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Improper kinetochore attachments activate the spindle assembly
checkpoint (SAC) to prevent anaphase onset, but it is poorly
understood how this checkpoint is silenced to allow anaphase
onset. Chromosome bipolar attachment applies tension on sister
kinetochores, and the lack of tension delays anaphase onset. In
budding yeast, the delay induced by tension defects depends on
the intact SAC as well as increase in ploidy (Ipl1)/Aurora kinase
and a centromere-associated protein ShuGOshin (Sgo1). Here we
provide evidence indicating that Ipl1-dependent phosphorylation
of the kinetochore protein Duo1 and Mps1 interacting (Dam1)
prevents SAC silencing when tension is absent. The nonphosphor-
ylatable dam1 mutant cells, as well as sgo1 mutant cells, are com-
petent in SAC activation but unable to prevent SAC silencing in
response to tension defects. We further found that phosphomi-
metic dam1 mutants exhibited delayed anaphase onset mainly
due to the failure in SAC silencing, but destabilized kinetochore
attachment likely plays a minor role in this delay. Because the
tension resulting from bipolar attachment triggers the dephos-
phorylation of Dam1 by protein phosphatase 1, this dephosphor-
ylation likely coordinates SAC silencing with chromosome bipolar
attachment. Therefore, Sgo1, Ipl1 kinase, Dam1, and protein phos-
phatase 1 comprise the SAC silencing network that ensures the
correct timing for anaphase onset.

The attachment of sister kinetochores to microtubules ema-
nating from opposite spindle poles establishes bipolar at-

tachment, a process essential for sister chromatid segregation.
Mistakes in this process activate the spindle assembly checkpoint
(SAC) to delay anaphase onset. The SAC components include
mitotic arrest-deficient 1 (Mad1), Mad2, Mad3, budding un-
inhibited by benzimidazole 1 (Bub1), Bub3 and monopolar spindle
(Mps1), which are well conserved in all eukaryotes (1–3). Un-
attached kinetochores recruit some checkpoint proteins, such as
Mad1 and Bub1, generating an inhibitory signal to delay ana-
phase entry (4, 5). The current view is that some active SAC
components sequester cell division cycle 20 (Cdc20), the activa-
tor of anaphase promoting complex (APC), thereby preventing
APCCdc20 activation. Because APCCdc20 mediates the degradation
of securin precocious dissociation of sisters 1 (Pds1), the ana-
phase inhibitor, active SAC delays anaphase onset by stabilizing
Pds1 (6). Once all chromosomes have achieved bipolar attach-
ment, the SAC must be silenced for the initiation of anaphase, in
which sister chromatids segregate. However, the link between
chromosome attachment and SAC silencing is still missing.
Bipolar attachment generates tension on chromosomes, but

chromosomes become tension-defective when sister-chromatid
cohesion is eliminated or when two sister kinetochores are at-
tached by microtubules emanating from the same spindle pole
(syntelic attachment). The SAC is required for anaphase entry
delay in response to tension defects. Interestingly, in budding
yeast, increase in ploidy 1 (Ipl1) kinase (the Aurora B homolog)
and a centromere-localized protein ShuGOshin (Sgo1) are also
required to prevent anaphase entry in cells lacking tension;
nevertheless, they are dispensable for the cell cycle arrest induced
by unattached kinetochores (7–9). One explanation is that Ipl1

kinase destabilizes tension-defective attachments to generate un-
attached kinetochores, which not only facilitates error-correction
but also activates the SAC (10, 11). Because Sgo1 does not play
a role in destabilizing attachments, it is also possible that Ipl1 and
Sgo1 regulate SAC activity through an uncharacterized mechanism.
Recent studies indicate that several mechanisms may con-

tribute to SAC silencing, including the dissociation of SAC com-
ponents from Cdc20 (12), and the stripping of Mad1 and Mad2
from the kinetochore by a dynein motor (13). However, these
mechanisms fail to establish the link between SAC silencing and
chromosome attachment. Recent evidence indicates the role of
protein phosphatase 1 (PP1) in SAC silencing, because high levels
of PP1, which antagonizes Ipl1 kinase, promote SAC silencing in
yeast cells (14, 15). However, the relevant substrate(s) of Ipl1/PP1
for SAC silencing remains unidentified.
Here, we present evidence for the existence of the SAC si-

lencing network (SSN) in budding yeast, which includes Sgo1,
Ipl1 kinase, PP1, and a kinetochore protein Dam1. Our data
suggest that Ipl1 phosphorylates Dam1 to prevent SAC silencing
before tension generation; nevertheless, tension-induced Dam1
dephosphorylation triggers SAC silencing. Therefore, the SSN
coordinates SAC silencing with chromosome bipolar attachment
through the modulation of Dam1 phosphorylation, ensuring that
anaphase onset occurs at the right time.

Results
Ipl1 and Sgo1 Are Part of the SSN. Ipl1 and Sgo1 are required to
delay anaphase onset in response to tension defects. One pos-
sibility is that Ipl1 and Sgo1 are part of the SAC and required for
SAC activation in the absence of tension, or they prevent SAC
silencing in cells lacking tension (Fig. 1A). To distinguish these
possibilities, we assessed the SAC activation and silencing processes
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in ipl1 and sgo1 mutants in the absence of tension by examining
the phosphorylation of a SAC protein Mad1, which indicates
SAC activation (16, 17). Because mitotic chromosome de-
terminant 1 (Mcd1) is one of the cohesin subunits and mcd1-1
mutant cells fail to generate tension on sister chromatids when
incubated at 37 °C (7, 8), we analyzed the kinetics of Mad1
phosphorylation in mcd1-1 MAD1–3HA cells with dysfunctional
Ipl1, Sgo1, or a SAC component Mad2.
The cells were synchronized in G1-phase and then released

into the cell cycle at 37 °C to inactivate Mcd1. The slow mi-
grating bands of Mad1 were observed after release for 60 min in
mcd1-1 cells, indicating Mad1 phosphorylation and SAC acti-
vation. We noticed the reduction in band-shift at the later time
points (180 and 195 min), which is consistent with the decrease
of large-budded cells (Fig. 1B). In clear contrast, no Mad1
phosphovariants were detected in mcd1-1 mad2Δ mutant cells
during the cell cycle, indicating complete abolishment of SAC
activity (16, 17). In mcd1-1 sgo1Δ cells, obvious Mad1 phos-
phorylation was detected starting from 60 min, but the slow
migrating forms disappeared much sooner compared with mcd-1
single mutants. For the mcd1-1 ipl1-321 cells, weak Mad1 phos-
phovariants were noticed at 75 min and then disappeared (Fig. 1B).
Quantitative analysis using ImageJ indicates the percentage of
phosphorylated Mad1 in these cells during the cell cycle (Fig. S1A).
Thus, unlike the SAC mutant mad2Δ, the SAC can be activated
to some degree in ipl1 and sgo1 mutants in response to tension
defects. In agreement with the kinetics of Mad1 phosphorylation,
mcd1-1 cells arrested as large-budded cells after release into 37 °C
medium until 180 min. The accumulation of large-budded cells
was abolished by mad2Δ and ipl1-321 mutants, but a partial sup-
pression was observed in mcd1-1 sgo1Δ mutants (Fig. 1B).
We recently found that the loss of function of the chromosome

instability and karyogamy 1 (Cik1)/karyogamy 3 (Kar3) motor
complex increases the frequency of syntelic attachment, which
also results in tension-defective chromosomes. Moreover, over-
expression of the coiled-coil domain of CIK1 (CIK1-CC) disrupts

Cik1–Kar3 interaction and induces an anaphase entry delay that
depends on both Ipl1 and Sgo1 (9, 18). Therefore, we also
compared the Mad1 phosphorylation kinetics in wild-type (WT),
ipl1, and sgo1 mutant cells overexpressing CIK1-CC. G1-syn-
chronized cells carrying a PGALCIK1-CC plasmid were released
into 25 °C medium containing galactose to induce CIK1-CC
overexpression. WT cells overexpressing CIK1-CC exhibit more
persistent Mad1 phosphorylation compared with the vector
control (Fig. 1C). The delayed disappearance of Mad1 phos-
phovariants induced by CIK1-CC was partially suppressed by
sgo1Δ and completely suppressed by ipl1–321. As a control, no
Mad1 phosphorylation was detected in mad2Δ mutants. Con-
sistently, mad2Δ, ipl1–321, and sgo1Δ mutants also abolished the
delayed transition from large-budded cells to single cells induced
by CIK1-CC overexpression (Fig. 1C). The result supports a unique
concept that Ipl1 and Sgo1 prevents SAC silencing in response to
tension defects by inhibiting Mad1 dephosphorylation, but this
does not exclude the possibility that Ipl1 is also involved in SAC
activation.

The Phosphorylation of Dam1 by Ipl1 Is Required to Prevent Anaphase
Entry in Response to Tension Defects. We have shown that ipl1–321
mutants are sensitive to syntelic attachments induced by CIK1-
CC overexpression (9). We reason that an Ipl1-dependent phos-
phorylation event is essential for the viability in cells with syntelic
attachments. Kinetochore protein Dam1 is one of the substrates
of Ipl1 kinase, and replacement of three of the four Ipl1 kinase
consensus sites (S257, S265, and S292) with alanine generates
a viable dam1–3A mutant (19). We introduced a PGALCIK1-CC
plasmid into WT and dam1–3A mutant cells. dam1–3A mutant
cells harboring a PGALCIK1-CC plasmid were unable to grow
on galactose plates that induce CIK1-CC overexpression. More-
over, 85% of dam1–3A cells lost viability after CIK1-CC over-
expression for 6 h, compared with 16% viability loss for WT cells
(Fig. S1B).

Fig. 1. ipl1 and sgo1 mutants exhibit premature
SAC silencing. (A) Two working models for the
checkpoint function of Ipl1 and Sgo1 in response to
tension defects. (B) Mad1 phosphorylation kinetics
in checkpoint mutant cells lacking functional cohe-
sin Mcd1. MAD1–3HA cells with the indicated gen-
otypes were synchronized in G1 phase with α-factor
at 25 °C, and then released into 37 °C yeast peptone
dextrose (YPD) medium. α-factor was added back
to block rebudding. Mad1 protein was detected
after Western blotting with anti-HA antibody. The
budding index is shown on the Left panel, and
Mad1 protein modification during the cell cycle is
shown on the Right. The slow migrating bands
represent phosphorylated Mad1. All of the time
course experiments in this project were repeated
at least twice. (C ) Mad1 phosphorylation kinetics
in checkpoint mutants in the presence of CIK1-CC–
induced syntelic attachments. A vector (V) or a
PGALCIK1-CC (CC) plasmid was introduced into cells
with the indicated genotypes. The transformants
were grown in raffinose medium to midlog phase
and then synchronized in G1 phase. The cells were
released into galactose medium to induce CIK1-CC
overexpression. α-factor was restored after budding
to block the second round of cell cycle. The budding
index and Mad1 protein level are shown.
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To determine the cause of the lethality of dam1–3A cells over-
expressing CIK1-CC, we analyzed the cell cycle progression and
chromosome segregation. To this end, we introduced the PGAL
CIK1-CC plasmid into WT and dam1–3A cells with a GFP-marked
centromere of chromosome IV (CEN4–GFP) and mCherry-labeled
microtubules (Tub1-mCherry). After G1 release into galactose
medium, overexpression of CIK1-CC delayed cell cycle progression
in WT cells as more cells remained as large-budded presumably
due to the induction of syntelic attachment, but this delay was
not observed in dam1–3A cells (Fig. 2A). We examined CEN4–GFP
segregation in WT and dam1–3A mutant cells with an elongated
spindle at 120 and 140 min. Overexpression of CIK1-CC only
induced cosegregation of two CEN4–GFP dots with one spindle
pole in 3% of WT cells, but the frequency of cosegregation in-
creased to more than 30% in dam1–3A mutant cells (Fig. 2A),
likely causing viability loss.
To further assess the checkpoint function in dam1–3A cells in

response to tension defects, we examined Pds1 protein levels, as
its degradation marks anaphase onset. G1-arrested PDS1-18myc
(c-Myc) and dam1-3A PDS1-18myc cells carrying either a vec-
tor or a PGALCIK1-CC plasmid were released into galactose
medium. An obvious delay in Pds1 degradation was observed
in WT cells overexpressing CIK1-CC, but this delay was
abolished in dam1–3A mutant cells (Fig. 2B). Therefore,

dam1–3A mutants are unable to delay anaphase entry in re-
sponse to syntelic attachments. We also examined the checkpoint
competency of dam1–3A cells in response to tension defects
induced by Mcd1 inactivation. Pds1 protein was stabilized in
mcd1-1 cells incubated at 37 °C, but this stabilization was abol-
ished in mad1Δ, sgo1Δ, and dam1–3A mutant strains (Fig. S2A).
Therefore, tension defects induced by syntelic attachments or
cohesin inactivation fail to delay anaphase onset in non-
phosphorylatable dam1–3A cells, supporting the conclusion that
Dam1 phosphorylation by Ipl1 is necessary for the checkpoint
response to tension defects.
As ipl1 and sgo1Δ mutants show intact SAC function when

treated with spindle poison nocodazole (7, 8), we compared the
cell cycle progression in WT and dam1–3A cells in the presence
of nocodazole. After G1 release into the medium containing
20 μg/mL of nocodazole, both WT and dam1–3A cells arrested as
large-budded cells with stabilized Pds1 (Fig. S2B), suggesting
that the SAC is functional in dam1–3A cells. Taken together,
nonphosphorylatable dam1–3A mutants behave like ipl1 and
sgo1 mutants, which show intact SAC function but fail to arrest
the cell cycle in response to tension defects.

dam1–3A Mutants Show Premature SAC Silencing in Response to
Tension Defects. Because our data indicate premature SAC si-
lencing in ipl1 and sgo1Δ mutants in response to tension defects,
we also analyzed the SAC silencing process in dam1–3A cells.
G1-arrested MAD1–3HA and dam1–3A MAD1-3HA cells carry-
ing either a vector or PGALCIK1-CC plasmid were released into
galactose medium at 30 °C. The delayed Mad1 dephosphoryla-
tion induced by CIK1-CC overexpression was eliminated in
dam1–3A mutant cells (Fig. 3A). We also examined Mad1
phosphorylation kinetics in synchronized mcd1-1 and mcd1-1
dam1–3A cells incubated at 37 °C. Clearly, dam1–3A cells were
unable to maintain the phosphorylation status of Mad1 in the
absence of tension (Fig. 3B), which could be a result of increased
Mad1 dephosphorylation or impaired Mad1 phosphorylation.
In addition to Mad1, other SAC proteins may also become

dephosphorylated before SAC silencing. Another SAC compo-
nent, Bub1, is a phosphoprotein (20, 21); thus, we analyzed its
phosphorylation kinetics in synchronized mcd1-1 and mcd1-1
dam1–3A mutant cells incubated at 37 °C. These two strains
exhibited similar Bub1 phosphorylation levels at 75 and 90 min
after G1 release, but mcd1-1 dam1–3A cells showed obvious
premature dephosphorylation (Fig. 3C). One explanation is that
Ipl1-dependent Dam1 phosphorylation blocks Bub1 dephosphory-
lation to prevent SAC silencing.

The Phosphomimetic dam1–3D Cells Show SAC-Dependent Delay in
Anaphase Entry. If Dam1 phosphorylation prevents SAC silenc-
ing, phosphomimetic dam1 mutants are expected to show im-
paired SAC silencing. Replacement of three of the four Ipl1
consensus Ser (S) residues in Dam1 with phosphomimetic resi-
due Asp (D) generates viable dam1–3D (S257D S265D S292D)
mutants that show a slow growth phenotype (19). This phenotype
could be a result of SAC activation. To test this possibility, we
crossed dam1–3D to SAC mutants mad1Δ and mad2Δ. In-
terestingly, we obtained viable dam1–3D mad1Δ and dam1–3D
mad2Δ double mutants, although the double mutants showed
similar sick growth as dam1–3D single mutant cells. Using dam1–
3D mad1Δ mutants, we assessed if dam1–3D mutants show an
SAC-dependent anaphase entry delay by examining Pds1 protein
levels in synchronized cells. After G1 release into cell cycle,
dam1–3D mutant cells showed stabilized Pds1 protein levels, in-
dicating delayed anaphase entry. Consistently, the mutant cells
also exhibited a significant delay in the transition from large-
budded to unbudded G1 cells. Deletion of the SAC checkpoint
MAD1, however, abolished Pds1 stabilization and delayedM to G1
transition (Fig. 4A).
To further analyze the SAC activation status in dam1–3D

mutant cells, we examined Mad1 and Bub1 phosphorylation ki-
netics during the cell cycle in dam1–3D cells. Strikingly, the

Fig. 2. The nonphosphorylatable dam1–3A mutants are sensitive to the in-
duction of syntelic attachments. (A) CIK1-CC overexpression causes chromo-
some missegregation in dam1–3A mutant cells. A vector (V) or a PGALCIK1-CC
(CC) plasmid was introduced intoWT and dam1–3A cells with CEN4–GFP TUB1–
mCherry. The transformants were first arrested in G1 phase in raffinose me-
dium and then released into galactose medium at 30 °C. Cells were collected at
the indicated time points for the examination of fluorescence signals. The
budding index is shown in the Left panel. The Right panel shows the distri-
bution of CEN4–GFP and spindle morphology in some representative cells. The
arrows indicate cells with cosegregated CEN4–GFP. The percentage of cells
with an elongated spindle as well as cosegregated CEN4–GFP dots at 120 and
140 min is shown in the Lower panel (n > 100). The percentage is the average
from three independent experiments. (B) dam1–3A mutation suppresses the
delayed Pds1 degradation induced by CIK1-CC overexpression. G1-arrested
PDS1–18myc and dam1–3A PDS1–18myc cells with a vector or a PGALCIK1-CC
plasmid were released into 30 °C galactose medium. α-factor was restored
after budding. The Pds1 protein levels were determined after Western blot-
ting. Pgk1 protein levels are used as a loading control. The budding index is
shown in the Left panel, and Pds1 levels are shown in the Right panel.
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mutant cells showed substantially delayed dephosphorylation of
these two SAC components, indicating persistent SAC activation
(Fig. 4B and Fig. S3A). Therefore, phosphomimetic dam1–3D
cells have difficulty entering anaphase due to active SAC.

dam1–3D Mutant Cells Show Defects in SAC Silencing. Next, we
asked what causes the anaphase entry delay in dam1–3D cells.
Because previous data indicate the role of Ipl1 kinase in desta-
bilizing tension-defective kinetochore attachments (10, 11), one
possibility is that unattached kinetochores in phosphomimetic
dam1–3D cells activate the SAC to delay anaphase onset. If that
is the case, dysfunctional SAC will allow dam1–3D cells to enter
anaphase with unattached kinetochores and result in chromo-
some missegregation. Using the established colony sectoring assay
(22), we determined the chromosome loss rate in dam1–3D strains
with or without functional SAC. Both WT and dam1–3D single
mutants showed a low chromosome loss rate (0.1% and 0.21%,
respectively). The rate for dam1–3D mad2Δ mutants (0.53%) is
similar to that of mad2Δ (0.48%), indicating that the kinetochore
attachment defect in dam1–3D cells is not significant (Fig. S3B).
The fact that dam1–3D cells are viable in the absence of MAD1
or MAD2 also supports this notion. Therefore, the destabilized
kinetochore attachment cannot fully explain the dramatic anaphase
entry delay in dam1–3D cells.
To further clarify if kinetochore detachment is responsible

for the delayed anaphase onset in dam1–3D mutant cells, we
performed live-cell imaging to visualize the chromosome
segregation process in two sequential cell cycles. We speculate
that a haploid yeast cell lacking a whole chromosome is unable

to accomplish mitosis. Thus, the successful chromosome seg-
regation in both daughter cells indicates that no chromosome
missegregation occurs during the preceding cell cycle. WT, dam1–
3D, and dam1–3D mad1Δ cells were first arrested in G1 phase and
then spotted onto the surface of a slide with agarose medium pad.
For each strain, about 30 cells were visualized for the segregation
of kinetochore clusters [mis twelve-like 1 (Mtw1)-GFP] for two
sequential cell divisions. dam1–3D cells showed a clear delay in
kinetochore cluster segregation, and 1 of the 33 dam1–3D cells
never finished the first segregation, but this delay was suppressed
bymad1Δ (Fig. 4C and Fig. S4). Among all of the daughters of the
33 dam1–3D mad1Δ cells, only two of them failed to segregate
chromosomes during the second round of cell cycle, suggesting
that 31 of the 33 dam1–3D mad1Δ cells had faithful chromosome
segregation during the first round of mitosis. Therefore, the failure
of SAC silencing, but not the destabilized kinetochore attach-
ment, may play a major role in the delayed anaphase entry in
dam1–3D cells.

Fig. 3. dam1–3A mutants exhibit premature SAC silencing. (A) dam1–3A
cells show premature Mad1 dephosphorylation when CIK1-CC is overex-
pressed. G1-arrested MAD1–3HA and dam1–3A MAD1–3HA cells harboring
a vector (V) or a PGALCIK1-CC (CC) plasmid were released into 30 °C galactose
medium. α-factor was added back after budding. Mad1 protein was detec-
ted after Western blotting. The budding index and Mad1 protein level are
shown. (B) dam1–3A cells show premature Mad1 dephosphorylation when
cohesin Mcd1 is inactivated. mcd1-1 MAD1–3HA and mcd1-1 dam1–3A
MAD1–3HA cells growing at 25 °C were synchronized in G1 and then re-
leased into 37 °C YPD medium. Cell lysates were prepared at the indicated
times for Western blotting with anti-HA antibody. The budding index and
Mad1 modification are shown. (C) dam1–3A cells show premature Bub1
dephosphorylation in the absence of cohesion. mcd1-1 BUB1–13myc and
mcd1-1 dam1–3A BUB1–13myc cells growing at 25 °C were synchronized in
G1 phase and then released into 37 °C YPD medium. Cell lysates were pre-
pared every 15 min, and Bub1 modification was analyzed after Western
blotting. Shown here are the budding index and Bub1 protein levels.

Fig. 4. dam1–3D mutants show SAC silencing defects. (A) dam1–3D cells
exhibit SAC-dependent anaphase entry delay. G1-arrested PDS1–18myc cells
with the indicated genotypes were released into YPD medium at 30 °C.
α-factor was added back after budding to block further cell cycle. Cell lysates
were prepared every 20 min, and the Pds1 protein levels were determined
after Western blotting. The budding index and Pds1 protein levels are
shown. Pgk1 protein levels are used as a loading control. (B) dam1–3D cells
exhibit persistent Mad1 phosphorylation. G1-arrested MAD1–3HA and dam1–3D
MAD1–3HA cells were released into YPD medium at 30 °C. α-factor was re-
stored after budding. Mad1 protein was detected after Western blotting.
Shown here are the budding index and Mad1 protein levels. (C) Live-cell
imaging of chromosome segregation in dam1–3D and dam1–3D mad1Δ cells
with GFP-tagged kinetochore protein Mtw1. Cells with the indicated geno-
types were first arrested in G1 and then loaded onto the pad containing
complete synthetic medium. The images were acquired every 5 min for 6 h.
The Left panel shows the cell numbers with unsegregated Mtw1–GFP clus-
ters over time. The cell numbers for the three strains used in this experiment
are WT, 32; dam1–3D, 33; dam1–3D mad1Δ, 33. The average doubling time
for the three strains during the first and second cell cycle is shown on the
Right panel. The doubling time for the first cell cycle starts from G1 release to
the first time point showing the segregation of two Mtw1–GFP clusters into
two daughter cells. The doubling time for the second cell cycle is defined as
the time difference between two Mtw1–GFP cluster segregation points in
the sequential cell cycles.
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Chromosome bipolar attachment applies tension on chromo-
somes that separates sister kinetochores/centromeres before
anaphase entry; thus, we also assessed the bipolar attachment
process in dam1–3D cells by examining the kinetics of sister
centromere separation (CEN4–GFP) in synchronized cdc13-1
and cdc13-1 dam1–3D cells that arrest in preanaphase at high
temperature due to the activation of the DNA damage check-
point (23). After G1 release into 34 °C medium, cdc13-1 and
cdc13-1 dam1–3D cells showed similar kinetics for the separation
of CEN4–GFP dots (Fig. S5A), indicating that the defect in bi-
polar attachment is not obvious in dam1–3D cells.
If the SAC silencing process is impaired in dam1–3D cells, the

mutant cells will show more dramatic delay in anaphase entry
after SAC activation by nocodazole treatment. As dam1–3D cells
show significant anaphase entry delay, we first arrested the cells
in preanaphase using cdc13-1 in the presence or absence of
nocodazole, and then analyzed the recovery process. G1-arrested
cdc13-1 and cdc13-1 dam1–3D cells were released into 32 °C
medium with or without nocodazole. After nocodazole washout,
the cells were released into 25 °C medium. cdc13-1 and cdc13-1
dam1–3D mutants without nocodazole treatment showed similar
kinetics for the transition from large-budded cells to single cells.
Our explanation is that cdc13-1–induced arrest allowed enough
time for SAC silencing even in cdc13-1 dam1–3D mutants. Once
exposed to nocodazole, however, cdc13-1 dam1–3D mutants
exhibited a significant delay in this transition compared with
cdc13-1 cells, which could be attributed by impaired SAC si-
lencing (Fig. S5B).

Ipl1 Kinase and PP1 Control SAC Silencing Through Dam1. If the
failure of Dam1 phosphorylation by Ipl1 contributes to the
premature anaphase onset in ipl1 mutant cells lacking tension,
phosphomimetic dam1 mutant will suppress this mutant pheno-
type. To test this idea, we first compared the cell cycle pro-
gression in synchronized mcd1-1, mcd1-1 ipl1–321, and mcd1-1
ipl1–321 dam1–3D cells incubated at 37 °C. As shown previously,
mcd1-1 cells exhibited stabilized Pds1 protein, but this stabili-
zation was abolished in mcd1-1 ipl1–321 mutant cells. However,
dam1–3D mutant suppressed the premature Pds1 degradation in
mcd1-1 ipl1–321 cells. The decrease of large-budded cells in
mcd1-1 ipl1–321 cells in the later time points was also suppressed
by dam1–3D (Fig. 5A). We quantified Pds1 protein levels in
these cells, confirming the suppression of premature anaphase
entry (Fig. S6A). Therefore, dam1–3D mutant blocks the pre-
mature anaphase entry in ipl1 mutant cells in the absence
of tension.
We further analyzed the SAC activation and silencing kinetics

in synchronized WT, ipl1–321, and ipl1–321 dam1–3D cells by
examining the phosphorylation of Mad1. Synchronized ipl1–321
cells showed compromised Mad1 phosphorylation when in-
cubated at 25 °C compared with WT cells, presumably due to the
partial loss of Ipl1 kinase activity. However, dam1–3D and ipl1–
321 dam1–3D mutant cells exhibited persistent Mad1 phos-
phorylation as well as increased proportion of large-budded cells
(Fig. 5B). Therefore, the phosphorylation of Dam1 can delay
anaphase onset in the absence of Ipl1 activity, which supports the
notion that Dam1 acts downstream of Ipl1 to regulate SAC
silencing.
Recent studies indicate the role of PP1 in SAC silencing (14,

15, 24, 25). Overexpression of glycogen 7 (Glc7), the catalytic
subunit of PP1, induces checkpoint silencing in the presence of
improper kinetochore attachments (15). To test if PP1 silences
the SAC by dephosphorylating Dam1, we analyzed Mad1 phos-
phorylation kinetics in WT and dam1–3D mutant cells over-
expressing GLC7. We found that GLC7 overexpression obviously
reduced Mad1 phosphorylation, supporting the positive role of
PP1 in SAC silencing. In dam1–3D mutant cells, however, persis-
tent Mad1 dephosphorylation was observed even when Glc7 is
overproduced (Fig. 5C), indicating that PP1 likely silences the
SAC by dephosphorylating Dam1.

As dam1–3A and sgo1Δ mutants show similar checkpoint
defects, we also tested if Sgo1 acts up- or downstream of Dam1.
The cell cycle progression in dam1–3D and dam1–3D sgo1Δ
mutants were compared by examining the Pds1 levels. Strikingly,
the anaphase entry delay in dam1–3D mutant was completely
suppressed by sgo1Δ (Fig. S6B). Thus, Ipl1 kinase and phos-
phatase PP1 act upstream of Dam1, but Sgo1 functions down-
stream of Dam1.

Discussion
Mistakes in chromosome–microtubule attachment are monitored
by the SAC that delays anaphase onset to facilitate error correc-
tion, but it remains unclear how the SAC is silenced once all
chromosomes are attached correctly. Our data reveal the SSN
in budding yeast that ensures correct timing for anaphase onset.
Before bipolar attachment that induces tension generation, one
branch of the SSN prevents SAC silencing through Ipl1-dependent
phosphorylation of a kinetochore protein Dam1. After tension
generation, the activation of another SSN branch induces PP1-
dependent Dam1 dephosphorylation and the subsequent SAC si-
lencing. Therefore, the Ipl1 kinase, phosphatase PP1, their substrate
Dam1, and Sgo1 comprise the SSN that couples the SAC si-
lencing process to chromosome bipolar attachment.
It is well established that cells monitor detached kinetochores

by activating the SAC, but the checkpoint response to tension-

Fig. 5. Ipl1 kinase and PP1 phosphatase control SAC silencing through Dam1.
(A) dam1–3D mutation blocks premature anaphase entry in mcd1-1 ipl1–321
mutant cells. G1-arrested PDS1–18myc cells with indicated genotypes were
released into 37 °C YPD. α-factor was added back after budding. Cells were
collected every 15 min for the budding index and the determination of Pds1
protein levels. Pgk1 protein levels are used as a loading control. (B) ipl1–321
dam1–3D cells show compromised Mad1 dephosphorylation. G1-arrested
MAD1–3HA cells with indicated genotypes were released into 30 °C YPD me-
dium, and α-factor was added back after budding. Cells were collected at the
indicated time points for the determination of budding index and Mad1
protein modification. (C) dam1–3D cells exhibit defective Mad1 dephosphory-
lation when PP1 is overexpressed. G1-arrested MAD1–3HA and dam1–3D
MAD1–3HA cells containing a vector (V) or a PGALGLC7 (GLC7) plasmid were
released into galactose medium and incubated at 30 °C. α-factor was added
back after budding. Cells were collected over time to determine the budding
index and Mad1 protein modification.
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defective chromosome attachments is much less understood.
Previous data suggest that Ipl1 kinase promotes the conversion
of tension-defective kinetochores to unattached ones, which in
turn activates the SAC and facilitates error correction (10). Our
results demonstrate that Ipl1 prevents anaphase entry by phos-
phorylating a kinetochore protein Dam1, but this function is
separable from Ipl1-dependent kinetochore attachment de-
stabilization. In support of this notion, we found that a SAC
mutant mad1Δ can suppress the anaphase entry delay in dam1–
3D cells without causing a high frequency of chromosome loss.
Therefore, in addition to the destabilization of kinetochore at-
tachment, Dam1 phosphorylation also plays a key role in pre-
venting SAC silencing.
Previous data show that the dephosphorylation of Dam1

depends on tension at sister kinetochores (26). Here we present
evidence showing that the dephosphorylation of Dam1 is nec-
essary for SAC silencing, supporting a model that tension at
kinetochores silences the SAC by inducing Dam1 dephosphory-
lation. Therefore, kinetochore attachment and tension may reg-
ulate anaphase onset in different ways. It is likely that unattached
kinetochores activate the SAC robustly to delay anaphase entry,
but tension-defective attachments maintain metaphase arrest by
preventing SAC silencing. In support of this conclusion, we found
that Sgo1 protein and Ipl1-dependent phosphorylation of Dam1
are required to retain the phosphorylation status of SAC proteins
when tension is absent. It is possible that Dam1 and Sgo1 regulate
the activity of a phosphatase or kinase at the kinetochore to
control the timing of SAC silencing, although further work is
needed to elucidate the detailed mechanism.
In summary, our research work reveals the SSN in budding

yeast, which includes Ipl1 kinase, phosphatase PP1, kinetochore
protein Dam1, and a centromere-associated Sgo1. Our genetic
analysis suggests that Ipl1 and PP1 act upstream of Dam1, but
Sgo1 functions downstream of Dam1. Our data support the model
that biorientation, once achieved, enables PP1 to dephosphorylate
Dam1, which extinguishes the SAC signal individually on each
sister kinetochore. Given the fact that all of the SSN compo-
nents are conserved in eukaryotes, human cells likely have

a similar network to coordinate cell cycle progression and
chromosome attachments. Deregulation of this mechanism
will lead to premature anaphase onset, thereby resulting in
chromosome missegregation and aneuploidy, a cause for
cancer development.

Materials and Methods
Yeast Strains, Growth, and Media. The relevant genotypes and sources of the
yeast strains used in this study are listed in Table S1. All of the strains listed
are isogenic to Y300, a W303 derivative. The BUB1-13myc strains and some
deletion mutants were constructed by using a PCR-based protocol. The yeast
cell growth, synchronization, and CIK1-CC overexpression were described
previously (9).

Western Blot Analysis. We collect 1.5 mL of yeast cells by centrifugation and
prepare yeast protein samples. Protein samples were resolved by 8% (vol/vol)
SDS/PAGE. Proteins were detected with ECL (Perkin-Elmer LAS, Inc.) after
probing with anti-myc and anti- HA primary antibodies (Covance Research
Products, Inc.) and HRP-conjugated secondary antibody (Jackson ImmunoR-
esearch, Inc.). Antiphosphoglycerate kinase 1 (Pgk1) antibody (Molecular
Probes) was used to determine the protein levels of Pgk1, which are used as
a loading control.

Cytological Techniques. Collected cells were fixedwith 3.7% formaldehyde for
20 min at room temperature. The cells were washed once with 1xPBS (pH 7.2)
and then resuspended in PBS buffer to examine fluorescence signals with
a microscope (Carl Zeiss MicroImaging, Inc.). Live-cell microscopy was carried
out with the Andor Revolution SD imaging system. Cells synchronized in G1

were spotted onto an agarose pad filled with synthetic complete medium.
All live-cell images were acquired at 25 °C with a 100× objective lens. A
z-stack with 20 planes separated by 0.4 μm was acquired every 5 min and
converted to maximum projection using Andor IQ2 software.
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