On evolutionary conservation of mitotic checkpoint signaling

INKIE VAN GOGH anp GEERT J.P.L. KOPS
Department of Physiological Chemistry, University Medical Center Utrecht

The mitotic checkpoint is a control mechanism that ensutes proper microtubule-kinetochore attachment and

correct chromosome segregation during mitosis. A defective checkpoint signal can lead to chromosome

missegregation and aneuploidy, which can lead to cancer. In this report I will summarize the different mitotic

checkpoint proteins and their function in inhibiting metaphase to anaphase transition when defective

kinetochore-microtubule attachment occurs. As research has been done in many different model organisms I will

mainly focus on the evolutionary conservation of the mitotic checkpoint and its proteins. I conclude that the

mitotic checkpoint complex is a well conserved mechanism from yeast to human. Although it seems that every

organisms has some specific small differences and that higher eukaryotes need extra mechanisms to regulate the

checkpoint, the core idea remains the same. Comparing the results obtained in different organisms also gives new

insides in what features of the mitotic checkpoint are not yet well established and need more research.

Introduction

The process that separates the chromosomes of one nuclei
from one eukaryotic cell into two nuclei is called mitosis
(Figure 1). Cytokinesis divides the nuclei, cytoplasm,
organelles and cell membrane into two separate cells and
together with mitosis this process is called the mitotic (M)
phase. The completion of one set of activities and the start
of the next set determines specific phases in which mitosis
is divided (Figure 1A). Correct chromosome segregation is
essential for cells to maintain the integrity of their genome.
Aneuploidy, an abnormal number of chromosomes, is
known to result in severe birth defects like trisomies 13, 18
and 21. In addition, aneuploidy and chromosome instability
(CIN), frequent loss and gain of chromosomes during cell
division, are common aspects of human cancers (Lengauer
et al,, 1997; Weaver and Cleveland, 2006). Aneuploidy and
CIN are probably caused by chromosome missegtegation
due to defects in mitotic control processes. One of these
control processes is called the mitotic checkpoint which is
proper

correct

activated during prometaphase to monitor

microtubule-kinetochore ~ attachment  and
chromosome segregation (Figure 1A). Mutations in mitotic
checkpoint proteins have been shown to be present in
various tumor samples, which indeed suggests that a failure
in mitotic checkpoint activity is a cause for the aneuploidy
observed in cancer (Figure 1B) (Cahill et al., 1998; Guo et

al., 2010; Percy et al., 2000; Tsukasaki et al., 2001).
Mitotic checkpoint basics
Inhibition of the APC/C. The anaphase promoting

(APC/C) is a multisubunit E3
ubiquitin ligase that controls mitotic progression and sister-

complex/cyclosome

chromatid segregation. Cell-division-cycle 20 homologue
(CDC20) is an essential co-activator protein of the APC/C
required for correct substrate recognition and interaction
mediated by the presence of a KEN-box in these substrates
(Peters, 2006; Pfleger and Kirschner, 2000). Two main
substrates that ate targeted for degradation by the APC/C
and CDC20 are Cyclin B and Securin (Figure 2).
Degradation of Cyclin B causes inactivation of Cyclin
dependent kinase 1 (Cdkl), resulting in mitotic exit.
Ubiquitination of Securin releases the inhibitory signal from
Separase, which cleaves the cohesin rings surrounding the
sister-chromatids, resulting in sister-chromatid segregation
(Peters, 2006). In order to prevent the events of mitotic exit
and sister-chromatid segregation when the chromosomes
are not correctly attached to the microtubules, the mitotic
checkpoint inhibits APC/C activity by targeting CDC20
(Cleveland et al., 2003). The first mitotic checkpoint
proteins were identified by two independent genetic screens
in Saccharomyces cereviseae (budding yeast) (Hoyt et al., 1991;
Li and Murray, 1991). These proteins were named mitotic-
arrest deficient (MAD) 1-3 and budding uninhibited by
benzimidazole (BUB) 1-3. In a separate study also
monopolar spindle (MPS) 1 was shown to be required for
proper functioning of the mitotic checkpoint (Weiss and
Winey, 1996). MAD2 and MAD3 (BUB1 related kinase
(BUBRY1) in higher eukaryotes) have been shown to be the
checkpoint proteins responsible for the inhibition of the
APC/C by theit interaction with CDC20 (Li et al., 1997;
Tang et al, 2001). In yeast, MAD2, BUBR1, BUB3 and
CDC20 form the mitotic checkpoint complex (MCC) upon
checkpoint activation (Hardwick et al., 2000). In vertebrates
contradictory  results obtained

were concerning  the

formation of this MCC. Some suggest a yeast-like complex
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FIG. 1. (A) The six phases of mitosis. During prophase, condensation of the chromosomes occurs and the centrosomes (orange circles)
separate to different poles. When nuclear envelope breakdown (NEB) occurs (dashed circle), the cell enters prometaphase. During this
phase the chromosomes are localized to the cytoplasm and the microtubules from the centrosomes try to attached to the kinetochores (a
multiprotein structure in the centre of a chromosome (centromere)). At unattached kinetochores (red dots) the mitotic checkpoint is
activated. When both kinetochores of a chromosome pair are captured by microtubules (clear dots) the mitotic checkpoint is silenced and
chromosomes are aligned to a midzone using microtubule motor activities and microtubule dynamics. Anaphase starts when all
kinetochores are bound to microtubules, all chromosomes are aligned at the metaphase plate and all checkpoints are silenced. During
anaphase A, each chromosome pair is separate to a different pole. In anaphase B, spindle elongation results in further chromosomes
separation and invagination of the plasma membrane becomes visible. At the end of telophase the chromatin decondenses, the nuclear
envelope is build up again and cytokinesis is completed. (B) Suggested involvement of the mitotic checkpoint in causing aneuploidy. A
defective checkpoint fails to signal that one or more of the kinetochores are not captured by a microtubule. The weakened checkpoint is
not able to generate a “wait anaphase” signal and the cell will go into anaphase, resulting in chromosome missegregation. Adapted from
Kops et al, 2005.
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FIG. 2. Mitotic checkpoint and the APC/C controlling sister-chromatid segregation and mitotic progression. (A) Regulators MAD1,
BUB1, BUB3 and MPS1 rectuit the inhibitors MAD2 and BUBR1 to the kinetochore. BUB3, MAD2 and BUBR1 form the mitotic
checkpoint complex (MCC) together with CDC20, which inhibits APC/C activation. (B) Upon attachment, the MCC falls apart and
CDC20 interacts with the APC/C. Degradation of Securin releases inhibition of Separase. Separase cleaves the cohesin rings
surrounding the sister-chromatids. Ubiquitination of Cyclin B causes inactivation of Cyclin dependent kinase 1 (CDKI1) resulting in
mitotic exit.




exist while others suggest BUBR1 and MAD2 form
independent complexes with CDC20 (Fang, 2002; Herzog
et al., 2009; Sudakin et al., 2001; Tang et al., 2001). The
other proteins identified in the yeast screens MAD1, BUBI,
BUB3 and MPS1, are necessary to regulated the formation
of the mitotic checkpoint complex, mainly by recruiting the
mitotic checkpoint complex proteins to the kinetochore
(Figure 2) (Chen et al, 1999; Gillett et al, 2004,
Maciejowski et al., 2010; Warren et al., 2002).

In this report I will summarize these different mitotic
checkpoint proteins, the MCC and the regulators, and their
function in inhibiting metaphase to anaphase transition
when no or defective kinetochore-microtubule attachment
occurs. As research has been done in many different model
organisms 1 will mainly focus on the evolutionary
conservation of the mitotic checkpoint and its proteins.
Before going into this, a short introduction about the
sensory machinery that is able to monitor incorrect
microtubule attachment will be given.

Sensory machinery. One single unattached kinetochore is
able to inhibit the transition to anaphase. This suggests that
the inhibitory signal needs to be amplified from one
kinetochore to the whole cell (Rieder et al., 1995). Most
mitotic  checkpoint proteins have been shown to
concentrate at unattached kinetochores during mitosis and
to disappear from the kinetochores when microtubules are
attached in a bi-orientated manner (Figure 3) (Chen et al.,
1998; Chen et al.,, 1996; Li and Benezra, 1996; Taylor et al.,
1998; Taylor and McKeon, 1997). Attachment of both
sister kinetochores can also occur the wrong way (Figure 3).
Due to a lack of tension, synthelic attachment leads to
destabilization of microtubule kinetochore attachment by
Aurora B kinase (Lens and Medema, 2003; Nicklas et al.,
2001). In yeast, Aurora B seems required to activate the
checkpoint in response to tension defects by generating
unattached kinetochores (Figure 4) (Pinsky et al., 20006).
This latter idea is supported by observations in human cells
and rat kangaroo cells (Yang et al., 2009). Furthermore, an
interaction between Aurora B and BUBR1/MAD3 has
been shown in yeast and human cells, providing a link
between Aurora B, unattached kinetochores and mitotic
checkpoint activation (Figure 4) (King et al., 2007a;
Morrow et al., 2005; Vanoosthuyse et al., 2009). Although it
is suggest above that attachment is the only regulator of the
activation or inactivation of the mitotic checkpoint, the idea
of a tension “branch” and a attachment “branch” both
capable of activation the checkpoint still exist. However,
many contradictory results were obtained when trying the
elucidate the role of a specific mitotic checkpoint protein in
a specific branch. For example, the regulator BUB1 was

suggested to be important for the tension “branch” in yeast,
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FIG. 3. Correct and incorrect attachment of both kinetochores.
Amphitelic attachement is the correct attachment with the two
sister kinetochores attached to different poles. In synthelic
attachment, the two sister kinetochores are attached to one pole.
In merotelic attachement one of the sister kinetochores is
attached to both poles.
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FIG. 4. Unattached kinetochore: The mitotic checkpoint
complexes are recruited to unattached kinetochores and the
checkpoint is active. Syntelic attachment: Aurora B destabilizes
the incorrect microtubule attachment, resulting in unattached
kinetochores again.. Amphitelic attachment: The kinetochores are
physically displaced from the centromere and the checkpoint
becomes silenced.

PtK1 cells and human cells, while in Drosophila BUB1
seemed more important in the attachment “branch”
(Logarinho et al., 2004; Schliekelman et al., 2009; Shannon
et al., 2002; Tournier et al., 2004). Another study suggested
that BUB1 is needed in both branches (Taylor et al., 2001).
These contradictory results also suggest that it is more likely
that these two branches do not exist and that the
checkpoint is only regulated by a lack of attachment.
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FIG. 5. MCC formation in yeast and vertebrates. Yeast: MAD2 (and possibly the interaction between MAD2 and CDC20) is required to
form the MCC and inhibit the APC/C. Vettebrate: Conflicting data result in two different hypothesizes, the formation of 1 MCC as in the
case in yeast ot the formation of 2 complexes both capable of inhibiting the APC/C.

The Mitotic Checkpoint Complex proteins

Mitotic Checkpoint Complex formation

As will be discussed in more detail below, both
BUBR1/MAD3 and MAD?2 interact with CDC20 and
inhibit APC/C activation. In yeast, Drosophila, Xenopus and
human the formation of BUBR1/MAD3-MAD2 complex
and the MAD2-CDC20 complex is upregulated during
mitosis, which suggests a conserved mechanism (Chen,
2002; Fang et al., 1998; Fraschini et al., 2001; Hardwick et
al, 2000; Li et al, 2010; Wu et al, 2000). However,
different results were obtained on whether BUBR1/MAD3
and MAD2 form the mitotic checkpoint complex together
with CDC20 and BUB3 and on how these two proteins are
depending on each other in inhibiting the APC/C.

MCC formation in yeast. In budding and fission yeast all
four proteins form one complex, as was shown by co-
immunoprecipitation and co-fractionation (Figure 5)
(Fraschini et al., 2001; Hardwick et al., 2000; Millband and
Hardwick, 2002). The formation of the CDC20-MAD?2 is
required for the interaction between MAD3 and CDC20,
but not the other way around (Fraschini et al, 2001;
Hardwick et al., 2000; Hwang et al., 1998; Poddar et al.,
2005). In fission yeast, mitotic arrest upon overexpression
of MAD2 requires MAD3, suggesting that both proteins
are required for an efficient inhibition of the APC/C
(Millband and Hardwick, 2002). The formation of the MCC
is thought to be dependent on mitosis and not on activation
of the mitotic checkpoint, as mitotic arrest with or without
disturbing kinetochores interactions results in the same

amount of MCC formed (Poddar et al., 2005). In addition,
the formation of the MCC seems to be independent of the
kinetochores because the MCC still forms when no intact
kinetochores are present (Poddar et al., 2005).

MCC formation in higher eukaryotes. In human cells,
contradictory results are obtained in different studies. First,
the formation of a complex containing MAD2-CDC20-
BUBR1-BUB3 was shown by fractionation and BUBR1 co-
immunoprecipitation on a fraction containing the MCC
(Figure 5) (Herzog et al., 2009; Sudakin et al., 2001), which
is consistent with the results obtained in yeast. In contrast,
in other studies no MAD2 was detected in a BUBR1 co-
immunoprecipitation and vice-versa (Fang, 2002; Nilsson et
al., 2008; Tang et al., 2001) suggesting no MCC, but two
separate complexes are formed (Figure 5). Furthermore,
Sudakin et al. suggested that the MCC is present
throughout the cell cycle, but that only mitotic APC/C can
be targeted. This observation is again in contrast with
results obtained by others. In both human cells and Xengpus
an interaction between CDC20 and BUBR1 and between
CDC20 and MAD2 was detected only during mitosis and
not only mitotic APC/C but also interphase APC/C could
be inhibited (Chen, 2002; Fang, 2002). The discrepancies
observed are possibly due to differences in experimental
procedure and antibody use. Considering dependency of
BUBR1 and MAD?2 in their binding to CDC20 it seems to
be the case (in human cells and Xenopus) that BUBRI1
binding is indeed dependent on MAD2 expression, as is the
case in yeast (Chen, 2002; Davenport et al., 2006; Fang,
2002). In contrast, Drosgphila MAD2 is not required for a
BUBR1-CDC20 interaction (Li et al., 2010). The other way



around, BUBR1 requirement for MADZ2 to bind CDC20 is
not that well established. A mild reduction in MAD2-
CDC20 is seen in BUBR1 depleted Xengpus extracts, while
in human cells only a role for BUBR1 could be detected
when MAD2 and CDC20 were expressed at very low
concentration (Chen, 2002; Fang, 2002). In this case the
observation in Drosophila is more consistent compared to
budding yeast, and no role for BUBR1 was detected in the
formation of the CDC20-MAD2 complex (Li et al., 2010).
Buffin et al. showed that flies without MAD2 are viable and
fertile, which could be an explaining why BUBRI1 is not
depending on MAD?2 in this organism (Buffin et al., 2007).
Three separate studies in human cells showed that BUBR1
is a more potent inhibitor than MAD2. However, as is the
case in fission yeast, maximal APC/C inhibition always
requires both proteins, indicating the importance of the
interaction/close proximity between BUBR1, MAD2 and
CDC20 (Fang, 2002; Sudakin et al., 2001; Tang et al., 2001).

MAD?2 (-MAD1 complex)

MAD?2 is one of the inhibitory proteins in the MCC and
forms a complex with MAD1 (Musacchio and Salmon,
2007). MAD2 homologues were usually identified by
sequence homology. Human, C. elegans and Xenopus MAD2
all share around 40% identity with MAD2 from budding
yeast and human and Xengpus MAD2 even share 80%
identical amino acids (Chen et al., 1996; Kitagawa and Rose,
1999; Li and Benezra, 1996). Identification of MADI1

homologues was more difficult as the sequence is less

conserved (around 20% comparing Human, C. elggans and
Xengpus to budding yeast and 60% between Xengpus and
human) and was usually identified as an interaction partner
of MAD2 (Campbell et al, 2001; Chen et al, 1998;
Kitagawa, 2009). Although the sequences were not well
conserved, the predicted coiled-coil structures in all
homologues were (Chen et al., 1998). Next to sequences

and structures also protein functions are highly conserved

Open-MAD?2 Closed-MAD2

FIG. 6. Ribbon diagrams of the two states of MAD2, Open-
MAD?2 and closed MAD2. The C-terminal §-sheets (safety belt,
yellow) are positioned in a different manner. Adapted from Luo
et al, 2008

as both MAD1 (Chen et al, 1998; Encalada et al., 2005;
Hardwick and Murray, 1995; Jin et al., 1998; Kitagawa and
Rose, 1999; Luo et al, 2002) and MAD2 (Buffin et al.,
2007; Chen et al., 1996; Dobles et al., 2000; Gorbsky et al.,
1998; Hoyt et al,, 1991; Kitagawa, 2009; Li and Murray,
1991; Li and Benezra, 1996) are required in all organisms
for proper functioning of the mitotic checkpoint after
addition of spindle poisons. Interestingly, MADZ2 depletion
only resulted in loss of viability in higher eukaryotes,
indicating a role for the checkpoint during normal cell
division in these organisms (Chen et al., 1996; Dobles et al.,
2000; Gorbsky et al, 1998; Li and Benezra, 1990).
Consistent with this observation MAD2 and MAD1 were
localized to the kinetochores during prometaphase in
normally dividing mammalian cells (Campbell et al., 2001;
Gillett et al., 2004). MAD?2 in yeast is not essential for
normal cell division and indeed MAD1 and MAD?2 were
only detected at the kinetochores of cells with disrupted
microtubule-kinetochore interactions (Ii and Murray,
1991). Also in C. elegans MAD2 was localized to the
holocentric-kinetochores only when cells were treated with
nocodazole and MAD2 seemed not needed for viability
(Kitagawa and Rose, 1999). Interestingly, Drosophila MAD2
was also indicated not to be required for viability, but in
contrast to yeast and C. elegans, Drosophila MAD2 does
localize to the kinetochores during normal cell division
(Buffin et al., 2007; Logarinho et al., 2004). This could be
explained by the fact that Drosgphila has a very efficient
that the spindle microtubules and the
kinetochores attach so rapidly that MAD2 is not yet
required (but still localized). This explanation is in support

mitosis and

with the observation that the prometaphase in Drosophila
takes only 5 minutes, while it takes 15-20 minutes or more
in vertebrate cells (Meraldi et al., 2004; Savoian and Rieder,
2002; Siller et al., 2005).

MADI-MAD? kinetochore recruitment and dynamics.
As mentioned, a conserved interaction is present between
MADT1 and MAD2. This interaction is present throughout
the cell cycle and required for the kinetochore localization
of MAD2 (Chen et al., 1999; Chen et al., 1998; Chung and
Chen, 2002; De Antoni et al., 2005; Howell et al., 2004; Luo
et al., 2002; Vink et al., 2006). When bound to MADT,
MAD?2 adopts a typical conformation, known as closed-
MAD2 (C-MAD2) (Luo et al, 2002; Sironi et al., 2002).
Although many studies focus on mammalian cells and little
on Xenopus, Drosophila and yeast, the fact that the coiled-coil
domains of MAD1 are conserved and the fact that these
MAD2
conformational change, suggests conservation (Sironi et al.,
2002). The MAD1-C-MAD2 complex is very stable and
results in a stable C-MAD?2 kinetochore pool (De Antoni et
al., 2005; Howell et al., 2004; Shah et al., 2004; Vink et al.,
2006). MAD1-C-MAD?2 is a receptor required to attract

domains seem to be important for the
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FIG. 7. Alignment of the MAD2 binding sequences (red) of
both CDC20 and MADT1 from different species. Sc, 5. cerevisiae;
Sp, S. pombe, Dm, Drosophila melanogaster; Hs, Homo sapiens.
Adapted from Luo et al, 2002.

another pool of MAD2 to the kinetochore, termed open-
MAD2 (O-MAD2) (De Antoni et al., 2005; Luo et al., 2000,
Luo et al,, 2002; Sironi et al., 2002; Vink et al., 2006). The
two MAD2 conformations differ in the position of the C-
terminal tail, which is composed of two $3-sheets and is also
called “the safety belt” the closed
conformation this tail traps the MAD?2 interaction partners,

(Figure 6). In

while in the open conformation the tail is in a “resting”
position (Luo et al., 2002; Sironi et al., 2002). The idea of
MAD1-C-MAD2 being a receptor for O-MAD2 is
supported by the fact that C-MAD2 and O-MAD?2 have
been shown to form a asymmetric dimer and by the fact
that mutations (in mammalian cells, yeast and Drosophila)
disrupting this dimerization result in a loss of the mitotic
checkpoint (De Antoni et al., 2005; Li et al., 2010; Mapelli
et al., 2006; Mapelli et al., 2007; Nezi et al., 2006; Yang et
al., 2008).

The interaction with CDC20. Next to the interaction
with MAD1, MAD2 also interacts with CDC20. This
interaction is conserved in yeast, Xenopus and humans and
results in inhibition of the APC/C (Fang et al, 1998;
Hwang et al., 1998; Kim et al., 1998; Li et al., 1997). CDC20
triggers the same conformational change of MAD2 as
MAD1, from O-MAD2 to C-MAD?2. This almost identical
conformation change is due to the fact that MAD1 and
CDC20 have similar MAD2-binding domains (Figure 7)
(Luo et al., 2002; Luo et al., 2004; Sironi et al., 2002). The
sequences of these binding domains are not strictly
conserved during evolution, but aromatic residues (Tyr (Y),
Phe (F), or His (H)) in the binding sequence and a proline
C-terminal of the binding motif can be observed in most of
the organisms, possibly forming a consensus sequence (Luo
et al, 2002). The formation of the CDC20-C-MAD2
complex is increased during mitosis and the interactions is

required for activation of the mitotic checkpoint, as
mutations in the MAD2 binding site of CDC20 resulted in
defective checkpoint signaling (Fang et al., 1998; Kallio et
al., 1998; Wassmann and Benezra, 1998). The ideas on how
MAD?2 is able to activate the checkpoint form the
“template model” (Figure 8). This model proposes that a
stable MAD1-C-MAD2 complex recruits O-MAD?2 to the
unattached kinetochores. The binding of O-MAD2 to C-
MAD?2 is required for CDC20 to bind to the O-MAD2 and
trigger the conformational change, resulting in CDC20-C-
MAD2. (Simonetta et al, 2009; Yang et al, 2008).
Overexpression of MAD1 in cells and Xenopus extracts
inactivated the checkpoint, possibly by altering the balance
between MAD1 bound MAD2 and CDC20 bound MAD2
(Canman et al.,, 2002; Chung and Chen, 2002). It is though
that not only MAD1-C-MAD?2 triggers binding of MAD2
to CDC20 but also CDC20-C-MAD?2 itself, resulting in a
positive feedback loop (Figure 8). This loop would explain
how one unattached kinetochore is able to inhibit all APC-
CDC20 in a whole cell. In yeast, MAD1, MAD2 and
CDC20 were found in association with each other, while
this is not the case in human cells and not completely in
line with the model proposed (Campbell et al, 2001;
Hwang et al., 1998). As the interaction observed between
MAD1 and CDC20 was very low, possibly MAD1 was
immunoprecipitated because of the interaction with the C-
MAD2-O-MAD2 dimer (Hwang et al., 1998).
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FIG. 8. The MAD2 “template model”. Unattached kinetochores
recruit the MAD1-C-MAD2 complex. This “template” recruits
O-MAD2 to the kinetochores to facilitate the binding with
CDC20. Upon binding with CDC20, O-MAD2 becomes C-
MAD?2, resulting in inhibition of the APC. CDC20-C-MAD?2 is
possibly also involved in a positive feedback loop, generation
amplification of the signal. Adapted from Musacchio and Salmon,
2007.



In summary, both MAD1 and MAD?2 are required for the
activation of the mitotic checkpoint. C-MAD2 interacts
with CDC20 to inhibit the APC/C and MAD1 is needed to
localize MAD2 to the kinetochore and to change O-MAD2
into C-MAD2. Although most assays concerning the
conformational changes of MAD2 were done in vitro or in
higher eukaryotes, the similarity in sequences, interaction
patterns and function of MAD1, MAD2 and CDC20
indicate that this mechanism is highly conserved.

BUBR1/MAD3

The other inhibitory protein in the MCC is BUBRI.
BUBRI1 is the homologue of the MAD?3 protein originally
identified in yeast (Figure 9). Both BUBR1 and MAD3 have
a homologues domain with BUBIL. It is believed that
MAD?3 origin lays in a ancient whole-genome duplication in
fungi, resulting in a duplication of BUB1 (Kellis et al., 2004;
Larsen et al., 2007). The N-terminal patrt of both BUBR1
and MAD?3 contain two conserved KEN-boxes and the C-
terminal part of BUBR1 contains a kinase domain. This
kinase domain is not present in MAD3. As BUBRI1 retained
its kinase domain it is thought that BUBR1 arose from a
separate whole-genome duplication event (Larsen et al.,
2007; Larsen and Harrison, 2004). The role of the KEN-
boxes and the kinase domain will be discussed below. In all
organisms studied is has been shown that MAD3/BUBRI1
is important to generate an active mitotic checkpoint when
microtubule-kinetochore attachment is abolished by spindle
poisons. (Chan et al., 1999; Chen, 2004; Hoyt et al., 1991; Li
and Murray, 1991; Moore et al., 2005; Nystul et al., 2003;
Rahmani et al., 2009). In C. elegans and yeast, MAD?3 is not
required for proper chromosome segregation during
normal cell division (Buffin et al., 2007; Stein et al., 2007,
Warren et al., 2002). As this was also the case for MAD2 in

both organisms it seems that the mitotic checkpoint is
dispensable for viability in these organisms. In higher
eukaryotes, BUBR1 has been shown to be necessary for
cotrect timing between nuclear envelop breakdown (NEB)
during normal cell division, but this role of BUBR1 seems
to be independent of its role in the mitotic checkpoint
(Meraldi et al., 2004; Rahmani et al., 2009).

Interaction with BUB3. BUB3 is another checkpoint
protein identified by the yeast genetic screens that is
conserved throughout evolution (Campbell and Hardwick,
2003; Larsen and Harrison, 2004). Initially an interaction
between BUB1 and BUB3 was identified (see below). After
the whole genome duplication the N-termini of BUB1 and
BUBR1/MAD3 remained the same. As the BUB3 binding
domain of BUB1 is located in this N-terminus, an
interaction between BUB3 and BUBR1/MAD3 was
expected. Indeed, next to BUB1 also BUBR1/MAD3
interacts with BUB3 through its conserved BUB3 binding
region (Figure 4) (Musacchio and Salmon, 2007). Both the
BUB1-BUB3 and BUBRI1-BUB3 complex have been
shown to be present throughout the whole cell cycle in
human cells, yeast and Xenopus (Chen, 2002; Hardwick et
al., 2000; Taylor et al., 1998). The interaction with BUB3
seems to be important for BUBR1/MAD3 localization to
the kinetochore (Gillett et al., 2004; Harris et al., 2005;
Taylor and McKeon, 1997). However, BUB3 is not
necessary for the inhibiton of the APC/C through the
interaction with CDC20 (Fang, 2002; Tang et al, 2001)
This suggests, as will be discussed in more detail below, a
role for BUB3 in kinetochore localization and possibly in
generating a more efficient checkpoint, but not in direct
inhibition of the APC/C.
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FIG. 9. Schematic view of human BUB1, human BUBR1 and yeast MAD3. Human BUBR1 and yeast MAD3 are homologues and are
proteins related to BUB1. BUBR1 and MAD3 both have a BUB3 binding domain and a KEN-box. In addition, BUBR1 contains a C-
terminal kinase domain which is not present in MAD3. BUB1, BUBR1 and MAD3 all contain a BUB1-MAD3 homology domain. Next
to these domains, BUB1 contains two motifs that are highly conserved throughout evolution. Adapted from Musacchio and Salmon,

2007.
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Mouse: AEWELS E QL RH RVMST
Rice: AIEWEL S E QL R HEER VvVMST
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. pombe: Y [ L. F E REML K R[SR N V G I
S. cerevisiae: DVIEQSS E ER@R K AIH S A § A
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KEN-box 2
PPAPRGKEIEIELSAGPWNSGRTPTP
PPPARSKEPBEEQRARPWNSGRTPS
PPMPRAKEDPERE L QAGPWNTGRSL
PPVPRAKIBIELQPGPWS TDRPA
SQADRNKESENMRPAKWTSHKTITP
GRAERNKEEBEN SLPREKWASTFERKYVP
TYDQRRKEKEEEN I SATSWYGEKLTP
LEKEAERNKEIEEEN LRI SLLEANTNL
IDSACSQEEI! KE PV AWNEKANAK

FIG. 10. Alignment of the KEN-boxes of MAD3/BUBRI proteins from various species. Completely conserved residues are labeled in
black and highly conserved residues in gray. Sequences were aligned using the Clustal W program. Adapted from Burton and Solomon,

2007.

Inhibition of the APC/C through CDCZ20. In yeast and
human cells, both BUBR1 and MAD3 have been shown to
interact with CDC20, resulting in inhibition of the APC/C
(Hardwick et al., 2000; Tang et al., 2001). Furthermore, it
was shown in mice that BUBR1 acts as a pseudosubstrate
inhibitor for the APC/C, as the APC/C regulated Cyclin B
degradation is much higher when the N-terminus of
BUBRI is mutated (Malureanu et al., 2009). Two KEN-
boxes were shown to be highly conserved in
BUBR1/MAD3 (Figute 10). Mutating these KEN-boxes
one by one revealed that the N-terminal KEN-box is
required for CDC20 interaction in all organisms studied,
budding yeast, fission yeast, Drosophila, mice and human
(Burton and Solomon, 2007; Elowe et al., 2010; King et al.,
2007b; Malureanu et al, 2009; Rahmani et al, 2009,
Sczaniecka et al., 2008). The role of the second KEN-box is
less clear. In mice studies both KEN-boxes were
important for CDC20 binding (Malureanu et al., 2009),
while in yeast and human cells it was shown that the second
KEN-box is not as important (Elowe et al., 2010; King et
al., 2007b). Interestingly, the second KEN-box is not
present in Drosophila (Figure 10), suggesting that the role of
the second KEN-box is not very important or that
Drosophila developed a feature to compensate for missing
that box. It was suggested that the C-terminus in general of
BUBRI also plays a role in CDC20 binding (Elowe et al.,
2010). It is possible that mutating the second KEN-box in
mice abolished the structure of the whole C-terminus
resulting in a (KEN-box independent) decreased CDC20
This the
contradictory result and suggests that the second KEN-box

interaction. explanation could  explain
is indeed less important for CDC20 binding. Another role
for the second KEN-box in correct docking and
otientation of BUBR1 to the APC/C has been proposed,
but more research is needed to support this idea (Elowe et

al., 2010).

Kinase activity of BUBRI and the mitotic checkpoint.
As the C-terminal kinase domain is not conserved between
lower eukaryotes (yeast and C. elegans) and higher eukaryotes
(Drosophila, Xenopus and humans) its role is studied
extensively. So far, some conflicting data have been
obtained concerning the influence of BUBR1 kinase activity
on the mitotic checkpoint. BUBR1 proteins with a mutated
or deleted kinases domain were still capable to inhibit the

APC/C (shown in both human cells and Xengpus extracts)
(Chen, 2002; Tang et al., 2001). In contrast, in both Xenopus
abstract and human tumors a role for BUBR1 kinase
activity was suggested to be important for the checkpoint
(Kops et al., 2004; Mao et al., 2003), but this latter two
studies did not assay directly on APC/C activity. A third
observation suggested a role for BUBR1 kinase activity in
the long-term maintenance of a nocodazole-induced mitotic
arrest. In human cells, mice and Drosophila absence of
BUBRI1 kinase activity could restore mitotic progtession,
but no pronounced delay could be observed (Huang et al.,
2008; Malureanu et al., 2009; Rahmani et al., 2009).
Whether this loss of maintenance is caused by a weaker
checkpoint, possibly by a loss in efficiency, or by mitotic
checkpoint untrelated BUBR1 characteristics is not known.
Since Yeast and C. elegans do not contain the kinase domain
the most logical explanation would be that the kinase
domain is not involved in the core of mitotic checkpoint, as
these organism still can “do the job”. In yeast the
microtubules are always bound the kinetochores and a
disturbed cell division timing in C. elgans results in
developmental defects (Gillett et al., 2004; Kitagawa, 2009).
This suggest that these two organisms possibly do not need
the maintenance of the mitotic arrest and in that case not

need the kinase domain.

CENP-E and BUBRI1. CENP-E is a microtubule plus-
end-directed motor, that interacts with, get phosphorylated
by and activates BUBR1 (Chan et al., 1999; Chan et al,,
1998; Mao et al., 2003; Mao et al., 2005; Yao et al., 2000). In
Xengpus, the activation of BUBR1 seems to be dependent
on microtubule binding of CENP-E, CENP-E-
microtubule interaction inhibits BUBR1 activity (Mao et al.,
2003; Mao et al., 2005). Furthermore, again demonstrated
in Xenopus, CENP-E deletion results in a loss of mitotic

as

checkpoint signaling, suggesting CENP-E is a component
of the checkpoint (Abrieu et al., 2000). In contrast, studies
in Drosophila, human cells and mice cells demonstrated that
CENP-E is not needed for mitotic checkpoint signaling
(Jeganathan et al., 2007; Maia et al., 2007; McEwen et al.,
2001; Tanudji et al., 2004; Yao et al., 2000). These results
and the fact that CENP-E is not conserved in yeast and C.
elegans, suggests that CENP-E (and the interaction with
BUBRI) is not an essential component of the mitotic
checkpoint.



Other roles of BUBR1/MAD3. Next to its role in the
mitotic checkpoint (and mitotic timing), BUBR1 is required
for the establishment of stable interaction between the
kinetochore and spindle microtubules (Ditchfield et al.,
2003; Lampson and Kapoor, 2005). The kinase activity, that
was not important for the mitotic checkpoint, seems to play
a role in the establishment of these correct microtubule-
kinetochore attachment in Drosgphila, Xenogpus and human
(Huang et al, 2008; Rahmani et al., 2009; Zhang et al.,
2007). So far it has been suggested that this role of BUBR1
is mediated by counteracting with Aurora B activity and
of APC-EB1 (Kang and Yu, 2009).
Interestingly, Maia et al. suggests that CENP-E possibly

recruitment

also acts in promoting the correct microtubule-kinetochore
attachment by a counteracting mechanism like Aurora B
(Maia et al., 2007). This suggestion still links the kinase
activity of BUBR1 to CENP-E, as observed in Xenopus,
and is consistent with the fact that two organisms (yeast
and C. elegans) in which MAD3 is lacking the kinase domain,
also lack CENP-E. This latter idea suggests that yeast and
C.

attachment. Yeast indeed do not need this correction as

elegans  cannot  correct  microtubule-kinetochore
microtubules are always bound the kinetochores, and only 1
microtubule binds to 1 kinetochore (Gillett et al., 2004). In
C. elegans, the facts that only 2x6 chromosomes are present
and that timing is crucial for development could suggest
that this correction is also not needed in this organism

(Kitagawa, 2009).

In short, BUBR1/MAD3 is tequited for proper mitotic
checkpoint signaling. The interaction with CDC20 through
the N-terminal KEN-box results in APC/C inhibition and
the interaction with BUB3 is most likely required to
generate a more efficient checkpoint. The exact role of the
BUBRI1 kinase domain still needs to be determined, but it is
possibly involved in the long-term maintenance of a mitotic
arrest. Whether this latter function is regulated by mitotic
checkpoint related or unrelated BUBR1 characteristics is

not known.
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The mitotic checkpoint regulators

BUBI1

BUBI1 is a highly conserved mitotic checkpoint protein, and
BUBI1
checkpoint loss in fission yeast, budding yeast, C. elegans,
Drosophila, Xenopus, mice and humans (Basu et al., 1999;
Bernard et al., 1998; Chen, 2004; Encalada et al., 2005; Farr
and Hoyt, 1998; Logarinho et al., 2004; Meraldi and Sorger,
2005; Perera et al., 2007; Tang et al., 2004a; Warren et al.,
2002). BUB1 is a protein kinase that contains a BUB3-
binding domain and a kinase domain (Figure 9). In yeast,

inactivation or depletion results in mitotic

Xengpus and human it has been shown by a Abubl strain,
BUB1 immunodepletion or BUB1 RNAi that BUB1 is
required for the recruitment of the checkpoint proteins
MAD1, MAD2 and BUBR1/MAD?3 to the kinetochores
(Gillett et al.,, 2004; Johnson et al., 2004; Meraldi et al.,
2004; Sharp-Baker and Chen, 2001).

Interaction with BUB3. The interaction between BUBI1
and BUB3 is highly conserved, and loss of the BUB3
binding domain or loss of BUB3 in general results in
insufficient BUB1 kinetochore localization (in budding
yeast, fission yeast and human cells) (Kitagawa, 2009;
Klebig et al., 2009; Roberts et al., 1994; Warren et al., 2002;
Windecker et al., 2009). In Xenopus, antibodies blocking
BUB3 function could not prevent BUB1 or BUB3
kinetochore localization, but this contradictory result could
be due to the antibodies used (Campbell and Hardwick,
2003). On the exact role of BUB3 (and BUB1 kinetochore
localization) in the mitotic checkpoint different results were
obtained. In budding yeast, C. elegans, Xenopus and human
cells BUB3 has been shown to be essential for mitotic
checkpoint signaling (Campbell and Hardwick, 2003; Hoyt
et al, 1991; Kitagawa, 2009; Li and Murray, 1991;
Logarinho et al., 2008). In fission yeast however, BUB3 is
not a core component of the spindle checkpoint, as the
in ABUB3
(Vanoosthuyse et al., 2009). Reports, in fission yeast, mice,

checkpoint is still partially active cells

human and C. elgans suggest that BUB1 and other
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FIG. 11. Aligned sequences of the two conserved motifs of BUB1 in five fungi and five vertebrates. Identical residues are in a black,
residues conserved in 280% of the species are in a dark green, and similar residues in 280% of the species are in a light green background.
Sc, S. cerevisiae; ca, Candida albicans, an, Aspergillus nidulans, nc, Neurospora crassa; sp, S. pombe, dt, Danio rerio; gg, Gallus gallus; X1, X. laevis; mm,

Mus musculus; hs, Homo sapiens. Adapted from Klebig et al, 2009.



checkpoint proteins (MAD2 and MAD3/BUBR1) can still
(partially) function independent of kinetochore localization
(Essex et al., 2009; Klebig et al., 2009; Malureanu et al.,
2009; Windecker et al., 2009) In human cells and budding
yeast, BUB1 lacking the BUB3 binding domain was not
capable of activating the checkpoint, leading to the
conclusion that the kinetochore localization and interaction
with BUB3 was essential for the checkpoint (Klebig et al.,
2009; Warren et al., 2002). However, it could also be the
case that these mutants were not only defective in BUB3
binding but also in general BUB1 function, suggesting
BUBI1 localization by BUB3 is indeed not essential for the
checkpoint. These obsetrvations led to the hypothesis that
BUB3 is needed for the localization of BUB1 and other
checkpoint proteins making the checkpoint more efficient
and that it is possible that BUB3 fulfills this similar role in
the checkpoint of all ecukaryotes. Whether this BUB3
localization function is essential for mitotic checkpoint
activity remains to be elucidated, as it seems to be in most

but not all eukaryotes (fission yeast).

BUBI kinase activity. Some controversial results were
obtained focusing on the role of the evolutionary conserved
kinase domain of BUB1 (Tang et al., 2004a). In budding
yeast and mice cells, loss of BUB1 kinase activity did not
perturb the checkpoint at all (Cowley et al., 2005; Fernius
and Hardwick, 2007; Roberts et al., 1994; Warren et al.,
2002). In fission yeast, Xenopus or human cells loss of kinase
activity did result in a partial rescue of the mitotic
checkpoint (Chen, 2004; Klebig et al., 2009; Yamaguchi et
al., 2003). Interestingly in Xengpus, they showed that when
treating the cells in such a way that all attachments of
microtubules to kinetochores are disrupted, loss of kinase
activity was not sufficient to rescue the checkpoint,
suggesting a role for BUB1 kinase activity in the efficiency
of the checkpoint (Chen, 2004). It is possible that this role
in efficiency and the use of different poisons resulted in the
complete or partial rescues observed in the different
organisms. Furthermore, in human, BUB1 has been shown
to be responsible for the phosphorylation and inhibition of
CDC20 mediated by direct binding to two KEN-boxes
(Figure 9) (Kang et al., 2008; Tang et al., 2004a). Both the
KEN-boxes and the phosphorylation of CDC20 have been
shown to be important but not essential in mitotic
signaling. Interestingly both the KEN-boxes and the BUB1
phosphorylation sites on CDC20 are not conserved
throughout evolution, which suggests that BUB1 mediated
CDC20 phosphorylation is an extra tool for CDC20
inhibition in higher eukaryotes (Qi and Yu, 2007,
Vanoosthuyse and Hardwick, 2005). All together these
results suggest that the BUB1 kinase domain is not essential
for the activation of the mitotic checkpoint, but more likely
for the efficiency of the checkpoint, and for chromosome
congression (see below).
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Conserved motifs I & II Next to the BUB3 binding
domain and the kinase domain Klebig et al. identified two
conserved motifs present in budding yeast, fission yeast,
zebrafish, chick, Xengpus, mice and human (Figure 10 and
11) (Klebig et al., 2009). Cells expressing BUB1 without
conserved motif I failed to activate the mitotic checkpoint,
but did show normal chromosome alignment. In contrast
the conserved motif II appeared to be required for both the
spindle checkpoint and for chromosome alignhment.
Furthermore, a deletion of this domain resulted in a
reduction of localization of other mitotic checkpoint to the
kinetochores (Klebig et al., 2009). Interestingly the separate
roles of two BUB1 domains, chromosomal congression
(kinases domain) and the mitotic checkpoint (conserved
motif I) was also observed in yeast, which suggests a

conserved mechanism (Warren et al., 2002)

Other BUBI functions. Activation of mitotic checkpoint
signaling is not the only role for BUB1 during mitosis. In
animal cells (and 7z vifro in yeast) the kinetochores first bind
to the sides of the microtubules after which a correction-
mechanism results in end-on attachment (Merdes and De
Mey, 1990; Sorger et al., 1994). Depletion of BUB1 results
in a delayed formation of stable end-on attachments,
leading to an accumulation of lateral kinetochore—
microtubule attachments. This indicates a conserved role
for BUB1 is correcting kinetochore-“lateral”-microtubule
attachment (Gillett et al., 2004; Meraldi and Sorger, 2005;
Williams et al., 2007). Furthermore it has been shown that
BUB1 is important in the correction of chromosome
congression (Johnson et al, 2004; Meraldi and Sorger,
2005). Both the conserved motif II and the highly
conserved kinase domain have been demonstrated to be
important for the congression of the chromosomes (Klebig
et al, 2009). Shugoshin is a key target of BUBI in
chromosomal alignment and from yeast to human it has
been shown that Shugoshin is required for correct
chromosomal alignment (Katis et al., 2004; Kerrebrock et
al, 1995; Kitajima et al., 2005; Kitajima et al, 2004;
Rabitsch et al., 2004; Salic et al., 2004; Tang et al., 20006;
Tang et al., 2004b). Kawashima et al. showed in fission
yeast that BUB1 phosphorylates histone H2A, providing a
mark for Shugoshin localization (Kawashima et al., 2010). It
has been proposed that BUB1 fulfills both roles, correcting
kinetochore-“lateral”’-microtubule attachment and
chromosome congtession, together with BUB3 (Logarinho
et al., 2008; Windecker et al., 2009) In order to activate
substrates, BUB1 needs to be activated itself. BUB1 is able
to autophosphorylate and it is hyperphosphorylated in a
Mitogen Activated Protein Kinase (MAPK) dependent
manner at unattached kinetochores in Xengpus (Chen, 2004;
Roberts et al., 1994). Although it is not know whether this
hyperphosphorylation also occurs in yeast, the activation by
MAPK seems to be a conserved mechanism as CDC2 (in



yeast) and MAPK (in Xengpus) have similar consensus
sequences. Furthermore sequence alignment of the putative
MAPK residue in Xenopus BUB1 cortesponded to a residue
found in fission yeast BUB1 (Chen, 2004).

Briefly, BUB1 is a conserved protein essential for mitotic
checkpoint signaling. The function of the conserved motif I
and II is most likely conserved from yeast to human. Also
the interaction with BUB3 is present in all eukaryotes
studied, but the of BUB3
controversial and possibly species specific. Furthermore,

requirement remains
the conserved BUB1 kinase domain seems not essential for
the activation of the mitotic checkpoint, but more likely for
the of the (by CDC20
phosphorylation in higher eukaryotes).

efficiency checkpoint

MPS1
MPS1 is a dual specificity kinase, initially discovered to
regulated spindle pole body duplication in budding yeast
(Winey et al, 1991). The MPS1 protein is conserved
throughout evolution and was originally identified as TTK
in humans, as Esk in mice, as Ald in Drosgphila and as MPS1
in Xenopus (Abrieu et al., 2001; Douville et al., 1992;
Gilliland et al., 2005; Mills et al., 1992). Later, the role of
MPST1 in the mitotic checkpoint was discovered in budding
yeast (Weiss and Winey, 1996). This role of MPS1 is
evolutionary Drosophila,
zebrafish, Xenopus and human. (Abrieu et al., 2001; Fischer
et al.,, 2004; He et al., 1998; Liu et al., 2003; Poss et al.,
2002). MPS1 has been shown to be localized to the
kinetochores in the period from NEB to the start of
metaphase,

conserved in fission yeast,

referring to a period with unattached
kinetochores, in Drosophila, Xengpus and human cells
(Abrieu et al., 2001; Fischer et al., 2004; Liu et al., 2003).
MPS1 localization to the kinetochores is also detected after
checkpoint activation (Stucke et al,, 2004; Stucke et al.,

2002).

Function of MPS1 in mitotic checkpoint signaling. In
contrast to the fact that the importance of MPS1 in the
mitotic checkpoint is clear and conserved, the exact role of
MPS1 in the checkpoint is less obvious. In human cells,
depletion of MPS1 through RNAi and inhibition of MPS1
kinase activity resulted in a loss of only MAD2 at the
kinetochores (Jelluma et al., 2008; Liu et al., 2003; Stucke et
al., 2002; Tighe et al., 2008). In human cells with depleted
MPS1 via gene-targeting or cells stably expressing MPS1
without kinase activity, loss of all checkpoint proteins at the
kinetochore could be seen (Maciejowski et al, 2010;
Sliedrecht et al., 2010). Discrepancies are most likely due to
incomplete RNAi knockdown in the eatlier studies as the
latter observations are similar to results obtained in Xenopus
and yeast (Abrieu et al, 2001; Hardwick et al., 1996;
Vigneron et al., 2004; Wong and Fang, 2005). In yeast and
Drosophila, MPS1 has been shown to interact with both
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MAD1 and MAD2. Although this interaction is possibly
indirect, it confirms the idea that MPS1 recruits MAD1 and
MAD2 to the kinetochore (Lince-Faria et al, 2009).
Another aspect of MPS1 conserved in yeast and human is
the fact that, apart from MAD1, MPS1 is the only other
checkpoint factor required for the interaction between
CDC20-MAD2 and CDC20-BUBR1 (Hwang et al., 1998;
Maciejowski et al., 2010; Sliedrecht et al., 2010). The kinase
activity of MPSI
phosphorylation and MPS1 recruitment to the kinetochores
(Xu et al., 2009). Consistent with this idea, MPS1 is indeed
hyperphosphorylated during mitosis (Fisk et al., 2004; Liu
et al, 2003; Stucke et al, 2004; Stucke et al., 2002).
this hyperphosphorylation is possibly also

seems to be important for auto-

However,
regulated by other upstream kinases. Yeast MPS1 kinase
activity induces mitosis specific MAD1 phosphorylation
(Hardwick and Murray, 1995; Hardwick et al., 1996), but
this observation has never been reported for human MAD1
(Campbell et al., 2001). Whether the role of MPS1 to
phosphorylate MAD1 is conserved needs to be further
established by the use of phospo-specific antibodies. A
possible model for the role of MPS1 could be as follows. In
MPS1
(auto)phosphorylated and binding (and phosphorylation) to
MAD1 occurs. This phosphorylation of MPS1 (and
MADT1) recruits the MADI1-MAD2 complex to the
kinetochore (Zhao and Chen, 2006) and possibly also
recruits other mitotic checkpoint proteins. The formation
of a MPS1-MAD-MAD2 complex possibly already occurs
at the nuclear pore complex (NPC), as MPS1, MADI,
MAD2 and other checkpoint proteins have been shown to

response  to  unattached  kinetochores is

localized at the NPC during interphase in both yeast and
vertebrates (Campbell et al., 2001; Iouk et al., 2002; Liu et
al., 2003; Stukenberg and Macara, 2003). Furthermore it is
suggested, so far only in human cells, that MPS1 is required
to recruit O-MAD2 to the MAD1-C-MAD2 complex to
further activated the checkpoint (Hewitt et al., 2010).

No MPS1 homologue in C. elegans? So fat, the role of
MPS1 in the mitotic checkpoint seems to be conserved
from yeast to human. However, until today no MPS1
homologue in C. elgans could be identified. Kitagawa
suggests that this is due to a highly diverse sequence of C.
elegans MPS1 compared to other MPS1 homologues as
worms seem to have an accelerated rate of evolution
(Gamulin et al., 2000; Kitagawa, 2009). In this case, an
interaction with MAD1-MAD2 would still be expected and
rather than on primary amino acid sequence the true C.
elegans MPS1 could be identified by investigating the
proteins interacting with the MAD1-MAD2 complex. To
identify the function, these genes could be depleted to see
whether the mitotic arrest in C. elegans is altered. When the
identified protein is indeed a functional homologue,
introduction of the protein in MPS1 depleted cells from



other organisms should result in a rescue of the checkpoint.
It is also possible that MPS1 is indeed not present and not
required in C. elegans. The accelerated rate of evolution
could also result in the alteration of MPS1 targets in such a
way that these targets do not need the interaction or
phosphorylation by MPS1 anymore. Another important
difference between C. elegans and other eukaryotes are the
holocentric chromosomes of  C. elgans, in which the
chromosomes act as the centromere over the whole length.
It is possible that due to this “bigger” centromeres, the
mitotic checkpoint can find the kinetochores “easier” and
MPS1 is not needed to recruit them. If MPS1 is indeed
required to recruit O-MAD2 to the MAD1-C-MAD2
complex to further activated the checkpoint, also this
feature should be different in C. elegans. This could also be
due to the holocentric chromosomes, or maybe another

protein is required to do this.

Other roles of MPS1. As
discovered as a protein important in spindle pole body
duplication in budding yeast (Winey et al., 1991). Studies in
human cells, obtained contradictory results on MPS1

mentioned, MPS1 was

function in spindle pole body duplication, possibly due to
antibody use. When comparing the results to mice studies it
is most likely that in both mice and human MPS1 is
important for duplication of centrosomes, (Fisk et al., 2003;
Fisk et al., 2004; Liu et al, 2003; Stucke et al., 2002).
Interestingly, MPS1 seems not essential for spindle pole
duplication in fission yeast and Drosophila, suggesting this
MPS1 function is not completely conserved. (Fischer et al.,
2004; Fisk and Winey, 2004; He et al, 1998). Next to
centrosomes duplication, MPS1 has been shown to play a
role in spindle assembly and correcting kinetochore
microtubule attachment in both yeast and human cells
(Jelluma et al., 2008; Maure et al., 2007) A relationship
between MPS1 and Aurora B was suggested to be
responsible for this role, but so far contradictory results
were obtained concerning the role of MPS1 in Aurora B
activation and vice versa. (Bourhis et al., 2009; Jelluma et
al., 2008; Maciejowski et al, 2010; Maure et al, 2007;
Sliedrecht et al., 2010). Interestingly, Maciejowski et al. also
demonstrates that MPS1 regulates BUB1 and Shugoshin,
providing another link between MPS1 and chromosomal
congression (Maciejowski et al., 2010). As this last result is
only obtained in human cells so far, it would be interesting
to see the same result in other organisms as the BUB-
Shugoshin interaction is conserved from yeast to human.

In summary, MPS1 homologues have been found in all
studied, in C. all

homologues were required for proper mitotic checkpoint

eukaryotes except elegans, and
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signaling. MPS1 is required for the recruitment of MAD1
and MAD2 (and possibly the other mitotic checkpoint
proteins) to the kinetochore.

Rod-ZW10-Zwilch-complex
Rough Deal (ROD) and Zeste-White 10 (ZW10) were
originally identified in Drosophila and mutations have been

shown to interfere with the correct transmission of
chromosomes to daughter cells during mitosis (Karess and
Glover, 1989). These proteins are conserved among other
multicellular eukaryotes, like C. elegans, Xenopus, mouse and
human (Chan et al.,, 2000; Starr et al., 1997). In Drosophila,
C. elegans and vertebrate cells, deleting both genes resulted
in chromosome segregation defects, resulting in aneuploidy
(Karess and Glover, 1989; Scaerou et al.,, 2001; Starr et al.,
1997). In addition, the two proteins were shown to be
required for the mitotic checkpoint as in Drosophila, human
and Xenopus, cells without ROD or ZW10 did not arrest in
prometaphase in response to spindle poisons (Basto et al.,
2000; Chan et al., 2000; Kops et al., 2005). ROD and ZW10
were shown to form a conserved complex and to depend
on each other’s kinetochore localization (Chan et al., 2000;
Kops et al, 2005; Scaerou et al, 2001; Williams and
Goldberg, 1994; Williams et al., 2003). In both Drosophila
and human a third gene associated with ROD and ZW10
was identified, Zwilch (Kops et al., 2005; Williams et al.,
2003), and together they form the RZZ-complex. Zwilch
mutations caused the same phenotypes, ancuploidy and a
defective spindle checkpoint, as detected for mutations in
the other two proteins (Williams et al., 2003). Furthermore,
Zwilch kinetochore localization requires ZW10 and ROD
and vice versa (Williams et al., 2003). ZW10 interacting
protein 1 (Zwint-1) is a “receptor” recruiting the RZZ-
complex to the kinetochore in human and Xenopus, but so
far no homologue was found in Drosophila and C. elegans
(and not in yeast) (Figure 12) (Gassmann et al., 2008; Kops
et al., 2005; Starr et al., 2000; Wang et al., 2004). Whether
the RZZ proteins
kinetochore localization is not known, as in humans ZW10

already form a complex before

and ROD could be separately identified at kinetochores in
early prometaphase (Basto et al., 2004; Scaerou et al., 2001;
Williams et al., 1992). Upon attachment of the microtubules
to the kinetochore both ROD and ZW10 “migrate” along
the attached microtubule to the poles and transition to
anaphase results in a loss of the RZZ attached to the
microtubule, while some RZZ remains present at the
kinetochores of the migrating chromosomes (Figure 12)
(Basto et al., 2004; Scaerou et al, 1999; Williams et al.,
1992).



Recruitment of MADI1-MAD?Z2. A conserved role for the
RZZ-complex in the recruitment of MAD1-MAD?2 to the
unattached kinetochores has
Drosophila, Xengpus and human (Figure 12) (Buffin et al.,
2005; Kops et al., 2005). Drosophila ROD and MAD2 were
shown to be recruited simultaneously to the kinetochore,

been demonstrated in

and after kinetochore attachment they move simultaneously
along the microtubules to the spindle poles (Buffin et al.,
2005). MAD?2 disappears from the kinetochores as soon as
the kinetochore is attached, while the RZZ-complex
remains localized until or even during anaphase (Campbell
et al., 2001; Chan et al., 2000; Gillett et al., 2004; Scaerou et
al., 2001). This suggests that the RZZ-complex is not the
only factor regulating MAD1-MAD2 localization, which is
BUB1 or MPS1
kinase activity are also required for this (Abrieu et al., 2001;
Johnson et al., 2004; Meraldi et al., 2004). The mechanisms
by with the RZZ-complex regulates MAD2 recruitment is
not clear, as no interaction between MAD1-MAD2 and
RZZ was detected so far (Kops et al., 2005; Starr et al.,
2000; Williams et al., 2003). Whether there is a third protein
important for this interaction, or that the kinetochores basis
is required needs to be elucidated (Figure 12 - MADI1-
MAD?2 receptor) (Karess, 2005). An in vitro study, with or
without kinetochores components could give an answer to

consistent with the observations that

the latter hypothesis. Furthermore, it would be interesting

MAD2

high affinity -
MAD1-MAD2

receptor

Unattached

low affinity
MAD1-MAD2
receptor

Attached

CDC20

Dynein-Dy%

to check involvement of the RZZ complex in MAD1-
MAD?2 localization in for example C. elegans, to investigate
the conservation of this mechanism.

Other functions of the RZZ complex. Next to the
recruitment of MAD1-MAD?2, the RZZ-complex is also
required for the recruitment of dynein-dynactin, a complex
involved in numerous aspects of intracellular motility.
Disruption of dynactin (vertebrate) or mutations in dynein
(flies) result in an overactive mitotic checkpoint, while
mutation in the RZZ-complex result in no checkpoint
1998; Williams et al., 2003).
This suggests that the interaction between these two is not

activation at all (Starr et al,

likely to be required for checkpoint activation but possibly
for checkpoint inactivation (see below) (Howell et al., 2001;
Wojcik et al., 2001). A protein identified in Drosophila
because of its role in checkpoint silencing was Spindly
(Griffis et al., 2007). In Drosophila, Spindly recruitment to
the kinetochores depends on the RZZ-complex. When
localized to the kinetochores Spindly, together with
dynactin, is needed to recruit dynein to the spindle poles. In
response, dynein recruits Spindly, MAD2 and the RZZ
2007).
Similar roles in mitotic checkpoint activation for the human

complex to the poles (Figure 12) (Griffis et al,

Spindly as for the Drosophila Spindly were demonstrated,

suggesting a conserved dynein recruitment mechanism

Microtubule

FIG. 12. A model for the role of the RZZ complex at the kinetochore. Unattached: RZZ-complex binds to its receptor Zwint-1 and
recruits Dynein-Dynactin. The RZZ-complex recruits Spindly (the role of spindly is not established very well yet) and stabilizes the
localization of MAD1-MAD2 by (direct or indirect) binding. Bound MAD1-MAD2 promotes CDC20-MAD2 generation, resulting in
APC/C inhibition. Attached: The MAD1-MAD?2 receptor loses affinity and MAD1-MAD2, RZZ-complex (and Spindly) are recruited
away from the kinetochore by Dynein-Dynactin. No CDC20-MAD?2 is generated anymore and the APC/C is activated. New RZZ-
complex is continuously distributed to the attached kinetochore to remove any new MAD1-MAD2. When the microtubule destabilizes,
new MAD1-MAD?2 can immediately assure new APC/C inhibition. Adapted from Karess, 2005.



(Barisic et al., 2010; Griffis et al., 2007). However, in C.
elegans Spindly (SPLD-1) was shown to be responsible for
the recruitment of MAD2 (by being a kinetochore receptor
for MAD1) and for the activation of the checkpoint
(Gassmann et al., 2008). This results is in contrast with the
results obtained in Drosgphila and human, suggesting dynein
functions may actually have diverged during evolution
(Barisic et al., 2010).

No RZZ-complex in yeast In the yeast genome no
proteins were found with detectable homology to ZW10,
ROD and Zwilch (Williams et al., 2003). Also no Spindly or
Zwint-1 was detected. Dynein is excluded from budding
yeast nuclei and no NEB occurs during yeast mitosis
(Cottingham et al., 1999; Yeh et al., 1995). This suggest that
dynein is not required for proper mitosis in yeast, which is
in favor with the fact that no RZZ-complex is present and
suggests other motor proteins are used in yeast. However,
the most important role of the RZZ-complex the mitotic
checkpoint is stable MAD1-MAD2 localization to the
kinetochore, which is also important in yeast. Possibly
another anchor is present in yeast to recruit and stabilize
MAD1-MAD?2 kinetochore localization or the suggested
(unidentified) “MAD1-MAD2 receptot” is capable of stably
binding MAD1 and MAD?2 without the help of the RZZ-

complex.

conserved
MAD1-MAD2

anchor

conserved
MAD1-MAD2
anchor

BUBR1/

MAD1-MAD2
anchor

To be brief, the RZZ-complex is required for proper
checkpoint activation in higher eukaryotes, by mediating
the recruitment of the MADI1-MAD2 complex. The
mechanisms by with the RZZ-complex regulates this
recruitment is not clear, as no interaction between MAD1-
MAD?2 and RZZ was detected so far.

Silencing the checkpoint

The inactivation of the checkpoint is linked to the correct
attachment of the microtubules. Although it is not the main
focus of this review, I would like to mention the silencing
factors and their conservation shortly.

Dynein motility: Stripping the kinetochore. The
recruitment of MAD2, the RZZ complex, dynein/dynactin,
BUBR1 and CENP-E the
microtubule attachment seemed to be an important,

to spindle poles after
partially conserved process in the inactivation of the mitotic
checkpoint (Figure 12) (Basto et al., 2004; Hoffman et al.,
2001; Howell et al., 2001; Wojcik et al., 2001). Interestingly,
as discussed above, no RZZ complex, CENP-E or nuclear
dynein is present in budding yeast. This suggest that yeast
needs another silencing mechanism or another microtubule
motor (possibly Kar3) to generate checkpoint inactivation.

(Musacchio and Salmon, 2007).

BUBR1/

FIG. 13. The core mitotic checkpoint. (A) No mitotic checkpoint proteins are localized to the kinetochore, excepts for a possible
MAD1-MAD?2 anchor. (B) When MPS1 gets (auto)phosphorylated and BUB3 binds to BUB1 the proteins localize to the unattached
kinetochore. Also the RZZ-complex (in highet eukaryotes) will localize to the kinetochore. (C) BUB1 and MPS1 recruit BUBR1/MAD3,
MAD1 and MAD?2 to the kinetochore. The RZZ-complex stabilizes MAD1-MAD2 kinetochore binding to the anchor. (D) C-MAD2
binds O-MAD?2, and O-MAD?2 interacts with CDC20 and becomes C-MAD2. MPS1 seems to be required for the recruitment of O-
MAD?2. In higher eukaryotes, BUB1 phosphorylates CDC20 to enhance APC/C inhibition. (E) The interaction between MAD2 and
CDC20 results in the interaction of BUBR1/MAD3 with CDC20 and the formation of the mitotic checkpoint complex. MPS1 seems to
be requited for the formation of the MCC. The mitotic checkpoint complex inhibits APC/C activity. Grey RZZ-complex, arrows and
phosphorylation are not completely conserved or not yet well established.
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Inactivation by p31 comet. P31comet is found in human,
mice and Xenopus, but no obvious homologues were
identified in lower eukatyotes like yeast, C. elegans and
Drosophila (Habu et al., 2002; Musacchio and Salmon, 2007;
Xia et al, 2004). P3lcomet interacts with C-MAD2,
blocking the ability of O-MAD2 to interact with C-MAD2
and maintain the checkpoint. (Xia et al., 2004; Yang et al.,
2007). As p3lcomet is not needed during normal cell
division it possibly is an extra mechanism to control the
activation/inactivation of the mitotic checkpoint due to
spindle damage in higher eukaryotes. (Xia et al., 2004).

Ubiquitination of CDC20 and fast checkpoint
Inactivation. The binding of BUBR1/MAD3 to CDC20
has been shown to result in APC/C mediated CDC20
ubiquitination (King et al., 2007b; Pan and Chen, 2004;
Reddy et al., 2007). Diaz-martinez et al. proposed that both
ubiquitination and deubiquitination of CDC20 are needed
to generate a CDC20 balance during spindle checkpoint
APC/C inhibition. Upon microtubule attachment, the
balance flips to CDC20 ubiquitination resulting in a fast
inactivation of the checkpoint (Diaz-Martinez and Yu,
2007). The observation that also p3lcomet is capable to
induce CDC20 ubiquitination is consistent with this model

(Reddy et al., 2007).

Silencing by PPI: a phosphatase opposing Aurora B
activity. Protein Phosphatase 1 (PP1) is a phosphates
opposing Aurora B kinase activity, and it was proposed
(and proven in budding yeast and fission yeast) that
dephosphorylation of Aurora B substrates by PP1 leads to
mitotic exit. (Fuller and Stukenberg, 2009; Pinsky et al.,
2009; Vanoosthuyse and Hardwick, 2009).

The silencing by PP1 possibly results in stronger silencing
by CDC20 ubiquitination, p31 comet and dynein mediated
kinetochore stripping. It seems that higher eukaryotes need
all four mechanisms, lower cukaryotes need three and yeast
only need two (or three if Kar3 is indeed a dynein
homologue) mechanism. In this hypothesis, the complexity
of the mitotic division, mitotic checkpoint activation is
consistent with the complexity of mitotic checkpoint
silencing in these species.

The core mitotic checkpoint proteins

So far I discussed the conservation of mitotic checkpoint
proteins and their function (see Supplementary Table 1 for
summary), and a core mitotic checkpoint can be proposed
(Figure 13). The main inhibitors of the APC/C are MAD2
and BUBR1/MAD3 and the interaction with CDC20 is
responsible for this inhibition. It is most likely that in all
organisms studied, MAD2 and BUBR1/MAD3 form a
complex together with BUB3 and CDC20 (Figure 13E).
Efficient formation of this mitotic checkpoint complex
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requires kinetochore localization, which is accomplished by
MAD1 (for MADZ2) and BUB3 (for BUBR1) (Figure 13C).
Next to kinetochore localization, the interaction between
MAD1 and MAD2 results in a MAD2 conformational
change, which is required for the interaction with CDC20.
The kinetochore localization of MAD1 and BUB3 on their
turn is regulated by phosphorylated-MPS1 (for MAD1) and
a BUB1-BUB3 interaction (Figure 13B). How MPS1 and
BUB1 exactly control this MAD1 and BUB3 kinetochore

localization remains to be elucidated.

Conclusion and future directions

The mitotic checkpoint complex is a well conserved
mechanism from yeast to human. Although it seems that
every organism has some specific small differences (due to
different mitotic timing, different amount of chromosomes,
different amounts of cytoplasm etc.) and that higher
the
checkpoint, the core idea remains the same. Comparing the

eukaryotes need extra mechanisms to regulate
results obtained in all organisms gives new insides in what
features of the mitotic checkpoint are not yet well
established and need morte research. Whether the MCC in
higher eukaryotes is indeed a complex of MAD2-CDC20-
BUBR1-BUB3 is an important factor that needs to be
established. Although it seems most likely that one MCC is

formed, proper results are needed to prove this.

Furthermore, it is of high importance to know the exact
function of all the proteins known to contribute to MCC
BUB1 for example
kinetochore localization of other checkpoint proteins. How
this localization is regulated by BUB1 and if this is indeed

formation. is required for the

its main function needs to be studied. The same is true for
MPS1, that is needed for MAD1 recruitment to the
kinetochore. Whether MPS1 regulates this recruitment by
direct binding or by some other event is not known.
Furthermore some other functions of MDPS1, like the
recruitment of O-MAD2 and its requirement for MCC
formation were only detected in human cells so far and it
would be interesting to see whether this feature is also
present in other organisms. Although the role of MADI1
seems to be clear it is not known what keeps MAD1 at the
kinetochore. The presence of a conserved MAD1-MAD2
receptor (Figure 13) could be an explanation, but the
existence of such a receptor also needs to be established.

Interestingly higher eukaryotes do have extra control
mechanisms, like the kinase domain of BUBR1, the RZZ-
complex and phosphorylation and binding of BUB1 to
CDC20. The exact reason for the need of these extra
mechanisms in higher eukaryotes is not known. An
explanation could be the fact that a budding yeast or fission
yeast kinetochore only has to bind one or three microtubule
respectively, while a mammalian kinetochores needs to bind



a bundle with 20-30 microtubules (Ding et al., 1993; Rieder,
1982; Winey et al., 1995). Another explanation could be
that the extra mechanisms are needed to amplify the signals
to the cytoplasm in higher eukaryotes, as they have an open

mitosis instead of a closed mitosis (like yeast).

Getting a clear overview of the mitotic checkpoints in
different organisms is important for the further research of
the involvement of the mitotic checkpoint in cancer, as it is
very important that feature therapies, targeting the MCC,
will act the same way in a model organism as it does in a

human being.

Acknowledgement
I would like to thank my supervisor Geert Kops for his
advice and input during the writing of my master thesis.

References

Abrieu, A., J.A. Kahana, K.W. Wood, and D.W. Cleveland. 2000.
CENP-E as an essential component of the mitotic
checkpoint in vitro. Ce//. 102:817-26.

Abrieu, A., L. Magnaghi-Jaulin, J.A. Kahana, M. Peter, A. Castro,
S. Vigneron, T. Lorca, D.W. Cleveland, and J.C. Labbe.
2001. Mps1 is a kinetochore-associated kinase essential for
the vertebrate mitotic checkpoint. Ce/. 106:83-93.

Barisic, M., B. Sohm, P. Mikolcevic, C. Wandke, V. Rauch, T.
Ringer, M. Hess, G. Bonn, and S. Geley. 2010.
Spindly/CCDC99 is requited for efficient chromosome
congtession and mitotic checkpoint regulation. Mo/ Bio/ Cell.
21:1968-81.

Basto, R., R. Gomes, and R.E. Karess. 2000. Rough deal and
Zw10 are required for the metaphase checkpoint in
Drosophila. Nat Cell Biol. 2:939-43.

Basto, R., F. Scaerou, S. Mische, E. Wojcik, C. Lefebvre, R.
Gomes, T. Hays, and R. Katess. 2004. In vivo dynamics of
the rough deal checkpoint protein during Drosophila
mitosis. Curr Biol. 14:56-61.

Basu, J., H. Bousbaa, E. Logatinho, Z. Li, B.C. Williams, C.
Lopes, C.E. Sunkel, and M.L. Goldberg. 1999. Mutations in
the essential spindle checkpoint gene bubl cause
chromosome missegregation and fail to block apoptosis in
Drosophila. | Ce// Biol. 146:13-28.

Bernard, P., K. Hardwick, and ].P. Javerzat. 1998. Fission yeast
bubl is a mitotic centromere protein essential for the
spindle checkpoint and the preservation of cortrect ploidy
through mitosis. | Ce/l Biol. 143:1775-87.

Bourhis, E., A. Lingel, Q. Phung, W.J. Fairbrother, and A.G.
Cochran. 2009. Phosphorylation of a borealin dimerization
domain is required for proper chromosome segregation.
Biochemistry. 48:6783-93.

Buffin, E., D. Emre, and R.E. Karess. 2007. Flies without a
spindle checkpoint. Nat Cell Biol. 9:565-72.

Buffin, E., C. Lefebvre, J. Huang, M.E. Gagou, and R.E. Karess.
2005. Recruitment of Mad2 to the kinetochore requires the
Rod/Zw10 complex. Curr Biol. 15:856-61.

Burton, J.L., and M.J. Solomon. 2007. Mad3p, a pseudosubstrate
inhibitor of APCCdc20 in the spindle assembly checkpoint.
Genes Dev. 21:655-67.

Cahill, D.P., C. Lengauer, J. Yu, GJ. Riggins, J.K. Willson, S.D.
Markowitz, K.W. Kinzler, and B. Vogelstein. 1998.
Mutations of mitotic checkpoint genes in human cancers.
Nature. 392:300-3.

16

Campbell, L., and K.G. Hardwick. 2003. Analysis of Bub3 spindle
checkpoint function in Xenopus egg extracts. | Cell Sei.
116:617-28.

Campbell, M.S., G.K. Chan, and T.J. Yen. 2001. Mitotic
checkpoint proteins HsMAD1 and HsMAD?2 are associated
with nuclear pore complexes in interphase. | Cel Sci.
114:953-63.

Canman, J.C., N. Sharma, A. Straight, K.B. Shannon, G. Fang, and
E.D. Salmon. 2002. Anaphase onset does not require the
microtubule-dependent depletion of kinetochore and
centromere-binding proteins. | Ce// Sci. 115:3787-95.

Chan, G.K,, S.A. Jablonski, D.A. Starr, M.L. Goldbetg, and T.J.
Yen. 2000. Human Zw10 and ROD are mitotic checkpoint
proteins that bind to kinetochores. Nat Cell Biol. 2:944-7.

Chan, G.K., S.A. Jablonski, V. Sudakin, J.C. Hittle, and T.J. Yen.
1999. Human BUBRI is a mitotic checkpoint kinase that
monitors CENP-E functions at kinetochores and binds the
cyclosome/APC. J Cell Biol. 146:941-54.

Chan, G.K.,, B.T. Schaar, and T.J. Yen. 1998. Characterization of
the kinetochore binding domain of CENP-E reveals
interactions with the kinetochore proteins CENP-F and
hBUBRUI. J Ce// Biol. 143:49-63.

Chen, R.H. 2002. BubR1 is essential for kinetochore localization
of other spindle checkpoint proteins and its
phosphorylation requires Mad1. | Ce// Biol. 158:487-96.

Chen, R.H. 2004. Phosphorylation and activation of Bubl on
unattached chromosomes facilitate the spindle checkpoint.
Embo . 23:3113-21.

Chen, RH., D.M. Brady, D. Smith, A.W. Murtray, and K.G.
Hardwick. 1999. The spindle checkpoint of budding yeast
depends on a tight complex between the Madl and Mad2
proteins. Mol Bio/ Cell. 10:2607-18.

Chen, R.H., A. Shevchenko, M. Mann, and A.W. Murray. 1998.
Spindle checkpoint protein Xmadl recruits Xmad2 to
unattached kinetochores. | Ce// Biol. 143:283-95.

Chen, R.H., J.C. Waters, E.D. Salmon, and A.W. Murray. 1996.
Association of spindle assembly checkpoint component
XMAD2 with unattached kinetochores. Scence. 274:242-6.

Chung, E., and R.H. Chen. 2002. Spindle checkpoint tequires
Mad1-bound and Mad1-free Mad2. Mo/ Bio/ Cell. 13:1501-11.

Cleveland, D.W., Y. Mao, and K.F. Sullivan. 2003. Centromeres
and kinetochores: from epigenetics to mitotic checkpoint
signaling. Ce//. 112:407-21.

Cottingham, F.R., L. Gheber, D.L. Miller, and M.A. Hoyt. 1999.
Novel roles for saccharomyces cerevisiae mitotic spindle
motots. | Cell Biol. 147:335-50.

Cowley, D.O., G.W. Muse, and T. Van Dyke. 2005. A dominant
interfering Bubl mutant is insufficient to induce or alter
thymic tumorigenesis in vivo, even in a sensitized genetic
background. Mo/ Cell Biol. 25:7796-802.

Davenport, J., L.D. Harris, and R. Goorha. 2006. Spindle
checkpoint function requires Mad2-dependent Cdc20
binding to the Mad3 homology domain of BubR1. Exp Ce//
Res. 312:1831-42.

De Antoni, A., C.G. Pearson, D. Cimini, ].C. Canman, V. Sala, L.
Nezi, M. Mapelli, L. Sironi, M. Faretta, E.D. Salmon, and A.
Musacchio. 2005. The Madl/Mad2 complex as a template
for Mad2 activation in the spindle assembly checkpoint. Crurr
Biol. 15:214-25.

Diaz-Martinez, L.A., and H. Yu. 2007. Running on a treadmill:
dynamic inhibition of APC/C by the spindle checkpoint.
Cell Dip. 2:23.

Ding, R., K.L. McDonald, and J.R. Mclntosh. 1993. Three-
dimensional reconstruction and analysis of mitotic spindles
from the yeast, Schizosaccharomyces pombe. | Ce/l Biol.
120:141-51.

Ditchfield, C., V.L. Johnson, A. Tighe, R. Ellston, C. Haworth, T.
Johnson, A. Mortlock, N. Keen, and S.S. Taylor. 2003.
Aurora B couples chromosome alignment with anaphase by



targeting BubR1, Mad2, and Cenp-E to kinetochores. | Ce//
Biol. 161:267-80.

Dobles, M., V. Liberal, M.L.. Scott, R. Benezra, and P.K. Sorger.
2000. Chromosome missegregation and apoptosis in mice
lacking the mitotic checkpoint protein Mad2. Ce/l. 101:635-
45.

Douville, EXM., D.E. Afar, B.W. Howell, K. Letwin, L. Tannock,
Y. Ben-David, T. Pawson, and J.C. Bell. 1992. Multiple
cDNAs encoding the esk kinase predict transmembrane and
intracellular enzyme isoforms. Mo/ Cell Biol. 12:2681-9.

Elowe, S., K. Dulla, A. Uldschmid, X. Li, Z. Dou, and E.A. Nigg.
2010. Uncoupling of the spindle-checkpoint and
chromosome-congression functions of BubR1. | Cel/ Sci.
123:84-94.

Encalada, S.E., J. Willis, R. Lyczak, and B. Bowerman. 2005. A
spindle checkpoint functions during mitosis in the eatly
Caenorhabditis elegans embryo. Mo/ Biol Cell. 16:1056-70.

HEssex, A., A. Dammermann, L. Lewellyn, K. Oegema, and A.
Desai. 2009. Systematic analysis in Caenorhabditis elegans
reveals that the spindle checkpoint is composed of two
largely independent branches. Mo/ Biol Cell. 20:1252-67.

Fang, G. 2002. Checkpoint protein BubR1 acts synergistically with
Mad2 to inhibit anaphase-promoting complex. Mo/ Bio/ Cell.
13:755-66.

Fang, G., H. Yu, and M.W. Kirschner. 1998. The checkpoint
protein MAD2 and the mitotic regulator CDC20 form a
ternary complex with the anaphase-promoting complex to
control anaphase initiation. Genes Dev. 12:1871-83.

Farr, K.A,, and M.A. Hoyt. 1998. Bublp kinase activates the
Saccharomyces cerevisiae spindle assembly checkpoint. Mo/
Cell Biol. 18:2738-47.

Fernius, J., and K.G. Hardwick. 2007. Bub1 kinase targets Sgol to
ensure efficient chromosome biorientation in budding yeast
mitosis. PLoS Genet. 3:¢213.

Fischer, M.G., S. Heeger, U. Hacker, and C.F. Lehner. 2004. The

mitotic arrest in response to hypoxia and of polar bodies

during early embryogenesis requires Drosophila Mps1. Curr

Biol. 14:2019-24.

H.A., C.P. Mattison, and M. Winey. 2003. Human Mpsl

protein kinase is required for centrosome duplication and

normal mitotic progression. Proc Nat/ Acad Sci U S A.

100:14875-80.

Fisk, H.A., C.P. Mattison, and M. Winey. 2004. A field guide to
the Mps1 family of protein kinases. Ce// Cycle. 3:439-42.

Fisk, H.A., and M. Winey. 2004. Spindle regulation: Mps1 flies
into new areas. Curr Biol. 14:R1058-60.

Fraschini, R., A. Beretta, L. Sironi, A. Musacchio, G. Lucchini, and
S. Piatti. 2001. Bub3 interaction with Mad2, Mad3 and
Cdc20 is mediated by WDA40 repeats and does not require
intact kinetochores. Embo J. 20:6648-59.

Fuller, B.G., and P.T. Stukenberg. 2009. Cell division: righting the
check. Curr Biol. 19:R550-3.

Gamulin, V., LM. Muller, and E.G. Werner. 2000. Sponge
proteins are more similar to those of Homo sapiens than to
Caenorhabditis elegans. Biological Journal of the Linnean Society.
71:821-828.

Gassmann, R., A. Essex, J.S. Hu, P.S. Maddox, F. Motegi, A.
Sugimoto, S.M. O'Routke, B. Bowerman, I. McLeod, J.R.
Yates, 3rd, K. Oegema, .M. Cheeseman, and A. Desai.
2008. A  new mechanism controlling kinetochore-
microtubule interactions revealed by compatison of two
dynein-targeting ~ components: ~ SPDL-1  and  the
Rod/Zwilch/Zw10 complex. Genes Dev. 22:2385-99.

Gillett, E.S., C.W. Espelin, and P.K. Sorger. 2004. Spindle
checkpoint  proteins  and  chromosome-microtubule
attachment in budding yeast. | Ce// Bio/. 164:535-46.

Gilliland, W.D., S.M. Wayson, and R.S. Hawley. 2005. The meiotic
defects of mutants in the Drosophila mpsl gene reveal a

Fisk,

17

critical role of Mpsl in the segregation of achiasmate
homologs. Curr Biol. 15:672-7.

Gorbsky, G.J., R.H. Chen, and A.W. Murray. 1998. Microinjection
of antibody to Mad2 protein into mammalian cells in mitosis
induces premature anaphase. | Ce// Biol. 141:1193-205.

Griffis, E.R., N. Stuurman, and R.D. Vale. 2007. Spindly, a novel

protein essential for silencing the spindle assembly
checkpoint, recruits dynein to the kinetochore. | Ce// Biol.
177:1005-15.

Guo, Y., X. Zhang, M. Yang, X. Miao, Y. Shi, J. Yao, W. Tan, T.
Sun, D. Zhao, D. Yu, J. Liu, and D. Lin. 2010. Functional
evaluation of missense variations in the human MADI1L1
and MAD2L1 genes and their impact on susceptibility to
lung cancer. | Med Genet.

Habu, T., S.H. Kim, J. Weinstein, and T. Matsumoto. 2002.
Identification of a MAD2-binding protein, CMT?2, and its
role in mitosis. Embo J. 21:6419-28.

Hardwick, K.G., R.C. Johnston, D.L. Smith, and A.W. Murray.
2000. MAD3 encodes a novel component of the spindle
checkpoint which interacts with Bub3p, Cdc20p, and
Mad2p. ] Cell Biol. 148:871-82.

Hardwick, K.G., and AW. Murray. 1995. Madlp, a
phosphoprotein  component of the spindle assembly
checkpoint in budding yeast. | Ce// Biol. 131:709-20.

Hardwick, K.G., E. Weiss, F.C. Luca, M. Winey, and A.W.
Murray. 1996. Activation of the budding yeast spindle
assembly checkpoint without mitotic spindle disruption.
Science. 273:953-0.

Harris, L., J. Davenport, G. Neale, and R. Goorha. 2005. The
mitotic checkpoint gene BubR1 has two distinct functions in
mitosis. Exp Cel/ Res. 308:85-100.

He, X., M.H. Jones, M. Winey, and S. Sazer. 1998. Mphl, a
member of the Mpsl-like family of dual specificity protein
kinases, is required for the spindle checkpoint in S. pombe. |
Cell Sei. 111 ( Pt 12):1635-47.

Herzog, F., 1. Primorac, P. Dube, P. Lenart, B. Sander, K.
Mechtler, H. Stark, and J.M. Peters. 2009. Structure of the
anaphase-promoting complex/cyclosome interacting with a
mitotic checkpoint complex. Science. 323:1477-81.

Hewitt, L., A. Tighe, S. Santaguida, A.M. White, C.D. Jones, A.
Musacchio, S. Green, and S.S. Taylor. 2010. Sustained Mps1
activity is required in mitosis to recruit O-Mad2 to the
Mad1-C-Mad2 core complex. | Ce// Biol. 190:25-34.

Hoffman, D.B., C.G. Pearson, T.J. Yen, B.]. Howell, and E.D.
Salmon. 2001. Microtubule-dependent changes in assembly
of microtubule motor proteins and mitotic spindle
checkpoint proteins at PtK1 kinetochores. Mo/ Biol Cell.
12:1995-2009.

Howell, B.J., B.F. McEwen, ]J.C. Canman, D.B. Hoffman, E.M.
Farrar, C.L. Rieder, and E.D. Salmon. 2001. Cytoplasmic
dynein/dynactin drives kinetochote protein transport to the
spindle poles and has a role in mitotic spindle checkpoint
inactivation. | Ce// Bio/. 155:1159-72.

Howell, B.J., B. Moree, E.M. Farrar, S. Stewart, G. Fang, and E.D.
Salmon. 2004. Spindle checkpoint protein dynamics at
kinetochores in living cells. Curr Biol. 14:953-64.

Hoyt, M.A., L. Totis, and B.T. Roberts. 1991. S. cerevisiae genes
required for cell cycle arrest in response to loss of
microtubule function. Ce/. 66:507-17.

Huang, H., J. Hittle, F. Zappacosta, R.S. Annan, A. Hershko, and
T.J. Yen. 2008. Phosphorylation sites in BubR1 that regulate
kinetochote attachment, tension, and mitotic exit. | Ce// Biol.
183:667-80.

Hwang, L.H., LF. Lau, D.L. Smith, C.A. Mistrot, K.G. Hardwick,
E.S. Hwang, A. Amon, and A.W. Murray. 1998. Budding
yeast Cdc20: a target of the spindle checkpoint. Science.
279:1041-4.



Ikui, AE., K. Furuya, M. Yanagida, and T. Matsumoto. 2002.
Control of localization of a spindle checkpoint protein,
Mad2, in fission yeast. | Cel/ Sci. 115:1603-10.

Touk, T., O. Kerscher, R.J. Scott, M.A. Basrai, and R.W. Wozniak.
2002. The yeast nuclear pore complex functionally interacts
with components of the spindle assembly checkpoint. | Ce//
Biiol. 159:807-19.

Jeganathan, K., L. Malureanu, D.J. Baker, S.C. Abraham, and J.M.
van Deursen. 2007. Bub1 mediates cell death in response to
chromosome missegregation and acts to suppress
spontaneous tumorigenesis. | Ce// Biol. 179:255-67.

Jelluma, N., A.B. Brenkman, N.J. van den Broek, C.W. Cruijsen,
M.H. van Osch, S.M. Lens, R.H. Medema, and G.J. Kops.
2008. Mps1 phosphorylates Borealin to control Aurora B
activity and chromosome alignment. Ce//. 132:233-46.

Jin, D.Y.,, F. Spencer, and K.T. Jeang. 1998. Human T cell
leukemia virus type 1 oncoprotein Tax targets the human
mitotic checkpoint protein MAD1. Ce//. 93:81-91.

Johnson, V.L., M.I. Scott, S.V. Holt, D. Hussein, and S.S. Taylor.
2004. Bubl is required for kinetochore localization of
BubR1, Cenp-E, Cenp-F and Mad2, and chromosome
congression. | Cell Sci. 117:1577-89.

Kallio, M., J. Weinstein, J.R. Daum, D.]. Burke, and G.]. Gorbsky.
1998. Mammalian p55CDC mediates association of the
spindle  checkpoint ~ protein ~ Mad2  with  the
cyclosome/anaphase-promoting complex, and is involved in
regulating anaphase onset and late mitotic events. | Ce// Biol.
141:1393-406.

Kang, J., M. Yang, B. Li, W. Qi, C. Zhang, K.M. Shokat, D.R.
Tomchick, M. Machius, and H. Yu. 2008. Structure and
substrate recruitment of the human spindle checkpoint
kinase Bub1. Mo/ Ce/l. 32:394-405.

Kang, J., and H. Yu. 2009. Kinase signaling in the spindle
checkpoint. | Bio/ Chem. 284:15359-63.

Karess, R. 2005. Rod-Zw10-Zwilch: a key player in the spindle
checkpoint. Trends Cell Biol. 15:386-92.

Karess, R.E., and D.M. Glover. 1989. rough deal: a gene required
for proper mitotic segregation in Drosophila. | Ce// Biol.
109:2951-61.

Katis, V.L., M. Galova, K.P. Rabitsch, J. Gregan, and K. Nasmyth.
2004. Maintenance of cohesin at centromeres after meiosis I
in budding yeast requires a kinetochore-associated protein
related to MEI-S332. Curr Biol. 14:560-72.

Kawashima, S.A., Y. Yamagishi, T. Honda, K. Ishiguro, and Y.
Watanabe. 2010. Phosphorylation of H2A by Bub1 prevents
chromosomal instability through localizing shugoshin.
Science. 327:172-7.

Kellis, M., B.W. Bitren, and E.S. Lander. 2004. Proof and
evolutionary analysis of ancient genome duplication in the
yeast Saccharomyces cerevisiae. Nature. 428:617-24.

Kerrebrock, A.W., D.P. Moore, J.S. Wu, and T.L. Orr-Weaver.
1995. Mei-S332, a Drosophila protein required for sister-
chromatid cohesion, can localize to meiotic centromere
regions. Cell. 83:247-56.

Kim, S.H., D.P. Lin, S. Matsumoto, A. Kitazono, and T.
Matsumoto. 1998. Fission yeast Slpl: an effector of the
Mad2-dependent spindle checkpoint. Seience. 279:1045-7.

King, E.M., N. Rachidi, N. Morrice, K.G. Hardwick, and M.J.
Stark. 2007a. Ipllp-dependent phosphorylation of Mad3p is
required for the spindle checkpoint response to lack of
tension at kinetochores. Genes Dev. 21:1163-8.

King, EIM., SJ. van der Sar, and K.G. Hardwick. 2007b. Mad3
KEN boxes mediate both Cdc20 and Mad3 turnover, and
are critical for the spindle checkpoint. PLoS Ore. 2:¢342.

Kitagawa, R. 2009. Key players in chromosome segregation in
Caenorhabditis elegans. Front Biosci. 14:1529-57.

Kitagawa, R., E. Law, L. Tang, and A.M. Rose. 2002. The Cdc20
homolog, FZY-1, and its interacting protein, IFY-1, are

18

requited for proper chromosome segregation in
Caenorhabditis elegans. Curr Biol. 12:2118-23.

Kitagawa, R., and A.M. Rose. 1999. Components of the spindle-
assembly checkpoint are essential in Caenorhabditis elegans.
Nat Cell Biol. 1:514-21.

Kitajima, T.S., S. Hauf, M. Ohsugi, T. Yamamoto, and Y.
Watanabe. 2005. Human Bubl defines the persistent
cohesion site along the mitotic chromosome by affecting
Shugoshin localization. Curr Biol. 15:353-9.

Kitajima, T.S., S.A. Kawashima, and Y. Watanabe. 2004. The
conserved  kinetochore  protein  shugoshin  protects
centromeric cohesion during meiosis. Nazure. 427:510-7.

Klebig, C., D. Korinth, and P. Meraldi. 2009. Bubl regulates
chromosome segregation in a kinetochore-independent
manner. | Ce// Biol. 185:841-58.

Kops, G.J., D.R. Foltz, and D.W. Cleveland. 2004. Lethality to
human cancer cells through massive chromosome loss by
inhibition of the mitotic checkpoint. Proc Natl Acad Sci U §
A. 101:8699-704.

Kops, G.J., Y. Kim, B.A. Weaver, Y. Mao, I. McLeod, J.R. Yates,
3rd, M. Tagaya, and D.W. Cleveland. 2005. ZW10 links
mitotic checkpoint signaling to the structural kinetochore. |
Cell Biol. 169:49-60.

Lampson, M.A., and T.M. Kapoor. 2005. The human mitotic
checkpoint protein BubR1 regulates chromosome-spindle
attachments. Nat Cel/ Biol. 7:93-8.

Larsen, N.A., J. Al-Bassam, R.R. Wei, and S.C. Harrison. 2007.
Structural analysis of Bub3 interactions in the mitotic
spindle checkpoint. Proc Natl Acad S¢i U S A. 104:1201-6.

Larsen, N.A., and S.C. Harrison. 2004. Crystal structure of the
spindle assembly checkpoint protein Bub3. | Mo/ Biol.
344:885-92.

Lengauer, C., K.W. Kinzler, and B. Vogelstein. 1997. Genetic
instability in colorectal cancers. Nature. 386:623-7.

Lens, S.M., and R.H. Medema. 2003. The survivin/Aurora B
complex: its role in coordinating tension and attachment.
Cell Cycle. 2:507-10.

Li, D, G. Motley, M. Whitaker, and ].Y. Huang. 2010.
Recruitment of Cdc20 to the kinetochore requires BubR1
but not Mad2 in Drosophila melanogaster. Mo/ Cell Biol.
30:3384-95.

Li, R., and A.W. Murray. 1991. Feedback control of mitosis in
budding yeast. Ce/l. 66:519-31.

Li, Y., and R. Benezra. 1996. Identification of a human mitotic
checkpoint gene: hsMAD?2. Science. 274:246-8.

Li, Y., C. Gotbea, D. Mahaffey, M. Rechsteiner, and R. Benezra.
1997. MAD2 associates with the cyclosome/anaphase-
promoting complex and inhibits its activity. Proc Na#l Acad
Sci U S A. 94:12431-6.

Lince-Faria, M., S. Maffini, B. Otr, Y. Ding, F. Claudia, C.E.
Sunkel, A. Tavares, J. Johansen, K.M. Johansen, and H.
Maiato. 2009. Spatiotemporal control of mitosis by the
conserved spindle matrix protein Megator. | Cel/ Biol.
184:647-57.

Liu, S.T., G.K. Chan, ].C. Hittle, G. Fujii, E. Lees, and T.J. Yen.
2003. Human MPS1 kinase is required for mitotic arrest
induced by the loss of CENP-E from kinetochores. Mo/ Bio/
Cell. 14:1638-51.

Logarinho, E., H. Bousbaa, .M. Dias, C. Lopes, I. Amorim, A.
Antunes-Martins, and C.E. Sunkel. 2004. Diffetent spindle
checkpoint proteins monitor microtubule attachment and
tension at kinetochores in Drosophila cells. | Cel/ Sei.
117:1757-71.

Logarinho, E., T. Resende, C. Torres, and H. Bousbaa. 2008. The
human spindle assembly checkpoint protein Bub3 is
required for the establishment of efficient kinetochore-
microtubule attachments. Mo/ Bio/ Cell. 19:1798-813.

Luo, X., G. Fang, M. Coldiron, Y. Lin, H. Yu, M.W. Kirschner,
and G. Wagner. 2000. Structure of the Mad2 spindle



assembly checkpoint protein and its interaction with Cdc20.
Nat Struct Biol. 7:224-9.

Luo, X., Z. Tang, J. Rizo, and H. Yu. 2002. The Mad2 spindle
checkpoint protein undergoes similar major conformational
changes upon binding to either Madl or Cdc20. Mo/ Cell.
9:59-71.

Luo, X., Z. Tang, G. Xia, K. Wassmann, T. Matsumoto, J. Rizo,
and H. Yu. 2004. The Mad2 spindle checkpoint protein has
two distinct natively folded states. Naz Struct Mol Biol.
11:338-45.

Maciejowski, J., K.A. George, M.E. Terret, C. Zhang, K.M.
Shokat, and P.V. Jallepalli. 2010. Mps1 directs the assembly
of Cdc20 inhibitory complexes during interphase and
mitosis to control M phase timing and spindle checkpoint
signaling. | Ce// Biol. 190:89-100.

Maia, A.F., C.S. Lopes, and C.E. Sunkel. 2007. BubR1 and CENP-
E have antagonistic effects upon the stability of
microtubule-kinetochore attachments in Drosophila S2 cell
mitosis. Cel/ Cycle. 6:1367-78.

Malureanu, L.A., K.B. Jeganathan, M. Hamada, L. Wasilewski, J.
Davenport, and J.M. van Deursen. 2009. BubR1 N terminus
acts as a soluble inhibitor of cyclin B degradation by
APC/C(Cdc20) in interphase. Dev Cell. 16:118-31.

Mao, Y., A. Abrieu, and D.W. Cleveland. 2003. Activating and
silencing the mitotic checkpoint through CENP-E-
dependent activation/inactivation of BubR1. Ce/. 114:87-98.

Mao, Y., A. Desai, and D.W. Cleveland. 2005. Microtubule
capture by CENP-E silences BubR1-dependent mitotic
checkpoint signaling. | Ce// Bio/. 170:873-80.

Mapelli, M., F.V. Filipp, G. Rancati, L. Massimiliano, L. Nezi, G.
Stier, R.S. Hagan, S. Confalonieri, S. Piatti, M. Sattler, and A.

Musacchio. 2006. Determinants of conformational
dimerization of Mad2 and its inhibition by p31comet. Embo
. 25:1273-84.

Mapelli, M., L. Massimiliano, S. Santaguida, and A. Musacchio.
2007. The Mad2 conformational dimer: structure and
implications for the spindle assembly checkpoint. Ce/.
131:730-43.

Maure, J.F., E. Kitamura, and T.U. Tanaka. 2007. Mps1 kinase
promotes sister-kinetochore bi-orientation by a tension-
dependent mechanism. Curr Biol. 17:2175-82.

McEwen, B.F., G.K. Chan, B. Zubrowski, M.S. Savoian, M.T.
Sauer, and T.J. Yen. 2001. CENP-E is essential for reliable
biotiented spindle attachment, but chromosome alighment
can be achieved via redundant mechanisms in mammalian
cells. Mo/ Biol Cell. 12:2776-89.

Meraldi, P., V.M. Draviam, and P.K. Sorger. 2004. Timing and
checkpoints in the regulation of mitotic progression. Dey
Cell. 7:45-60.

Meraldi, P., and P.K. Sorger. 2005. A dual role for Bubl in the
spindle checkpoint and chromosome congression. Ewbo J.
24:1621-33.

Merdes, A., and J. De Mey. 1990. The mechanism of kinetochore-
spindle attachment and polewards movement analyzed in
PtK2 cells at the prophase-prometaphase transition. Eur |
Cell Biol. 53:313-25.

Millband, D.N., and K.G. Hardwick. 2002. Fission yeast Mad3p is
required for Mad2p to inhibit the anaphase-promoting
complex and localizes to kinetochores in a Bub1p-, Bub3p-,
and Mph1lp-dependent manner. Mo/ Cell Biol. 22:2728-42.

Mills, G.B., R. Schmandt, M. McGill, A. Amendola, M. Hill, K.
Jacobs, C. May, A.M. Rodricks, S. Campbell, and D. Hogg.
1992. Expression of TTK, a novel human protein kinase, is
associated with cell proliferation. | Bio/ Chem. 267:16000-6.

Moore, L.1., G. Stanvitch, M.B. Roth, and D. Rosen. 2005. HCP-
4/CENP-C promotes the prophase timing of centromere
resolution by enabling the centromere association of HCP-6
in Caenorhabditis elegans. Mo/ Cell Biol. 25:2583-92.

19

Morrow, CJ., A. Tighe, V.L. Johnson, M.I. Scott, C. Ditchfield,
and S.S. Taylor. 2005. Bubl and aurora B cooperate to
maintain BubR1-mediated inhibition of APC/CCdc20. | Cel/
Sei. 118:3639-52.

Musacchio, A., and E.D. Salmon. 2007. The spindle-assembly
checkpoint in space and time. Naz Rev Mol Cell Biol. 8:379-
93.

Nezi, L., G. Rancati, A. De Antoni, S. Pasqualato, S. Piatti, and A.
Musacchio. 2006. Accumulation of Mad2-Cdc20 complex
during spindle checkpoint activation requires binding of
open and closed conformers of Mad2 in Saccharomyces
cerevisiae. | Cel/ Biol. 174:39-51.

Nicklas, R.B., ]J.C. Waters, E.D. Salmon, and S.C. Ward. 2001.
Checkpoint signals in grasshopper meiosis are sensitive to
microtubule attachment, but tension is still essential. | Ce//
Sei. 114:4173-83.

Nilsson, J., M. Yekezare, J. Minshull, and J. Pines. 2008. The
APC/C maintains the spindle assembly checkpoint by
targeting Cdc20 for destruction. Naz Cell Biol. 10:1411-20.

Nystul, T.G., J.P. Goldmark, P.A. Padilla, and M.B. Roth. 2003.
Suspended animation in C. elegans requires the spindle
checkpoint. Science. 302:1038-41.

Okamura, A., C. Pendon, M.M. Valdivia, T. Ikemura, and T.
Fukagawa. 2001. Gene structure, chromosomal localization
and immunolocalization of chicken centromere proteins
CENP-C and ZW10. Gene. 262:283-90.

Pan, J., and RH. Chen. 2004. Spindle checkpoint regulates
Cdc20p stability in Saccharomyces cerevisiae. Genes Dev.
18:1439-51.

Percy, M.J., K.A. Myrie, C.K. Neeley, ].N. Azim, S.P. Ethier, and
E.M. Petty. 2000. Expression and mutational analyses of the
human MAD2L1 gene in breast cancer cells. Genes
Chromosomes Cancer. 29:356-62.

Perera, D., V. Tilston, J.A. Hopwood, M. Barchi, R.P. Boot-
Handford, and S.S. Taylor. 2007. Bubl maintains
centromeric cohesion by activation of the spindle
checkpoint. Dev Cell. 13:566-79.

Peters, J.M. 2006. The anaphase promoting complex/cyclosome: a
machine designed to destroy. Naz Rev Mo/ Cell Biol. 7:644-56.

Pfleger, C.M., and M.W. Kirschner. 2000. The KEN box: an APC
recognition signal distinct from the D box targeted by Cdh1.
Genes Dev. 14:655-65.

Pinsky, B.A., C. Kung, K.M. Shokat, and S. Biggins. 2006. The
Ipl1-Aurora protein kinase activates the spindle checkpoint
by creating unattached kinetochores. Naz Cell Biol. 8:78-83.

Pinsky, B.A., CR. Nelson, and S. Biggins. 2009. Protein
phosphatase 1 regulates exit from the spindle checkpoint in
budding yeast. Curr Biol. 19:1182-7.

Poddar, A., P.T. Stukenberg, and D.J. Burke. 2005. Two
complexes of spindle checkpoint proteins containing Cdc20
and Mad2 assemble during mitosis independently of the
kinetochore in Saccharomyces cerevisiae. Enkaryot Cell.
4:867-78.

Poss, K.D., A. Nechiporuk, A.M. Hillam, S.L.. Johnson, and M.T.
Keating. 2002. Mpsl defines a proximal blastemal
proliferative compartment essential for zebrafish fin
regeneration. Development. 129:5141-9.

Qi, W., and H. Yu. 2007. KEN-box-dependent degradation of the
Bub1 spindle checkpoint kinase by the anaphase-promoting
complex/cyclosome. J Bio/ Chens. 282:3672-9.

Rabitsch, K.P., J. Gregan, A. Schleiffer, J.P. Javerzat, F.
Eisenhaber, and K. Nasmyth. 2004. Two fission yeast
homologs of Drosophila Mei-S332 are required for
chromosome segregation during meiosis 1 and II. Curr Biol.
14:287-301.

Rahmani, Z., M.E. Gagou, C. Lefebvre, D. Emre, and R.E.
Karess. 2009. Separating the spindle, checkpoint, and timer
functions of BubR1. J Ce// Biol. 187:597-605.



Reddy, S.K., M. Rape, W.A. Margansky, and M.W. Kirschner.
2007. Ubiquitination by the anaphase-promoting complex
drives spindle checkpoint inactivation. Nazure. 446:921-5.

Rieder, C.L. 1982. The formation, structure, and composition of
the mammalian kinetochore and kinetochore fiber. [n# Rev
Cytol. 79:1-58.

Rieder, C.L., RW. Cole, A. Khodjakov, and G. Sluder. 1995. The
checkpoint delaying anaphase in response to chromosome
monoorientation is mediated by an inhibitory signal
produced by unattached kinetochores. | Ce// Biol. 130:941-8.

Roberts, B.T., KA. Farr, and MA. Hoyt. 1994. The
Saccharomyces cerevisiae checkpoint gene BUB1 encodes a
novel protein kinase. Mo/ Cell Biol. 14:8282-91.

Salic, A., J.C. Waters, and T.J. Mitchison. 2004. Vertebrate
shugoshin links sister centromere cohesion and kinetochore
microtubule stability in mitosis. Ce/. 118:567-78.

Savoian, M.S., and C.L. Rieder. 2002. Mitosis in primary cultures
of Drosophila melanogaster larval neuroblasts. | Cel/ Sei.
115:3061-72.

Scaerou, F., I. Aguilera, R. Saunders, N. Kane, L. Blottiere, and R.
Karess. 1999. The rough deal protein is a new kinetochore
component required for accurate chromosome segregation
in Drosophila. ] Ce/l Sci. 112 ( Pt 21):3757-68.

Scaerou, F., D.A. Starr, F. Piano, O. Papoulas, R.E. Karess, and
M.L. Goldberg. 2001. The ZW10 and Rough Deal
checkpoint proteins function together in a large,
evolutionarily  conserved complex targeted to the
kinetochore. | Cell Sci. 114:3103-14.

Schliekelman, M., D.O. Cowley, R. O'Quinn, T.G. Oliver, L. Lu,
E.D. Salmon, and T. Van Dyke. 2009. Impaired Bubl
function in vivo compromises  tension-dependent
checkpoint ~ function leading to aneuploidy and
tumorigenesis. Carncer Res. 69:45-54.

Sczaniecka, M., A. Feoktistova, K.M. May, |.S. Chen, ]. Blyth, K.L.
Gould, and K.G. Hardwick. 2008. The spindle checkpoint
functions of Mad3 and Mad2 depend on a Mad3 KEN box-
mediated interaction with Cdc20-anaphase-promoting
complex (APC/C). ] Biol Chem. 283:23039-47.

Shah, J.V., E. Botvinick, Z. Bonday, F. Furnari, M. Berns, and
D.W. Cleveland. 2004. Dynamics of centromere and
kinetochore proteins; implications for checkpoint signaling
and silencing. Curr Biol. 14:942-52.

Shannon, K.B., J.C. Canman, and E.D. Salmon. 2002. Mad2 and
BubR1 function in a single checkpoint pathway that
responds to a loss of tension. Mo/ Bio/ Cell. 13:3706-19.

Sharp-Baker, H., and R.H. Chen. 2001. Spindle checkpoint protein
Bubl is required for kinetochore localization of Madl,
Mad2, Bub3, and CENP-E, independently of its kinase
activity. | Cell Biol. 153:1239-50.

Siller, K.H., M. Serr, R. Steward, T.S. Hays, and C.Q. Doe. 2005.
Live imaging of Drosophila brain neuroblasts reveals a role
for Lisl/dynactin in spindle assembly and mitotic
checkpoint control. Mo/ Bio/ Cell. 16:5127-40.

Simonetta, M., R. Manzoni, R. Mosca, M. Mapelli L.
Massimiliano, M. Vink, B. Novak, A. Musacchio, and A.
Ciliberto. 2009. The influence of catalysis on mad2
activation dynamics. PLoS Bio/. 7:¢10.

Sironi, L., M. Mapelli, S. Knapp, A. De Antoni, K.T. Jeang, and A.
Musacchio. 2002. Crystal structure of the tetrameric Mad1-
Mad2 core complex: implications of a 'safety belt' binding
mechanism for the spindle checkpoint. Enzbo J. 21:2496-506.

Sliedrecht, T., C. Zhang, K.M. Shokat, and G.J. Kops. 2010.
Chemical genetic inhibition of Mpsl in stable human cell
lines reveals novel aspects of Mpsl function in mitosis.
PLoS One. 5:¢10251.

Sorger, PK., F.F. Severin, and A.A. Hyman. 1994. Factors
required for the binding of reassembled yeast kinetochores
to microtubules in vitro. | Ce// Biol. 127:995-1008.

20

Starr, D.A., R. Saffery, Z. Li, A.E. Simpson, K.H. Choo, T.J. Yen,
and M.L. Goldberg. 2000. HZwint-1, a novel human
kinetochore component that interacts with HZW10. | Ce//
Sei. 113 (Pt 11):1939-50.

Starr, D.A., B.C. Williams, T.S. Hays, and M.L. Goldberg. 1998.
ZW10 helps recruit dynactin and dynein to the kinetochore.
J Cell Biol. 142:763-74.

Starr, D.A., B.C. Williams, Z. Li, B. Etemad-Moghadam, R.K.
Dawe, and M.L. Goldberg. 1997. Conservation of the
centromere/kinetochore  protein  ZW10. | Cell Biol.
138:1289-301.

Stein, KIK., E.S. Davis, T. Hays, and A. Golden. 2007.
Components of the spindle assembly checkpoint regulate
the anaphase-promoting complex during meiosis
Caenorhabditis elegans. Genetics. 175:107-23.

Stucke, V.M., C. Baumann, and E.A. Nigg. 2004. Kinetochore
localization and microtubule interaction of the human
spindle checkpoint kinase Mps1. Chromosoma. 113:1-15.

Stucke, V.M., H.H. Sillje, L. Arnaud, and E.A. Nigg. 2002. Human
Mps1 kinase is required for the spindle assembly checkpoint
but not for centrosome duplication. Embo J. 21:1723-32.

Stukenberg, P.T., and L.G. Macara. 2003. The kinetochore
NUPtials. Na# Cell Biol. 5:945-7.

Sudakin, V., G.K. Chan, and T.J. Yen. 2001. Checkpoint
inhibition of the APC/C in HeLa cells is mediated by a
complex of BUBR1, BUB3, CDC20, and MAD2. | Ce// Biol.
154:925-36.

Tang, Z., R. Bharadwaj, B. Li, and H. Yu. 2001. Mad2-
Independent inhibition of APCCdc20 by the mitotic
checkpoint protein BubR1. Dev Cell. 1:227-37.

Tang, Z., H. Shu, D. Oncel, S. Chen, and H. Yu. 2004a.
Phosphorylation of Cdc20 by Bubl provides a catalytic
mechanism for APC/C inhibition by the spindle checkpoint.
Mol Cell. 16:387-97.

Tang, Z., H. Shu, W. Qi, N.A. Mahmood, M.C. Mumby, and H.
Yu. 2006. PP2A is required for centromeric localization of
Sgol and proper chromosome segregation. Dev Cell. 10:575-
85.

Tang, Z., Y. Sun, S.E. Hatley, H. Zou, and H. Yu. 2004b. Human
Bubl protects centromeric = sister-chromatid ~cohesion
through Shugoshin during mitosis. Proc Nat! Acad S¢i U § A.
101:18012-7.

Tanudji, M., J. Shoemaker, L. L'Ttalien, L. Russell, G. Chin, and
X.M. Schebye. 2004. Gene silencing of CENP-E by small
interfering RNA in Hela cells leads to missegregation of
chromosomes after a mitotic delay. Mo/ Bio/ Cell. 15:3771-81.

Taylor, S.S., E. Ha, and F. McKeon. 1998. The human homologue
of Bub3 is required for kinetochore localization of Bub1 and
a Mad3/Bub1-related protein kinase. | Ce// Biol. 142:1-11.

Taylor, S.S., D. Hussein, Y. Wang, S. Elderkin, and C.J. Morrow.
2001. Kinetochore localisation and phosphorylation of the
mitotic checkpoint components Bubl and BubR1 are
differentially regulated by spindle events in human cells. |
Cell Sci. 114:4385-95.

Taylor, S.S., and F. McKeon. 1997. Kinetochote localization of
murine Bubl is required for normal mitotic timing and
checkpoint response to spindle damage. Cell. 89:727-35.

Tighe, A., O. Staples, and S. Taylor. 2008. Mps1 kinase activity
restrains anaphase during an unperturbed mitosis and targets
Mad2 to kinetochores. | Cell Biol. 181:893-901.

Tournier, S., Y. Gachet, V. Buck, J.S. Hyams, and ].B. Millar.
2004. Disruption of astral microtubule contact with the cell
cortex activates a Bubl, Bub3, and Mad3-dependent
checkpoint in fission yeast. Mo/ Bio/ Cell. 15:3345-56.

Tsukasaki, K., C.W. Miller, E. Greenspun, S. Eshaghian, H.
Kawabata, T. Fujimoto, M. Tomonaga, C. Sawyers, J.W.
Said, and H.P. Koeffler. 2001. Mutations in the mitotic
check point gene, MADI1L1, in human cancers. Ouncogene.
20:3301-5.

in



Vanoosthuyse, V., and K.G. Hardwick. 2005. Bubl and the
multilayered inhibition of Cdc20-APC/C in mitosis. Trends
Cell Biol. 15:231-3.

Vanoosthuyse, V., and K.G. Hardwick. 2009. A novel protein
phosphatase  1-dependent spindle checkpoint silencing
mechanism. Curr Biol. 19:1176-81.

Vanoosthuyse, V., ].C. Meadows, S.J. van der Sar, ].B. Millar, and
K.G. Hardwick. 2009. Bub3p facilitates spindle checkpoint
silencing in fission yeast. Mo/ Bio/ Cell. 20:5096-105.

Vigneron, S., S. Prieto, C. Bernis, J.C. Labbe, A. Castro, and T.
Lorca. 2004. Kinetochore localization of spindle checkpoint
proteins: who controls whom? Mo/ Biol Cell. 15:4584-96.

Vink, M., M. Simonetta, P. Transidico, K. Ferrari, M. Mapelli, A.
De Antoni, L. Massimiliano, A. Ciliberto, M. Faretta, E.D.
Salmon, and A. Musacchio. 2006. In vitro FRAP identifies
the minimal requirements for Mad2 kinetochore dynamics.
Curr Biol. 16:755-60.

Wang, H., X. Hu, X. Ding, Z. Dou, Z. Yang, A.W. Shaw, M.
Teng, D.W. Cleveland, M.L. Goldberg, L. Niu, and X. Yao.
2004. Human Zwint-1 specifies localization of Zeste White
10 to kinetochores and is essential for mitotic checkpoint
signaling. | Bio/ Chem. 279:54590-8.

Warten, C.D., D.M. Brady, R.C. Johnston, J.S. Hanna, K.G.
Hardwick, and F.A. Spencer. 2002. Distinct chromosome
segregation roles for spindle checkpoint proteins. Mo/ Bio/
Cell. 13:3029-41.

Wassmann, K., and R. Benezra. 1998. Mad2 transiently associates
with an APC/p55Cdc complex during mitosis. Proc Nat/
Acad Sei U S A. 95:11193-8.

Weaver, B.A., and D.W. Cleveland. 2006. Does aneuploidy cause
cancer? Curr Opin Cell Biol. 18:658-67.

Weiss, E., and M. Winey. 1996. The Saccharomyces cerevisiae
spindle pole body duplication gene MPS1 is patt of a mitotic
checkpoint. | Ce// Biol. 132:111-23.

Williams, B.C., and M.L. Goldberg. 1994. Determinants of
Drosophila zw10 protein localization and function. | Ce// Sci.
107 (Pt 4):785-98.

Williams, B.C., T.L. Karr, J.M. Montgomery, and M.L. Goldberg.
1992. The Drosophila 1(1)zw10 gene product, required for
accurate mitotic chromosome segregation, is redistributed at
anaphase onset. | Ce// Biol. 118:759-73.

Williams, B.C., Z. Li, S. Liu, E.V. Williams, G. Leung, T.]. Yen,
and M.L. Goldberg. 2003. Zwilch, a new component of the
ZW10/ROD complex required for kinetochore functions.
Mol Biol Cell. 14:1379-91.

Williams, G.L., T.M. Roberts, and O.V. Gjoerup. 2007. Bubl:
escapades in a cellular world. Ce// Cycle. 6:1699-704.

Windecker, H., M. Langegger, S. Heinrich, and S. Hauf. 2009.
Bub1 and Bub3 promote the conversion from monopolat to
bipolar  chromosome attachment independently of
shugoshin. EMBO Rep. 10:1022-8.

Winey, M., L. Goetsch, P. Baum, and B. Byers. 1991. MPS1 and
MPS2: novel yeast genes defining distinct steps of spindle
pole body duplication. | Ce// Biol. 114:745-54.

Winey, M., C.L. Mamay, E.T. O'Toole, D.N. Mastronarde, T.H.
Giddings, Jr., K.L. McDonald, and J.R. McIntosh. 1995.
Three-dimensional  ultrastructural  analysis  of  the
Saccharomyces cerevisiae mitotic spindle. | Cel/ Biol.
129:1601-15.

Wojcik, E., R. Basto, M. Sett, F. Scaerou, R. Karess, and T. Hays.
2001. Kinetochore dynein: its dynamics and role in the
transport of the Rough deal checkpoint protein. Naz Cell
Biol. 3:1001-7.

Wong, O.K., and G. Fang. 2005. Plx1 is the 3F3/2 kinase
responsible for targeting spindle checkpoint proteins to
kinetochores. | Cell Biol. 170:709-19.

Wong, O.K., and G. Fang. 2007. Cdk1 phosphorylation of BubR1
controls spindle checkpoint arrest and Plkl-mediated
formation of the 3F3/2 epitope. | Cell Biol. 179:611-7.

21

Wu, H., Z. Lan, W. Li, S. Wu, J. Weinstein, K.M. Sakamoto, and
W. Dai. 2000. p55CDC/hCDC20 is associated with BUBR1
and may be a downstream target of the spindle checkpoint
kinase. Oncogene. 19:4557-62.

Xia, G., X. Luo, T. Habu, J. Rizo, T. Matsumoto, and H. Yu.
2004. Conformation-specific  binding of p31(comet)
antagonizes the function of Mad2 in the spindle checkpoint.
Ewmbo J. 23:3133-43.

Xu, Q., S. Zhu, W. Wang, X. Zhang, W. Old, N. Ahn, and X. Liu.
2009. Regulation of kinetochore recruitment of two essential
mitotic  spindle  checkpoint  proteins by  Mpsl
phosphorylation. Mo/ Bio/ Cell. 20:10-20.

Yamaguchi, S., A. Decottignies, and P. Nurse. 2003. Function of
Cdc2p-dependent Bublp phosphorylation and Bublp
kinase activity in the mitotic and meiotic spindle checkpoint.
Embo J. 22:1075-87.

Yang, M., B. Li, CJ. Liu, D.R. Tomchick, M. Machius, ]. Rizo, H.
Yu, and X. Luo. 2008. Insights into mad2 regulation in the
spindle checkpoint revealed by the crystal structure of the
symmetric mad2 dimer. PLoS Biol. 6:¢50.

Yang, M., B. Li, D.R. Tomchick, M. Machius, J. Rizo, H. Yu, and
X. Luo. 2007. p31comet blocks Mad2 activation through
structural mimicry. Ce/. 131:744-55.

Yang, Z., A.E. Kenny, D.A. Brito, and C.L. Rieder. 2009. Cells
satisfy the mitotic checkpoint in Taxol, and do so faster in
concentrations that stabilize syntelic attachments. | Ce// Biol.
186:675-84.

Yao, X., A. Abtieu, Y. Zheng, K.F. Sullivan, and D.W. Cleveland.
2000. CENP-E forms a link between attachment of spindle
microtubules to kinetochores and the mitotic checkpoint.
Nat Cell Biol. 2:484-91.

Yeh, E., R.V. Skibbens, ].W. Cheng, E.D. Salmon, and K. Bloom.
1995. Spindle dynamics and cell cycle regulation of dynein in
the budding yeast, Saccharomyces cerevisiae. | Cel/ Biol.
130:687-700.

Zhang, J., S. Ahmad, and Y. Mao. 2007. BubR1 and APC/EB1
cooperate to maintain metaphase chromosome alignment. |
Cell Biol. 178:773-84.

Zhao, Y., and R.H. Chen. 2006. Mps1 phosphorylation by MAP
kinase is required for kinetochore localization of spindle-
checkpoint proteins. Curr Biol. 16:1764-9.



Name and function

Sp

References

MAD?2

* Essential for mitotic checkpoint signaling

* Required for normal cell cycle progression

¢ Interaction with and inhibition of CDC20

* Required for CDC20-BUBR1 interaction

¢ Interaction with MAD1

* Existence of an open and closed
conformation

MAD1

* Hssential for mitotic checkpoint signaling

* Required for MAD?2 kinetochore
localization

BUBR1/MAD?3

* HEssential for mitotic checkpoint signaling

* Required for normal cell cycle progression

* Inhibition CDC20 (via KEN-box 1)

* Required for CDC20-MAD?2 interaction

* Interaction with BUB3 required for
kinetochore localization

* Kinase activity is required for proper
mitotic checkpoint signaling

* via long-term maintanance

¢ Interaction with CENP-E is essential for
checkpoint signaling

BUBRI1

'

CD

<

BUBRI1

'

CD

BUBRI1

'

v

MAD3

'

n/a

n/a

n/a

MAD3

'

n/a

n/a

n/a

MAD3

'

n/a

n/a

n/a

(Musacchio and Salmon, 2007)

(Buffin et al., 2007; Chen et al., 1990;
Dobles et al., 2000; Gotbsky et al., 1998;
Hoyt et al,, 1991; Kitagawa, 2009; Li and
Murray, 1991; Li and Benezra, 19906)
(Chen et al., 1996; Dobles et al., 2000;
Gorbsky et al., 1998)

(Fang et al., 1998; Hwang et al., 1998; Kim
et al., 1998; Kitagawa et al., 2002; Li et al.,
2010; Li et al., 1997; Sczaniecka et al.,
2008)

(Chen et al., 1999; Fang et al., 1998;
Hwang et al., 1998; Li et al., 2010;
Millband and Hardwick, 2002)

(Campbell et al., 2001; Chen et al., 1999;
Chen et al., 1998; Tkui et al., 2002;
Kitagawa and Rose, 1999; Li et al., 2010)
(De Antoni et al., 2005; Li et al., 2010;
Luo et al., 2000; Luo et al., 2004; Nezi et
al., 2006; Sironi et al., 2002; Yang et al.,
2008)

(Musacchio and Salmon, 2007)

(Chen et al., 1998; Encalada et al., 2005;
Hardwick and Murray, 1995; Jin et al.,
1998; Kitagawa and Rose, 1999; Luo et al.,
2002)

(Chen et al., 1999; Chen et al., 1998;
Chung and Chen, 2002; De Antoni et al.,
2005; Howell et al., 2004; Li et al., 2010;
Luo et al., 2002)

(Musacchio and Salmon, 2007)

(Chan et al., 1999; Chen, 2004; Hoyt et al.,
1991; Li and Murray, 1991; Moore et al.,
2005; Nystul et al., 2003; Rahmani et al.,
2009)

(Buffin et al., 2007; Meraldi et al., 2004;
Stein et al., 2007; Warten et al., 2002)
(Burton and Solomon, 2007; Hardwick et
al., 2000; King et al., 2007b; Sczaniecka et
al.,, 2008; Tang et al., 2001)

(Chen, 2002; Fang, 2002; Hwang et al.,
1998; Li et al., 2010; Millband and
Hardwick, 2002)

(Chen, 2002; Hardwick et al., 2000;
Millband and Hardwick, 2002)

(Chen, 2002; Huang et al., 2008; Kops et
al., 2004; Mao et al., 2003; Rahmani et al.,
2009; Tang et al., 2001)

(Chen, 2002; Huang et al., 2008; Kops et
al., 2004; Mao et al., 2003; Rahmani et al.,
2009; Tang et al., 2001)

(Abtieu et al., 2000; Maia et al., 2007;
McEwen et al., 2001; Tanudji et al., 2004;
Yao et al., 2000)

Supplementary Table 1. Summary of the mitotic checkpoint proteins and their functions in different model organisms. Hs, Homo sapiens; x1, X.

laevis, Dm, Drosophila melanggaster; Ce, Caenorbabditis elegans; Sc, Schizosaccharomyees cerevisiae; sp, Schizosaccharomyees pomb; I, yes/present; X,
no/absent; ?, not studied; CD, conflicting data; n/a, not applicable; some, partial requirement.
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Name and function Hs X1 Dm Ce Sc Sp  References

BUB3 Vv Vv Vv Vv Vv Vv (Campbell and Hardwick, 2003; Larsen
and Harrison, 2004)

* Essential for mitotic checkpoint signaling ? (Kitagawa, 2009; Klebig et al., 2009;
Logarinho et al., 2008; Roberts et al.,
1994; Windecker et al., 2009; Yao et al.,
2000)

Formation of a MAD2-CDC20- CD X ? ? v v (Fang, 2002; Fraschini et al., 2001;

BUBR1/MAD3-BUB3 complex Millband and Hardwick, 2002; Sudakin et
al,, 2001; Tang et al., 2001)

BUBI1 v v v v v v (Bernard et al., 1998; Chen, 2004;
Encalada et al., 2005; Farr and Hoyt, 1998;
Logarinho et al., 2004; Meraldi and Sorger,
2005; Perera et al., 2007; Tang et al.,
2004a; Warren et al., 2002)

* Essential for mitotic checkpoint signaling Vv Vv Vv Vv Vv v (Bernard et al., 1998; Chen, 2004;
Encalada et al., 2005; Farr and Hoyt, 1998;
Logarinho et al., 2004; Meraldi and Sorger,
2005; Perera et al., 2007; Tang et al.,
2004a; Watren et al., 2002)

* Required for MAD1, MAD2 and BUBR1- v v ? ? v ? (Gillett et al., 2004; Johnson et al., 2004;

MAD3 localization Meraldi et al., 2004; Sharp-Baker and
Chen, 2001)

* Interaction with BUB3 required for Vv X ? Vv Vv X (Campbell and Hardwick, 2003; Kitagawa,

kinetochore localization 2009; Klebig et al., 2009; Roberts et al.,
1994; Warren et al., 2002; Windecker et
al., 2009)

* Kinase activity is required for proper some some ? ? X some  (Chen, 2004; Fernius and Hardwick, 2007;

mitotic checkpoint signaling Klebig et al., 2009; Roberts et al., 1994;
Warren et al., 2002; Yamaguchi et al.,
2003)

* Interaction with and phosphorylation of Vv ? ? ? ? ? (Kang et al., 2008; Tang et al., 2004a;

CDC20 Vanoosthuyse and Hardwick, 2005)

e Conserved motif I present ." ." ." ? ." ." (Kleblg et al., 2009; Warren et al., 2002)

* Motif tequired for checkpoint signaling Vv ? ? ? Vv ? (Klebig et al., 2009; Watrten et al., 2002)

MPS1 Vv Vv Vv X Vv v (Abrieu et al., 2001; Fischer et al., 2004;
He et al., 1998; Liu et al., 2003; Weiss and
Winey, 1996)

* Hssential for mitotic checkpoint signaling v v v n/a v v (Abrieu et al., 2001; Fischer et al., 2004;
He et al., 1998; Liu et al., 2003; Weiss and
Winey, 1996)

* Required for checkpoint protein Vv v v n/a v ? (Abrieu et al., 2001; Hardwick et al., 1996;

kinetochore localization (at least MAD1 and Lince-Faria et al., 2009; Maciejowski et al.,

MADZ) 2010; Vigneron et al., 2004; Wong and
Fang, 2007)

* Required for MAD2-CDC20 interaction v ? ? n/a v ? (Hwang et al., 1998; Sliedrecht et al., 2010)

* Phosphorylation of MAD1 CD ? ? n/a Vv ? (Campbell et al., 2001; Hardwick and
Murray, 1995; Hardwick et al., 1996)

RZZ-complex Vv Vv Vv Vv X X (Chan et al., 2000; Karess and Glover,
1989; Okamura et al., 2001; Starr et al.,
1997)

* Essential for mitotic checkpoint signaling v v v ? n/a n/a (Basto et al., 2000; Chan et al., 2000; Kops
et al., 2005; Scaerou et al., 2001; Starr et
al., 1997)

* Required for recruitment of MAD1-MAD2 Vv Vv Vv ? n/a n/a (Buffin et al., 2005; Kops et al., 2005)

to the kinetochore

Supplementary Table 1 (continue). Summary of the mitotic checkpoint proteins and their functions in different model organisms. Hs, Homo
sapiens; X\, X. laevis; Dm, Drosophila melanogaster; Ce, Caenorbabditis elegans; Sc, Schizosaccharomyces cerevisiae; sp, Schizosaccharomyces pomby V,

yes/present; X, no/absent; ?, not studied; CD, conflicting data; n/a, not applicable; some, partial requirement.
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