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Spindle assembly checkpoint silencing and beyond
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The activation of the spindle assembly checkpoint

The Spindle Assembly Checkpoint (SAC) prevents anaphase
onset in the absence of kinetochore-microtubule attachment,
ensuring that cells with unattached kinetochores do not
proceed into anaphase. This is accomplished via a signaling
pathway that inhibits the Anaphase Promoting Complex/
Cyclosome (APC/C), an E3 ligase that targets the anaphase
inhibitor securin for degradation. The highly conserved SAC
consists of Mad1, Mad2, BubR1/Mad3, Bub1, Bub3, and Mps1
kinase. In the absence of microtubule attachment, these pro-
teins are recruited to the kinetochore scaffolding protein Knl1/
Spc105, a process that is dependent on Mps1 kinase. Mps1
phosphorylates 6 repetitive MELT motifs of Spc105 to recruit
Bub1/Bub3 complex to the kinetochore. Furthermore Mps1 has
also been shown to phosphorylate Bub1, promoting Mad1
recruitment to the kinetochore.1 Mad1 forms a complex with
Mad2, which promotes the conformational change of Mad2
from "open" to "closed" form. This closed form of Mad2 seques-
ters Cdc20, the activator of the APC/C, thus inhibiting the
APC/C from targeting the anaphase inhibitor securin for degra-
dation. In addition to the SAC activation process, the mecha-
nism by which the SAC is silenced has also received a great
deal of attention in recent years.

The regulation of Mps1 activity and SAC silencing

BecauseMps1 kinase is essential for SAC activation, its down-regu-
lation could be one mechanism for SAC silencing. Previous works
show that Ndc80, one of the kinetochore-microtubule interface
proteins, is the docking site for Mps1 kinase. Recent data indicate
that the binding of Ndc80 withmicrotubule prevents the accessibil-
ity of Mps1 to its substrate Spc105 in budding yeast.2 In mamma-
lian cells, Ndc80-microtubule binding has been shown to
competitively abolish Mps1-Ndc80 interaction.3,4 Therefore, kinet-
ochore-microtubule attachment likely weakens Mps1 activity at
the kinetochore, which contributes to SAC silencing. However, it is
unclear whether kinetochore-microtubule interaction also activates
protein phosphatase at the kinetochore to reverse Mps1-imposed
protein phosphorylation for SAC silencing. Moreover, this model

cannot explain the role of chromosome bipolar attachment and the
subsequent tension generation in SAC silencing.

Kinetochore-associated phosphatase protein 1 (PP1)
and SAC silencing

The kinetochore protein Spc105 recruits PP1 in addition to the
Bub1/Bub3 complex, and mutation of the PP1 binding site in yeast
cells leads to metaphase arrest with intact kinetochore attachment,
indicating the essential role of Spc105-bound PP1 in SAC silenc-
ing.5 Consistently, PP1 overexpression accelerates SAC silencing,
further supporting the possibility that kinetochore-localized PP1
antagonizes checkpoint kinases Mps1 (and Ipl1?) to promote ana-
phase onset. Which substrates are dephosphorylated specifically by
Spc105-associated PP1 to induce SAC silencing is a remaining
question in the field, but key potential SAC substrates include
Bub1, Mad1, Ndc80, and Dam1. Dephosphorylation of Bub1 is a
likely a critical step in SAC silencing, as phospho-deficient Bub1
fails to recruit Mad1 to the kinetochore and cells with this mutant
Bub1 show a SAC defect. Therefore, a major function of Spc105-
associated PP1 is likely to promote the removal of Mad1/Mad2
from kinetochores through the dephosphorylation of Bub1.

What tips the balance of kinase/PP1 at the kinetochore to
trigger SAC silencing? Recent work from our lab suggests
that the tension dependent reversal of Ipl1 kinase-mediated
phosphorylation is key to SAC silencing.6 The microtubule-
associated Dam1 kinetochore complex strengthens Ndc80-
microtubule interaction, and the reversal of Ipl1-imposed
Dam1 phosphorylation allows SAC silencing in the presence
of tensionless kinetochore attachment. In contrast, the phos-
phomimetic Dam1 mutation prevents SAC silencing as indi-
cated by the persistent phosphorylation of SAC proteins
Mad1 and Bub1. However, it remains unclear what initiates
Dam1 dephosphorylation and how this dephosphorylation
alters the kinase/phosphatase balance at the kinetochore.

SAC disassembly after anaphase onset

Interestingly, the kinetochore localization of PP1 is further regu-
lated after anaphase onset through its regulatory subunit, Fin1.
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Our recent data along with others have shown that Fin1 is
sequestered until anaphase onset by a yeast 14-3-3 homolog,
Bmh1.7 Upon anaphase entry, activated Cdc14 Early Anaphase
Release (FEAR) pathway dephosphorylates S-phase Cdk1 sub-
strates, including Fin1. This dephosphorylation frees Fin1-PP1
from inhibition by Bmh1, allowing Fin1-PP1 to robustly localize
to the kinetochore following anaphase onset. We observed that
untimely localization of Fin1-PP1 to the kinetochore, either
through BMH1 deletion or through hyperactive FEAR, resulted
in premature SAC silencing. Surprisingly, we found that in the
absence of Fin1, cells enter anaphase without any obvious delay
but the SAC protein Bub1 was retained on the kinetochore in
anaphase. This observation indicates the function of Fin1-PP1
in the removal of Bub1 from kinetochores after anaphase onset.
Moreover it highlights the fact that Bub1 removal from the
kinetochore is not a prerequisite for anaphase entry. Therefore,
unlike the Spc105-associated PP1 that is essential for SAC
silencing, Fin1-associated PP1 binds to kinetochores after ana-
phase onset to clear the SAC components. The two-step model
for SAC regulation is illustrated in Figure 1.

An open question is why cells need Fin1-PP1 to disassemble
SAC after anaphase onset. One possibility is that this mecha-
nism enables SAC reactivation by kinetochore detachment
before SAC disassembly. In C. elegans, re-localization of Bub1
from the kinetochore to the spindle midzone during early ana-
phase is required for spindle midzone initiation. Thus, another
possibility is that the kinetochore-localized Bub1 during ana-
phase facilitates the relocation of Bub1 to spindle midzone.

However, more work is needed to understand the biological
significance of the SAC removal from the kinetochore during
anaphase. Also, it is necessary to clarify if higher eukaryotes
share the same mechanism for kinetochore removal of SAC
components.
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Figure 1. The 2-step model for the negative regulation of SAC. First, the balance of kinase (Mps1) and phosphatase (Spc105-associated PP1) likely triggers the dephos-
phorylation of SAC proteins like Mad1 and Bub1, resulting in SAC silencing. After anaphase onset, the dephosphorylation of Fin1 by the FEAR leads to robust kinetochore
localization of Fin1-PP1, which may further dephosphorylates kinetochore proteins (Spc105), resulting in SAC removal from the kinetochore.
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