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The spindle checkpoint delays the onset of anaphase until all of
the chromosomes properly achieve bipolar attachment to the spin-
dle. It has been shown that unattached kinetochores are the site
that emits a signal for activation of the checkpoint. Although the
components of the checkpoint such as Bub1, Mad1 and Mad2 se-
lectively accumulate at unattached kinetochores, the answer to
how they recognize unattached kinetochores has remained elu-
sive. Mps1 pombe homolog (Mph1) kinase has been shown to
function upstream of most of the components of the checkpoint
and thus it is thought to recognize unattached kinetochores by
itself and recruit other components. In this study we have
expressed a fusion protein of Mph1 and Ndc80 (a kinetochore pro-
tein of the outer plate) and shown that the fusion protein arrests
cell cycle progression in a spindle-checkpoint–dependent manner
in fission yeast. When expression of Mad2 is turned off, the cells
grow normally with Mph1 constitutively localized at centromeres/
kinetochores. Under this condition, Bub1 can be found with Mph1
throughout the cell cycle, indicating that localization of Mph1 at
centromeres/kinetochores is sufficient to recruit Bub1. In contrast,
Mad1 is found to transiently localize at kinetochores, which are
presumably unattached to the spindle, but soon it dissociates from
kinetochores. We propose that Mph1 is a sufficient marker for
recruitment of Bub1. Mad1, in contrast, requires an additional con-
dition/component for stable association with kinetochores.

The spindle checkpoint delays the onset of anaphase until all of
the chromosomes properly achieve bipolar attachment to the

spindle microtubules (reviewed in ref. 1). It has been proposed
from early observation by micromanipulation experiments that an
unattached kinetochore and/or a kinetochore under low tension
produces a “wait anaphase” signal. In the spermatocytes of man-
tids, the presence of a single improperly attached chromosome is
sufficient to inhibit the onset of anaphase.When this chromosome
was pulled with a microneedle to place it under tension, the cell
cycle arrest was released (2). Another study reported that laser
ablation of the last unaligned kinetochore allows the cells to
progress to anaphase in mammalian PtK1 cells (3).
The components of the spindle checkpoint have been identified

through genetic screens in the budding yeast Saccharomyces cer-
evisiae.They include mitotic-arrest deficient (Mad) 1, 2, and 3 and
budding uninhibited by benzimidazole (Bub) 1 and 3, all of which
are evolutionally conserved among eukaryotes (4, 5). In addition,
a dual-specificity kinase, Mps1, which was originally identified as
a factor required for the duplication of spindle pole body (SPB) in
S. cerevisiae, plays an important role in the checkpoint (6–8). In the
presence of unaligned kinetochores, the checkpoint inhibits the
activity of anaphase promoting complex/cyclosome (APC/C) to
polyubiquitinate the substrates such as securin and cyclin B (9).
The spindle checkpoint proteins Mad2 and Mad3/BubR1 directly
bind to Slp1/Cdc20, an activator of theAPC/C, thereby preventing
polyubiquitination by Cdc20-APC/C (10–13).
Since the first demonstration that Mad2 accumulates at un-

attached kinetochores (14), subsequent studies have shown that
other components of the spindle checkpoint localize at unattached
kinetochores as well (15, 16). It has generally been believed that

the unattached kinetochore plays a role as a factory to assemble
a protein complex termed mitotic checkpoint complex (MCC),
consisting of Mad2, Mad3/BubR1, Bub3, and Slp1/Cdc20, which
has an inhibitory activity against APC/C (17, 18).
Overexpression of Mps1 in the budding yeast S. cerevisiae and

the Mps1 pombe homolog (Mph1) kinase in the fission yeast
Schizosaccharomyces pombe can induce a cell cycle arrest in
a spindle-checkpoint–dependent manner without disrupting the
structure of the mitotic spindle (19, 20). Because the arrest in-
duced by overexpression of Mps1 requires other functional
components of the checkpoint, it is thought that Mps1 causes the
arrest by activating the Mad and Bub pathways. Other studies in
higher eukaryotes have indicated that Mps1 is required for re-
cruitment of Mad2 to unattached kinetochores (6, 21, 22). Re-
cent studies using chemical inhibitors of Mps1 kinase have shown
that Mps1 plays a critical role in regulation of other components
of the spindle checkpoint at unattached kinetochores. Upon in-
hibition of Mps1, chromosomes cannot be properly aligned
largely due to lack of the ability to correct syntelic attachments
(23–25). It has also been shown that the Mps1 activity is required
for activation of Mad2 by converting its conformation, and that
Mps1 can dimerize and transphosphorylate, which presumably
results in release from kinetochores and thereby facilitates the
checkpoint signaling in the cytosol (25). The role of Mps1 kinase
in the cytosol is also proposed to promote the assembly of the
inhibitory complex of Cdc20-APC/C (24).
In this study, we have investigated the role of Mph1 kinase in

recruiting other components of the checkpoint to the kineto-
chore. Our results have indicated that Bub1, which is normally
found at kinetochores in mitosis, can be recruited to the cen-
tromere/kinetochore throughout the cell cycle when the Mph1 is
forced to localize at centromeres/kinetochores. Mad1 is, on the
other hand, found only transiently at kinetochores under the
same experimental condition. It appears that Mph1 can function
as a sufficient marker of unattached kinetochores for Bub1 re-
cruitment, but that Mad1 recognizes unattached kinetochores
independently from Mph1.

Results and Discussion
Requirement for Mitotic Arrest Induced by Overexpression of Mph1.
A previous study showed overexpression of Mph1 induces a mi-
totic arrest (20). In this study Mph1 was overexpressed in various
genetic backgrounds in fission yeast. As shown in Fig. 1A and
Fig. S1A, Mph1, when expressed from pREP41 in the wild-type
strain, could cause a growth arrest. The effects on growth were
significantly different depending on the genetic background.
Overexpression of Mph1 could only affect growth of the wild-
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type strain or strains lackingmph1+ or bub3+. In contrast, strains
expressing Slp1 defective in binding Mad2 (Slp1-mr63) or lack-
ing one of the following components: mad1+, mad2+, mad3+,
and bub1+, were resistant to overexpression of Mph1 from
pREP41. These results implied that (i) a growth arrest caused by
overexpression of Mph1 from pREP41 was likely due to activa-
tion of the spindle checkpoint and (ii) Mph1 activates the Mad
and Bub components except for Bub3. Although Bub3 was
originally identified as a component of the checkpoint in budding
yeast (4), it has been reported that its homolog in fission yeast
might not be required for activation of the checkpoint (26–28).
We also constructed a kinase-dead (KD) mutant of Mph1 by

introducing a mutation (459D to A) known to abrogate the ki-
nase activity of Mps1 in other organisms (6, 29, 30) and tested it
for the ability to activate the spindle checkpoint. As shown in
Fig. 1B, when Mph1-KD was expressed from pREP41, it caused
a weak growth inhibition, which was partially relieved by deletion
of mad2+ or mph1+, indicating that expression of Mph1-KD
from pREP41 caused a weak delay in mitotic progression as well
as a growth defect for a reason unrelated to the checkpoint ac-
tivation. We speculate that partially degraded Mph1-KD pro-
teins (Fig. S2B) might be toxic to some extent.
Finally, we found that tagging green fluorescent protein (GFP)

to the C terminus of Mph1 did not affect the ability to cause
a growth arrest when expressed from pREP41 (Fig. S1A). Ex-
pression of the GPF-tagged Mph1 from pREP81, that had
a promoter less active than that of pREP41, did not induce
a growth arrest (Fig. S1A). In addition, HA epitope-tagged
Mph1 from pREP41 functioned similarly to GFP-tagged Mph1
(Fig. S1A).
To confirm that overexpression of Mph1 caused a mitotic ar-

rest, we monitored localization of centromere II (cen2-GFP)
(31) and morphology of microtubules as well as chromatin. As
shown in Fig. 1 C and D, 18 h after induction of Mph1-HA from
pREP41, centromere II’s, which were occasionally visualized as
two separate dots likely due to tension between bioriented sister
kinetochores, were localized on short and thick mitotic spindles
in ∼40% of cells. Chromatin was tightly condensed in these cells.
These phenotypes were typical of cells arrested at metaphase.

We also examined localization of Mad2. Mad2 remained on
kinetochores in more than 80% of the cells, indicating that the
spindle checkpoint was kept active (Fig. S1 B and C). We also
found that a weak growth inhibition caused by Mph1-KD
expressed from pREP41 (Fig. 1B) was not due to a tight arrest in
mitosis. In the cells overexpressing Mph1-KD, the three indexes
for mitotic arrest (chromosome condensation, centromere II’s on
the spindle, and Mad2 on kinetochores), which would be clearly
seen only in cells tightly arrested at mitosis, were very low (Fig
1D and Fig. S1C).
On the basis of these results, we concluded that although the

interaction between the spindle and kinetochore was not in-
terfered with, overexpression of Mph1 from pREP41 could cause
a mitotic arrest by maintaining the spindle checkpoint active.
Expression from pREP81, a construct with a weaker promoter,
most likely could not do so because the level of Mph1 was in-
sufficient to overcome a checkpoint silencing activity.

Localization of Mph1. It was previously shown that Mps1 kinase,
a homolog of fission yeast Mph1, was localized at the kineto-
chore when the spindle checkpoint was active in budding yeast
(32) and higher eukaryotes as well (6, 7, 22). We tested whether
this was also the case in fission yeast. Localization of Mph1-GFP
expressed from the native locus was determined in a cold-sen-
sitive mutant (nda3-KM311) that could not assemble the normal
mitotic spindle at the restrictive temperature due to the mutation
in the β-tubulin gene (33). In exponentially growing cells at the
permissive temperature, Mph1-GFP was not localized at any
particular sites. After 8 h from the shift to the restrictive tem-
perature, Mph1-GFP was colocalized with Ndc80, a marker for
the centromere/kinetochore (Fig. 2A). Upon the shift back to the
permissive temperature, the cell cycle arrest was released and
Mph1-GFP rapidly disappeared from kinetochores (Fig. 2 A and
B), indicating a tight correlation between the arrest imposed by
the spindle checkpoint and localization of Mph1 at kinetochores.
We next examined localization of Mph1 when the spindle

checkpoint was maintained active due to overexpression of
Mph1. As shown in Fig. 2 C and D, 18 h after induction of
Mph1-GFP from pREP41, Mph1-GFP was colocalized with

Fig. 1. Cell cycle arrest caused by overexpression of
Mph1. (A) Mph1 was overexpressed from pREP41-mph1+

in the wild-type cells or the indicated spindle checkpoint
mutants. Gene expression is repressed in the media with
thiamine (+thiamine) and derepressed in the media
without thiamine (−thiamine). The plates were in-
cubated at 32 °C for 3 d. (B) Mph1 kinase-dead (KD)
mutant was overexpressed in the wild-type cells, mad2Δ,
or mph1Δ from pREP41 as in A. (C) Centromere II’s and
microtubules were visualized by cen2-GFP and Atb2-
mCherry, respectively. DNA was visualized by staining
with Hoechst 33342. (Scale bars, 5 μm.) (D) Indexes of
metaphase arrest: cen2 on the spindle (gray bars) and
chromosome condensation (black bars) were determined
in cells overexpressing Mph1-HA or Mph1KD-HA from
pREP41, respectively. The error bars represent SEM of the
three individual experiments.

210 | www.pnas.org/cgi/doi/10.1073/pnas.1114647109 Ito et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
31

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1114647109/-/DCSupplemental/pnas.201114647SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1114647109


www.manaraa.com

a centromere/kinetochore marker Cnp3 (fission yeast homolog
of CENP-C) in cells arrested at mitosis with condensed chro-
mosomes. Interestingly we found that Mph1-KD-GFP overex-
pressed in the wild-type background was also localized with
Cnp3, although it did not cause a cell cycle arrest in mitosis (Fig.
2 C and D).

Persistent Activation of the Spindle Checkpoint by Expression of
Mph1-Ndc80. Because the above results demonstrated a strong
correlation between localization of Mph1 at kinetochores and
persistent activation of the spindle checkpoint, we thought that
the Mph1 kinase could maintain the checkpoint active more
efficiently if it was forced to localize at the kinetochore. To test
this possibility, the Mph1 kinase was fused with the full length of
Ndc80 tagged with GFP (Mph1-Ndc80-GFP) and expressed
from pREP81, the vector that failed to induce the mitotic arrest
by expressing Mph1 alone (Fig. S1A). As shown in Fig. 3A, ex-
pression of Mph1-Ndc80-GFP from pREP81 caused an arrest in
the wild-type background. It failed to cause an arrest in a strain
lacking mad2+, indicating that the arrest was due to activation of
the spindle checkpoint. The result also indicated that expression
of Mph1 fused with Ndc80, a protein at the outer plate of the
kinetochore (34), did not interfere with the function of the ki-
netochore. Inactivation of the spindle checkpoint would cause
a dramatic decrease in the cell viability if Mph1-Ndc80-GFP
interfered with the function of the kinetochore.
Analysis by immunoblotting indicated that the level of ex-

pression of Mph1-Ndc80-GFP was comparable with that of
Mph1-GFP expressed from pREP81 (Fig. S2B), indicating that
the arrest caused by Mph1-Ndc80-GFP was not due to an in-
creased stability of Mph1 fused with Ndc80, but due to forced

recruitment of Mph1 to kinetochores. Fluorescent microscopy
revealed that Mph1-Ndc80-GFP formed sharp foci at kinet-
ochores that were colocalized with Cnp3 (Fig. S2A) and Mad2
(Fig. 3B). During the course of this study, it was demonstrated
that expression of Mps1 fused with a kinetochore protein
Mis12 could cause persistent activation of the spindle check-
point (35). The outer plate of the kinetochore would likely be a
site suitable for the function of Mph1/Mps1. Indeed, it was
reported that Mps1 binds to Ndc80 in budding yeast (36). In-
terestingly, although Mph1-KD expressed from pREP41 did
not cause a tight mitotic arrest (Fig. 1D), it was able to cause a
mitotic arrest when overexpressed from pREP81 as a fusion
protein with Ndc80, although the efficiency was low (Fig. 3 A–
C). This effect was dependent on Mph1 expressed from the
native locus (Fig. 3A) and the activity of the endogenous kinase
(Fig. S2C). The result would suggest that Mph1-KD-Ndc80-
GFP, which is presumably kinetochore bound, functions with-
out its kinase activity in the presence of the wild-type Mph1 in a
soluble form. Mph1 may normally play two roles; for example,
one to activate Mph1 at unattached kinetochores without the
kinase activity and the other to phosphorylate substrates for
signaling. It is however equally possible at present that Mph1-
KD tethered at kinetochores forms a functional heterodimer
with the wild-type Mph1.
In the above experiments Mph1-Ndc80-GFP was expressed

from the nmt1 promoter of pREP81, which might allow ex-
pression of Mph1-Ndc80-GFP at a level higher than that of the
native Mph1. To examine the effect of Mph1-Ndc80-GFP under
a physiological condition, we next attempted to express Mph1-
Ndc80-GFP from the native promoter of the mph1+ locus. A
construct for tagging Ndc80-GFP at the C-terminal of Mph1 by

Fig. 2. Localization of Mph1. (A)
Localization of Mph1-GFP (green)
was determined in the cold-sensi-
tive mutant nda3-KM311. The cells
were first precultured at 32 °C
(asynchronous) and shifted down
to the restrictive temperature,
20 °C for 8 h (prometaphase arrest).
They were then shifted back to
32 °C to release from the arrest (30
min after release). Ndc80-mCherry
(red) was used as a marker of kineto-
chores. DNA (blue) was visualized by
staining with DAPI (4′-6-diamino-2-
phenylindole). (Scale bars, 5 μm.) (B)
The samples were prepared as in A
and the percentages of the cells with
Mph1 foci at kinetochores (Upper)
and binucleate cells (Lower) were
determined after release from the
prometaphase arrest. (C) Localiza-
tion of Mph1-GFP or Mph1-KD-GFP
(green) expressed from pREP41 for
18 h at 32 °C was determined with
Cnp3-tdTomato (red) as a marker of
kinetochores. (Scale bars, 5 μm.) (D)
The samples were prepared as in C
and the percentages of cells with
Mph1 foci onkinetochores (graybars)
and cells with condensed chromo-
somes (black bars) were determined.
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integration was transformed into a strain in which expression of
Mad2 could be turned on or off by removing/adding thiamine to
the media (the mad2+ gene was replaced with nmt1-mad2+).
The spindle checkpoint in this strain was not functional when
expression of Mad2 was turned off. We could thereby obtain
transformants even when Mph1-Ndc80-GFP expressed from the
native locus persistently activated the checkpoint. As expected,
we obtained the transformants only when expression of Mad2
was turned off and confirmed that the construct was integrated at
the mph1+ locus. Mph1-Ndc80-GFP expressed from the native
mph1+ locus caused a growth arrest when expression of Mad2
was turned on in a manner dependent on Bub1, Mad1, the kinase
activity of Mph1, and interaction between Slp1 and Mad2 (Fig. 4
A and B). Analysis by immunoblot indicated that the level of

Mph1-Ndc80-GFP did not exceed that of Mph1-GFP (Fig. S3A).
It also revealed that the mobility of Mph1-Ndc80-GFP was
slower when expression of Mad2 was on (Fig. S3A). This mobility
shift likely suggests autophosphorylation of Mph1. As shown in
Fig. S3 B and C, Mph1-Ndc80-GFP was localized at centromeres
with Cnp3 regardless of the expression of Mad2. When Mad2
was not expressed, the cells grew normally, exhibiting the in-
terphase nuclear morphology (Fig. S3B). Upon induction of
Mad2, the cells exhibited overcondensed chromosomes (Fig.
S3C) and accumulated Slp1 (Fig. S3A), both of which were
hallmarks of mitotic arrest. These results indicated that Mph1-
Ndc80-GFP expressed at a level comparable to (or lower than)
that of Mph1-GFP alone could efficiently maintain the spindle
checkpoint active.

Recruitment of Bub1 and Mad1 to Centromeres/Kinetochores. The
strain examined above could offer an opportunity to investigate
the role of Mph1 to recruit other components of the checkpoint
to unattached kinetochores. We first expressed Bub1 labeled
with a red fluorescent protein tdTomato and found that it
formed foci with Mph1-Ndc80-GFP throughout the cell cycle in
the absence of Mad2 (Fig. 4 C and D). Because expression of
Mph1-KD-Ndc80-GFP or Mph1-GFP alone did not recruit Bub1
to centromeres/kinetochores (Fig. S3 D and E), the results

Fig. 3. Effect of kinetochore-tethered Mph1 expressed from pREP81. (A)
Indicated fusion proteins were overexpressed from pREP81 in wild type
(Top), mad2Δ (Middle), or mph1Δ cells (Bottom). The plates were incubated
at 32 °C for 3 d. (B) Localization of Mph1-Ndc80-GFP or Mph1-KD-Ndc80-GFP
(green) expressed from pREP81 for 22 h at 32 °C was determined with Mad2-
mRFP (red). DNA was visualized by staining with Hoechst 33342. (Scale bars,
5 μm.) (C) The percentage of the cells with Mad2-mRFP foci on kinetochores
was determined for cells overexpressing various fusion proteins (indicated in
the box) from pREP81.

Fig. 4. Effect of kinetochore-tethered Mph1 expressed from the native locus.
(A) Mph1 (or Mph1-KD) was expressed from the nativemph1+ locus as a fusion
protein with GFP or Ndc80-GFP in cells expressing Mad2 conditionally. The
plates were incubated at 32 °C for 3 d. (B) Mph1-Ndc80-GFP was expressed as
in A in the indicated genetic background. (C and D) Localization of Bub1-
tdTomato (red) was determined with Mph1-Ndc80-GFP expressed as in A
(green) in cells expressing Mad2 conditionally. DNA was visualized by staining
with Hoechst 33342. (E and F) Localization of Mad1-mCherry (red) was de-
termined as in C and D. (Scale bars, 5 μm.)
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suggested that localization of Bub1 required the kinase activity of
Mph1 localized at centromeres/kinetochores. It is likely that
Bub1 itself does not sense whether or not a kinetochore is at-
tached to the spindle, but is recruited to unattached kinetochore
marked by Mph1. Because a previous study indicated that Mad3
and Bub3 were recruited to Bub1 forced to localize at telomeres
(37), we speculate that these two components would not recog-
nize unattached kinetochores by themselves, but would rather
passively be recruited by Mph1 via Bub1.
By a similar strategy, we determined the dependency of Mad1

for its localization at centromeres/kinetochores. As shown in Fig.
4E, when Mad2 was not expressed, Mad1 was not colocalized
with Mph1-Ndc80-GFP, suggesting that localization of Mph1 at
centromeres/kinetochores was not sufficient for recruitment of
Mad1. Upon induction of Mad2, Mad1 accumulated at kinet-
ochores in cells arrested at mitosis (Fig. 4F).
We further examined localization of Mad1 by synchronizing

cell growth. The cdc25-22 mutation was introduced into the
strain in which three proteins were expressed as follows: Mph1-
Ndc80-GFP form the native mph1+ locus, Mad2 from the nmt1
promoter at the mad2+ locus, and Mad1 tagged with a red
fluorescent protein mCherry from the native mad1 locus. Block-
and-release experiment with the resulting strain was performed
as illustrated in Fig. S4A. First, the cells were incubated with
thiamine (Mad2 OFF, Fig. S4B) or without thiamine (Mad2 ON,
Fig. S4C) at the permissive temperature of 26 °C for 22 h (at this
time point, the level of Mad2 was not sufficient to cause a mitotic
arrest even when expression of Mad2 was turned on). After
subsequent incubation at 36 °C, the cells were arrested at the G2/
M boundary with Mad2 at a level sufficient to cause a mitotic
arrest (Mad2 ON, Fig. S4B). As shown in Fig. 5 A and B, most of
the cells, which were mononucleate, at release from the block
(time 0) did not have condensed chromosomes. When Mad2 was
turned off, the index of the chromosome condensation reached
a peak at 15 min after the release. At 60 min after the release,
the percentage of the binucleate cells reached a peak (∼80%),
indicating that the cells progressed through mitosis synchro-
nously (Fig. 5A). When Mad2 was turned on, the index of the
chromosome condensation gradually increased from 0 to more
than 50%. Binucleate cells, which passed through anaphase,
however, did not increase. These results indicated that when
Mad2 was turned on, the cells, which were initially at the
boundary of G2/M, were arrested before anaphase (Fig. 5B).
We first observed Mad1 in cells in which expression of Mad2

was turned off. Mad1 was not colocalized with Mph1-Ndc80-
GFP before release of the arrest (0 min, Fig. S4B). It was then
found as foci in some cells 15 min after the shift to a permissive
temperature (Fig. 5C and Fig. S4B). As these foci were colo-
calized with Mph1-Ndc80-GFP, they were on kinetochores. At
a later time point (30 min), Mad1 was found on the spindle. By
the completion of anaphase (45 min), Mad1 disappeared from
the spindle. The observation would suggest that Mad1, at an
initial stage of mitosis, is recruited to kinetochores, which are
presumably unattached to the spindle. It was then stripped off
from the kinetochores and translocated to the spindle. Mad1
thereby determines its localization autonomously even when
Mph1 was fixed to kinetochores. Although Mad1 recruitment is
autonomous, we do not exclude a possibility that kinetochore-
localized Mph1 might still be necessary but is certainly not suf-
ficient to direct Mad1 recruitment. In a number of studies, Mps1
was shown to be required for recruitment of Mad1 to kinet-
ochores (6, 21, 22). Our result would indicate that an additional
component/condition is required for constitutive association of
Mad1 with kinetochores. Because expression of Mad2 was
turned off, it is possible that Mad2 might be required for stable
association of Mad1 to kinetochores.
We next observed Mad1 in cells in which expression of Mad2

was turned on (Fig. 5D and Fig. S4B). By 30 min after the shift to
a permissive temperature for the cdc25mutation, the behavior of
Mad1 in cells expressing Mad2 was similar to that in cells lacking
Mad2. It however remained as foci or on the spindle 45 and 60

min after the shift to a permissive temperature. On the basis of
the results, we speculated that once the checkpoint was activated,
Mph1-Ndc80 prevented silencing of the checkpoint. As a result,
Mad1 remained as foci at kinetochores or on the spindle.
Whereas kinetochores are considered to be equal in their

constituents and overall structure, the components of the spindle
checkpoint are selectively recruited to unattached kinetochores.
Which of the components of the spindle checkpoint recognizes
unattached kinetochores has been an important and long-
standing question. Our study suggests that Mph1/Mps1 would be
one of the primary components for recognition of the unattached
kinetochore. We speculate that a putative receptor may change
its affinity for Mph1/Mps1, depending on microtubule occupancy
and/or tension. Once Mph1 is captured by the receptor, certain
centromere components could be modified by Mph1 for re-
cruitment of Bub1. In our experimental system, in which ex-
pression of Mad2 was turned off, Mad1 did not constitutively
associate with centromere/kinetochores marked by Mph1.
However, it was transiently found at kinetochores (Fig. 5C). The
result thereby suggests that even in the absence of Mad2, Mad1
recognizes unattached kinetochore autonomously. It has been
shown that recruitment of Mad1 and Mps1 requires mitotic
kinases, Plk1 and Aurora B, respectively (38, 39). These kinases
may be involved in recognition of unattached kinetochores by
modifying Mad1, Mps1, or their receptors.

Fig. 5. Localization of Mad1 in mitosis. (A and B) The percentages of the
binucleate cells (Left) and cells with condensed chromosomes (Right) were
determined after release from the arrest at the G2/M boundary. The cells
were expressing Mad2 conditionally and Mph1-Ndc80-GFP from the native
mph1+ locus. (C and D) Localization of Mad1-mCherry (red) was determined
with Mph1-Ndc80-GFP expressed as in A and B 15 min after the release from
the arrest at the G2/M boundary. Arrowheads indicate Mad1 foci colo-
calized with Mph1-Ndc80-GFP. DNA was visualized by staining with DAPI
(4′-6-diamino-2-phenylindole). (Scale bars, 5 μm.) Fig. S4 shows images at
other time points.
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Materials and Methods
The S. pombe strains used in this study are listed in Table S1. The strains were
grown in yeast extract with supplement (YES) media or synthetic Edinburgh
minimal media (EMM) with appropriate nutrient supplements as previously
described (40). The block-and-release experiment of nda3-KM311 cold-sen-
sitive mutant cells was performed as described previously (33). See SI
Materials and Methods for other procedures.
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