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Accuracy in chromosome segregation depends on the assembly of a
bipolar spindle. Unlike mitotic spindles, which have roughly equal
amounts of kinetochore microtubules (kMTs) and nonkinetochore
microtubules (non-kMTs), vertebrate meiotic spindles are predomi-
nantly comprised of non-kMTs, a large subset of which forms an
antiparallel ‘‘barrel’’ array at the spindle equator. Though kMTs are
needed to drive chromosome segregation, the contributions of non-
kMTs are more mysterious. Here, we show that increasing the
concentration of Op18/stathmin, a component of the chromosome-
mediated microtubule formation pathway that directly controls mi-
crotubule dynamics, can be used to deplete non-kMTs in the verte-
brate meiotic spindle assembled in Xenopus egg extracts. Under these
conditions, kMTs and the spindle pole-associated non-kMT arrays
persist in smaller spindles. In excess Op18, distances between sister
kinetochores, an indicator of tension across centromeres, remain
unchanged, even though kMTs flux poleward with a �30% slower
velocity, and chromosomes oscillate more than in control metaphase
spindles. Remarkably, kinesin-5, a conserved motor protein that can
push microtubules apart and is required for the assembly and main-
tenance of bipolar meiotic spindles, is not needed to maintain spindle
bipolarity in the presence of excess Op18. Our data suggest that
non-kMTs in meiotic spindles contribute to normal kMT dynamics,
stable chromosome positioning, and the establishment of proper
spindle size. We propose that without non-kMTs, metaphase meiotic
spindles are similar to mammalian mitotic spindles, which balance
forces to maintain metaphase spindle organization in the absence of
extensive antiparallel microtubule overlap at the spindle equator or
a key mitotic kinesin.

stathmin � bipolarity � flux � kinesin-5

Errors in chromosome segregation during meiosis have been
linked to developmental defects and abortive pregnancies in

humans (reviewed in ref. 1). Accuracy in meiosis depends upon
proper attachments of each chromosome to microtubules in a
bipolar spindle. The assembly of the bipolar spindle involves
complex regulation of the polymerization dynamics and positioning
of microtubules. Extensive research into the properties of spindle
microtubules has led to their classification into (i) kinetochore
microtubules (kMTs), which directly interact with kinetochores,
and (ii) nonkinetochore microtubules (non-kMTs), which interact
with chromosome arms and other microtubules, including those
with opposite polarity at the spindle equator (reviewed in ref. 2). In
vertebrate meiotic spindles, non-kMTs comprise �95% of the
spindle microtubules (3). These non-kMTs can organize into bipo-
lar spindles in the absence of kinetochores and centrosomes (4).
However, many questions persist regarding the coupling between
the properties and functions of non-kMTs and kMTs. In particular,
it is not known if non-kMTs are needed for kMTs to generate force
or to maintain spindle bipolarity.

The continuous poleward translocation of the microtubule lat-
tice, termed poleward flux, is a property of spindle microtubules
conserved in higher eukaryotes (reviewed in refs. 5–7). Quantita-
tive fluorescent speckle microscopy (qFSM; reviewed in ref. 8) has

provided important insights into the dynamic organization of
meiotic spindle microtubules. It has been shown that both kMTs
and non-kMTs flux poleward, but at different rates (9–12). More
recently, it has been shown that microtubule flux rate changes
across the length of metaphase meiotic spindle (13). Two velocity
modes for poleward flux were revealed by statistical analysis, and
led to the proposal that non-kMTs in the spindle can be subdivided
into a ‘‘barrel’’ array of antiparallel overlapping microtubules
centered on chromosomes, and 2 ‘‘polar’’ arrays of microtubules at
each end of the spindle. Single-fluorophore qFSM has allowed the
flux of individual microtubules in meiotic spindles to be examined,
and the length and spatial distribution of microtubules to be
estimated (14). Together, these recent FSM studies suggest that the
vertebrate meiotic spindle is comprised mostly of microtubules that
are shorter than half the length of the spindle, and are organized
into a barrel array that is dynamically coupled to the 2 polar arrays.
Perturbations that can selectively disrupt barrel or polar microtu-
bule arrays are needed to examine how they contribute to kMT
function and spindle bipolarity.

Spindle microtubule formation depends on different pathways,
including chromatin-mediated and centrosome-mediated forma-
tion (reviewed in ref. 15). The barrel and polar array organization
was observed in meiotic spindles assembled in the absence of
centrosomes (13), indicating that disrupting centrosome-mediated
microtubule formation would not be useful in dissecting the con-
tributions of these 2 subsets of spindle microtubules. The GTPase
Ran and the kinase Aurora B are involved in chromosome-
mediated microtubule formation in vertebrate meiosis. In current
models, Ran-GTP binds to importins and thereby releases a wide
range of proteins involved in spindle assembly (reviewed in refs. 15
and 16). Aurora B has been proposed to act independently of the
Ran pathway (17) and, currently, is believed to have a smaller subset
of substrates whose phosphorylation directly controls microtubule
stability. These include MCAK (18–20), a kinesin-13 that can
catalyze microtubule disassembly (reviewed in ref. 21), and Op18/
stathmin (herein referred to as Op18) (17, 22), a microtubule
destabilizing protein that binds to tubulin dimers and can promote
microtubule catastrophe in vitro (reviewed in ref. 23). We reasoned
that controlled perturbations of MCAK or Op18 may allow us to
selectively impair the barrel array of non-kMTs.
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Results
To deplete the barrel array of microtubules in the meiotic spindle
(Fig. 1A), we examined the effect of adding excess MCAK or
Op18 to spindles formed in Xenopus laevis egg extract. Bipolar
spindle size was reduced upon addition of excess recombinant
human MCAK (supporting information (SI) Fig. S1 A and B),
consistent with previous reports (3). However, excess MCAK
also resulted in a significant increase in abnormal spindle
structures (Fig. S1 C and D) (3). The addition of excess Op18 also
reduced spindle size, as reported previously (24, 25). We ob-
served a dose-dependent decrease in spindle size upon addition
of up to 2.5-fold excess Op18 (endogenous Op18 concentration
of 6 �M [26], 15 �M of recombinant Op18 added) (Fig. 1 B–E).
At higher Op18 concentrations, spindle structures were rarely
observed (Fig. 1F). The observed smaller spindles maintained
size and shape over several minutes, indicating that these
structures were at steady state, and not intermediates that would
eventually collapse (Fig. 1G). Because more reliable control over
spindle size could be achieved by adding excess Op18, we used
this reagent in further experiments. Though smaller spindles
were observed when excess Op18 was added either before or
after spindle assembly (Fig. 1 and Fig. S2A and B), the remaining
data presented here was obtained by the addition of excess Op18
to preformed spindles.

To examine the distribution and polymerization of dynamic
microtubules upon addition of excess Op18, we used fluorescent
EB1, a reporter that binds to the plus ends of growing microtubules
(27), and quantitative computer-based tracking. In control spindles,
a dense distribution of EB1 traces, or comets, was present through-

out the spindle (Fig. 2A and Movie S1). Upon addition of 15 �M
recombinant Op18, EB1 comets continued to emanate from the
spindle poles, but rarely reached past the spindle equator (Fig. 2B
and Movie S2). A striking feature of the dynamic imaging was that
EB1 comets were greatly diminished near the spindle equator,
indicating a decrease in growing microtubules in this region.
Automated detection and tracking of EB1 comets in control
spindles and spindles treated with 2.5-fold excess Op18 revealed
similar rates of growth in both spindles types, with an average
velocity of 8.0 �m/min in control spindles (n � 6 spindles, SD � 0.93
�m/min, 6,295 total tracks) and 7.3 �m/min in Op18-treated
spindles (n � 4 spindles, SD � 0.40 �m/min, 1,313 total tracks). Fig.
2 C and E reflect data from one control spindle shown in Fig. 2A;
Fig. 2 D and F reflect data from one spindle treated with excess
Op18, shown in Fig. 2B. These data suggest that 2.5-fold increases
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Fig. 1. Increasing Op18 concentration decreases spindle length. (A) Proposed
barrel model for the meiotic spindle (13). (B–F) Spindles formed in Xenopus laevis
egg extract were labeled with 0.2 �M X-rhodamine tubulin and treated with
either buffer alone or the indicated concentration of excess recombinant Op18.
Following a 15-min incubation after addition of Op18, spindles were fixed and
imaged. (Left) Widefield images of labeled tubulin. (Right) Merged images of
labeled tubulin (red) and DNA (green). (G) Bar graph reporting the average
spindle length of fixed spindles, measured as pole-to-pole distance, at indicated
time points and concentrations of recombinant Op18. N � �60 spindles for each
time point. Error bars represent one standard deviation. (Scale bar: 10 �m.)
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Fig. 2. Microtubule polymerization rates are not affected upon treatment with
15 �M Op18. (A) Control spindle labeled with 0.013 mg/mL (�0.5 �M) Alexa488-
labeled recombinant EB1, imaged by confocal microscopy. (B) Spindle treated
with 15 �M Op18, labeled with Alexa488-EB1, and imaged as in panel A. (C) EB1
comets fromtime-lapsesequenceofcontrol spindle inpanelAweredetectedand
tracked using automated software. Tracks were colored to reflect velocity, with
blue colors being slower than red colors (see histogram in Fig. 2E). Colored EB1
tracks were overlaid onto a single frame from the control spindle time-lapse. (D)
EB1 comet tracking was performed as in panel C for the Op18-treated spindle,
and EB1 were tracks overlaid onto a single EB1 frame. (E) Histogram of EB1 track
velocities detected in the control spindle. Average EB1 track velocity for the
control spindleshown�7.7�m/min,averagevelocityofmultiplecontrol spindles
� 8.0 �m/min (n � 6). (F) Histogram of EB1 track velocities detected in spindle
treated with 15 �M Op18. Average EB1 track velocity for the Op18-treated
spindle shown � 7.0 �m/min, average velocity of multple Op18 treated spindles
�7.3 �m/min (n�4). (G)AngledistributionhistogramforEB1cometsdetected in C.
(H) Angle distribution histogram for EB1 comets detected in D. (Scale bar: 10 �m.)
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in Op18 concentration reduce spindle size without significantly
reducing polymerization rates of the microtubule filaments in these
spindles. Qualitatively, these data also suggest that the non-kMT
barrel array may be depleted in the spindles treated with excess
Op18, whereas polar non-kMTs and kMTs persist.

We conducted 3 additional analyses to examine if increases in
Op18 concentration led to the selective depletion of the barrel array
of non-kMTs. First, we examined the orientation of EB1 comets, as
the angle of microtubule growth can be used to examine where the
microtubule filament may have formed in the spindle. Individual
EB1 comets were detected and scored as an angle relative to the
pole-to-pole axis of the spindle. In control spindles, EB1 comets
distributed over a wide range of angles, with a significant peak at
an angle parallel to the pole-to-pole axis, i.e., 0° (Fig. 2G). This
pattern reflects comets emanating from the poles in all directions,
with the predominant angle reflecting the large number of comets
in the spindle equator that are parallel to the pole-to-pole axis and
are the filaments that form the barrel array of microtubules. In
spindles treated with 2.5-fold excess Op18, EB1 comets at all angles
were detected; however, no substantial peak was observed at 0°
(Fig. 2H), indicating that microtubules continued to emanate from
each spindle pole in all directions, but the filaments parallel to the
pole-to-pole axis were reduced substantially.

As a second test, we examined antiparallel overlap in the spindle.
Non-kMTs in the barrel array are thought to establish antiparallel
overlap at the spindle equator. One measure of this antiparallel
overlap is the detection of microtubule flux toward the distal pole
within each half spindle. Most of the microtubules within a half
spindle flux poleward. However, a subset of the microtubules,
particularly nearer to the equator, move toward the opposite pole,
generally associated with antiparallel filament sliding. We used
qFSM to analyze this aspect of spindle microtubule organization.
Each spindle was divided into halves, and fluorescent tubulin
speckle tracks moving toward one pole within the half, or the
opposite pole, were counted. In control spindles, an average of 18%
of microtubules in each half of the spindle translocated toward the
distal pole (Fig. S3 A–C and G, Movie S3), reporting on the extent
of antiparallel overlap of spindle microtubules. In contrast, in
Op18-treated spindles, 3.8% of microtubules in each half spindle
translocated toward the distal pole (Fig. S3 D–G and Movie S4).
This remaining fraction of speckles detected that move toward the
distal pole upon treatment with Op18 may represent either a few
remaining barrel array microtubules, the minor frequency of au-
tomated tracking errors, or short microtubule filaments that have
yet to properly orient within the spindle.

As a third test of the selective depletion of barrel array non-
kMTs, we examined kMTs in bipolar spindles formed in the
presence of increased levels of Op18. Chromosomes in spindles
treated with excess Op18 are aligned (Fig. 1), suggesting that kMTs
remain. To examine kMTs in spindles treated with 2.5-fold excess
Op18, we used dual-mode confocal microscopy. In control spindles,
several kinetochore pairs, detected using a fluorescent antibody for
the inner kinetochore protein CENP-A (10), were present within a
dense array of microtubules in a single focal plane (Fig. 3 A and C
and Movie S5). As expected, many microtubules traversed the
spindle equator without any apparent association with kineto-
chores. In contrast to control spindles, essentially all microtubules
at the equator of the smaller Op18-treated spindles were positioned
such that bundles ended at CENP-A markers (Fig. 3 B and D).
Time-lapse sequences confirmed that these microtubule bundles
moved and changed lengths as the kinetochores oscillated, consis-
tent with these bundles representing kinetochore fibers (Movie S6).
In support of the depletion of barrel non-kMTs and retention of
kMTs, line scans across the spindle equator for both the fluorescent
CENP-A and fluorescent tubulin channel were performed. Tubulin
intensity in control spindles correlated weakly with kinetochore
intensity, reflected in a correlation coefficient of 0.23 (Fig. 3E). In
contrast, tubulin intensities in Op18-treated spindles strongly cor-

related with kinetochore intensities, yielding a correlation coeffi-
cient of 0.67 (Fig. 3F). Together, these data suggest that a 2.5-fold
excess of Op18 selectively depletes barrel microtubules at the center
of the spindle, leaving kMTs and the 2 polar arrays of non-kMTs.
Therefore, we selected this Op18 concentration to examine the
contributions of the barrel array of non-kMTs to kMT function and
maintenance of spindle bipolarity.

Interkinetochore stretching is one readout of the forces gener-
ated by the spindle on single chromosomes (28). We labeled
kinetochores using the fluorescent CENP-A antibody (Fig. 3G) and
treated with 15 �M recombinant Op18 (Fig. 3H) or 10 �M
nocodazole to disassemble spindles and lose tension (Fig. 3I), and
compared the interkinetochore distance to that observed in un-
treated meiotic spindles. In control spindles the kinetochore pair
separation was found to be 1.15 �m (SD � 0.11 �m, n � 8 spindles,
55 kinetochore pairs), similar to reported values (10). In Op18-
treated spindles the average interkinetochore distance was 1.15 �m
(SD � 0.10 �m, n � 11 spindles, 68 kinetochore pairs), whereas
kinetochore separation upon nocodazole treatment was 0.5 �m
(SD � 0.06 �m, 12 kinetochore pairs) (Fig. 3J). Of note, we
observed an increased frequency in the oscillation of kinetochore
pairs in the presence of excess Op18 (Fig. 3K; cf. Movies S5 and S6).
Chromosome oscillations have been the focus of intense research
over the years and are proposed to depend on forces acting at
kinetochores and chromosomes arms. As interkinetochore distance
measurements indicate that the forces acting at kinetochores are
similar to those in controls, it is likely that these increased oscilla-
tions reflect the changes in forces acting on chromosomes arms
(29), mediated by the barrel array of non-kMTs.

The detection of kMTs and normal interkinetochore tension in
spindles treated with 2.5-fold excess Op18 raises the possibility that
kMTs may continue to flux in the absence of barrel-array non-
kMTs. To check if this is the case, we used dual-mode confocal
microscopy, imaging tubulin speckles (Fig. 4 A and E, and Movies
S7 and S8), and CENP-A kinetochore marks. Kinetochore marks
were used to detect where kMT plus-ends were located. Narrow
bands of �1.12 �m in width, drawn around detected kinetochores,
were juxtaposed onto tubulin time-lapse images for control (Fig.
4B) and Op18-treated spindles (Fig. 4F). Speckles in these regions
were detected and tracked using qFSM software (Fig. 4 C and D
reflect tracking data from one control spindle [Fig. 4A] and Fig. 4G
and H reflect tracking data from one Op18-treated spindle [Fig.
4E]). In control spindles, average speckle velocity in kinetochore
regions was 2.09 �m/min (n � 5 spindles, 331 total tracks, SD of
average spindle velocity � 0.08 �m/min). In spindles treated with
2.5-fold excess Op18, kinetochore proximal regions had an average
speckle velocity of 1.42 �m/min (n � 12 spindles, 513 total tracks,
SD of average spindle velocity � 0.22 �m/min). These data suggest
that the reduction in kMT flux may be due to a direct effect of excess
Op18, or the result of loss of coupling between kMT and barrel-
array non-kMTs (discussed in more detail hereafter).

We also examined flux rates in the whole spindle under control
and Op18-treated conditions, and found a �30% decrease in flux
rate (average control spindle flux � 2.03 �m/min, average Op18-
treated spindle flux � 1.36 �m/min; Fig. S4). Recent work exam-
ining regional variation in flux in metaphase spindles assembled in
Xenopus egg extracts indicated that there are 2 modes of flux (�2.7
and �1.9 �m/min) likely corresponding to 2 distinct flux-driving
mechanisms, with the faster flux associated with the barrel array of
non-kMTs and the slower flux with the 2 polar arrays of non-kMTs
(13). Interestingly, the overall flux rate we see in spindles treated
with excess Op18 is similar, relative to control rates, to the slower
mode of flux, consistent with a spindle lacking the faster fluxing
barrel array.

The sliding of antiparallel overlapping barrel non-kMTs by
kinesin-5 is proposed to be responsible for formation and mainte-
nance of spindle bipolarity (30). However, the observed reduction
in barrel array microtubules in spindles treated with 2.5-fold excess
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Op18 indicated that kinesin-5 activity may not be required for
spindle bipolarity. First, we examined spindle formation in the
presence of both the kinesin-5 inhibitor monastrol and excess Op18.
The resulting monopolar structures confirmed the requirement for
kinesin-5 in spindle formation (Fig. S2). Next, we tested the
requirement for kinesin-5 in maintenance of bipolarity in spindles
treated with Op18. To do this, monastrol (100 �M) was added to
control (Fig. 5A) and 2.5-fold excess Op18-treated spindles (Fig.
5C). Control spindles treated with monastrol collapsed into mo-
nopolar structures within 30 min, as reported previously (31) (Fig.
5B). In contrast, Op18-treated spindles maintained bipolarity in the
presence of 100 �M monastrol (Fig. 5 D and E). Similar experi-
ments were conducted with a second kinesin-5 inhibitor, S-trityl-
L-cysteine (STLC), yielding identical results (Fig. S5).

The maintenance of bipolarity upon inhibition of kinesin-5
allowed us to examine the contribution of kinesin-5 to poleward flux
in spindles depleted of barrel-array non-kMTs. To test this, we used
qFSM to measure flux rates in spindles treated with Op18 and
monastrol. The average flux rate in spindles treated with 100 �M
monastrol and 15 �M Op18 was 1.31 �m/min (n � 10 spindles,
SD � 0.13 �m/min), similar to rates measured in spindles treated
with Op18 alone, indicating that kinesin-5 is not contributing
significantly to flux in spindles treated with Op18 alone (Fig. 5F,
Fig. S4, and Movie S9). Together, these data indicate that the
smaller spindles observed in the presence of excess Op18, consisting
of kMTs and polar-array microtubules, maintain bipolarity and a
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reduced poleward flux rate independent of kinesin-5 activity and
barrel-array microtubules.

Discussion
A recent model of the meiotic spindle has proposed the existence
of a central barrel array of non-kMTs, which cross-links and
stabilizes 2 polar arrays of non-kMTs (13). Here, we show that
controlled increases in Op18 concentrations can selectively
deplete the barrel array of non-kMTs, while kMTs and the polar
arrays remain largely unaffected. The greater stability of kMTs
compared with non-kMTs may be expected as changes in
temperature or Ca�2 concentrations can be used to deplete
non-kMTs while preserving kMTs (32–35). This probably re-
f lects the action of a dedicated set of kMT cross-linking proteins
that confer stability. The mechanism of resistance of polar
non-kMTs is less clear. Though polymerization rates of polar
non-kMTs are not affected by excess Op18 at concentrations that
destabilize barrel array non-kMTs, other parameters of micro-
tubule dynamics we did not measure may differ, including
minus-end depolymerization rates. It is also possible that the
stability of the polar array of non-kMTs depends on different
regulatory mechanisms concentrated at the spindle poles, such
as the kinase Aurora A and the microtubule-associated protein
Tpx2 (reviewed in ref. 36).

Metaphase spindle size is known to depend more on proteins that
regulate microtubule dynamics (e.g., XMAP215, EB1, kinesin-8,
and kinesin-13) than on the activities of motor proteins that slide
filaments (e.g., kinesin-5) (37). Consistent with these findings, we

observe a titration-dependent effect on spindle size with the
addition of excess Op18. However, we currently lack an antibody
that can deplete Op18 to examine if the relationship of spindle size
and Op18 concentration is simple, and a decrease in Op18 increases
spindle size. Recently it has been shown that meiotic spindle size
varies between 2 species of Xenopus, and a dose-dependent scaling
of size can be revealed in experiments mixing these different
extracts (38). It will be important to examine if the scaling is
mediated through Op18, or other factors regulating the barrel array
of non-kMTs in meiotic spindles.

Currently, there are 2 models explaining the flux of non-kMTs
in the meiotic spindle. In the first model, f lux involves tight
coordination between plus-end polymerization throughout the
spindle, sliding, and minus-end depolymerization near the spin-
dle poles (reviewed in ref. 39). In the second model, stochastic
polymerization and depolymerization events occurring at the
plus end of microtubules contribute to microtubule turnover,
with no minus-end depolymerization required for disassembly
(40). In this ‘‘slide and cluster’’ model, plus-end polymerization
is favored in chromatin proximal regions, antiparallel sliding
activity of kinesin-5 moves these filaments poleward, and plus-
end depolymerization disassembles the filaments within the
spindle. As non-kMTs comprise �95% of the microtubules in
vertebrate meiotic spindles (3), the data examining flux and
supporting these models may not report on how kMTs in meiotic
spindles flux. Our findings show that after depletion of the barrel
array of non-kMTs, kMTs can flux poleward and stretch cen-
tromeres, generating forces comparable to that transduced
through kMTs in control spindles. Our data also show that the
kMTs flux without antiparallel microtubule overlap and there-
fore kinesin-5 dependent antiparallel filament sliding, consistent
with a model in which kMT flux is driven through polymer
assembly near kinetochores and disassembly at poles. However,
the flux rate we observed in the presence of excess Op18 was
significantly lower than in control spindles. There are a few
possible explanations for this observation. First, the reduction in
kMT flux may reflect direct, but partial, suppression of the
microtubule dynamics within kMTs, when Op18 levels are
increased. Second, the reduction in kMT flux may report on the
minor contribution of barrel-array filament flux to kMT flux,
which is mediated via active and passive microtubule cross-
linkers, including kinesin-5. In support of this possibility, we find
that the inhibition of kinesin-5 in spindles treated with excess
Op18 does not alter flux rate compared with spindles treated
with Op18 alone. Thus, we favor this second model, and also note
that the kMT flux measured here is in remarkable agreement
with flux rates measured in bipolar, pinned spindles after
kinesin-5 inhibition (13).

In contrast to meiotic spindles, kMTs predominate in spindles
that assemble in somatic cells. Inhibition studies suggest that the
assembly of both somatic cell and meiotic spindles requires the
activity of kinesin-5 for the separation of spindle poles (30).
However, the role of kinesin-5 in maintaining bipolarity appears to
be different between mitotic and meiotic spindles. Once assembled,
bipolar mitotic spindles do not collapse to monopolar structures
upon acute kinesin-5 inhibition (31, 41, 42). In contrast, meiotic
spindles require kinesin-5 to maintain bipolarity, and inhibiting this
motor after spindles have formed leads to their collapse (31). Our
findings suggest that the collapse of control meiotic spindles upon
kinesin-5 inhibition is due to a force imbalance in the barrel array
of microtubules, leading to destabilization of the polar arrays and
their subsequent collapse to a monopolar structure. In contrast,
kinesin-5 inhibition in spindles treated with excess Op18, which
selectively abrogates barrel microtubules, has no effect on the
stability of the 2 separated polar arrays and bioriented kMTs. We
conclude that, following spindle formation, the role of kinesin-5 is
limited to pushing apart filaments (43), driving the flux in the barrel
array of antiparallel microtubules, which in turn can make a minor
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contribution toward kMT flux. The exact function of the barrel
array of non-kMTs in the meiotic spindles remains to be estab-
lished; however, it is tempting to speculate that it may provide
increased mechanical stability to the structure to achieve proper
size. The barrel array must also generate forces that act on
chromosome arms, which can counteract forces acting at kineto-
chores and, in meiotic spindles, suppress metaphase chromosome
oscillations. We also propose that without the barrel array of
microtubules, the meiotic spindle resembles a mitotic spindle that
can maintain bipolarity and generate forces to sustain a metaphase
plate of aligned chromosomes without kinesin-5 activity.

Materials and Methods
Reagents. Spindles were assembled in cycled Xenopus laevis cytostatic factor-
arrested (CSF) extract as previously described (44), at a constant temperature of
17 °C. For live imaging, 4 �L of extract was mounted on a glass slide (coverslip
sealed with valap; 1:1:1 vasoline, lanolin, paraffin). For fixed squashes, 1 �L of
extract was combined with 3 �L of fix (60% glycerol, 1� MMR, 10% formalde-
hyde, 1 �g/mL Hoescht). Phosphocellulose-purified tubulin was labeled with
X-rhodamine as described (45), and diluted in extract to a final concentration of
0.2 �M for widefield imaging, and 75 or 9.6 nM for confocal/FSM imaging.
His-tagged Xenopus laevis Op18 (identical to the construct used in ref. 25) and
His-tagged EB1 (27) were both expressed in E. coli, purified over a nickel column,
and dialyzed into XB buffer without calcium (10 mM K-Hepes [pH 7.7], 100 mM
KCl, 1 mM MgCl2, 50 mM sucrose). EB1 was labeled with Alexa488 fluorophore
(Invitrogen) and purified from free label using a PD-10 gel filtration column (GE
Healthcare). His-tagged full-length human MCAK containing C-terminal GFP was
expressed in E. coli, purified over a nickel column and subsequent cation ex-
change column, and eluted with BRB80 buffer (80 mM K-Pipes [pH 6.8], 1 mM
MgCl2, 1 mM EGTA) containing 300 mM KCl (purified by Benjamin Kwok and
Jeffrey Kim). Alexa488-conjugated CENP-A antibody (a generous gift from Aaron
Straight, Stanford University, Palo Alto, CA) (10) was used in extract at a final
dilution of 1:160. Monastrol was synthesized as described previously (31), and

nocodazole and S-trityl-L-cysteine (STLC) were purchased from Sigma. Each com-
pound was dissolved in DMSO at 50� the final concentration.

Microscopy. Labeled kinetochore, FSM, and EB1 images were acquired using a
NikonTE2000microscope(Morrell Instruments),witha100�objective (PlanApo,
1.4 NA) equipped with an EMCCD Photometric Cascade 512B camera (Roper
Scientific), a spinning-disk confocal head and 488 and 568 nm excitation by argon
and krypton ion lasers, respectively (Solamere Inc). For FSM and EB1 imaging,
confocal sections were acquired every 2–6 sec. All live-imaging studies were
conducted at 17 °C. Fluorescence imaging of fixed spindles was performed using
a Zeiss Axioplan2 (Carl Zeiss MicroImaging, Inc.), with a 40� objective (Plan Neo,
NA0.75),equippedwithanAxioCamMRmcamera(CarlZeissMicroImaging, Inc.).

Data Analysis. Image processing, spindle length and kinetochore measurements,
and line scans were performed using MetaMorph software (MDS Analytical
Technologies). For speckleflowanalysis, imagealignment, speckledetection,and
tracking were performed as in described in ref. 13. To detect EB1 comets and
compute their angular orientation, we used an algorithm similar to the scale-
invariant feature transform (SIFT), which transforms image data into scale-
invariant coordinates relative to local features and is described in ref. 46. The
algorithm accounts for the preferential elongation of EB1 comets and is robust
against variation in contrast, shape, and noise between individual comets,
frames, and movies. After detection, the motion of EB1 comets was followed by
the same tracking methods as applied for speckle tracking. All programs, includ-
ing routines for graphical representation of tracks, were custom written in
MATLAB (Mathworks) and C��.
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