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The Aurora family kinases contribute to accurate progression through several mitotic events. ZM447439 (“ZM?”), the first
Aurora family kinase inhibitor to be developed and characterized, was previously found to interfere with the mitotic
spindle integrity checkpoint and chromosome segregation. Here, we have used extracts of Xenopus eggs, which normally
proceed through the early embryonic cell cycles in the absence of functional checkpoints, to distinguish between ZM'’s
effects on the basic cell cycle machinery and its effects on checkpoints. ZM clearly had no effect on either the kinetics or
amplitude in the oscillations of activity of several key cell cycle regulators. It did, however, have striking effects on
chromosome morphology. In the presence of ZM, chromosome condensation began on schedule but then failed to
progress properly; instead, the chromosomes underwent premature decondensation during mid-mitosis. ZM strongly
interfered with mitotic spindle assembly by inhibiting the formation of microtubules that are nucleated/stabilized by
chromatin. By contrast, ZM had little effect on the assembly of microtubules by centrosomes at the spindle poles. Finally,
under conditions where the spindle integrity checkpoint was experimentally induced, ZM blocked the establishment, but
not the maintenance, of the checkpoint, at a point upstream of the checkpoint protein Mad2. These results show that
Aurora kinase activity is required to ensure the maintenance of condensed chromosomes, the generation of chromosome-

induced spindle microtubules, and activation of the spindle integrity checkpoint.

INTRODUCTION

Aurora family kinases play roles in several mitotic pro-
cesses, including the G2/M transition, mitotic spindle orga-
nization, chromosome segregation, and cytokinesis (re-
viewed in Andrews et al., 2003; Katayama et al., 2003; Crane
et al., 2004; Meraldi et al., 2004). Aurora A is found in the
cytoplasm and at centrosomes during interphase; during
mitosis, it also localizes to microtubules near the spindle
poles. Aurora A interacts with several different proteins that
are required for proper centrosome maturation and spindle
function. Aurora B is found at the centromeric regions of
chromosomes as part of a “chromosomal passenger protein
complex,” where it appears to promote correct bipolar mi-
crotubule-kinetochore attachments. After anaphase onset,
Aurora B relocalizes to the central microtubules of the an-
aphase spindle and then to the midbody during the comple-
tion of cytokinesis. Little is known about the localization
pattern or function of Aurora C.

Insights into the molecular functions of individual Aurora
kinases have come from several different approaches includ-
ing genetics, overexpression of wild-type and mutant forms,
and reduction of endogenous kinase levels using RNAi or
immunodepletion. The founding Aurora family member,
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now known as Aurora A, was discovered in Drosophila as an
allelic series of mutations at the aurora locus that interfered
with mitosis (Glover et al., 1995). Although usually de-
scribed as producing monopolar spindles, the type of spin-
dle defects seen varies among different alleles and cell types.
The most widely cited phenotype is that seen with au-
roraA®2%° where some of the larval neuroblasts accumulate
monopolar spindles in which centrioles failed to separate.
Other neuroblasts display bipolar-type spindles, in which
most centrosomal markers are found only at one pole. The
auroraA®?® gene contains two point mutations, one of
which is in the kinase domain and is thus predicted to block
kinase activity (Glover et al., 1995; Giet et al., 2002). Further
genetic studies now suggest that at least some of the au-
roraA©2% effects could be due to an increase in the dose of
catalytically inactive protein, rather than simply to lack of
kinase activity (Giet et al., 2002). Support for this idea comes
from studies in which addition of recombinant kinase-dead
Aurora A to Xenopus egg extracts leads to an increase in the
number of monopolar and multipolar types of spindles (Giet
and Prigent, 2000), and overexpression of either wild-type or
kinase-dead Aurora A in mammalian somatic cells causes
defects in spindle morphology and interferes with chromo-
some segregation and cytokinesis (Littlepage and Ruder-
man, 2002; Meraldi et al., 2002; Anand et al., 2003). RNAi
studies in Caenorhabditis elegans further argue that Aurora A
is important for normal spindle structure (Schumacher et al.,
1998a; Hannak et al., 2001). Aurora A also plays a role in
mitotic entry as well: overexpression of Aurora A accelerates
the G2/Meiosis I transition in Xenopus oocytes, and RNAi-
mediated reduction Aurora A delays the G2/M transition in
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mammalian tissue culture cells (Andresson and Ruderman,
1998; Hirota et al., 2003).

No Aurora B mutants have been described so far, but
investigations using RNAi or injection of neutralizing anti-
bodies indicate that Aurora B is involved in several mitotic
process, including phosphorylation of histone H3 (which is
required for chromosome condensation in Tetrahymena ther-
mophila and perhaps higher organisms; Hans and Dimitrov,
2001), chromosome alignment, kinetochore disjunction, the
spindle integrity checkpoint, and cytokinesis (Schumacher et
al., 1998b; Hsu et al., 2000; Speliotes et al., 2000; Adams et al.,
2001; Giet and Glover, 2001; Hagstrom et al., 2002; Kallio ef
al., 2002; Ditchfield et al., 2003; Hauf et al., 2003). A recently
identified Aurora B substrate, the motor protein MCAK
(mitotic centromere-associated kinesin; Andrews et al., 2004;
Lan ef al.,, 2004; Ohi et al., 2004), acts as a microtubule
depolymerase that is required for the changes in microtu-
bule dynamics that lead to the formation of the meiotic
spindle in Xenopus egg extracts (Walczak et al., 1996; Ohi et
al., 2004).

Investigations using RNAi to reduce endogenous Aurora
A and Aurora B proteins have led to significant new infor-
mation about the localization and functions of their interact-
ing partners. However, in this approach it is difficult to
distinguish between effects due to lack of the protein itself,
where Aurora-containing complexes and subcomplexes do
not form, and those due simply to lack of kinase activity,
where substrate phosphorylation is the initial defect. Thus,
the development of specific small molecule inhibitors could
help determine the importance of Aurora kinase activity on
different mitotic processes. This distinction may be espe-
cially important in view of the fact that the Aurora family
kinases are frequently amplified and/or overexpressed in
human cancers (reviewed in Katayama et al., 2003) and
overexpression of one of them, Aurora A, is oncogenic
(Bischoff et al., 1998; Zhou et al., 1998; Littlepage ef al., 2002).
Although overexpression of either active and kinase-dead
versions of Aurora A in tissue culture cells interferes with
chromosome segregation and cytokinesis (Littlepage and
Ruderman, 2002; Meraldi et al., 2002; Anand et al., 2003),
only kinase active forms of Aurora A have been able to
transform cells and generate tumors in mice to date (Bischoff
et al., 1998; Littlepage et al., 2002). In view of the roles of
Aurora A and Aurora B in checkpoint efficacy and chromo-
some segregation, and growing links with tumor formation,
considerable effort has been given to identifying small mol-
ecules that can act as selective inhibitors of Aurora family
kinases. Four such inhibitors are now available, ZM447439
(Ditchfield et al., 2003), AKI, a ZM447439 synthetic interme-
diate (Lampson et al., 2004), hesperadin (Hauf et al., 2003),
and VX680 (Harrington et al., 2004).

ZM447439 (“ZM”) was the first such inhibitor to be char-
acterized (Ditchfield et al., 2003). When ZM was added to
mammalian somatic tissue culture cells, the cells entered
mitosis and formed a mitotic spindle, but phosphorylation
of histone H3 was reduced, the spindle was disorganized,
chromosomes did not align properly, and cytokinesis was
blocked. Despite the presence of misaligned chromosomes,
cyclin B was degraded (a marker for anaphase onset in
normal cells), sister chromatid cohesion was lost, and cells
exited mitosis, clearly indicating that ZM had compromised
the spindle integrity checkpoint in some way.

In somatic cells, it can be difficult to generate cell cultures
that proceed through G2 and mitosis with high synchrony,
and almost impossible to obtain cultures that synchronously
go through more than one cell cycle. Furthermore, somatic
cells rapidly activate the spindle integrity checkpoint in
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response to chromosome misalignment, making it difficult to
study the effects of inhibitors such as ZM on the basic cell
cycle regulatory machinery separately from their effects on
the spindle checkpoint. Here, we used Xenopus egg cycling
extracts to investigate which specific cell cycle events are
affected by ZM. These extracts go through highly synchro-
nous cell cycles in vitro. Normally, checkpoint pathways do
not operate during the Xenopus early embryonic cell cycles,
making it possible to study the effects of ZM on individual
basic events of cell cycle progression free from the compli-
cations of checkpoint effects. However, eggs and extracts
derived from them do in fact contain all of the spindle
checkpoint components needed to arrest cell cycle progres-
sion when chromosome alignment is incomplete or mitotic
spindles are damaged, and the spindle assembly checkpoint
can be activated experimentally (Minshull et al., 1994). Thus,
it is possible to use cycling egg extracts to examine how ZM
affects the spindle checkpoint as well.

We find that ZM clearly has no effect on either the kinetics
or amplitude in the oscillations of the activities of several
key cell cycle regulators. ZM does, however, have dramatic
effects on chromosome morphology and spindle dynamics.
In the presence of ZM, chromosome condensation begins on
schedule but then fails to progress properly; instead, chro-
mosomes undergo premature decondensation during mid-
mitosis. Unlike somatic cells, where disorganized spindles
form in the presence of the drug, ZM almost completely
blocks spindle assembly in the egg extracts. Strikingly, ZM
selectively inhibits the formation of microtubules nucleat-
ed/stabilized by chromatin while having little effect on as-
sembly of microtubules at centrosomes (spindle poles). Fi-
nally, under conditions where the spindle integrity
checkpoint is experimentally induced, ZM blocks establish-
ment of the checkpoint; however, once the checkpoint has
been established, ZM does not interfere with its mainte-
nance. Taken together, these results indicate that i) ZM
inhibits several different mitotic processes in the normal
unperturbed cell cycle, ii) Aurora kinase activity is required
for the completion and maintenance of chromosome con-
densation, iii) Aurora kinase activity is required for the
generation of chromosome-induced microtubules, and iv) in
this system, Aurora kinase activity is required for establish-
ment, but not maintenance, of the spindle integrity check-
point.

MATERIALS AND METHODS
Xenopus Egg Collection

Female adult Xenopus laevis were obtained from the colony in the Cell Biology
Department at Harvard Medical School (Boston, MA). Frogs were primed
with 50 U of pregnant mare serum gonadotropin (PMSG; Sigma, St. Louis,
MO) at least 3 d before egg collection. Frogs were induced to ovulate by
injection of 150 U of human chorionic gonadotropin (HCG) and then placed
in 1X MMR (100 mM NaCl, 2 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 0.1 mM
EDTA, 5 mM HEPES, pH 7.8) and incubated at 16°C. About 16 h after HCG
injection, laid eggs were collected, washed in 1X MMR, and dejellied (100 mM
KCl, 0.1 mM CaCl,, 1 mM MgCl,, 2% cysteine, free base, pH 7.8).

Egg Extracts

Cycling Extracts. Concentrated cycling extracts were prepared from activated
Xenopus eggs as previously described (Murray, 1991). Briefly, dejellied eggs
were washed in MMR and then activated at 16°C using calcium inophore
A231187 (Fisher Scientific, Pittsburgh, PA) for 5 min and incubated for an
additional 25 min in XB buffer (10 mM HEPES [KOH]) pH 7.7, 50 mM sucrose,
100 mM KCI, 1 mM MgCl,, 0.1 mM CaCl,) to ensure complete meiotic exit.
Eggs were transfer to ice and packed by centrifugation at 4°C for 45 s at 2000
rpm using a Sorvall HB-6 swinging bucket rotor. Excess liquid was removed
and eggs were crushed by centrifugation at 4°C for 15 min at 10,000 rpm. The
cytosolic fraction was then collected on ice. To assay DNA morphology,
demembrenated sperm nuclei were prepared as previously described (Mur-
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ray, 1991), and nuclei were added to extracts on ice to a final concentration of
500 nuclei/ ul extract. To assay spindle assembly, rhodamine-labeled tubulin
(Cytoskeleton, Denver, CO; TL331M-A) was added to extracts on ice to a final
concentration of 50 ng/ul. Cycling extracts were induced to resume cycling
by warming them to 21°C. At the indicated times, slides were prepared by
fixing 1 wl of extract and squashing it underneath a coverslip with 4 ul of
fixative solution (11% formaldehyde, 48% glycerol, 2.5 ug/ml Hoechst 33342,
and 1X MMR). Chromosomes and mitotic spindles were imaged by fluores-
cence microscopy using an E800 upright microscope (Nikon, Garden City,
NY) at the Nikon Imaging Center at Harvard Medical School.

Visualization of Individual Chromosomes in Cycling Extracts. Individual
chromosomes were visualized as described in Funabiki and Murray (2000).
Briefly, 1 pl of extract was diluted in 4 pl of chromosome dilution buffer (10
mM HEPES [KOH], pH 7.7, 200 mM KCI, 0.5 mM MgCl,, 0.5 mM EGTA, 250
mM sucrose) that was supplemented with either dimethyl sulfoxide (DMSO)
or 20 uM ZM. Diluted extracts were then incubated at 21°C for 15 min. Slides
were prepared by fixing 1 ul of diluted extract and squashing it underneath
a coverslip with 3 ul of fixative solution. Chromosomes were imaged by
fluorescence microscopy using a Nikon Eclipse 80i upright microscope at the
Nikon Imaging Center at Harvard Medical School.

CSF Extracts

Cytostatic factor (CSF) extracts were made from laid metaphase Il-arrested
eggs as previously described (Murray, 1991). Briefly, dejellied eggs were
washed in XB, CSF-XB (10 mM HEPES [KOH], pH 7.7, 50 mM sucrose, 100
mM KCI, 2 mM MgCl,, 0.1 mM CaCl,, 5 mM EGTA, pH 7.7), CSF-XB
containing protease inhibitors (10 pg/ml leupeptin, chymostatin, and pepsta-
tin A), and CSF-XB containing protease inhibitors and 10 ug/ml cytochalasin
B. Eggs were packed by centrifugation at 16°C for 45 s at 2000 rpm using a
Sorvall HB-6 swinging bucket rotor. Excess liquid was removed, and eggs
were crushed by centrifugation at 16°C for 15 min at 10,000 rpm. The cytosolic
fraction was then collected and placed on ice.

Spindle Assembly Checkpoint. To activate the spindle assembly checkpoint in
cycling extracts, sperm nuclei (final 10,000 nuclei/ ul extract) and nocodazole
(final 10 wg/ml) were added to extracts on ice for 10 min. Extracts were then
warmed to 21°C to resume cycling. At various times, samples were taken and
processed for histone H1 kinase assays or fixed as above.

To activate the spindle assembly checkpoint in CSF extracts, sperm nuclei
(final 10,000 nuclei/ ul extract) and nocodazole (final 10 ug/ml) were added.
Extracts were then warmed to 21°C and incubated for 30 min (Minshull ef al.,
1994). To inactivate the CSF arrest, calcium (5 mM HEPES [KOH], pH 7.7, 10
mM CaCl,, 1 mM MgCl,, 100 mM KCI, 150 mM sucrose) was added to
extracts to give a final concentration of 0.5 mM. Samples were taken at various
times and processed for histone H1 kinase assays or fixed as above. Recom-
binant Mad2 protein was a gift from Aaron Straight (Stanford University,
Stanford, CA) and was added to extracts to a final concentration of 100 ng/ ul
extract.

Spindle Assembly Assays in M phase-arrested Extracts

CSF extracts were prepared and supplemented on ice with rhodamine-labeled
tubulin (final 50 ng/ul) and sperm nuclei (final 600 nuclei/ul extract). Ex-
tracts were then warmed to 21°C, and metaphase exit was induced by the
addition of calcium. Sixty minutes after calcium addition, DMSO (final 0.2%)
or 20 uM ZM was added to extracts. Eighty minutes after calcium addition,
extracts were driven into M phase by the addition of CSF extract or nonde-
gradable cyclin B protein. To drive extracts into M phase using CSF extract, a
half volume of CSF extract containing DMSO (0.2%) or 20 uM ZM was added.
Extract samples were fixed in 20-min intervals until 80 min. Spindle structures
were visualized and counted at 80 min after M phase induction. To drive
extracts into M phase using nondegradable cyclin B protein, MBP-cyclin B
A90 protein was added. Extracts were fixed in 20-min intervals until 60 min
and spindle structures were visualized by fluorescence microscopy as de-
scribed above. Recombinant MBP-cyclin B A90 protein was a gift from Ran-
dall King (Harvard Medical School).

Chromatin Beads. CSF extracts were supplemented on ice with DNA-coated
magnetic beads and cycloheximide (final 10 mg/ml) and then warmed to
21°C. Extracts were then driven into interphase by the addition of calcium
and incubated for 2 h at 21°C. To drive extracts into M phase, half a volume
of CSF extract (containing DMSO [0.2%] or 20 uM ZM) was added and
extracts were incubated for 30 min. Extracts were transferred to ice and beads
were retrieved and mixed with 30 ul of CSF extract containing rhodamine-
labeled tubulin (final 50 ng/ul) and either DMSO (0.2%) or 20 uM ZM.
Extracts were warmed to 21°C and spindle assembly was monitored in 10-min
intervals until 60 min. DNA-coated beads were a gift from Aaron Groen (Tim
Mitchison lab, Harvard Medical School).

Pelleting of Microtubules from Extracts. To pellet microtubule structures
from extracts, 20 ul of extract sample was diluted in 200 ul of BRB80 (80 mM
PIPES, pH 6.8, 1 mM EGTA, 1 mM MgCl,) containing 30% glycerol. The
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diluted extract was centrifuged >1 ml of BRB80/40% glycerol at 9000 rpm for
20 min at room temperature. The supernatant was removed and the pellet
was resuspended in SDS sample buffer. Equivalent amounts of the superna-
tant and pellet fractions were separated by 15% SDS-PAGE and transferred to
a nitrocellulose membrane. The membrane was blocked for 15 min using 3%
nonfat dry milk diluted in TBST and incubated overnight at 4°C with mono-
clonal anti-a-tubulin DM1A antibodies (Sigma; T 9026). The anti-a-tubulin
antibody was diluted 1:2000 in 2% bovine serum albumin (BSA) in TBST and
the secondary was sheep-a-mouse (Amersham, Piscataway, NJ) diluted
1:5000 in 3% nonfat milk.

H1 Kinase Assays

One microliter of extract was frozen on liquid nitrogen and stored at —80°C.
Samples were transferred to dry ice and thawed on ice by adding 9 ul of
histone H1 cocktail mix (80 mM B-glycerophosphate, pH 7.4, 12 mM MgCl,,
16 mM EGTA, 3 ug histone H1 protein (Boehringer Mannheim, Indianapolis,
IN), 50 uM ATP, 10 uCi [y-32P]ATP, and 10 uM PKI). Samples were incubated
at 30°C for 10 min and the reactions were terminated by the addition of 10 ul
of SDS sample buffer. Samples were separated by SDS-PAGE and gels were
dried on chromatography paper (Whatman, Clifton, NJ). Phosphorylation of
histone H1 was visualized by autoradiography.

Immunoblotting

One microliter of extract was diluted into 20 ul of SDS sample buffer. Samples
were separated by SDS-PAGE and transferred to a nitrocellulose membrane.
Membranes were blocked with the indicated blocking solutions for 15-30 min
and incubated overnight at 4°C with the specified antibodies. Blots were
washed at room temperature three times in TBST (10 mM Tris, pH 7.4, 150
mM NaCl, 0.1% Tween), incubated for 1 h with the specified secondary
antibody, and washed three more times in TBST; bound antibodies were
detected using chemiluminescence (Amersham). All antibody and blocking
solutions were diluted in TBST. For a-Aurora A antibodies (Littlepage and
Ruderman, 2002), blots were blocked with 3% nonfat milk, the Aurora A
antibody was diluted 1:2000 in 1% BSA, and the secondary antibody was
donkey-a-rabbit (Amersham) diluted 1:5000 in 3% milk. For a-phospho-
MAPK antibodies (Cell Signaling, Beverly, MA; 9101S), blots were blocked
with 3% nonfat milk, the phosho-MAPK antibody was diluted 1:5000 in 2%
BSA, and the secondary antibody was donkey-a-rabbit diluted 1:5000. For
a-cdc2 (PSTARE) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA;
sc-53), blots were blocked with 3% nonfat milk, the cdc2 antibody was diluted
1:200 in 2% BSA, and the secondary antibody was donkey-a-rabbit diluted
1:5000 in 3% milk. For a-phospho-histone H3 (510) antibodies (Upstate, Lake
Placid, NY; 06-570), blots were blocked with 3% nonfat milk, the histone H3
antibody was diluted 1:2000 in 2% BSA, and the secondary antibody was
donkey-a-rabbit diluted 1:5000 in 3% milk. For a-phospho-cdc25 (5287) anti-
bodies (Duckworth et al., 2002), blots were blocked with 2% BSA, the cdc25
antibody was diluted 1:1000 in 2% BSA, and the secondary antibody was
donkey-a-rabbit diluted 1:5000 in 2% BSA. For a-cyclin Bl antibodies (Taieb
et al., 2001), gift from Jim Maller (University of Colorado, Colorado Springs,
CO), blots were blocked with 3% milk, the cyclin Bl antibody was diluted
1:10,000 in 2% BSA, and the secondary antibody was donkey-a-sheep (Jack-
son ImmunoResearch, West Grove, PA) diluted 1:50,000 in 2.5% donkey
serum (Jackson ImmunoResearch).

RESULTS

ZM Does Not Block Oscillations in cdc2, cdc25, APCIC,
or MAPK Activities

To investigate ZM'’s effects on individual events of the early
embryonic cell cycles, we used cycling extracts of Xenopus
eggs that reproduce many morphological and biochemical
events of cell cycle progression. Briefly, eggs, which are
naturally arrested in metaphase of meiosis II, were activated
by the addition of calcium ionophore and incubated for 30
min at 16°C. During this time, the eggs exited from meta-
phase II and entered early interphase of the first mitotic cell
cycle. Eggs were transferred to 4°C to stop cell cycle pro-
gression and crushed by centrifugation. The cytoplasmic
layer was collected and incubated with either DMSO (con-
trol) or 20 uM ZM in DMSO for 10 min on ice. Nuclei were
added to a final concentration of 500/ ul; this concentration
is well below the level required for extracts to become re-
sponsive to any of the known checkpoint pathways previ-
ously studied in this system (Dasso and Newport, 1990;
Minshull ef al., 1994; Kumagai et al., 1998). Extracts were
warmed to 21°C to reinitiate resumption of the cell cycle;
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Figure 1. Addition of ZM to Xenopus cycling egg extracts blocks phosphorylation of endogenous histone H3 and induces premature
chromosome decondensation but does not interfere with entry into mitosis or the oscillations in the activities of cdc2, cdc25, MAPK, or
APC/C activity toward cyclin B. (A) Xenopus cycling egg extracts were prepared as described in the text. Extracts were supplemented with
nuclei (500/ ul) and warmed to 21°C for resumption of cell cycle progression. Samples were taken at the indicated times and analyzed for
histone H1 kinase activity or by SDS-PAGE followed by immunoblotting with antibodies directed against phospho-Ser287 of cdc25 (an
inhibitory phosphorylation), phospho-Thr202/Tyr204 of MAPK (an activating phosphorylation), and phospho-Ser10 of histone H3. (B)
Samples from the same experiment were fixed, stained with Hoechst 33042, and visualized by fluorescence microscopy. (C) In a separate
experiment, cycling extracts were treated with DMSO or ZM as above and blotted with cyclin Bl antibodies. (A) Magnification, X100. Bar,

10 pwm.

morphological and biochemical markers of cell cycle pro-
gression were then monitored. In most experiments, the
“30-min” time point refers to samples that were removed
just before warming the extracts to 21°C.

In the control extract (Figure 1A), highly condensed sperm
nuclei (30 min) had decondensed by 50 min, indicating that
the extract had entered interphase of the first mitotic cycle
by this time. Chromatin condensation became detectable
between 50 and 55 min, indicating that the extract had
entered first mitosis, and chromatin condensation continued
until ~75 min. By 80 min, the extract had entered interphase
of the second cycle and then entered second mitosis between
100 and 110 min. At 120 min, the last time point taken in this
experiment, the extract was still in mitosis.

Figure 1B shows the status of some useful biochemical mark-
ers of cell cycle progression. As described previously for intact
embryos (Duckworth et al., 2002) and more recently for cycling
extracts (Stanford and Ruderman, unpublished results), cdc25,
the phosphatase responsible for activating cdc2 during mitotic
entry, displayed the characteristic inhibitory phosphorylation
on Ser287 during interphase. As the extract went through the
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G2/M transition, cdc25 underwent two obvious modifications:
the initial electrophoretic retardations that reflect phosphory-
lations that occur as the extract enters mitosis, and the dephos-
phorylation of Ser287. Around the same time, increases in cdc2
activation began, as judged by histone H1 (H1) kinase assays.
H1 kinase activity dropped sharply between 60 and 65 min; in
vivo, this drop is a marker for the metaphase/anaphase tran-
sition. Coincident with the drop in cdc2 activity was the rise in
MAPK activity, as monitored using a phospho-specific anti-
body against Thr202/Tyr204, whose phosphorylation is
widely used as an excellent surrogate for MAPK activity
(Anderson ef al., 1990; Bhatt and Ferrell, 1999; Gross et al., 2000).
MAPK remained active during the latter stages of mitosis,
where previous work has shown that MAPK activity is re-
quired for maintenance of the mitotic state after cdc2 inactiva-
tion (Minshull et al., 1994; Takenaka et al., 1997; Guadagno and
Ferrell, 1998; Bhatt and Ferrell, 1999). The drop in MAPK
activity at the end of the first cycle was followed by rephos-
phorylation of cdc25 Ser287 during exit into interphase of the
second cycle and subsequently by dephosphorylation of cdc25
Ser287 and activation of cdc2 as the extract went into mitosis of
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the second cell cycle. By 120 min, H1 kinase activity had
dropped again, but MAPK phosphorylation had not yet ap-
peared.

On blots of total extract protein, phosphorylation of his-
tone H3 at Serl0, a previously identified target of Aurora
kinases, began around 50 min (mid-late interphase of the
first mitotic cycle), increased over the next 10 min and then
remained constant (Figure 1B). This result is intriguing in
view that phosphorylation of chromatin-bound histone H3
oscillates across the cell cycle, being high in metaphase and
low throughout the rest of the cell cycle (Arnaoutov and
Dasso, 2003). This difference between the phosphorylation
status of chromatin-bound and whole extract histone H3
suggests that in cycling egg extracts histone H3 phosphor-
ylation and dephosphorylation are tightly regulated at chro-
mosomes, whereas little regulation occurs in the whole cy-
toplasm.

In the presence of 20 uM ZM, phosphorylation of histone
H3 was dramatically reduced (Figure 1B), as has been seen
previously in somatic cells (Ditchfield et al., 2003). Strikingly,
ZM had little effect on either the timing or amplitude of
oscillations in cdc2, cde25, and MAPK activities. In the pres-
ence of ZM, dephosphorylation of cdc25 Ser287, the rise and
fall of cdc2 and MAPK activities occurred on schedule. In a
separate experiment using an extract that cycled with simi-
lar kinetics (Figure 1C), ZM also had no obvious effects on
rise and fall in cyclin B protein, events that are regulated by
the periodic inactivation and activation, respectively, of the
ubiquitin ligase APC/C. Thus, the addition of 20 uM ZM,
which almost completely blocked phosphorylation of his-
tone H3, had no detectable effect on oscillations in the ac-
tivities of several cell cycle markers. Given that each of the
biochemical events monitored here depend on one or more
upstream kinase activities, these results argue that ZM,
which was previously found to be a selective inhibitor of
purified Aurora kinases in vitro, is a highly selective inhib-
itor in concentrated whole cell extracts.

In the Presence of ZM, Chromosome Condensation Begins
on Schedule but then Fails to Progress, and Chromosomes
Undergo Premature Decondensation

ZM did not interfere with nuclear envelope breakdown
(unpublished data) or the initial stages of chromosome con-
densation (Figure 1A). ZM did, however, have an obvious
and dramatic effect on latter stages of mitosis: between 60
and 65 min, when chromatin threads were clearly visible in
the control extract, chromatin in the ZM-treated extract col-
lapsed into a tight cluster. By the next time point, 70 min,
most of the chromatin in the ZM-treated extract had started
to decondense, well ahead of the controls. A more detailed
time course (Figure 2) confirmed that although it did not
prevent the initial stages of chromatin condensation, ZM did
block full condensation, the appearance of individual chro-
matin threads, and maintenance of the condensed state.

To further characterize the chromosome morphology de-
fects observed in ZM-treated extracts, cycling extracts were
diluted in chromosome dilution buffer to physically resolve
individual chromosomes (Funabiki and Murray, 2000). In
the control extract, visible chromosome threads were ob-
served by 70 min and individual chromosomes were clearly
visible after dilution (Figure 2C). Chromosome threads and
individual chromosomes persisted until 85 min and chro-
mosomes decondensed between 85 and 90 min. The ZM-
treated extract began chromosome condensation with simi-
lar kinetics as the control extract. Some individual
chromosomes were visible after diluting the extract; many
uncondensed nuclei were also present. By 75 min, few indi-
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vidual chromosomes were observed after dilution and large
clusters of chromatin were observed, indicating premature
decondensation of chromosomes. These results demonstrate
that ZM selectively affects one or more of the steps that are
required to complete and /or maintain chromosome conden-
sation during the latter part of mitosis.

ZM Inhibits Mitotic Spindle Assembly in Egg Extracts

In mammalian tissue culture cells, ZM treatment did not
prevent the formation of mitotic spindles (Ditchfield et al.,
2003). Thus, we were surprised to see that ZM treatment did
inhibit spindle formation in cycling egg extracts (Figure 3).
In control extracts, microtubule polymerization around con-
densing chromosomes was evident by 60 min, when H1
kinase activity was near its peak (Figure 3A). Depolymer-
ization had occurred by 80 min, after H1 kinase activity had
dropped and chromosomes were decondensing. The addi-
tion of ZM almost completely blocked mitotic spindle for-
mation (Figure 3A). When quantified, <10% of chromatin
masses present in ZM-treated extracts contained any detect-
able microtubule staining (Figure 3B). In a separate experi-
ment (Figure 3C), microtubule pelleting assays showed that
ZM almost completely blocked microtubule polymerization.
ZM'’s inhibitory effects on phosphorylation of histone H3
and mitotic spindle formation were dose dependent, with
around 90% inhibition of spindle formation achieved with
20 uM ZM (Figure 4). No reduction in histone H3 phosphor-
ylation was observed at a ZM concentration of 2 uM, the
concentration previously used in media for human somatic
cells (Ditchfield et al., 2003). This indicates that higher ZM
concentrations are required when added directly to highly
concentrated egg extracts.

In cycling extracts, the fraction of nuclei associated with
bipolar spindles is usually low, and spindle morphology is
irregular, with microtubules polymerized mainly around
chromatin (Murray, 1991). Thus, in cycling extracts, it can be
difficult to distinguish between a delay versus a complete
block in spindle assembly and hard to investigate effects of
compounds on spindle morphology. We thus used an ap-
proach that is more suitable for addressing these questions
(Sawin and Mitchison, 1991). Briefly, when metaphase II-
arrested eggs are crushed, the resulting extract remains ar-
rested in metaphase; such extracts are referred to as CSF
(cytostatic factor-arrested) extracts. The addition of calcium
breaks the arrest and induces exit into interphase. Subse-
quent addition of a half-volume of CSF extract drives the
interphase extract into mitosis, where it then arrests in meta-
phase. Nondegradable cyclin B can also drive the interphase
extract into a metaphase arrest (Desai et al., 1999). In both
cases, bipolar spindles form with very high efficiency. In the
experiment shown in Figure 5A, CSF extracts were first
supplemented with sperm nuclei, activated with calcium,
and incubated for 60 min. The resulting interphase extract
was treated with either DMSO or ZM for 30 min and then
induced to enter M phase by the addition of CSF extract that
had been pretreated with DMSO or ZM, respectively. Spin-
dle morphology was monitored 80 min later. Representative
images are shown in panel I and quantification of the results
in two separate experiments are shown in panel II. The
majority of spindle structures in control extracts were bipo-
lar; a smaller percentage of nuclei were associated with
microtubules that were not organized into a bipolar spindle
(referred to as “other” in Figure 5). In the presence of ZM,
spindle formation was inhibited. The degree of inhibition
varied among extracts (e.g., Figure 5A, experiment 2). ZM
also inhibited spindle formation in extracts driven into mi-
tosis by nondegradable cyclin B (Figure 5B).
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Figure 2. Addition of ZM to cycling egg extracts prevents the completion of mitotic chromosomal changes and results in premature
chromosome decondensation. (A) Cycling egg extracts were incubated on ice for 10 min with either DMSO (control) or 20 uM ZM as in Figure
1. Extracts were supplemented with nuclei (500/ul) and then warmed to 21°C to resume cycling. Samples were taken every 2 min, fixed,
stained with Hoechst 33042, and observed by fluorescence microscopy. Magnification, X100. Bar, 10 um. (B) At the indicated times, the
percent of nuclei with condensed chromosomes was determined. More than 150 nuclei were counted for each time point. (C) In a separate
experiment, extracts were treated as in A except that at the indicated times samples were either directly fixed (concentrated) or diluted in
chromosome dilution buffer. Diluted extracts were then incubated for 15 min at 21°C. Samples from diluted extracts were fixed and stained
with Hoechst 33042, and DNA morphology was observed by fluorescence microscopy. The images shown represent the most abundant DNA

structures observed in concentrated and diluted extracts for one of three independent experiments. Bar, 10 um.

ZM Does Not Block the Initial Nucleation of
Microtubules from Sperm Centrosomes, but Strongly
Reduces the Ability to Form Half Spindles

When demembranated sperm nuclei are added to CSF ex-
tracts, sperm centrioles quickly assemble into functional cen-
trosomes. These centrosomes nucleate microtubule asters,
which later form “half spindles.” In many cases, two half
spindles go on to fuse and form a single bipolar spindle
(Sawin and Mitchison, 1991). To determine whether ZM
inhibits centrosome-induced microtubule nucleation, CSF
extracts were incubated with ZM on ice for 60 min; demem-
branated sperm nuclei and rhodamine-tubulin were then
added, and extracts were warmed to 21°C. After 10 min,
asters associated with sperm centrosomes were seen in both
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control and ZM-treated extracts (Figure 6A). However by 30
min, when control extracts had formed half-spindles around
condensed chromatin, the chromatin in ZM-treated extracts
had little or no associated microtubule structures (Figure 6A,
ZM 30"). These results suggest that ZM does not inhibit the
ability of sperm centrosomes to initiate microtubule nucle-
ation but, instead, interferes in some way with the stabiliza-
tion of microtubules nucleated from these centrosomes
and/or chromosomes.

ZM Inhibits Assembly around Chromatin-coated Beads

Xenopus eggs can also nucleate microtubules from chroma-
tin, even in the absence of kinetochore structures and cen-
trosomes. For example, when plasmid DNA lacking centro-
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Figure 3. The addition of ZM to cycling egg
extracts blocks the formation of mitotic spin-
dles. (A) ZM-treated extracts fail to form mi-
totic spindles. Cycling egg extracts were incu-
bated on ice for 10 min with either DMSO or
ZM. Extracts were supplemented with nuclei
(500/pl) and rhodamine-labeled tubulin and
then warmed to 21°C to resume cycling. Sam-
ples were taken at the indicated times and pro-
cessed as follows. For morphology, samples
were fixed and stained with Hoechst 33342.
DNA (blue) and microtubules (red) were ana-
lyzed by fluorescence microscopy at X60 mag-
nification; bar, 15 um. For biochemical markers
of cell cycle progression, portions of the extract
were analyzed for cdc2 (H1 kinase) activity,
and by blotting for phospho-Ser10 of histone
H3. (B) Quantitation of mitotic spindles in ZM-
versus DMSO-treated extracts. The number of
mitotic spindles in DMSO- (control) or ZM-
treated extracts was determined in three sepa-
rate experiments. More than 100 structures
were counted in each experiment. The graph
shows the average, expressed as a percentage.
(C) ZM-treated extracts exhibit less microtu-
bule polymerization than control extracts. In a
separate experiment, extracts with interphase
nuclei (interphase) or condensed chromatin
(mitosis) were taken and centrifuged to sepa-
rate polymerized tubulin (pellet, P) from solu-
ble tubulin (supernatant, S). Equivalent por-
tions of the supernatant and pellet were
analyzed by SDS-PAGE followed by blotting
with anti-a-tubulin antibodies.

Control

ZM

% Nuclei with
Mitotic Spindle

meric sequences is microinjected into eggs (Karsenti ef al.,
1984) or DNA-coated beads are added to egg extracts (Heald
et al., 1996), each induces spindle assembly. In both cases,
egg proteins are recruited onto the exogenous DNA, result-
ing in chromatin that nucleates microtubule assembly
(Heald et al., 1996; Budde et al., 2001). To test whether ZM
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inhibits spindle assembly induced by chromatin, DNA-
coated beads were added to CSF extracts containing DMSO
or ZM, and spindle assembly was monitored 60 min later. In
control extracts, microtubule staining was evident around
clusters of beads (Figure 6B) and more than 60% of these
clusters were associated with bipolar spindles (Figure 6C).

Figure 4. Dose-dependent ZM inhibition of
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cated final concentration (5, 10, and 20 uM).
Extracts were warmed to 21°C to resume cy-

cling. Samples were taken at 40 min, when 1o
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and cdc2 protein levels were used as loading
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controls. (B) ZM inhibits spindle formation and chromosome morphology. Samples from the same experiment were fixed at 80 min and
spindle and DNA morphology were analyzed by fluorescence microscopy. The number of nuclei that associated with microtubules (left
panel) and that formed discrete chromosome threads was determined (right panel). Graph shows the percentage of mitotic spindles (left
panel) and condensed, threadlike chromosomal clusters (right panel) in DMSO- and ZM-treated extracts. More than 150 structures were

counted.
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Figure 5. ZM reduces spindle assembly in
extracts driven into M phase by CSF extract or
nondegradable cyclin B protein. (A) Extracts
were prepared from metaphase Il-arrested
eggs (CSF extract) and supplemented with
rhodamine-labeled tubulin and sperm nuclei
(500/ wl). Extracts were driven into interphase
by the addition of calcium chloride. Sixty min-
utes after calcium addition, DMSO (control) or
ZM was added. Twenty minutes later, control
20 and ZM-treated extracts were driven into M
o, H LDMSO phase by the addition of CSF extract containing either DMSO or ZM, respectively.
40 =ZM Samples were fixed at 80 min after M phase initiation and analyzed by fluorescence
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microscopy. The number of bipolar-type spindles (Bipolar), spindles that were not
obviously bipolar (Other), or nuclei that lacked detectable microtubule staining (No
Spindle) were determined. The images in panel I represent the different categories that
were quantified in panel II. The inhibitory effect of ZM on spindle assembly varied
between experiments. The quantification of spindle structures from two independent

Bipolar Other
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70 experiments is shown in panel II. More than 100 structures were counted for each
€0 experiment. Bar, 15 um. (B) CSF egg extract was treated as in A except that nonde-
% o ODMSO gradable cyclin B protein was added to drive the extract into mitosis instead of CSF
30 Lr) extract. Spindle structures were counted as in A. Bar, 15 um. More than 100 structures
e were counted in this experiment. The graph showing the percentage of spindle
a structures observed in DMSO- and ZM-treated extracts is a representative of three
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By contrast, the majority of bead clusters in ZM-treated
extracts were not associated with any detectable microtu-
bules or had very reduced microtubule staining. Thus, ZM
reduces spindle assembly in extracts lacking both kineto-
chores and centrosomes. These results indicate that ZM
blocks spindle assembly in egg extracts by interfering with
both i) the stabilization of microtubules nucleated by cen-
trosomes and ii) the nucleation and/or stabilization of mi-
crotubules nucleated from chromatin.

ZM Does Not Inhibit Microtubule Asters Induced by
Ran-GTP

In Xenopus eggs, spindle assembly requires a high local
concentration of the GTP-bound form of the small GTPase
Ran around chromatin (reviewed in Karsenti and Vernos,
2001). Addition of a hydrolysis-deficient mutant of Ran
(RanQ69L) to egg extract induces the formation of microtu-
bule asters in the absence of chromatin and centrosomes
(Carazo-Salas et al., 1999). To determine whether ZM blocks
a step downstream of Ran-GTP, CSF extract was first incu-
bated on ice with DMSO or ZM for 60 min. Extracts were
then warmed to 21°C and RanQ69L was added. Aster for-
mation was monitored 60 min later. As shown on Figure 6D,
both control-and ZM-treated extracts contained a similar
amount of RanQ69L-induced asters. This suggests that ZM
does not block a step downstream of Ran-GTP. However, it
does not exclude the possibility that ZM prevents the estab-
lishment of the Ran-GTP gradient around chromosomes.

The Premature Decondensation of Chromosomes Seen in
ZM-treated Extracts Is Not Due Simply to the Absence of
a Mitotic Spindle

To determine whether the chromosome morphology defects
observed in ZM-treated extracts were due solely to problems
in spindle assembly, cycling extracts containing a low num-
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independent experiments.

ber of nuclei (500/ ul, well below the concentration required
to make the extracts responsive to the spindle assembly
checkpoint) were incubated with the microtubule-depoly-
merizing agent nocodazole. In nocodazole-treated extracts,
chromosome condensation began on schedule and discrete
chromosome threads formed by 65 min, just as in controls
extracts lacking ZM (Figure 7, A and B). Although chromo-
somes in nocodazole-treated extracts aggregated to some
extent during mitosis, they remained condensed for the
same amount of time as in control extracts, and individual
chromosomal threads were evident. This contrasts with the
appearance of chromosomes in the ZM-treated extracts,
which did not go on to form discrete chromosomal threads
but, instead, underwent premature chromosome deconden-
sation (Figure 7, A and C). These results suggest that the
defects in chromosome morphology and the premature
chromosome decondensation observed in ZM-treated ex-
tracts are not simply a consequence of the absence of mitotic
spindles.

ZM Inhibits the Establishment of the Spindle Integrity
Checkpoint, But Not Its Maintenance

When the concentration of nuclei in extracts exceeds ~9000/
wl, extracts become “spindle checkpoint-responsive:” in the
presence of nocodazole or other agents that prevent micro-
tubule polymerization, cyclin B/cdc2 activity stays high and
chromosomes remain condensed (Minshull et al., 1994). To
ask whether ZM interferes with the spindle integrity check-
point, 10,000 nuclei/ul and rhodamine-tubulin were added
to cycling extracts at the 30-min time point (early interphase)
on ice. Portions of the extract were supplemented with either
DMSO, nocodazole, or ZM, and after 10 min were warmed
to 21°C to allow the resumption of cell cycle progression. In
the control extract, histone H1 kinase activation was seen by
90 min and dropped after 110 min (Figure 8A). As expected
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Figure 6. Addition of ZM to egg extracts does not prevent the formation microtubule asters induced from sperm centrosomes or by
Ran-GTP, but does reduce chromatin-induced spindle assembly. (A) ZM does not inhibit microtubule nucleation from sperm centrosomes.
CSF extracts were supplemented with sperm nuclei (400/ul) and rhodamine-labeled tubulin, and then incubated on ice for 60 min in the
presence of either DMSO or 20 uM ZM. Extracts were warmed to 21°C and samples were taken at 10-min intervals and fixed. Microtubules
(red) were visualized with rhodamine-tubulin and DNA (blue) with Hoechst 33042 by fluorescence microscopy. Magnification, X60; bar, 15
wm. The images shown represent the most abundant structures observed in DMSO- and ZM-treated extracts from three independent
experiments. (B) ZM reduces the formation of spindles around chromatin-coated beads. Chromatin-coated beads were incubated in CSF
extract containing rhodamine-labeled tubulin and either DMSO or 20 uM ZM. Samples were fixed at 60 min, and the status of spindle
formation was determined. Magnification, X60; bar, 15 um. The images shown represent the most abundant spindle structures observed in
DMSO- and ZM-treated extracts. (C) Quantification of spindle structures around chromatin-beads in DMSO- and ZM-treated extracts from
B. Samples were fixed 60 min after the initiation of spindle assembly. The type of spindle structures associated with bead clusters that
contained at least six beads were assigned to four different categories: “Bipolar Spindles” contained microtubules organized into bipolar
structures; “Other” contained microtubules that were not organized into obvious bipolar structures; “Reduced Spindle” contained weak
microtubule staining; “No Spindle”, contained no microtubule staining. The graph shown represents one of three independent experiments.
More than 150 bead clusters were counted in this experiment. (D) ZM does not inhibit RanQ69L-induced microtubule asters. CSF extracts
were supplemented rhodamine-labeled tubulin and then incubated on ice for 60 min in the presence of either DMSO (Control) or 20 uM ZM.
Extracts were warmed to 21°C and incubated for an additional 15 min. Buffer or RanQ69L (0.5 mg/ml) was added and samples were taken
at 60 min. The total number of microtubule asters was counted.

for the nocodazole-treated extract, histone H1 kinase activity
rose and then remained high, demonstrating that the extract
was spindle checkpoint-responsive. Despite the lack of mi-
totic spindles, ZM-treated extracts failed to arrest in mitosis,
cdc? activity dropped (Figure 8A) and chromosomes decon-
densed (unpublished data). In this particular experiment,
the timing of the drop in histone H1 kinase activity in the
ZM-treated extract was delayed relative to that seen in the
control extract; however, this delay was not consistently
seen. These results indicate that ZM prevents either estab-
lishment of the spindle assembly checkpoint, its mainte-
nance, or both.

To address whether ZM affects establishment of the check-
point, CSF extract was supplemented with 10,000 nuclei/ ul.
As described previously (Minshull et al., 1994), addition of
calcium breaks the arrest, inducing inactivation of cdc2 ki-
nase, (Figure 8B, panel I) and chromosome decondensation
(unpublished data). When CSF extract was incubated first
with nocodazole, and then with calcium, histone H1 kinase
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activity remained high (panel II) and chromosomes decon-
densed (unpublished data), indicating that the extract was
checkpoint-responsive. When CSF extract was incubated
first with ZM, next with nocodazole, and calcium was then
added, histone H1 kinase activity dropped (panel III), and
chromosomes decondensed (unpublished data). In other ex-
periments, cycling extracts that were treated in interphase
first with ZM, and then with nocodazole also failed to arrest
in mitosis (unpublished data). These results indicate that
ZM interferes with establishment of the spindle integrity
checkpoint.

To test whether ZM affects maintenance of the checkpoint,
nocodazole was added first, and then ZM. After calcium
addition, histone H1 kinase activity remained high (Figure
8B, panel IV) and chromosomes remained condensed (un-
published data) for the duration of the experiment. Simi-
larly, when ZM was added to cycling extracts that were
subsequently arrested in mitosis by nocodazole treatment,
extracts remained arrested with high H1 kinase activity and
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condensed chromosomes (unpublished data). Thus, once the

spindle checkpoint arrest had been established, ZM did not
override that arrest. In some experiments, ZM did inhibit the
maintenance of the checkpoint, but only at concentrations
higher than 80 uM. Taken together, these results indicate
that ZM blocks establishment of the spindle integrity check-

point arrest, but not its maintenance.
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Figure 7. ZM blocks the formation of normal
chromatin structures independently of spindle
assembly. (A) Cycling egg extracts were incu-
bated with DMSO (control), nocodazole (10 ug/
ml), or 20 uM ZM on ice. Extracts were supple-
mented with nuclei (500/ ul) and then warmed to
21°C to resume cycling. At the indicated times,
samples were fixed and chromosomes were vi-
sualized by staining with Hoechst 33042. The
images shown are representative of the most
abundant chromatin structures observed at the
indicated times. Magnification, 100X; bar, 10 wm.
(B) Quantification of chromatin structures from
A. The number of chromatin groups that ap-
peared to be fully condensed into discrete chro-
mosome threads at 65 min was determined for
DMSO-, nocodazole-, or ZM-treated extracts.
More than 100 nuclei were counted for each sam-
ple. (C) Quantification of the number of con-
densed chromosomes from A. The number of chro-
matin  groups that contained condensed
chromosomes at 75 min was determined for
DMSO-, nocodazole-, or ZM-treated extracts. More
than 100 nuclei were counted for each sample.

In contrast to our finding that ZM inhibits the establish-

ment but not the maintenance of the spindle integrity check-
point, Kallio et al. (2002) reported that addition of Aurora
B-neutralizing antibodies to Xenopus egg extracts inhibited
both the establishment and maintenance of the checkpoint
(Kallio et al., 2002). One possible explanation for the different

outcomes is that some Aurora B protein resides in a complex
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Figure 8. ZM blocks the establishment, but
not the maintenance, of the spindle assembly
checkpoint in Xenopus egg extracts. (A) Cy-
cling extracts that contain 10,000 nuclei/pul, a
concentration that allows them to arrest when
spindle formation is prevented by nocoda-
zole, do not arrest in the presence of ZM.
Cycling egg extracts were supplemented with
rhodamine-labeled tubulin and a high concen-
tration of nuclei (10,000 nuclei/ul) and incu-
bated with DMSO (control), 10 ug/ml no-
codazole, or 20 uM ZM on ice. Extracts were
then warmed to 21°C to resume cycling and
samples were taken at the indicated times.
Samples were taken and used to assay cdc2
(histone H1 kinase) activity. (B) ZM overrides
the establishment, but not the maintenance, of
the spindle checkpoint. Metaphase II-arrested
(CSF) extracts were supplemented with 10,000
nuclei/ul and incubated for 30 min with
DMSO (I) or nocodazole (II) at 21°C. Calcium
was then added to trigger mitotic exit. Sam-
ples were taken before (time 0) and after (15,
30’,45’, and 60’) calcium addition and used to
determine cdc2 H1 kinase activity or blotted
with Aurora A antibodies. For checkpoint es-
tablishment experiments (III), 20 uM ZM was

added to Metaphase-II extracts on ice and incubated for 30 min. Extracts were then warmed to 21°C, supplemented with 10,000 nuclei/ ul
and nocodazole, and incubated for an additional 30 min. Calcium was then added and samples were taken and analyzed as above. For
checkpoint maintenance experiments (IV), Metaphase-II extracts were supplemented with 10,000 nuclei/ul and incubated with nocodazole
for 30 min at 21°C to induce checkpoint activation. ZM was then added to a final concentration of 20 uM and extracts were incubated for
an additional 30 min. Calcium was added and samples were taken and analyzed as above. (C) Excess Mad2 causes mitotic arrest in
ZM-treated extracts. Metaphase II-arrested extracts were supplemented with 10,000 nuclei/ul and incubated for 30 min at 21°C in either the
absence (I) or presence (II) of excess Mad2 protein, or in the presence of nocodazole (III). At the indicated times, samples were taken before
(time 0) and after (30" and 60’) calcium addition and used to do determine cdc2 H1 kinase activity. Metaphase II extracts were also incubated
with 20 uM ZM on ice for 30 min and then warmed to 21°C. These extracts were then supplemented with nuclei and nocodozole and were
incubated in the absence (IV) or presence (V) of excess Mad2 protein for 30 min. Calcium was added and samples were taken and used to

determine cdc2 H1 kinase activity.
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that is essential for the establishment and maintenance of the
spindle checkpoint, but only kinase activity is required to
establish the checkpoint. Thus, the addition of Aurora B
antibodies might disrupt or otherwise interfere with protein-
protein interactions that are required for checkpoint main-
tenance, whereas inhibition of kinase activity by ZM might
allow these interactions to persist.

ZM Interferes with the Spindle Integrity Checkpoint
Arrest at a Point Upstream of mad2

Unattached kinetochores are believed to generate the acti-
vated form of Mad2, one of the components in the spindle
assembly checkpoint pathway. Activated Mad2 inhibits the
APC/C activator Cdc20, an event that is thought to be the
last step in the spindle checkpoint pathway (Li et al., 1997;
Fang et al., 1998; Kallio et al., 1998). Addition of large
amounts of Mad2 protein to Xenopus extracts inhibits the
APC/C independently of kinetochore attachment and sig-
naling (Chen et al., 1998). As expected, addition of excess
Mad2 protein or nocodazole to metaphase II arrested ex-
tracts containing high numbers of nuclei prevented mitotic
exit (Figure 8C, panels II and III). As above, extracts incu-
bated with first with ZM and then with nocodazole failed to
establish the checkpoint arrest (Figure 8C, panel IV). How-
ever, when extracts were incubated first with ZM and then
with Mad2, the extract remained arrested in mitosis (Figure
8C, panel V). Thus, ZM appears to inhibit a step that occurs
upstream of Mad2.

DISCUSSION

The main points to come out of this work are the following.
i) In the early embryonic cell cycles, which lack checkpoints,
ZM has no detectable effects on either the frequency or
amplitude of oscillations in cdc2, cdc25, and MAPK activi-
ties, or with APC/C activity toward cyclin B. ii) In the
presence of ZM, chromosome condensation begins on
schedule. However, changes in chromosome architecture
fail to progress further, and, instead, chromosomes decon-
dense prematurely. iii) Unlike somatic tissue culture cells,
where mitotic spindles formed in the presence of ZM but
were disorganized (Ditchfield ef al., 2003), spindle formation
in egg extracts is almost completely blocked by ZM. This
difference probably reflects the fact that, in somatic cells, the
bulk of spindle formation is driven by centrosomes at the
spindle poles, whereas spindle formation in eggs relies more
on nucleation and stabilization of microtubules by the chro-
mosomes. iv) When egg extracts are prepared under check-
point-responsive conditions, ZM inhibits establishment of
the spindle integrity checkpoint, but not maintenance of the
checkpoint.

ZM Specificity

In the first report of ZM’s specificity and effects on cells,
Ditchfield et al. (2003) found that ZM inhibited the in vitro
kinase activities of purified human Aurora A and Aurora B
proteins equally well, with ICs, values in the 100-nM range.
The amounts of ZM required to inhibit a panel of other
purified kinases were 10- to >100-fold higher. In vivo, ZM
treatment of human somatic tissue culture cells did not
interfere with their ability to enter mitosis, form mitotic
spindles, degrade cyclin B, or exit from mitosis. ZM treat-
ment did, however, reduce phosphorylation of histone H3, a
physiologically relevant target of Aurora B, and caused de-
fects in chromosome alignment, chromosome segregation,
and cytokinesis, most likely by interfering with the spindle
integrity checkpoint.
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Our work significantly extends those findings. In Xenopus
cycling egg extracts, concentrations of ZM that completely
inhibited phosphorylation of endogenous histone H3 had no
detectable effects on either the frequency or amplitude of
oscillations in cdc2, cdc25, or MAPK activities, or the peri-
odic destruction of cyclin B that is mediated by the APC/C
ubiquitin ligase. The activation and inactivation of each of
those regulators requires the activities of other kinases. For
example, cdc2 activity requires phosphorylation of the T
loop residue Thr161 by CAK (Fesquet et al., 1993; Poon et al.,
1993; Solomon et al., 1993) and is inhibited during interphase
through phosphorylation of Tyrl5 by the kinase weel
(Parker et al., 1991, 1992; Parker and Piwnica-Worms, 1992;
McGowan and Russell, 1993). Full activation of cdc25, the
phosphatase that dephosphorylates and activates cdc2, de-
pends on phosphorylation by Plk (polo-like kinase) and cdc2
itself (Kumagai and Dunphy, 1992; Izumi and Maller, 1993;
Qian et al., 1998, 2001). MAPK requires activation by a MAP
kinase kinase, which, in turn, is dependent on activation
by a MAP kinase kinase kinase. Activation of the APC/C
requires the activities of cyclin B/cdc2 and other kinases
(Hershko et al., 1994; Lahav-Baratz et al., 1995; Peters et al.,
1996; Yamada et al., 1997; Descombes and Nigg, 1998; Kotani
et al., 1998). Thus, the fact that ZM completely blocks at least
one known Aurora kinase—dependent event, phosphoryla-
tion of histone H3, without interfering with oscillations in
the activities of many basic cell cycle regulators attests to the
high selectivity of ZM in the context of whole cells.

ZM Specificity: Aurora A, Aurora B, or Both?

As noted in the Introduction, the formation of monopolar
spindles, almost universally cited as the diagnostic for a
selective effect on Aurora A, is now known to be an unreli-
able criterion (Giet et al., 2002). Thus, previous observations
that treatment with ZM or other inhibitors results in bipolar-
like spindles, rather than monopolar spindles (Ditchfield et
al., 2003; Hauf et al., 2003; Lampson et al., 2004), should not
by themselves be interpreted to mean that those inhibitors
are specific for Aurora B. Immunodepletion of Aurora B, but
not Aurora A, blocks phosphorylation of histone H3 in
Xenopus egg extracts (Sumara et al., 2002), arguing that Au-
rora B is the main histone H3 kinase in that system. RNAi
studies in a variety of systems also suggest that histone H3
is a physiological target of Aurora B (Hsu et al., 2000; Spe-
liotes et al., 2000; Adams et al., 2001; Giet and Glover, 2001;
Hauf et al., 2003). The ability of ZM to block histone H3
phosphorylation in tissue culture cells indicates that ZM
effectively inhibits Aurora B (Ditchfield et al., 2003), but says
nothing about ZM'’s ability to inhibit Aurora A in vivo. So
far, the main evidence consistent with the idea that Aurora
B is a better in vivo target of ZM than Aurora A comes from
studies on the G2/M transition. In Xenopus oocytes, overex-
pression of Aurora A accelerates the G2/Meiosis I transition,
suggesting that Aurora A participates in meiotic entry in
these cells (Andresson and Ruderman, 1998). In egg extracts,
Aurora A also affects the timing of the G2/M transition (Wu,
Liu, and Ruderman, unpublished results). In tissue culture
cells, RNAi-mediated reduction of Aurora A delays mitotic
entry (Hirota ef al., 2003). Taken together with the findings
that ZM treatment of whole cells (Ditchfield et al., 2003) and
egg extracts (this study) does not affect timing of mitotic
entry. This suggests that ZM is considerably more selective
for Aurora B than Aurora A in vivo.
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ZM Interferes with Mitotic Changes in Chromosome
Architecture and Induces Premature Chromosome
Decondensation

Addition of ZM to cycling egg extracts did not block the
initial stages of chromosome condensation that are charac-
teristic of mitotic entry. However, ZM had dramatic effects
on later mitotic changes: discrete chromosome threads failed
to form, chromosomes decondensed prematurely, and inter-
phase-like nuclei appeared in mid-mitosis. Thus, in egg
extracts, ZM inhibits completion of mitotic chromosome
changes and/or the maintenance of the condensed state. So
far, no studies using Aurora A RNAi have noted defects in
chromosome condensation (Hannak et al., 2001; Kufer et al.,
2002; Ditchfield et al., 2003; Marumoto et al., 2003), although
it is hard to make firm conclusions about the role of Aurora
A in this process since in most cases significant levels of
Aurora A protein still remained. With regard to Aurora B
depletion by RNAI, reported effects on chromosome mor-
phology range from none (Ditchfield et al., 2003; Hauf et al.,
2003) to the appearance of “dumpy” chromosomes (Adams
et al., 2001) to the formation of “incompletely” condensed
chromosomes that fail to recruit condensin (Giet and Glover,
2001). Differences in cell type, the amounts of remaining
Aurora B protein, and experimental details could each con-
tribute to the variation in results.

In budding yeast, there is a single Aurora kinase, Ipll.
After the completion of our experiments, it was reported
that rDNA chromatin condensation is normal when Ipll
mutants are arrested in metaphase, but resemble G1-like
chromatin when the mutants are arrested in anaphase
(Lavoie et al., 2004). Those and other results now suggest
that two pathways regulate condensation in budding yeast,
one requiring the cohesin complex in metaphase and a sec-
ond pathway dependent on Ipll activity in anaphase. Taken
together with our finding that ZM results in incomplete
condensation and premature chromosome decondensation,
it is likely that Aurora B kinase activity is required to main-
tain chromosome condensation during late mitosis.

ZM Effects on the Dynamics of Spindle Formation

ZM treatment of somatic human (DLD-1 and HeLa) cells did
not block formation mitotic spindles, even though the con-
centrations of ZM used clearly interfered with chromosome
alignment, chromosome segregation, and cytokinesis (Ditch-
field et al., 2003). By contrast, ZM did strongly inhibit spindle
assembly in Xenopus egg extracts. One possibility is that ZM
inhibits Aurora C or another target that plays an essential
role in this process in the early embryonic cell cycles, but is
lacking or relatively unimportant in the somatic cell cycle.
Another draws on differences in the ways that microtubules
are nucleated in somatic cells versus eggs. There is increas-
ing evidence that in somatic cells, centrosomes are the dom-
inant microtubule nucleating centers, whereas in eggs, mi-
crotubules are mainly nucleated from chromatin. For
example, in Xenopus egg extracts, beads coated with chro-
matin can support spindle assembly in the absence of kinet-
ochores and centrosomes (Heald et al., 1996). Our finding
that ZM strongly interferes with the assembly of microtu-
bules from chromatin beads suggests that Aurora kinase
activity contributes to the assembly of noncentrosomal spin-
dles in egg extracts. With regard to ZM’s effect on centro-
some-mediated microtubule assembly, aster microtubules
did begin to form from sperm centrosomes in the presence
of ZM, but those microtubules were not stable. These results
suggest that ZM does not significantly inhibit centrosome-
induced microtubule nucleation, but, instead, prevents mi-
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crotubule nucleation and/or stabilization around chromo-
somes.

In Xenopus egg extracts, the microtubule-destabilizing ki-
nesin MCAK (mitotic centromere-associated kinesin) is im-
portant for spindle assembly. Immunodepletion of MCAK
results in the formation of large microtubule asters and
inhibition of MCAK activity by addition of anti-MCAK an-
tibodies reduces the mitotic catastrophe frequency (Walczak
et al., 1996; Tournebize et al., 2000). Those results indicate
that MCAK is the major microtubule-destabilizing protein in
eggs. Recent studies show that phosphorylation of MCAK
by Aurora B inhibits the ability of MCAK to depolymerize
microtubules in vitro (Andrews et al., 2004; Lan et al., 2004;
Ohi et al., 2004). Furthermore, in studies that appeared after
the completion of our work, immunodepletion of INCENP
(which also removes Aurora B, Survivin, and other interact-
ing proteins) was found to inhibit spindle formation in egg
extracts; this effect was rescued by the codepletion of MCAK
(Sampath et al., 2004). Because Aurora B is a negative regu-
lator of MCAK, one obvious idea is that ZM blocks spindle
assembly in egg extracts by inhibiting Aurora B kinase ac-
tivity, thus generating an increase in MCAK activity and an
increase microtubule destabilization around chromosomes.

ZM and the Spindle Integrity Checkpoint

In human DLD-1 cells, the addition of ZM interferes with the
spindle integrity checkpoint. Mechanistically, ZM treatment
reduces the kinetochore localization of the checkpoint pro-
teins Mad2, BubRI and CENP-E, suggesting that Aurora
kinase activity is needed for their recruitment to kineto-
chores (Ditchfield et al., 2003). It is likely that ZM’s effect on
recruitment of those proteins is due mainly to inhibition of
Aurora B, which localizes close to the kinetochores and is
thus in the right position to affect this process. RNAi-medi-
ated ablation of Aurora B blocks HeLa cells from arresting in
response to taxol and nocodazole, agents that prevent spin-
dle tension and microtubule-kinetochore attachments, re-
spectively (Ditchfield et al., 2003). Similar results were ob-
tained using the Aurora inhibitor hesperadin (Hauf et al.,
2003). Our work extends those findings: in eggs, where the
dominant microtubule nucleating activity comes from chro-
matin, ZM clearly blocks establishment of the spindle integ-
rity checkpoint. Furthermore, excess Mad2 overrides the
ability of ZM to inhibit establishment of the checkpoint,
arguing that Aurora activity is required upstream of Mad2.
Mad2 protein regulates checkpoint activation and mainte-
nance by binding to cdc20 and preventing it from activating
the APC/C and initiating anaphase onset. The fact that
Mad2 still arrests extracts in mitosis in the presence of ZM,
suggests that Aurora activity does not regulate checkpoint
activation by directly inhibiting cdc20. Although the precise
target of Aurora B is not known, one obvious candidate is
BubRI, because ZM prevents its mitotic phosphorylation
and reduces its kinetochore localization (Ditchfield ef al.,
2003). With the identification of additional targets of the
Aurora kinases and the development of phospho-specific
antibodies against regulatory sites phosphorylated by the
Aurora kinases, it should be possible to make further head-
way into the roles of these kinases in the cell cycle, in
development, and in cancer.
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