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The spindle checkpoint prevents cell cycle progression in cells that have mitotic spindle defects. Although
several spindle defects activate the spindle checkpoint, the exact nature of the primary signal is unknown. We
have found that the budding yeast member of the Aurora protein kinase family, Ipl1p, is required to maintain
a subset of spindle checkpoint arrests. Ipl1p is required to maintain the spindle checkpoint that is induced by
overexpression of the protein kinase Mps1. Inactivating Ipl1p allows cells overexpressing Mps1p to escape
from mitosis and segregate their chromosomes normally. Therefore, the requirement for Ipl1p in the spindle
checkpoint is not a consequence of kinetochore and/or spindle defects. The requirement for Ipl1p
distinguishes two different activators of the spindle checkpoint: Ipl1p function is required for the delay
triggered by chromosomes whose kinetochores are not under tension, but is not required for arrest induced by
spindle depolymerization. Ipl1p localizes at or near kinetochores during mitosis, and we propose that Ipl1p is
required to monitor tension at the kinetochore.

[Key Words: Ipl1/Aurora protein kinase; spindle checkpoint; budding yeast; Mps1 protein kinase; kinetochores;
tension]

Received August 6, 2001; revised version accepted October 10, 2001.

The accurate propagation of genetic information depends
on faithful chromosome segregation. Accurate chromo-
some segregation depends on the precise coordination of
events in the chromosome cycle. When chromosomes
replicate during S phase, linkage between the sister chro-
matids (cohesion) is established and must be maintained
while chromosomes condense and align on the mitotic
spindle. Chromosomes attach to the mitotic spindle by
their kinetochores, specialized protein structures that
are assembled on centromeric DNA sequences. Once all
the chromosomes are correctly aligned on the mitotic
spindle, sister chromatid cohesion must dissolve
promptly at anaphase to allow the sister chromatids to
segregate rapidly to opposite poles of the mitotic spindle.
Defects in any of these steps can result in aneuploidy, a
hallmark of tumor cells and some birth defects (Lengauer
et al. 1997, 1998).

The spindle checkpoint prevents cells from separating
their sister chromatids until chromosome alignment is

complete. The conserved components of the checkpoint
include the Mad (Mad1–Mad3) proteins, Bub1 and Bub3,
Mps1 (a protein kinase), and Cdc55 (Hoyt et al. 1991; Li
and Murray 1991; Minshull et al. 1996; Weiss and Winey
1996; Wang and Burke 1997). A separate control, the
Bub2-dependent checkpoint, monitors a second aspect of
chromosome segregation, the delivery of DNA or a
spindle pole body into the daughter cell (Alexandru et al.
1999; Fesquet et al. 1999; Fraschini et al. 1999; Li 1999).
Spindle checkpoint defects are associated with genetic
instability, and some human cancers contain mutant
spindle checkpoint genes (Cahill et al. 1998; Takahashi
et al. 1999)

The spindle checkpoint monitors the interaction be-
tween kinetochores and microtubules. Spindle check-
point proteins localize to kinetochores (Chen et al. 1996;
Taylor and McKeon 1997; Bernard et al. 1998), and all
known kinetochore and spindle defects that activate the
checkpoint affect the interaction between kinetochores
and microtubules (Wang and Burke 1995; Pangilinan and
Spencer 1996; Wells and Murray 1996; Hardwick et al.
2000). How does the checkpoint monitor kinetochore
alignment? Some experiments suggest that it senses the
tension that microtubule-dependent forces exert on the
kinetochore (Li and Nicklas 1995), whereas others sug-
gest it senses microtubule attachment to kinetochores
(Rieder et al. 1995; Waters et al. 1998). However, because
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tension affects microtubule attachment to the kineto-
chore (King and Nicklas 2000), the roles of tension ver-
sus attachment in the checkpoint signal are not easily
separable. In budding yeast, the spindle checkpoint can
detect defects in tension in meiosis (Shonn et al. 2000)
and in mitosis (Stern and Murray 2001).

The spindle checkpoint arrests the cell cycle
by inhibiting the separation of sister chromatids that
leads to anaphase, the combination of chromosome
segregation and spindle elongation. The regulated step in
anaphase is the ubiquitin-mediated proteolysis of se-
curin, an inhibitor of separase, the protease that cleaves
Scc1/Mcd1p, a component of the cohesin complex
holding sisters together (Cohen-Fix et al. 1996; Funabiki
et al. 1996; Uhlmann et al. 1999, 2000), and the spin-
dle midzone protein Slk19 (Sullivan et al. 2001). Securin
(Pds1p) is ubiquitinated by the anaphase-promoting
complex (APC), which is activated by Cdc20p (Visin-
tin et al. 1997). The ability of the spindle checkpoint
to inhibit Pds1 destruction depends on the binding
of Mad2p to Cdc20p (Hwang et al. 1998; Kim et al.
1998).

The yeast Ipl1 and the Drosophila Aurora A pro-
teins are the founding members of a conserved serine/
threonine kinase family (Ipl1/Aurora) whose mem-
bers are key regulators of chromosome segregation
and cytokinesis (Chan and Botstein 1993; Glover et al.
1995). Budding and fission yeast contain a single Ipl1p/
Aurora homolog, whereas multicellular eukaryotes
have multiple homologs. The human aurora 1 and au-
rora 2 genes are oncogenes that are amplified in many
colorectal and breast cancer cell lines, suggest-
ing that the kinase is critical to maintaining genomic
stability (Sen et al. 1997; Bischoff et al. 1998; Tanaka et
al. 1999). The Aurora kinases contain conserved C-ter-
minal catalytic domains and divergent N-terminal do-
mains and are classified into three families, A, B, and C
(for review, see Nigg 2001). The Aurora B kinases inter-
act with the conserved inner centromere protein
(INCENP) (Kim et al. 1999; Adams et al. 2000, 2001;
Kaitna et al. 2000). Defects in INCENP localization dis-
rupt Aurora B localization, suggesting that at least one
function of the interaction may be to localize Aurora B to
mitotic structures (Adams et al. 2000). Although the
precise localization patterns of the Aurora kinases
differ, they generally associate with mitotic structures
such as the spindle, spindle midzone, centrosome, and
kinetochore. Defects in Ipl1p function lead to severe
chromosome segregation defects with many pairs of sis-
ter chromatids traveling to a single pole instead of seg-
regating to opposite poles (Chan and Botstein 1993; Big-
gins et al. 1999; Kim et al. 1999). Experiments in vitro
suggest that this phenotype is due to altered binding of
microtubules to kinetochores in the ipl1 mutant cells,
suggesting Ipl1p functions at kinetochores (Biggins et al.
1999).

Here we show that Ipl1p is needed for kinetochores
that are not under tension to delay cells in mitosis, sug-
gesting that Ipl1p may have a specific role in monitoring
forces at kinetochores.

Results

ipl1 mutant cells do not activate the spindle
checkpoint

We previously isolated alleles of the IPL1 gene in a
screen that identified mutants defective in sister chro-
matid separation or segregation and determined that the
ipl1 mutant cells are defective in regulating microtubule
binding to kinetochores (Biggins et al. 1999, 2001). Al-
though Ipl1p is required for kinetochore function (Big-
gins et al. 1999), ipl1 mutant cells do not arrest in mito-
sis, suggesting that they do not activate the spindle
checkpoint (Chan and Botstein 1993; Biggins et al. 2001).
To confirm this suggestion, we analyzed the levels of
Pds1p. Because the spindle checkpoint inhibits APC ac-
tivation, Pds1p levels are stabilized when the spindle
checkpoint is active. Wild-type and ipl1-321 tempera-
ture-sensitive mutant cells containing epitope-tagged
Pds1-myc18 protein were arrested in G1 with �-factor,
and then released to the nonpermissive temperature
(37°C) in the absence of �-factor. Pds1p levels cycled
similarly in ipl1-321 and wild-type cells (Fig. 1A),
whereas if the spindle checkpoint were activated, Pds1p
should have been stabilized. The budding and cell divi-
sion of ipl1-321 cells is also similar to wild-type cells:
both strains undergo budding and cytokinesis with simi-
lar kinetics (Fig. 1B). We analyzed the segregation of
chromosome IV in wild-type and ipl1-321 strains in the
same experiment to ensure that the ipl1 mutant allele
was inactivated. Chromosome IV was visualized by
binding of a GFP-lactose repressor (GFP-lacI) to an array
of lactose operators integrated at the TRP1 locus, 12 kb
from the centromere (Straight et al. 1996). Whereas chro-
mosome IV sister chromatids always segregated to oppo-
site poles in wild-type cells, they segregated to opposite
poles in only 15% of the ipl1-321 cells, as we have pre-
viously shown (Fig. 1C; Biggins et al. 1999). Therefore,
ipl1-321 cells do not activate the spindle checkpoint de-
spite defects in kinetochore behavior that give rise to a
severe chromosome segregation defect.

Ipl1p is required for Mps1 overexpression-induced
checkpoint arrest

There are two possible explanations for the failure of ipl1
mutant cells to activate the spindle checkpoint: (1) Ipl1p
function is required for the spindle checkpoint, or (2) the
ipl1 kinetochore defect does not activate the checkpoint.
To see if Ipl1p is part of the spindle checkpoint, we
tested whether Ipl1p is required for the arrest induced by
Mps1p overexpression, which constitutively activates
the spindle checkpoint, arresting cells in metaphase
with a bipolar spindle (Hardwick et al. 1996). We arrested
ipl1-321 cells in mitosis by overexpressing Mps1p from
the GAL1 promoter at the permissive temperature and
then shifted them to 35°C to inactivate Ipl1p. We moni-
tored metaphase arrest by analyzing Pds1p levels and
cytokinesis. Pds1p levels started to decline in the GAL-
MPS1 ipl1-321 cells after 20 min at the nonpermissive
temperature, whereas there was little Pds1p degradation
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in GAL-MPS1 cells for at least 1 h (Fig. 2A). Several GAL-
MPS1 cells exit the checkpoint arrest because galactose
induction does not work as well at high temperatures.
However, the GAL-MPS1 ipl1-321 cells exit the check-
point arrest much faster, indicating that Ipl1p has a role
in maintaining the checkpoint-dependent arrest caused
by Mps1p overexpression. We monitored cytokinesis in

the same experiment and found similar results: After 40
min at the nonpermissive temperature, 10% of the GAL-
MPS1 cells had cytokinesed compared with 40% of the
GAL-MPS1 ipl1-321 cells (data not shown).

To determine whether the strains expressed different
levels of Mps1 protein, we analyzed Mps1–myc protein
levels by immunoblotting (Fig. 2B). The Mps1 protein
levels were similar in both strains for at least 30 min,
and then the levels started falling in both strains. Be-
cause the GAL-MPS1 ipl1-321 strain did not maintain
Mps1p levels as high as the GAL-MPS1 strain, we con-
sidered the possibility that Ipl1p may affect Mps1p sta-
bility. To test this, we analyzed the stability of Mps1p in
wild-type and ipl1-321 cells that were arrested in meta-
phase using nocodazole and found no difference in
Mps1p stability between the strains (data not shown).
Therefore, Ipl1p does not regulate Mps1p stability. In-
stead, it is likely that Mps1 protein becomes unstable as
cells exit mitosis; cells arrested in G1 with �-factor had

Figure 2. Ipl1p is required to maintain the GAL-MPS1 check-
point arrest. GAL-MPS1 (SBY679) and GAL-MPS1 ipl1-321
(SBY680) cells were arrested in galactose for 3.5 h and then
released to the nonpermissive temperature (35°C) to inactivate
ipl1. (A) Pds1-myc protein levels were monitored by immuno-
blotting with anti-myc antibodies. Pds1 levels decline faster in
the GAL-MPS1 ipl1-321 cells compared with the GAL-MPS1
cells, indicating that Ipl1p is required for full maintenance of
the GAL-MPS1 checkpoint arrest. (B) Mps1 levels were moni-
tored in the same experiment by immunoblotting with anti-
myc antibodies. The levels of Mps1 protein decline in both
strains but are unstable in the ipl1-321 cells. Equal protein con-
centrations were loaded in all lanes as judged by Ponceau S
staining (data not shown). (C) Chromosome IV segregation was
monitored by microscopy of GFP-marked chromosome IV. This
chromosome segregated normally as GAL-MPS1 cells (filled
squares) and GAL-MPS1 ipl1-321 cells (open squares) left the
checkpoint arrest.

Figure 1. ipl1 mutants do not activate the spindle checkpoint
despite a chromosome segregation defect. Wild-type (SBY818)
and ipl1-321 cells (SBY819) containing Pds1-myc18 were ar-
rested in G1 with �-factor at the permissive temperature (23°C)
and released to the non-permissive temperature (37°C). �-factor
was added back when small buds formed to prevent cells from
entering the next cell cycle. (A) Lysates were prepared at the
indicated time points and immunoblotted with anti-myc anti-
bodies to analyze Pds1-myc protein levels. Pds1p levels cycle in
both wild-type cells and ipl1 mutant cells, indicating that the
spindle checkpoint is not activated. Equal protein concentra-
tions were loaded in all lanes as judged by Ponceau S staining
(data not shown). (B) The percentage of budded cells in the same
experiment was quantified by microscopy and shows that wild-
type (filled squares) and ipl1-321 cells (open squares) undergo
budding and then cytokinesis with similar kinetics. (C) In the
same experiment, the percent chromosome IV segregation was
monitored as the fraction of cells that had segregated two GFP-
marked copies of chromosome IV to opposite poles of the
spindle. Although chromosome IV segregates in wild-type cells
(filled squares), there is a severe chromosome segregation defect
in the ipl1-321 cells (open squares).
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much less Mps1p relative to metaphase-arrested cells
(data not shown). Taken together, these data suggest that
Ipl1p is required for full maintenance of the GAL-MPS1
checkpoint arrest and that Mps1 protein levels decline as
cells exit mitosis.

Mutations that completely abolish kinetochore func-
tion destroy the spindle checkpoint (Gardner et al. 2001).
We ruled out the possibility that ipl1-321 was having
such an effect by monitoring the segregation of GFP-
marked chromosome IV in the experiment above. The
two copies of chromosome IV segregated to opposite
poles as the GAL-MPS1 cells escaped from the check-
point-dependent arrest at 35°C. After 30 min at the non-
permissive temperature, 24% of the GAL-MPS1 and 66%
of the GAL-MPS1 ipl1-321 cells had segregated chromo-
some IV to opposite poles (Fig. 2C). From the fact that
chromosome IV segregated to opposite poles in the ipl1-
321 cells, we conclude that Ipl1p function is not required
to maintain the function of kinetochores once a bipolar
spindle has been established but is needed to maintain a
checkpoint-dependent arrest. Therefore, this experiment
identifies a function for Ipl1p in spindle checkpoint
maintenance that is temporally separable from its func-
tion in chromosome segregation.

Ipl1p is not required for the spindle checkpoint arrest
induced by nocodazole

Next, we tested whether Ipl1p is required for the spindle
checkpoint arrest induced by the drugs nocodazole and
benomyl, which depolymerize the microtubules that
make up the spindle. We arrested wild-type, ipl1-321,
and mad2� mutant cells in G1 with �-factor and then
released them into a mixture of nocodazole and benomyl
at the nonpermissive temperature (35°C) to inactivate
ipl1. We monitored Pds1p levels and found that wild-
type and ipl1-321 cells activated the spindle checkpoint
and arrested in nocodazole plus benomyl with high
Pds1p levels (Fig. 3A). In contrast, mad2� cells did not
maintain high Pds1p levels because the spindle check-
point was not activated. Therefore, IPL1 behaves differ-
ently from known spindle checkpoint genes because it is
required for full maintenance of the GAL-MPS1-induced
arrest but is not required for the arrest induced by noco-
dazole. In addition, because functional kinetochores are
required to activate the checkpoint in response to
spindle depolymerization (Gardner et al. 2001), this ex-
periment shows that the kinetochores in the ipl1 mutant
cells are competent to activate the checkpoint in the
absence of a spindle.

The addition of nocodazole can inhibit mitotic exit by
either activating the spindle checkpoint or the BUB2-
dependent pathway that monitors delivery of a spindle
pole body to the daughter cell. Although the spindle
checkpoint stabilizes Pds1p, the BUB2-dependent path-
way does not (Alexandru et al. 1999). We confirmed this
by analyzing Pds1p levels in bub2� cells that were re-
leased from G1 into nocodazole at the nonpermissive
temperature in the experiment described above (Fig. 3A).
Because ipl1 mutants behaved like bub2 mutant cells in

maintaining Pds1p levels in the presence of nocodazole,
we tested whether Ipl1p was a component of the Bub2-
dependent pathway instead of the spindle checkpoint.
Wild-type, ipl1-321, and bub2� double mutant cells
were released into nocodazole and benomyl at the non-
permissive temperature (35°C), and the percentage of
large budded cells was monitored for 4 h (Fig. 3B). Al-
though wild-type and ipl1-321 cells arrested as large bud-
ded cells, the bub2� cells did not maintain a large bud-
ded cell arrest. It was recently shown that cells would
rebud in nocodazole only if both the spindle checkpoint
and BUB2-dependent checkpoint are defective (Alexan-
dru et al. 1999; Fesquet et al. 1999). However, we de-
tected rebudding in bub2� cells, probably because noco-

Figure 3. (A) Ipl1p is not required for the checkpoint arrest
induced by nocodazole. Wild-type (SBY818), ipl1-321 (SBY819),
mad2� (SBY920), and bub2� (SBY934) cells containing Pds1-
myc18 were arrested in G1 with �-factor at the permissive tem-
perature (23°C). They were released into nocodazole and beno-
myl at the nonpermissive temperature (37°C), and �-factor was
added back when small buds appeared, to prevent cells from
entering the next cell cycle. Pds1p levels were analyzed by im-
munoblotting and show that wild-type, ipl1-321, and bub2�

mutant cells activate the spindle checkpoint because they
maintain high Pds1 levels. Pds1p levels cycle in mad2� mutant
cells, which lack the spindle checkpoint. Equal protein concen-
trations were loaded in all lanes as judged by Ponceau S staining
(data not shown). (B) IPL1 does not function in the BUB2-de-
pendent checkpoint pathway. Wild-type (SBY214), ipl1-321
(SBY322), and bub2� (SBY432) mutant cells were released into
nocodazole plus benomyl at the nonpermissive temperature.
The percentage of large budded cells was monitored and shows
that wild-type (filled squares) and ipl1-321 cells (shaded squares)
arrest as large budded cells whereas bub2� cells (gray squares)
rebud, indicating that Ipl1p is not in the same pathway as
Bub2p.
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dazole does not work as effectively at high temperatures.
Although the bub2� cells rebud, we did not detect re-
budding in the ipl1-321 mutant cells, suggesting that
they behave differently than bub2� cells. Therefore,
Ipl1p likely acts in a separate pathway from Bub2p be-
cause ipl1-321 arrests in nocodazole at high tempera-
tures, a condition that allows bub2� cells to leave mi-
tosis after a short delay.

Ipl1p is required for the spindle checkpoint delay
induced by kinetochore tension defects

In multicellular eukaryotes, the checkpoint appears to
monitor both microtubule attachment to the kineto-
chore and tension generated at the kinetochore (Li and
Nicklas 1995; Rieder et al. 1995). We considered the pos-
sibility that Ipl1p monitors kinetochore tension but not
attachment in budding yeast and tested this hypothesis
in an experiment wherein microtubule attachment oc-
curred but tension was not generated. Because sister
chromatids are linked to each other, attempting to pull
the sister kinetochores to opposite poles generates ten-
sion on the kinetochores and the linkage between them.
In the absence of DNA replication, tension cannot be
generated because kinetochores lack sisters. DNA repli-
cation can be prevented by repressing the CDC6 gene
that is required for the initiation of replication (Piatti et
al. 1996), without affecting the interaction between mi-
crotubules and kinetochores (Piatti et al. 1995). In these
cells Pds1p is stabilized in a spindle checkpoint-depen-
dent manner (Stern and Murray 2001).

We used this manipulation to ask if Ipl1p is needed to
sense the absence of kinetochore tension. We compared
wild-type cells with three strains that failed to replicate
their DNA when grown on glucose-containing medium:
cells that have an intact spindle checkpoint (GAL-
CDC6); cells lacking Mad1p, a known spindle check-
point component (GAL-CDC6 mad1�); and cells with
mutant Ipl1p (GAL-CDC6 ipl1-321). Cells depleted of
Cdc6 protein were arrested in G1 with �-factor, released
into conditions that inactivated Ipl1p (37°C) and re-
pressed CDC6 (glucose-containing medium), and Pds1p
levels were monitored by immunoblotting as they pro-
ceeded through the cell cycle (see Materials and Methods
for details). Although Pds1p levels fall as wild-type cells
enter anaphase, they are stabilized for at least 1 h in
Cdc6-depleted cells containing unreplicated DNA (Fig.
4A). The stabilization of Pds1p requires the spindle
checkpoint because it is eliminated in GAL-CDC6
mad1� cells. We found that Pds1p levels are also not
stabilized in GAL-CDC6 ipl1-321 cells, indicating that
Ipl1p is required for the spindle checkpoint to delay cells
whose kinetochores are not under tension.

We confirmed the role of Ipl1p by looking at a mutant
that destroys tension at the kinetochore by a different
mechanism. Mcd1p/Scc1p is a component of the cohesin
complex that holds sister chromatids together (Guacci et
al. 1997; Michaelis et al. 1997). In its absence, kineto-
chores can still attach to microtubules (Tanaka et al.
2000), but because sister chromatids are not linked to

each other; there is no tension at these attachments. We
arrested mcd1-1 and mcd1-1 ipl1-321 mutant cells in G1

with �-factor at the permissive temperature and then
released them to the nonpermissive temperature (37°C)
to inactivate the mutant alleles. There is a delay in the
degradation of Pds1p in mcd1-1 cells, indicating that a
checkpoint is activated (Fig. 4B). This delay is abolished
in the mcd1-1 ipl1-321 double mutant cells, indicating
that Ipl1p is required for the spindle checkpoint to delay
cells whose kinetochores have been relaxed by a differ-
ent mechanism.

Ipl1p localizes to kinetochores at metaphase

Because most known spindle checkpoint proteins local-
ize to kinetochores, we analyzed Ipl1p localization in

Figure 4. Ipl1p is required for the checkpoint arrested induced
by kinetochore tension defects. (A) Cells depleted of the Cdc6
protein were grown at the permissive temperature (23°C) and
arrested in G1 with �-factor. Cells were then released from G1 to
the nonpermissive temperature (37°C) in glucose to keep GAL-
CDC6 repressed; Pds1p levels were analyzed by immunoblot-
ting. Pds1p levels cycle in wild-type cells (SBY818) but are sta-
bilized in GAL-CDC6 cells grown in repressing media (SBY772).
Pds1p levels are not stabilized in GAL-CDC6 mad1� (SBY762)
and GAL-CDC6 ipl1-321 (SBY771) mutant cells, indicating that
the checkpoint is not activated. (B) mcd1-1 (SBY870) and
mcd1-1 ipl1-321 cells (SBY871) were arrested in G1 with �-fac-
tor at the permissive temperature. They were released to the
nonpermissive temperature (37°C) in the absence of �-factor,
and Pds1-myc18 protein levels were monitored by immuno-
blotting. There is a delay in the degradation of Pds1p in the
mcd1/scc1 mutant cells that is eliminated in the mcd1-1 ipl1-
321 cells, indicating that Ipl1p is required for the spindle check-
point induced by defects in sister chromatid cohesion. Equal
protein concentrations were loaded in all lanes as judged by
Ponceau S staining (data not shown).
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metaphase-arrested cells with or without spindle check-
point activation. Yeast nuclei are small, making it im-
possible to see individual kinetochores by standard im-
munofluorescence techniques. Therefore, we examined
chromosome spreads, the detergent-insoluble residue of
yeast spheroplasts (Loidl et al. 1998). We used one epi-
tope tag to see Cse4p or Ndc10p, two known kinetochore
components, and another to see Ipl1p. To obtain meta-
phase-arrested cells, we used a deletion in the CDC26
gene that is required for APC activity at 37°C (Hwang
and Murray 1997). cdc26� mutant cells containing epi-
tope-tagged Cse4p and Ipl1p were shifted to the nonper-
missive temperature for 3 h to arrest cells in metaphase.
Immunofluorescence was performed on chromosome
spreads and revealed that Ipl1p colocalized with the ki-
netochore protein Cse4p (Fig. 5A). Ipl1p did not colocal-
ize with the spindle pole body (SPB) when we analyzed
the SPB component Spc42p (data not shown). In addition,
the Ipl1p localization is dependent on functional kineto-
chores because it disappears in the ndc10-1 mutant that
abolishes all kinetochore function (data not shown). We
also analyzed Ipl1p localization in cells arrested in met-
aphase with the spindle checkpoint activated. Cells were
released into nocodazole for 3 h, and immunofluores-
cence on chromosome spreads revealed that Ipl1p colo-
calized with another kinetochore component, Ndc10p
(Fig. 5B). Because the resolution of chromosome spreads
is limited, we cannot distinguish whether Ipl1p localizes
to the kinetochore itself or to an adjacent, kinetochore-
dependent structure.

Discussion

We found that the Ipl1/Aurora protein kinase has a role
in the spindle checkpoint in budding yeast that is tem-
porally separate from an earlier role in aligning chromo-
somes on the spindle. Ipl1p distinguishes between the

lack of tension at kinetochores that are attached to mi-
crotubules, and kinetochores without bound microtu-
bules. We suggest that Ipl1p is specifically required to
monitor defects in kinetochore tension.

Functions of the Ipl1/Aurora kinase family

Members of the Aurora protein kinase family have func-
tions in chromosome segregation, condensation, and cy-
tokinesis (for review, see Bischoff and Plowman 1999).
The chromosome segregation defect in ipl1 mutants re-
sults in pairs of sister chromatids traveling to a single
spindle pole instead of opposite spindle poles, resulting
in severe aneuploidy (Chan and Botstein 1993; Biggins et
al. 1999; Kim et al. 1999). In Drosophila, depletion of the
Aurora B by double-stranded RNA interference in cul-
tured Drosophila cells results in polyploidy, a phenotype
similar to the budding yeast ipl1 mutant phenotype (Ad-
ams et al. 2001; Giet and Glover 2001). In Caenorhabdi-
tis elegans, similar chromosome segregation defects are
observed when AIR-2, the Aurora B homolog, is depleted
by RNA interference (Kaitna et al. 2000). The exact role
of Aurora B in chromosome segregation is not clear. In
budding yeast, it appears to control kinetochore behav-
ior, because extracts prepared from ipl1 mutant cells pro-
duce abnormally regulated microtubule interactions
with kinetochores in vitro (Biggins et al. 1999). In Dro-
sophila, Aurora B is required for normal metaphase chro-
mosome alignment, kinetochore disjunction in anaphase
(Adams et al. 2001), normal chromosome condensation,
and the recruitment of the Barren condensin protein to
chromosomes (Giet and Glover 2001). Aurora B phos-
phorylates histone H3 in budding yeast and C. elegans,
an event that is correlated with chromosome condensa-
tion (Hsu et al. 2000). In yeast, however, there is no phe-
notype associated with a lack of H3 phosphorylation,
suggesting that Ipl1p must have additional targets.

Figure 5. Ipl1p localizes to kinetochores at meta-
phase. (A) Ipl1p localizes to kinetochores during a
metaphase arrest. Cdc26� cells containing Cse4p–
myc13 and Ipl1p–HA3 (SBY961) were arrested in met-
aphase by shifting cells to the nonpermissive tem-
perature (37°C ) for 3 h. Chromosome spreads were
performed and stained with DAPI to recognize the
DNA (left panel), and with anti-myc and anti-HA an-
tibodies to recognize Cse4p and Ipl1p, respectively
(middle panels). The merged image (right panel)
shows that there is colocalization of Ipl1p and Cse4p
during a metaphase arrest. (B) Ipl1p localizes to ki-
netochores during a checkpoint arrest. Cells contain-
ing Ndc10p–HA3 and Ipl1p–myc12 (SBY596) were ar-
rested in nocodazole for 3 h at 23°C. Chromosome
spreads were performed and stained with DAPI to rec-
ognize the DNA (left panel), and with anti-HA and
anti-myc antibodies to recognize Ndc10p and Ipl1p,
respectively (middle panels). The merged image (right
panel) of the Ndc10p and Ipl1p images shows that
there is a colocalization of Ipl1p with Ndc10p to ki-
netochores during a checkpoint arrest.
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In budding yeast, Ipl1p is required to sense kineto-
chores that are not under tension, revealing yet another
function for this protein kinase family. Despite defects
in chromosome segregation, mutants in Aurora B do not
result in cell cycle arrest in any organism, suggesting
that this kinase may play a role in the spindle check-
point. We confirmed this possibility by temporally sepa-
rating the roles of Ipl1p in chromosome alignment and
the spindle checkpoint. Overexpressing Mps1p activates
the checkpoint, arresting cells in metaphase with appar-
ently normal bipolar spindles (Hardwick et al. 1996), al-
though the status of kinetochore tension when Mps1 is
overexpressed is not known. When ipl1-321 cells over-
expressing Mps1p are shifted to the nonpermissive tem-
perature to inactivate Ipl1p, most cells exit the cell cycle
and segregate their chromosomes normally. Therefore,
Ipl1p is required to maintain the spindle checkpoint ar-
rest, and this function is temporally independent of an
earlier and essential role in chromosome segregation. In
addition, this experiment shows that the essential role of
Ipl1p in chromosome segregation must occur before or
during spindle assembly. The lack of cell cycle arrest
associated with defects in Aurora B in other organisms
may be owing to a similarly defective spindle check-
point.

Ipl1p localizes to kinetochores during metaphase

The Ipl1p kinase localizes at or near kinetochores during
a metaphase arrest. We did not detect the kinetochore
localization of Ipl1p previously by immunofluorescence
techniques on fixed whole cells (Biggins et al. 1999).
However, by performing immunofluorescence on chro-
mosome spreads of insoluble nuclear material, we were
able to detect the kinetochore localization of Ipl1p at

metaphase, suggesting that Ipl1p is in the Aurora B fam-
ily. Our localization results are similar to those recently
published (He et al. 2001). Finding Ipl1p at kinetochores
is consistent with its role in the spindle checkpoint.
Some checkpoint components, such as Mad2p, are found
at kinetochores that lack microtubules but are absent
from metaphase chromosomes (Chen et al. 1996). This is
consistent with Mad2p being recruited to arrest cells
that have already detected defects at their kinetochores.
Other checkpoint proteins, such as Bub1p, Bub3p (Hoff-
man et al. 2001), and Ipl1p, are present at kinetochores
whether the checkpoint is active or not, suggesting that
they may monitor the status of kinetochore–microtu-
bule interactions.

Ipl1/Aurora monitors tension

Ipl1p appears to have a specific role in the spindle check-
point. It is needed to respond to kinetochores that are not
under tension, but dispensable for detecting those that
are not attached to microtubules. We used two manipu-
lations that reduce tension at the kinetochore and
should not affect attachment to microtubules: prevent-
ing DNA replication or sister chromatid cohesion. Ipl1p
is required for both of these checkpoint-induced arrests
but not for the arrest induced by complete depolymer-
ization of the spindle. A study in HeLa cells also suggests
that separate branches of the checkpoint monitor ten-
sion and attachment (Skoufias et al. 2001).

What is the advantage of monitoring both tension and
attachment at the kinetochore? One possibility is that
monitoring tension is the only way the cell can tell a pair
of sister chromatids whose kinetochores are attached to
the same pole (mono-orientation) from one whose kineto-
chores are attached to opposite poles (biorientation; Fig. 6).

Figure 6. Model for the role of Ipl1p in
monitoring tension during spindle assem-
bly. Telocentric chromosomes are shown
for simplicity in illustrating kinetochore
orientation. Early in mitosis, kinetochores
are neither attached to microtubules nor
under tension (black-filled kinetochores).
Attaching both sister chromatids to the
same pole (mono-orientation) produces ki-
netochores that are not under tension, but
are bound to microtubules (gray-filled ki-
netochores). Once a bioriented spindle is
established, tension can be generated on
the kinetochores (open kinetochores). The
spindle checkpoint must monitor defects
in both attachment and tension to ensure
bipolar spindle assembly. Our experi-
ments suggest that Ipl1p has a specific role
in monitoring tension but not attach-
ment.
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Both pairs of sisters have their kinetochores attached to
microtubules, but the mono-oriented one will lead to
aneuploid progeny unless the cell can detect this defect
and delay anaphase until it has corrected it. Correction is
difficult in budding yeast, where each kinetochore binds
a single microtubule. To correct mono-orientation, one
of the sister kinetochores must release its microtubule
and then attach to a microtubule that originates from the
opposite spindle pole (Fig. 6). More than 30 years ago,
Nicklas and Koch showed that chromosome reorienta-
tion depended on kinetochore tension: kinetochore–mi-
crotubule linkages that are tense are stable; those that
are not are unstable (Nicklas and Koch 1969). One pos-
sibility is that Ipl1p helps to destabilize microtubule at-
tachments to kinetochores that are not under tension. In
support of this model, we found previously that ipl1 mu-
tant extracts are defective in the ATP-dependent release
of microtubules in vitro and that this defect could be
rescued by the addition of recombinant Ipl1 protein (Big-
gins et al. 1999). More recently, Tanaka and Nasmyth
have found that ipl1 mutants appear to be unable to re-
orient chromosomes that are not under tension (T.
Tanaka and K. Nasmyth, pers. comm.). These data sug-
gest that the ATP-dependent loss of kinetochore–micro-
tubule interactions in vitro may mimic an Ipl1p-depen-
dent release of microtubules from kinetochores that are
not under tension in vivo.

There are two ways in which Ipl1p could allow micro-
tubule-bound kinetochores that are not tense to activate
the spindle checkpoint. The first is by destabilizing mi-
crotubule attachment, thus producing naked kineto-
chores, which recruit proteins like Mad2 to activate the
checkpoint. The second is by activating the checkpoint
at kinetochores that are still attached to microtubules.
We believe that both mechanisms exist. The evidence
for the second is the ability of ipl1-321 to overcome the
arrest caused by overexpression of Mps1p, coupled with
the observation that Mps1p overexpression can activate
the checkpoint in the absence of functional kinetochores
(B. Stern and A.W. Murray, unpubl.). If the sole function
of Ipl1p in the checkpoint was to create naked kineto-
chores, the absence of this protein should not affect an
arrest that does not depend on the presence of kineto-
chores. If Ipl1p monitors tension, it may be the kinase
that produces the phospho-specific 3F3/2 epitope found
at kinetochores that are not under tension (Campbell
and Gorbsky 1994; Nicklas et al. 1995).

Whether it activates the checkpoint directly or indi-
rectly, Ipl1p seems to function upstream of the other
known checkpoint components. The Mad1 and Mad2
proteins are required to respond to the absence of tension
or the lack of bound microtubules at kinetochores. The
role of other checkpoint proteins in responding to ten-
sion has not been tested, but all of them (Mps1p, Bub1p,
Bub3p, and Cdc55p) are required to respond to kineto-
chores that are not attached to microtubules. Because
Ipl1p is not required to respond to this defect, it must
function upstream of other known checkpoint proteins,
at least if the checkpoint is a simple linear pathway (see
Fig. 6). The simplest interpretation of the ability of ipl1-

321 to overcome the arrest caused by Mps1p overexpres-
sion is that Mps1 can be activated by two or more pro-
tein kinases: Ipl1p in response to the absence of tension,
and another kinase, perhaps Bub1, in response to naked
kinetochores. If the constitutive, basal activity of Ipl1p
were sufficient to allow overexpressed Mps1 to arrest
cells with normal spindles, inactivating Ipl1p would re-
lieve the arrest. Although we do not detect any changes
in the mobility of Mps1 protein by immunoblotting in
the ipl1 mutant cells, the kinase activity of Mps1 in ipl1
mutant cells needs to be analyzed. Another possibility is
that in response to defects in tension but not attach-
ment, Ipl1p inhibits Cdc20p function in a manner simi-
lar to the Mad2 checkpoint protein. In Xenopus egg ex-
tracts, Aurora A interacts directly with Cdc20p, the ac-
tivator of the APC that the spindle checkpoint inhibits
(Farruggio et al. 1999).

One important alternative to the interpretation that
Ipl1p is only required to detect certain kinetochore de-
fects is that the effect of ipl1-321 is quantitative rather
than qualitative: the mutant can still respond to a strong
defect, but not to a weak one. This interpretation implies
that the lack of tension generates a weak signal for the
checkpoint, whereas the combined lack of tension and
microtubule attachment generates a strong signal. Be-
cause IPL1 is an essential gene, it is impossible to know
whether the null phenotype would have a stronger phe-
notype. The isolation of additional alleles of IPL1 may
aid in testing these hypotheses.

Several studies have shown that the human Aurora
genes are oncogenes. The aurora2 gene is amplified in
many colorectal and breast cancer cell lines (Sen et al.
1997; Bischoff et al. 1998; Tanaka et al. 1999), and au-
rora2 maps to the 20q13 amplicon that is common to
many human malignancies and is correlated with poor
prognosis (Tanner et al. 1995; Sen et al. 1997). In addi-
tion, expression of activated Aurora2 can transform Rat1
fibroblasts and NIH3T3 cells in vitro and cause tumors
in nude mice (Bischoff et al. 1998). These data suggest
that defects in the regulation of the Ipl1/Aurora kinases
can lead to genomic instability. Although our studies
deal with loss of Ipl1 function, the overexpression of Au-
rora kinases may result in similar phenotypes. Because
defects in checkpoint genes are associated with oncogen-
esis, it will be interesting to determine whether the hu-
man Aurora B kinase is needed for cells to delay when
their kinetochores are not under tension. If so, it will be
important to understand whether the genomic instabil-
ity associated with defects in the kinase are caused by
defects in chromosome alignment, the spindle check-
point, or both.

Materials and methods

Microbial techniques and yeast strain constructions

Media and genetic and microbial techniques were essentially as
described (Sherman et al. 1974; Rose et al. 1990). All experi-
ments where cells were released from a G1 arrest were carried
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out by adding 1 µg/mL �-factor at the permissive temperature
(23°C) for 3 h, washing cells twice in �-factor-free media, and
resuspending them in prewarmed media. In all experiments
studying synchronous cell cycles, �-factor was added back to 1
µg/mL after cells had budded to prevent cells from entering the
next cell cycle. All experiments were repeated at least twice
with similar results, and at least 100 cells were counted at each
time point. Galactose was used at a final concentration of 4% in
all experiments. Because galactose induction is somewhat tem-
perature-sensitive, all experiments with galactose were per-
formed at 35°C instead of 37°C. Stock solutions of inhibitors
were made in DMSO and stored at −20°: 30 mg/mL benomyl
(DuPont), 10 mg/mL nocodazole (Sigma), 10 mg/mL �-factor
(Biosynthesis). For benomyl plus nocodazole experiments, cells
were released into 30 µg/mL benomyl and 15 µg/mL nocodazole
at 35°C because these drugs do not work as effectively at high
temperatures. To visualize sister chromatids, copper sulfate was
added to media at a final concentration of 0.25 mM to induce
the GFP–lacI fusion protein that is under the control of the
copper promoter.

The GAL-CDC6 experiment was carried out as follows to
generate a synchronized G1 population of cells depleted of the
Cdc6 protein. First, cells grown in galactose were arrested in G1

with �-factor at the permissive temperature (23°C). They were
then released into galactose media for 20 min and then washed
once into glucose to repress the CDC6 gene; �-factor was added
when small buds formed to rearrest cells in the next cell cycle.
To inactivate ipl1-321, the cells were released from the arrest at
the nonpermissive temperature (37°C) in the presence of glu-
cose to keep CDC6 repressed, and Pds1 levels were monitored
during this cell cycle.

Yeast strains are listed in Table 1 and were constructed by

standard genetic techniques. Diploids were isolated on selective
media at 23°C and subsequently sporulated at 23°C. All strains
containing PDS1-myc18:LEU2 were created by integration of a
plasmid that was a gift of K. Nasmyth (Shirayama et al. 1998).

Protein and immunological techniques

Protein extracts were made and immunoblotted as described
(Minshull et al. 1996). 9E10 antibodies were obtained from Co-
vance and used at a 1:10,000 dilution. For all time-course ex-
periments, the optical density of each culture was measured at
the beginning and at the end of the experiment, and samples
were normalized in sample buffer accordingly. Equal protein
concentrations were loaded in all lanes as judged by Ponceau S
staining (data not shown).

Microscopy

Microscopy to analyze sister chromatids was performed as de-
scribed (Biggins et al. 1999). Indirect immunofluorescence was
carried out as described (Rose et al. 1990). DAPI was obtained
from Molecular Probes and used at 1 µg/mL final concentration.
Chromosome spreads were performed as described (Loidl et al.
1991; Michaelis et al. 1997). Lipsol was obtained from Lip Ltd.
(Shipley, England). 12CA5 antibodies that recognize the HA tag
were used at a 1:1000 dilution and obtained from Covance. A-14
c-myc rabbit antibodies (Santa Cruz Biotechnology) were used
at a 1:1000 dilution to recognize the myc tag. Cy3 secondary
antibodies were obtained from Jackson Immunoresearch and
used at a 1:2000 dilution. FITC secondary antibodies were ob-
tained from Jackson Immunoresearch and used at a 1:500 dilu-
tion.

Table 1. Yeast strains used in this study

Strain Genotype

SBY214 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

SBY322 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2� ipl1-321
SBY432 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

bub2�LEU2
SBY596 MATa ura3-1:IPL1-myc12:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 can1-100 bar1� NDC10:HA3:KAN
SBY679 MATa ura3-1:pGAL-MPS1-myc:URA3 leu2,3-112 ade2-1 can1-100 bar1� lys2� his3-11:pCUP1-GFP12-lacI12:HIS3

trp1-1:lacO:TRP1 PDS1-myc18:LEU2
SBY680 MATa ura3-1:pGAL-MPS1-myc:URA3 leu2,3-112 ade2-1 can1-100 bar1� lys2� his3-11:pCUP1-GFP12-lacI12:HIS3

trp1-1:lacO:TRP1 PDS1-myc18:LEU2 ipl1-321
SBY762 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 can1-100 bar1� madl�HIS3 cdc6:pGAL-UBI-R-CDC6:URA3

PDS1-myc18:LEU2
SBY771 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 lys2� can1-100 bar1�

cdc6:pGAL-UBI-R-CDC6:URA3 PDS1-myc18:LEU2 ipl1-321
SBY772 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1�

cdc6:pGAL-UBI-R-CDC6:URA3 PDS1-myc18:LEU2
SBY818 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

PDS1-myc18:LEU2
SBY819 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

PDS1-myc18:LEU2 ipl1-321
SBY870 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2� mcd1-1

PDS1-myc18:LEU2
SBY871 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2� mcd1-1

PDS1-myc18:LEU2 ipl1-321
SBY920 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

PDS1-myc18:LEU2 mad2�URA3
SBY934 MATa ura3-1 leu2,3-112 his3-11:pCUP1-GFP12-lacI12:HIS3 trp1-1:lacO:TRP1 ade2-1 can1-100 bar1� lys2�

PDS1-myc18:LEU2 bub2�KAN
SBY961 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 can1-100 bar1� IPL1-HA3:HIS3 cdc26�KAN CSE4:CSE4-myc13:URA3

All strains are isogenic with the W303 background.
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