibition of Microtubule Transport Homogenizes Microtubule Lengths in Accordance with the Nucleation and Microtubule

Transport Model

(A) Comparison of front decays propagating toward a pole at x = 0 and microtubule polarity (inset) for regular spindles (black triangles), dynein-inhibited spindles
(green squares), and double-inhibited spindles (red circles) as a function of relative location in the spindle (distance from pole divided by total length of the

spindle). See also Figure S5.

(B) Length distribution for microtubules in double-inhibited spindles with minus ends located at 10.4 + 1.5 um (black triangles), 17.2 + 0.8 um (red circles), and
23.7 + 0.5 (green triangles) and exponential fit (solid black) (see also Figure S5). Error bars obtained from error propagation. Inset: Mean microtubule lengths from
the minus ends (red circles) for double-inhibited spindles compared with the prediction from the nucleation and microtubule transport model (blue solid line), as
a function of the distance from the pole at x = 0. The mean microtubule lengths in double-inhibited spindles are comparable to mean microtubule lengths from

microtubules grown out of Tetrahymena pellicles. See Figure S4.

by adding 2 uM of P150-CC1. These spindles are longer than
control spindles (66 + 9 um), but their decay profiles as a function
of the normalized length from the spindle pole are indistinguish-
able from those in control spindles and markedly different from
those in doubly inhibited structures (Figure 6A). This finding
suggests that the difference in decays in the doubly inhibited
spindles is a genuine effect of microtubule transport impairment.

The resulting reorganization in these structures is most clearly
illustrated by plotting the lengths of microtubules from their
minus ends (Extended Experimental Procedures), which, in the
absence of transport, are predicted to be exponentially distrib-
uted with a mean length of v,/y = 6.6 um in all regions of the
spindle. Experimentally, we observed that microtubule distribu-
tion lengths from the minus ends become uniform throughout
the spindle, with a mean length of 6.8 = 1.1 um (Figure 6B), in
agreement with our predictions. This double-inhibition experi-
ment confirms a highly nontrivial prediction of the spatially
varying nucleation with microtubule transport model, providing
further support for its validity.

Our results show that microtubule stability in the spindle is
spatially uniform, but they do not exclude a possible global
change in microtubule polymerization dynamics inside the
spindle environment. If microtubules in spindles are stabilized,
then they should be longer than microtubules outside of spin-
dles. We investigated the validity of this hypothesis by studying
the lengths of microtubules far removed from spindles. We
used Tetrahymena pellicles, which can nucleate thousands of
microtubules (Euteneuer and Mclntosh, 1980; Coue et al.,
1991), to generate dense arrays of microtubules in Xenopus
laevis extracts (Needleman et al., 2010). Laser cuts of microtu-
bules away from the center of these structures produce decays

that are equal to the longest observed in spindles, 0.049 =+
0.004 pm~" and 0.051 + 0.014 pm~", respectively (Figure S4).
We applied the two-cut method to pellicles (which lack microtu-
bule transport) and found that the lengths of microtubules from
their minus ends are homogeneous in these structures (Fig-
ure S4), with a mean length of 6.9 + 1.8 um, very similar to the
lengths of microtubules nucleated from centrosomes in these
extracts, measured by Tournebize et al. (2000) (6.3 + 3.2 um).
Microtubule lengths in control spindles are spatially inhomoge-
neous due to transport, but the mean length in doubly inhibited
spindles, where transport is perturbed, is 6.8 + 1.1 um, similar
to the predicted length of microtubules in a spindle in the
absence of transport, v,/y = 6.6 um. Therefore, the lengths of
microtubules in the spindle are the same as the lengths of
microtubules outside the spindle (nucleated from pellicles or
centrosomes), arguing that microtubules are not stabilized (or
destabilized) by the spindle environment.

DISCUSSION

The method we present for measuring the lengths and organiza-
tion of microtubules in spindles uses femtosecond laser ablation
and fluorescence optical microscopy. In theory, EM could be
used to obtain similar structural information, but that technique
is extremely labor intensive, and only small spindles from unicel-
lular organisms have been totally reconstructed so far. The
speed and simplicity of our method allow us to quantitatively
measure the organization of microtubules in several Xenopus
laevis egg extract spindles, which have volumes tens of thou-
sands of times larger than spindles whose structures have
been previously solved by EM, and we were able to explore
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how the architecture in these spindles changes in response to
biochemical perturbations.

Our observations that microtubule lengths are broadly distrib-
uted with their minus ends and plus ends spread throughout the
Xenopus laevis egg extract spindles are qualitatively similar to
previous indirect measurements in this system (Yang et al,,
2007; Burbank et al., 2006), as well as partial EM observations
in other large spindles (Mastronarde et al., 1993; Srayko et al.,
2006). However, we were able to quantitatively measure the
spatial variation in microtubule lengths in the spindle as well as
microtubule polarity, and densities of minus ends and plus
ends, enabling us to perform detailed tests of mathematical
models of spindle organization. Our results show that spindles
are made of microtubules that are not selectively stabilized—
i.e., each individual microtubule has the same average length
regardless of its position in the spindle (averaged over its
lifetime)—but their organization in the spindle results in spatially
inhomogeneous lengths, with the shortest microtubules found at
the poles. This microtubule organization is mediated by spatial
variation of nucleation and local sorting of microtubules via
microtubule transport. We found that the mean length of micro-
tubules from their minus ends is 6.8 + 1.1 um when transport is
inhibited in spindles (Figure 6B), which is indistinguishable from
the predictions of our model (~6.6 um), our measurements on
microtubules nucleated off of Tetrahymena pellicles (6.9 +
1.8 um), and previous direct measurements of the lengths of
microtubules grown off of centrosomes in these extracts by
Tournebize et al. (2000) (6.3 + 3.2 um). These results further
argue that microtubule stability is not spatially regulated in spin-
dles, in agreement with previous single-molecule measurements
that established that the residency times of tubulin in microtu-
bules are not altered by the spindle environment (Needleman
et al., 2010) (though that study incorrectly concluded that the
mean length of microtubules was 3 um, as observed in a different
extract system).

Previous works arguing that microtubules may be stabilized
near chromatin were based on studying microtubules outside
of spindles in the presence of constitutively active RAN (Athale
et al., 2008; Carazo-Salas et al., 2001; Caudron et al., 2005),
which might not represent the native activity of RAN on nonkine-
tochore microtubules in spindles or might only apply during the
onset of spindle assembly, instead of the fully assembled spin-
dles that we study here. Our structural data do not cover the
regions within a few micrometers of the poles, so it is possible
that the behavior of microtubules very near poles is different
from that of the rest of the spindle (Loughlin et al., 2010). Our
model also does not take into account the known decrease in
microtubule transport close to poles (Burbank et al., 2007;
Yang et al., 2008), but inclusion of this decrease would not signif-
icantly change any of our conclusions.

Our model is reminiscent of the slide-and-cluster model
proposed by Burbank et al. (2007), but the role of microtubule
nucleation and transport is different in these two models. Our
results suggest that the spindle length is controlled by the profile
of microtubule nucleation, whereas microtubule transport only
locally sorts microtubules, determining their proper organization
in the spindle—polarity, location, and length—without moving
them appreciable distances. In contrast, in the slide-and-cluster
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model, microtubules are envisioned to nucleate exclusively in the
center of the spindle and slide all the way to the pole, and so, in
this model, the length of the spindle is determined by the
distance a microtubule slides before it depolymerizes. The
slide-and-cluster model is difficult to reconcile with previous
results showing that a typical microtubule in the spindle is ex-
pected to move only ~1 um before it depolymerizes, because
of its rapid turnover (~20 s lifetime) and slow movement
(~2.5 um/min) (Needleman et al., 2010), or with perturbations
that strongly inhibit the speed of microtubule transport without
significantly modifying spindle length (Ganem et al., 2005;
Miyamoto et al., 2004).

What is the biological function of the complex architecture
in metaphase spindles that we observe? We speculate that
the inhomogeneous organization of microtubules may act as
a scaffold to correctly position components in the spindle. For
example, +TIPs and other proteins that bind growing microtu-
bules naturally accumulate in the center of the spindle, which
may be important for their function in anaphase. Additionally,
the internal organization of microtubules may locally regulate
forces on chromosomes during congression and anaphase.

Our data do not directly address the microscopic mechanism
responsible for establishing the microtubule nucleation profile
and are qualitatively consistent with either a gradient of nucle-
ation around chromatin—perhaps mediated by RAN (Karsenti
and Vernos, 2001) or the chromosomal passenger complex
(Sampath et al., 2004)—or microtubule-mediated microtubule
nucleation (Clausen and Ribbeck, 2007)—consistent with
proposals for the function of augmin (Goshima et al., 2008) and
the chromosomal passenger complex (Tseng et al., 2010). Inter-
estingly, the nucleation profile resulting from our model (Fig-
ure 5B) is not symmetrical for microtubules of the same polarity
(though the total nucleation profile including both polarities is
symmetrical; see Figure 5E), which suggests that nucleation
may depend on microtubule polarity. Although further work
will be required to establish the relative contributions of
different nucleation pathways, our two-cut method opens up
the possibility of answering these questions by combining simul-
taneous measurements of both global morphological aspects
and detailed local structural properties of the spindle under
perturbations.

EXPERIMENTAL PROCEDURES

Spindle Assembly and Perturbations from Xenopus laevis Egg
Extracts

Cytostatic factor (CSF)-arrested egg extracts were prepared from Xenopus
laevis female oocytes as described previously (Hannak and Heald, 2006;
Murray, 1993). Briefly, demembrenated sperm and calcium were added to
extracts, resulting in the formation of nuclei. The reactions where then driven
into metaphase by addition of CSF-arrested extract, and spindles formed after
1 hr at 20°C. MCAK-inhibited spindles were assembled by adding 50 png/ml of
MCAK antibodies during spindle assembly. Dynein-inhibited and Double-
inhibited spindles were assembled by adding 2 uM p150-CC1 and 2 uM
p150-CC1 and 200 uM monastrol, respectively, during spindle assembly.
Tetrahymena pellicles were purified following (Coue et al., 1991).

Microscopy and Image Analysis
We used either a Nikon wide field or spinning disk confocal microscope
(Nikon Ti2000, Yokugawa CSU-X1), a EMCCD camera (Hamamatsu), and



a 60x objective for image acquisition. The microscope room was maintained
at 20°C during experiments. Movies were taken either with the Nikon Ele-
ments software or MetaMorph (Molecular Devices). Each movie was ana-
lyzed using Matlab (The MathWorks) and Wolfram Mathematica custom-built
macros.

Laser-Ablation Procedure

The femtosecond laser is composed of a mode-locked oscillator delivering
100 fs pulses at a repetition rate of 80 MHz and a central wavelength of
790 nm, followed by a chirped pulse amplification. The output pulses were
delivered at a repetition rate of 10 kHz and attenuated to 2 nJ. The laser
beam was coupled into the microscope and tightly focused by a 60x 1.4 NA
water-immersion objective. The sample was mounted on a stage that can
position it in 3D with submicrometer precision. We performed the plane-like
cuts by cutting several lines spaced by 0.5 um along the out-of-plane direction.
We adapted the size and geometry of the cut to the shape and size of each
spindle. The total duration of a cut was typically 4 s.

Flux, Turnover, and Plus-End Density Measurements

We measured microtubule transport velocity on regular and double-inhibited
spindles by using cross-correlations on spindles with 0.5 nM Atto565-tubulin
(Burbank et al., 2006). We measured tubulin turnover by adding 0.5 uM
Atto565-labeled tubulin to previously assembled spindles in the presence of
0.5 uM Atto488-tubulin. Immediately after adding Atto565-tubulin, we fixed
samples every 15 s and imaged afterwards. Alexa568-EB1 was added to
previously assembled spindles at a final concentration of 0.1 mg/ml to
measure growing plus-end density.

Simulations

Two-state microtubule dynamics were simulated using Processing (http://
processing.org). Nucleation and catastrophe events were modeled as Poisson
processes.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
five figures, and two movies and can be found with this article online at
doi:10.1016/j.cell.2012.03.027.
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EXTENDED EXPERIMENTAL PROCEDURES

Estimation of the Rescue Rate

Following a laser cut on the spindle, we observed fronts of microtubule depolymerization that are caused by the depolymerization
of the newly generated plus ends. The amount of microtubule depolymerization decreases as the fronts advance, indicating that
from the originally cut microtubules, progressively fewer depolymerize as the fronts advance (photobleaching during the progression
of the fronts is negligible, see Figure S2A). Two possibilities may contribute to this observation:

(1) Depolymerizing microtubules reach their minus ends and stop contributing to the front, which is purely a consequence of the
microtubule lengths and their organization in the spindle.

(2) The depolymerizing microtubules are progressively rescued, which additionally depends on the probability that a microtubule
is rescued while it depolymerizes.

To evaluate the relative contribution of both cases, we need to mathematically express the number of depolymerizing microtubules
at a certain distance from the cut—N(x) P(x,y), with N(x) being the number of microtubules at the cut, and P(x,y) the probability that
a microtubule depolymerizes to a distance y from the cut—as a function of both the density of microtubules, including their length
distribution and organization, and a microtubule rescue rate, which is a dynamical parameter unknown a priori.

The rescue rate of a depolymerizing microtubule is the probability per unit time A to transition from the depolymerizing to the poly-
merizing state. We define w(t) as the probability density that a microtubule is rescued at t. Then the probability that a microtubule is
rescued between t and t + 6t, 6tw(t), is equal to the probability that a microtubule has not depolymerized until ¢, 1 — fé w(t')dt', times
the probability to transition from the depolymerizing to the polymerizing state during the interval 6t, Adt, otw(t) = (1 — fé w(t)dt')rdt.

By differentiating this equation with respect to time, we obtain a differential equation for the rescue probability w(t):
dw(t)/dt= — dw(t), which implies that w(t) = 2 exp(—At), assuming that the rate of rescue is not time dependent.

The number of microtubules that stop depolymerizing at a distance y from the cut, N(x)P(x,y), is therefore the sum of two
contributions:

(1) The probability that a cut microtubule is not rescued times the number of microtubules that have minus ends at a distance y from
the cut and extend past the cut (see Figure S2B). The probability that a cut microtubule is not rescued is 1 minus the probability that
a microtubule is rescued at any location between the cut and the minus end,1 — fé’/v" Aexp(—At)dt' =exp(—2y/vq). By defining the
density of microtubules p(x’, y’) with plus ends at a distance x’ from the pole, and length y’, the number of cut microtubules that have
minus ends at a distance y from the cut and extend past the cut is the integral of the density of microtubules in which plus ends are
past the cut, i.e., x + ¢, that have minus ends located at a distance y from the cut, i.e., a length of y + ¢, for any >0 (see Figure S2B).
This contribution to the number of microtubules that stop depolymerizing at a distance y from the cut is therefore

exp(—Ay/vq) / dep(X+¢e,y+e).
0

(2) The second contribution comes from the probability of being rescued at a distance y from the cut (i.e., after a time y/v4, where vy
is the depolymerization velocity) times the number of microtubules that once cut are longer than y, i.e., y+«, for any k > 0 (see Figure
S2B). The probability of being rescued at a distance y from the cut is w(y) = 1/vg exp(—2y/vq), where we have converted time to
space using w(y)dy = w(t)vgdt. The number of microtubules that once cut are longer than y are those that have plus ends past the
cut, x +&, and have minus ends at a larger distance than y from the cut, this is, microtubules larger than y +¢, y + ¢ + k, for any
e,k>0 (see Figure S2B). These two quantities lead to the microtubules that stop depolymerizing at a distance y from the cut due
to rescues,

A/vdexp(fzy/vd)/ de/ dkp(X + e,y +e+k).
0 0

Adding both contributions leads to the number of microtubules that stop depolymerizing at a distance y from the cut N(x)P(x,y):

o

N(X)P(x,y):exp(—/\y/vd)/dep(x+e,y+s) +Vi exp(—Ay/vq) /de/dxp(x+e,y+e+f<).
d . .
0 0 0

Thus, in the presence of rescues, the decay depends on both the density of minus ends and the rescue rate, and it is difficult to
separate the relative contributions of these two mechanisms. However, in the hypothetical limit where microtubules are infinitely long,
only rescues contribute to the decrease of depolymerization during the propagation of the front since the depolymerizing microtu-
bules would never reach their minus ends, and P(x,y) = A/v4 exp(—AL/vq).

We can lengthen microtubules in the spindle by inhibiting the protein MCAK (also referred to as XKCM1 or KIF2C), a catastrophe
factor (Walczak et al., 1996; Desai et al., 1999). Upon addition of anti-MCAK in the extract, spindles become transiently thicker and
denser and eventually transform to asters, which continually grow in size. Yet, microtubules in these spindles and asters are of finite
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length, so the presence of minus ends must contribute to the probability that a microtubule stops depolymerizing to some extent.
Therefore, if we cut these structures and assume that the decay results solely from rescues, we can obtain an upper limit for the rescue
rate. We compared decays resulting from cuts performed on MCAK inhibited spindles and MCAK inhibited asters with decays from
cuts performed at a similar location in control spindles. In asters, we grouped the cuts performed the furthest away from the center of
the aster, at 40.2 + 1.6 um (n = 4), and fitted the decay to an exponential, obtaining an inverse decay length of 0.0085 + 0.0013 1/um
(R? > 0.99, see Figure S2C), corresponding to a decay length of 118 + 18 um, which corresponds to an upper limit of the rescue rate
of , =0.50 + 0.08 1/min. Cuts in control spindles at a comparable distance from the pole (45.2 + 1.6) result in a decay length of 20.4 +
3.2 um, 5.8 + 1.3 times smaller (see Figure S2C). In MCAK-inhibited spindles, cuts performed at 10.3 + 0.7 um from the pole exhibited
ainverse decay length of 0.078 + 0.045 1/um (R® > 0.99, see Figure S2D), corresponding to a decay length of 12.7 + 7.0 um (of the same
order than the distance of the cut to the pole), which is 4.0 + 2.4 times bigger than the corresponding decay in control spindles (3.2 +
0.7 um). The increase in decay lengths from both anti-MCAK asters and anti-MCAK spindles with respect to control spindles is the
same within error, arguing that microtubules in anti-MCAK spindles elongate like microtubules in anti-MCAK asters, and therefore
justifying the use of anti-MCAK asters to obtain an upper bound estimate for the rescue rate in spindles.

Next, we estimated the extent to which the presence of a rescue rate of this magnitude would modify our conclusions regarding
the measured microtubule lengths. If one falsely assumed that microtubules had a rescue rate of zero, when in fact the rate of rescue
was equal to the determined by the upper limit of 2 = 0.50 1/min, then microtubules which were actually L+ = 14 um long (near the
maximum microtubule length that we measured), would appear to have a length of

Lr
(L) =Ly exp(—LsA/vq) + / M/vq exp(—IA/vg)dl=13.2um,
0

which is approximately 5% different from their true length. The corresponding errors would be less than 2% and 1% for microtubules
with lengths of 5 um and 2 um (corresponding to the central and polar region of the spindle). These deviations are below our exper-
imental errors and are based on an overestimation of the rescue rate, so the effects of rescues can be safely neglected.

Derivation of the Two-Cut Method

Our method consists of two steps. First, the density of minus ends from the cut microtubules is obtained for each of the cuts (see
Figure S5A); second, we combine the cuts in pairs to obtain the full microtubule density (plus-end and length distributions) from
its mathematical relationship with the measured minus-end density (see Figure S5B).

We obtained the density of minus ends from the cut microtubules using the fact that the decrease in depolymerization results from
cut microtubules that depolymerize to their minus ends. We quantified the rate of intensity loss by evaluating the numerical derivative
using neighboring frames of the movie after a cut (see Figures S5A1 and S5A2). We defined the position of each front at a given time, t,
x¢(t), as the position of the peak of the profile of intensity loss (Figures S2B and S5A3) fitted to a bell shape,
A(t) exp[—(x — xf(t))2/s(t)2}, where A(t) is the amplitude and s(t) is the width of the fitted bell shape. The integrated area under the
peak (see Figure S5A3) is the total intensity loss per unit time, which we calculated using the amplitude A(t), and the width of the fitted
bell shape s(t), R(t) = /7A(t)s(t). The intensity lost during the interval t and t + 6t, R(t)dt, is equal to the number of microtubules that
depolymerize at t, n4(t), times the length of microtubules depolymerized during the interval 6t, v6t, times the fluorescence per unit
length and microtubule, o7:R(t) = /7A(t)s(t) =ng(t)vgar. The number of depolymerizing microtubules, nq(t), is proportional to the
product of the length of the cut (parallel to the focal plane) and the thickness of the cut (perpendicular to the focal plane, see Fig-
ure 1A). Confocal z stack movies show that the depolymerizing microtubules stay on the focal plane, so the thickness of the cut
(perpendicular to the focal plane) does not play any role, and we can normalize R(t) and n4(t) by the thickness of the cut (typically
1-2 um). Therefore, although we refer to ny(t) as number of depolymerizing microtubules, this quantity is a number per unit length,
i.e., the number of microtubules per unit length in the perpendicular direction of the cut. At t = 0, this quantity gives the number of
cut microtubules for both polarities, times a constant v4or. Taking the relative fraction of the integrated profile of intensity loss for
the two fronts immediately after the cut (t = 0) reveals the polarity at the location of the cut (Figure 2C). The rate at which microtubules
stop depolymerizing plus the rate at which depolymerizing microtubules reach a minus end is conserved: d[ny(t)]/dt +n(t) =0 (see
Figure S5A4). Then, dR(t)/dt =dny(t)/dt vqor = — n(t)vgor which gives for the density of minus ends:

n(y)= —1/or dR(y)/dy,

where we have used as a variable the distance from the cut, y, which is related to time by the depolymerization velocity, y = v4t. This
density has units of microtubule per unit length squared, corresponding to unit length perpendicular to the cut and along the spindle
longitudinal axis. Although the proportionality between fluorophore intensity and microtubules may vary from day to day, the density
of microtubules at the center of the spindle is observed to be constant regardless of spindle width, which suggests that there is an
absolute constant of proportionality between spindle width and density of microtubules, g8,,. To calibrate §,,, we used EM cross-
section images of Xenopus laevis spindles (M. Coughlin, personal communication; Heald et al., 1997) from which we obtain a micro-
tubule density 8,, ~ 50 microtubules/um?. We used this density at the center of the spindle to calibrate the fluorescence weighted
shape (the sum of intensity over the width of the spindle at any location of the spindle). In the case of unperturbed spindles, the fluo-
rescence intensity is nearly constant throughout the structure, so the fluorescence weighted shape is indistinguishable from the
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profile of the spindle, and we simply used the measured profile of the spindles, which is determined with less error than the fluores-
cence weighted shape. For other cases, where the density of microtubules is not constant along the spindle, such as the case of
dynein-inhibited spindles or pellicles, we used the fluorescence weighted shape. We expressed the minus end density in terms of
this absolute constant, 8,,, equal for any spindle, using the fact that the total number of minus ends per unit length perpendicular
to the cut from pole to cut adds up to the total number of cut microtubules of the corresponding polarity per unit length perpendicular
to the cut, which in turn is equal to the product of the width of the spindle fluorescence weighted shape, the polarity at the cut, and the
constant g,

/ " n(y)dy =w(x)p(0)B,.

where x is the distance of the cut from the pole, w(x) is the width of the spindle fluorescence shape, and p(x) is the polarity at the cut. The
integral of the density of minus endsis [R(0) — R(x)] /o, leading to the calibration of ¢ and the expression for the density of minus ends,
i) = S0 I
(0) —R(x) dy
which relates the density of minus ends with quantities measured in our experiments. For the regular spindle, the width w(x) was ob-
tained from averaging 10 confocal spindle images. For the pellicles, we obtained the fluorescence radial shape by calculating the
radial average intensity of the fluorescence images.

In a second step, we related the density of minus ends with the density of microtubules with plus ends at a distance x’ from the pole,
length )/, and positive polarity, p(x’,y’) (Figure S5B). This relation is obtained from the fact that the density of minus ends at a distance y
from a cut performed at x results from the contribution of all microtubules that cross the cut and have their minus ends at a distance y from
the cut. Inmathematicalterms, n(x,y) = _f0°° p(x+n,y +n)dn (see Figure S5B1). By considering the minus ends at the same location in the
spindle but resulting from a cut slightly further away from the pole, n(x + &,y +¢) = f:’ p(x+n,y +n)dn (see Figure S5B2), we can easily
invert the relation between density of minus ends and microtubule density by subtracting the minus end density from the two cuts (see
Figure S5B3), leading to

)= (5% 3¢ ).

in the limit of e — 0. This is the density of microtubules with plus ends at a distance from the pole x, and length y, and has units of
microtubule divided by length cubed, this is, microtubules per area of spindle cross-section and microtubule length. The microtubule
organization can equivalently be described in terms of the density of microtubules with minus ends at a distance x from the poles, and
length y (Figure 6B) by using the identity p* (x,y)=p~ (x — y,¥), where +, — refer to density from plus and minus ends respectively.
To obtain p~(x,y) purely numerically, we have to discretize the length y so that x+y correspond to locations of the
cuts,p (x,y)=p* (x+y,y) (see Figure 6B). Alternatively, fitting of the decays as a function of the position can provide a higher reso-
lution. The lengths obtained using both methods are equivalent, but in Figure 6B we chose only to show the pure numerical results.

Formally, the length distribution of microtubules with plus ends at a location x from the pole is obtained by normalizing the microtubule
density to the number of microtubules at that location, p, (x,y) =p(x,y)/ j: p(x,y)dy, and the mean microtubule length is then obtained
using (L(x)) = fom ypL (x,y)dy. In practice, we numerically evaluated these expressions and included a cut off on the maximum length of
microtubules defined by the finite size of the spindle—a microtubule with plus ends at a distance x from the pole has amaximum length of x.

The sources of error in the minus end distribution n(x,y) arise from the fluorescence weighted shape, w(x), the polarity, p(x), and the

rate of intensity loss R(y),
on(x,y)=n(x,y) ( (5‘,!3/(2())) °, (‘if(g‘))) ° <5 choR)(}/_)éch&)) 2/ (RC(IOR)Q/_)gj(})/()> 2)%.

We used this expression to numerically calculate the error in n(x,y), and propagate it to p(x,y). Finally, for the microtubule length
distribution, we determined the error using error propagation in the density of microtubules,

1
X 2

2%,y / 50 (x,y)dly

0p°(x,
6pL(X7y): p( y) + 0 4 )

X 2 X
( 0/ p(x,y)dy> ( O/ p(x,y)dy>

where the limits of integration (0,x), correspond to the minimum and maximum lengths of a microtubule with plus ends at a distance x
from the pole. Finally, the error in the mean microtubule length is given by
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1

B(L(X)) = ( / yZapi(x,mdy) .
0

Mathematical Model of Microtubule Nucleation, Transport, and Polymerization Dynamics

We used the two-state model of microtubule polymerization described in Dogterom and Leibler (1993) supplemented with microtu-
bule sliding at a constant velocity, v;, that transports microtubules toward the pole that microtubules grow away from (Figure 5G). We
define p, (t,x,/) and p4(t, x, /) as the polymerizing and depolymerizing densities of microtubules with positive polarity, length /and plus
ends at x, as a function of time t. The mass conservation equations for the two densities are

dp, (t,x,1)
pT: — V'Jp — rpﬁdpp+rdﬁppd,
dpg(t,x, 1
%: = Veda = gppy +p—aPp-

Jp and Jq are the flux of polymerizing and depolymerizing densities in the x-/ space, and r, .4 and ry ., are the transition rates from
a polymerizing to a depolymerizing state and vice versa. We used the plus ends as a reference frame because catastrophes occur at
the plus ends. In the x space, the density of polymerizing plus ends is transported at the sliding velocity, v;, plus the polymerization
velocity: v, — v; (Where we explicitly use the fact that microtubules are transported toward the pole, hence with a negative velocity
-v¢). In the | space, the polymerization density is transported at the polymerization velocity: v,,. Thus the flux of the density of poly-
merizing microtubules is Jp = (vp — Vt,Vp)p,(t,x,/). Similarly, the flux of the density of depolymerizing microtubules is
Ja= — (Vg + Vi, Va)p4(t,x,1). We define the transition rate from the polymerizing to the depolymerizing state as a catastrophe rate
that may depend on the position in the spindle, v(x). Since rescues were experimentally negligible in the cutting experiments, we
set the transition rate from the depolymerizing to the polymerizing state to 0.

We are interested in the stationary state solutions, i.e., dp,/dt=0dp,/dt =0, which are supplemented with the following boundary
conditions: microtubules are nucleated at a rate that may depend of position, p,, (x, 0) = r(x); microtubules disappear when they depo-
lymerize all the way to their minus ends, p,(x, 0) = 0; the density of polymerizing and depolymerizing microtubules at infinity vanishes,
pp(,1)=pg(,l)=0. The differential equations are analytically solvable for any functional form of the rate and catastrophe,

b=t (vp—vllfyexp| = [ rlzaz .

x—(v,_-,—vt)l/vp

w0

pa(X,1) = / Pp (X + (Ve + V)T, [+ VaT)y (X + (Ve + Vg)T)dT.
0

We then take the two limits corresponding to the nucleation model, v(x) = constant ~1.5 min’" (Wilde et al., 2001), and destabi-
lization model, r(x) = constant. To find the profile of nucleation rate that fit the length distribution (Figure 4B), we expressed the
nucleation rate as a discrete sum of Heaviside functions, r(x) =>_7_,8,@(x — yi — £)®(x — y; +¢), where 2e=0.5 pm is the space dis-
cretization we chose, n = 100, and y; are equally spaced positions between the poles at x = 0 um and x = 45 um. This procedure,
allows us to express the mean length as a sum of the ratio of two analytic functions multiplied by the rate coefficients, a; which
simplifies and speeds up the numerical fit,

ia(f(yf,x, £) — F(yi X, —€)®(—y; +X — £))O(~yi +X +¢)

(Lix,a))="% :
;ai(g(}/i,X, €) — gV, X, —&)O(—y; +X — €))O(~yi +X +e)
f(yi, x; ) =Vp z Vr(Va+1W ((Vp —Ve)(Vp (Vg + Vi) + (Vp — Vi)Vey) — €Xp [%] (Vde(Vp —Vit+y(X+e—yi))

+vt<vt27+v§(1 +) = Vo (Ve +2vpy — y(x +e fy;))>)>,

alyi,x,e)= (1 — exp {MD

Vo — Vi
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For the case of constant nucleation, the same procedure is not feasible, and we represented the catastrophe as a 4" degree poly-
nomial. For each limit, we found the shape of the nucleation and catastrophe that best fit the mean length distribution of microtubules
(Figure 5C).
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Figure S1. After a Laser Cut, Only the Newly Generated Microtubule Plus Ends Depolymerize, Related to Figure 1

(A) We added axonemes to assemble microtubules in Xenopus egg extracts in the absence of spindles. Individual microtubules were imaged with Atto565-
labeled tubulin (red) and GFP-Eb1 (green) to mark growing plus ends and cut by laser ablation. After cutting the microtubule at t = 0 (the green dot in the middle of
the microtubule), a pair of new plus and minus ends are generated. The microtubule half with the newly generated plus end does not recruit GFP-Eb1 and
depolymerizes from its plus end (white dashed line), whereas the microtubule half with the newly generated minus end remains stable and continues to grow from
its plus end (green dashed line). Scale bar, 10 pm.

(B) Lengths of individual cut microtubules (n = 13) for sections with the newly generated minus ends (dashed lines) or newly generated plus end (solid lines)
demonstrating that the newly generated plus ends depolymerize whereas the newly generated minus ends are stable. After a cut, 100% of depolymerization from
the newly exposed ends corresponds to the plus ends. The average microtubule depolymerization rate is —22.8 + 2.1 (SEM) um/min, and the average microtubule
polymerization rate is 12.3 + 1.3 (SEM) um/min.

(C) Plus-end (dashed lines) and minus-end (solid lines) dynamics of a microtubule obtained by measuring the distance of the plus ends to a reference bleach
mark made on the microtubules, showing that minus ends have slow dynamics compared to the plus ends. The average velocity of the plus ends is 9.6 + 1.1
(SEM) um/min, and the average velocity of the minus ends is —1.2 = 1.1 (SEM) pm/min.

(D and E) Polarized arrays of microtubules were created by (D) the addition of perturbing anti-MCAK antibodies to spindles or (E) assembling spindles in the
presence of monastrol. Scale bars, 10 um. The structures were cut by laser ablation (dashed white line) and the fronts of depolymerization were followed (black
arrows). Quantification of the cuts reveals that the inward propagating front accounts for 79% + 14% (anti-MCAK) and 82% + 9% (monastrol) of the total
depolymerization.

(F and G) Imaging growing plus ends of microtubules with GFP-EB1 in anti-MCAK asters (F) and monastrol monopoles (G) shows that most microtubules have
their plus end facing away from the center of the structure, but a subset of microtubules have their plus ends in the opposite direction. Two examples of
microtubules with plus ends growing to the center in both structures are marked (current and previous comet positions are indicated by white solid and dotted
arrows, respectively). Quantification of these data demonstrates that 80% + 3% for anti-MCAK asters and 81% + 10% for monopoles of EB1 comets propagated
outward, whereas the rest propagated toward the center. This is consistent with the extent of microtubule depolymerization in that direction—79% + 14% (anti-
MCAK) and 82% + 9% (monastrol)—further arguing that cut microtubules depolymerize exclusively from their newly generated plus ends. Scale bars, 10 pm.
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Figure S2. The Decay on the Fronts Results from the Finite Length of the Cut Microtubules, Related to Figures 2 and 3

(A) Comparison of the temporal dependence of the normalized integrated intensity profile of a front (solid black) for a cut performed in the spindle (inset, black box
represents the region of depolymerization) and the normalized mean intensity (solid blue) of an uncut region in the same spindle (inset, blue square). The lack of
decay in the uncut region demonstrates that photobleaching is negligible.

(B) A depolymerizing microtubule (red) cut at a distance x from the pole, with plus end originally at a distance ¢ from the cut, stops depolymerizing at a distance y
from the cut because it either reaches its minus end (upper microtubule) or is rescued and has its minus end located a distance k away from where it stops
depolymerizing (green, lower microtubule).

(C) Depolymerization mass resulting from cuts performed in anti-MCAK asters (red circles) and control spindles (black squares) at a distance of 40.2 + 1.6 um and
45.2 £ 1.6 um from the pole, respectively, and corresponding exponential fits (solid red and solid black respectively) as a function of the distance from the cut.
(D) Depolymerization mass resulting from cuts performed in spindles with anti-MCAK (red circles) and control spindles (black squares) at a distance of 10.3 +
0.7 um and 8.6 + 1.5 um from the pole, respectively, and corresponding exponential fits (solid red and solid black, respectively) as a function of the distance from
the cut.

In both (C) and (D), the bars are SD.
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Figure S3. Graphical Representation of the Minus-End Density Measurements and the Two-Cut Method, Related to Figure 3

(A) Successive steps followed to measure the density of minus ends in the spindle. (A1) A fluorescently labeled spindle is cut (dashed red line) perpendicular to the
long spindle axis. (A2) We obtain a differential intensity movie that reveals the amount of microtubule depolymerization (gray bands). When comparing two frames,
the differential intensity results from the amount of depolymerized microtubules —the amount of fluorescent tubulin lost—during the time between those frames.
The observed differential intensity is equal to the product of the number of cut microtubules ny, the length of depolymerized microtubule v46t (green arrows, dt
being the time between frames), and the amount of fluorescent tubulin per unit microtubule length or. (A3) We obtain the time derivative of the movie by dividing the
differential intensity by the time between frames, and we sum intensity over the direction perpendicular to the spindle long axis. This procedure results in curves
with a characteristic Gaussian profile that represent the depolymerization front and propagate over time. We use the peak of the profile to define the position of
the front as a function of time x¢(t), and we calculate the area under the profile (gray region) to obtain the total amount of front depolymerization as a function of the
position of the front. (A4) The variation of the amount of depolymerization at a certain distance from the cut is caused by the amount of minus ends from the
depolymerizing microtubules at that location.

(B) Derivation of the two-cut method. (B1) The minus ends measured at a distance y from a cut performed at a distance x from the pole n(x, y) are the sum of all the
microtubules that cross the cut, i.e., with plus ends at x + 7, and length y + , for any #>0. (B2) The minus ends at the same location in the spindle resulting from
a cut further away from the pole. (B3) The difference of the density of minus ends at a location in the spindle from two nearby cuts is proportional to the distance
between cuts and the density of microtubules with plus ends between the cuts that extend to the location of the minus ends (blue microtubule).
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Figure S4. Characterization of Cuts from Tetrahymena Pellicles, Related to Figure 6

(A) Total normalized rate of intensity loss as a function of the distance from the cut and corresponding exponential fits, for cuts performed at an average of 15.2 +
1.8 um (blue triangles), 19.1 + 1.6 um, and 39.0 + 2.8 um (black circles) from the center of the pellicle. The bars are SD.

(B) Spatial variation of the decay (inverse decay length) of the depolymerization front obtained by fitting an exponential to the rate of intensity loss as a function of
the distance from the cut. The bars correspond to the SD for the position, and are calculated using error propagation of the error in the fit and the error in the
propagation velocity of the front for the inverse decay length.

(C) Mean microtubule lengths from the minus ends as a function of the distance from the pole at x = 0. Error bars are obtained from the SD for the position and from
error propagation for the mean length.
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Figure S5. Cuts on Double-Inhibited Spindles and Dynein-Inhibited Spindles, Related to Figure 6

(A) Total normalized rate of intensity loss as a function of the distance from the cut and corresponding exponential fits, for cuts performed on double-inhibited
spindles at an average of 7.8 + 1.6 um (blue triangles), 20.6 + 2.0 um (green squares), and 40.1 + 1.6 um (black circles) from the pole toward which the front
propagates. The bars are SD.

(B) Series of images of a cut in a double-inhibited spindle fort=1s, 8 s, and 16 s. Scale bar, 10 pm.

(C) Series of images of a cut in a dynein-inhibited spindle fort=0's, 2 s, and 6 s. Scale bar, 10 um.
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