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ABSTRACT

The spindle assembly checkpoint regulates the metaphase-to-anaphase transition from yeast to humans.
We examined the genetic interactions with four spindle assembly checkpoint genes to identify non-
essential genes involved in chromosome segregation, to identify the individual roles of the spindle
assembly checkpoint genes within the checkpoint, and to reveal potential complexity that may exist. We
used synthetic genetic array (SGA) analysis using spindle assembly checkpoint mutants madl, mad2, mad3,
and bub3. We found 228 synthetic interactions with the four spindle assembly checkpoint mutants with
substantial overlap in the spectrum of interactions between madl, mad2, and bub3. In contrast, there were
many synthetic interactions that were common to madl, mad2, and bub3 that were not shared by mad3. We
found shared interactions between pairs of spindle assembly checkpoint mutants, suggesting additional
complexity within the checkpoint and unique interactions for all of the spindle assembly checkpoint
genes. We show that most genes in the interaction network, including ones with unique interactions,
affect chromosome transmission or microtubule function, suggesting that the complexity of interactions
reflects diverse roles for the checkpoint genes within the checkpoint. Our analysis expands our under-
standing of the spindle assembly checkpoint and identifies new candidate genes with possible roles in

chromosome transmission and mitotic spindle function.

HE spindle checkpoint is a conserved surveillance

mechanism that responds to spindle defects and
arrests cells in mitosis (AMoN 1999; LEw and BURKE
2003). The checkpoint is evolutionarily conserved from
yeast to humans and is believed to be essential for regu-
lating fidelity of chromosome segregation and genome
stability. Mutations in spindle checkpoint genes can
predispose cells to cancer (CaAHILL et al. 1998). There
are two branches of the checkpoint in budding yeast
that are referred to as the spindle assembly and the
spindle orientation checkpoints and it appears that
only the spindle assembly checkpoint is conserved from
yeast to man (LEw and BURKE 2003). The spindle as-
sembly checkpoint responds to misaligned chromo-
somes where there is a failure to achieve bipolar
attachment of kinetochores on spindles. The check-
point is believed to be activated by either a lack of
tension or a lack of microtubule occupancy at kineto-
chores and responds by inhibiting the metaphase-to-
anaphase transition (WATERS et al. 1998; STERN and
MurrAy 2001; LEw and BURkE 2003). The checkpoint
is extremely sensitive and a single unattached kineto-
chore can induce a cell to arrest in mitosis (L1 and
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Nickras 1995; PANGILINAN and SPENCER 1996).
Five nonessential genes, MADI1, MAD2, MAD3, BUBI,
and BUB3, and one essential gene, MPSI, originally
defined the spindle assembly checkpoint (HoYT et al.
1991; L1 and Murray 1991; Weiss and WINEY 1996).
Mutants of all the nonessential genes in this pathway
in yeast have similar phenotypes; they do not arrest
the cell cycle in the presence of microtubule depo-
lymerizing drugs (HovyT et al. 1991; L1 and MURRAY
1991).

Popular models for how the spindle checkpoint
regulates mitosis propose that the spindle checkpoint
genes define a signal transduction pathway that re-
sponds to misaligned chromosomes and transmits an
inhibitory signal to the cell cycle machinery (MILLER
and Cross 2001; Yu 2002; HowrLL et al. 2004). Genetic
evidence shows that the kinetochore plays an essential
role in the spindle assembly checkpoint and is pre-
sumably at the top of the signal transduction pathway
(GARDNER ¢t al. 2001; JANKE et al. 2001; MCCLELAND el al.
2002). All of the checkpoint proteins localize to kinet-
ochores in mammalian cells and localization is corre-
lated with spindle checkpoint activity (AMON 1999;
Lew and BURkE 2003). The precise roles of the spindle
assembly checkpoint proteins in transmitting an inhib-
itory signal are not known. There are several biochem-
ical interactions among checkpoint proteins and the
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interactions are presumed to be integral to checkpoint
signaling. For example, Madl and Mad2 are constitu-
tively associated in a complex (CHEN et al. 1999; Luo
et al. 2002). One popular model is that Madl brings
Mad2 to unattached kinetochores where an interaction
with kinetochores catalyzes the exchange of Mad2 into
a Mad2-Cdc20 complex (Luo et al. 2002; SIRONI et al.
2002). Cdc20p is an activator of the anaphase-promoting
complex (APC) and elegant genetic experiments have
shown that Cdc20 is the target of the checkpoint within the
cell cycle machinery (HWANG et al. 1998). The precise
mechanism of how APC®* is inhibited is unclear.
Cdc20 is found in two separable complexes in vivo, an
abundant complex containing Mad2 and a much less
abundant complex containing Mad2, Mad3, and Bub3
(CHEN et al. 1999; SUDAKIN et al. 2001; PODDAR et al.
2005). Both complexes are essential for checkpoint
activity in yeast. In witro studies using extracts from
human cells have identified an analogous complex of
checkpoint proteins as a potent inhibitor of the APC
termed the mitotic checkpoint complex (MCC) con-
taining Mad2, BubR1 (the Mad3 homolog), and Bub3
bound to Cdc20 (SubpakiN et al. 2001; TANG et al. 2001;
Yu 2002; PODDAR et al. 2005). There are conflicting data
about regulated assembly of MCC. Mad2 interactions
with Cdc20, including MCC assembly, are cell cycle regu-
lated in yeast independently of the checkpoint and the
kinetochore (FRASCHINI et al. 2001; PODDAR et al. 2005).
MCC forms constitutively in HeLa cells but forms in
Xenopus extracts in response to checkpoint activation
(SUDAKIN et al. 2001; CHEN 2002). The assembly of MCC
and the proposed importance of the complex as the
ultimate inhibitor of the APC predict that Mad2, Mad3,
and Bub3 have similar roles in the spindle assembly
checkpoint.

Recent evidence has emerged supporting additional
roles for checkpoint proteins outside of mitotic regula-
tion. Chromosome loss rates differ among spindle
checkpoint mutants, suggesting that Bubl and Bub3
may have additional roles in kinetochore or spindle
function (WARREN et al. 2002). BubR1 has been impli-
cated in aging and fertility in mice (BAKER et al. 2004).
Mad2 has been implicated in the DNA damage check-
point (GARBER and RiNE 2002). Both Mad2 and BubR1
have roles as mitotic timers in mammalian cells in-
dependent of their roles in the spindle checkpoint
(MERALDI ¢/ al. 2004). A recent study suggests that there
is complexity within the spindle assembly checkpoint.
Madl and Mad2 are believed to respond to microtubule
occupancy as well as to tension at kinetochores, while
Mad3 responds only to microtubule occupancy and
is not required for the response to tension (LEE and
SPENCER 2004). Furthermore, there are distinct roles for
some of the checkpoint genes in meiosis (SHONN et al.
2000; CHESLOCK et al. 2005).

One way to better understand the functions of indi-
vidual checkpoint genes is by analysis of their genetic

interactions. Synthetic lethality between two mutants
occurs when a mutation of either gene individually
yields viable cells but mutating both in the same cells
causes lethality or compromised growth. Genes encod-
ing proteins that function in parallel pathways or with
overlapping functions within an essential pathway can
exhibit synthetic genetic interactions (HARTWELL 2004).
A systematic method for identifying synthetic lethality
in yeast using the collection of deletion mutants of
nonessential genes has been described and is called
synthetic genetic array analysis (SGA) (ToNG et al. 2001,
2004). Screens have been performed using 132 query
strains to identify a total of 4000 interactions and the
data are publicly available (TONG et al. 2004). Synthetic
genetic interactions are enriched among groups of genes
that encode proteins involved in the same gene ontol-
ogy (GO) processes or similar subcellular localizations
(ToNG et al. 2004). By this means, we can extrapolate
and assign functions for genes exhibiting synthetic ge-
netic interactions with our genes of interest or assign
additional roles to those genes. The spindle assembly
checkpoint is ideal for SGA. Most of the checkpoint
genes are nonessential but respond to a process, chro-
mosome segregation, which is required for viability.
Many of the genes that encode components of the
mitotic spindle and the kinetochore are nonessential
and some of the genes are nonessential because the
spindle checkpoint buffers the cells in the absence of
the proteins (ToNG et al. 2001, 2004). Therefore, a com-
plete SGA analysis using the spindle checkpoint mu-
tants as queries should identify all nonessential genes
required for chromosome transmission via the mitotic
spindle. The popular model of the spindle checkpoint
as a signal transduction cascade predicts, in its simplest
form, that the spindle assembly checkpoint mutants
should share an overlapping spectrum of genetic inter-
actions. In addition, SGA should reveal unique func-
tions of the individual checkpoint genes.

We used SGA and the collection of deletion muta-
tions for all nonessential genes in yeast to define the
synthetic genetic interactions of four genes of the spin-
dle assembly checkpoint. We identified a large number
of shared interactions among madl, mad2, and bub3
query strains with mutants encoding kinetochore and
spindle components. The interacting mutants include
three that define genes of unknown function, suggest-
ing new spindle or kinetochore components. Surpris-
ingly, large numbers of synthetic lethal interactions are
either shared between pairs of genes or unique to each
gene, suggesting that spindle checkpoint proteins have
nonoverlapping functions. In contrast to the large number
of interactions we found with madl, mad2, and bub3, we
found very few synthetic lethal interactions with mad3.
We propose that Mad1l, Mad2, and Bub3 have multiple
roles in spindle function and checkpoint signaling and
that Mad3 functions uniquely within the spindle assem-
bly checkpoint.
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TABLE 1

Strains and genotypes

Strain Relevant genotype Study
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 EUROSCARF
BY4742 MATo his3A1 lewu2A0 lys2A0 ura3A0 EUROSCARF
BY4743 MATo/MATa his3A1/his3A1 lew2A0/leu2A0 lys2A0/LYS2 MET15/met15A0 ura3A0/ura3A0 EUROSCARF
2446-7-4 MATa canIA his3A1 leu2A0 metI5A0 ura3A0 mfalA :: Py -his5* This study
3174-3-2 MATo canIA his3A1 leu2A0 ura3A0 lys2A0 mfalA ::Pypa-his5* madl::NAT This study
3172-32-3 MATo canIA his3A1 lew2A0 uwra3A0 lys2A0 mfalA :: Py -his5* mad2::NAT This study
2447-1-2 MATo canIA his3A1 leu2A0 ura3A0 lys2A0 mfalA :: Py -his5* mad3::NAT This study
2446-1-2 MATo canlA his3A1 leu2A0 ura3A0 lys2A0 mfalA :: Ppyy -his5* bub3::NAT This study

MATERIALS AND METHODS

Strains and plasmids: Strains constructed for this study were
isogenic with BY4741, BY4742, and BY4743 (EUROSCAREF,
Frankfurt, Germany) and are listed in Table 1. The deletion set
of haploid (MA7Ta) mutants was purchased from EUROSCARF
and arrayed from a 96-well format to a 384 format. The strains
were frozen in a 384 format and revised from frozen stocks
once per month. Query strains were derived from the hetero-
zygous diploid deletion collection and we switched the marker
from Geneticin (G418) resistance to nourseothricin (NAT) resis-
tance by a one-step gene replacement to convert the KanMX4
cassette to NatMX4 as described previously (GOLDSTEIN and
McCuUSKER 1999; TONG et al. 2001). The strains were sporu-
lated, haploids were recovered after tetrad dissection, and the
appropriate progeny were mated to strain 2446-7-4 to con-
struct query strains by standard tetrad genetics (BURKE ef al.
2000). All deletions were confirmed by PCR and plasmid
complementation. The mfal::P yyn;-his5* was constructed in
strain BY4741 by PCR-mediated one-step gene replacement of
the open reading frame of MFAI with the open reading frame
of the Schizosaccharomyces pombe his5* gene, using KanMXHIS3
plasmid as a template (LONGTINE e al. 1998). Including the
his5* gene in the query strain improves the efficiency of SGA
(DANIEL et al. 2006, this issue).

SC medium was made as described and supplemented with
the appropriate amino acids (BURKE et al. 2000). All chemicals
were purchased from Sigma (St. Louis, MO) unless otherwise
noted. Medium for haploid selection and for scoring synthetic
lethality was supplemented with 2 mm 3-aminotriazole and the
appropriate selective drugs. The purpose of including the
3-aminotriazole was to suppress the leaky expression from
the MFAI promoter that can confound SGA as described
elsewhere (DANIEL et al. 2006, this issue).

Synthetic genetic array analysis: SGA was performed man-
ually using a modification of the method used by TONG et al.
(2001). Query strains with gene deletions marked with the
NAT resistance were mated to the haploid deletion library
(EUROSCARF) containing deletions of ~4700 nonessential
genes marked with G418. The library was manually pinned to a
lawn of cells from the query strain using 384 floating pins (VP
Scientific, cat. no. VP384F) and selected on solid minimal
medium supplemented with histidine, leucine, and uracil in
NUNC omni trays (Fisher Scientific, Pittsburgh) and incu-
bated at 25° for 2448 hr. Diploids were sporulated on solid
medium containing 1% potassium acetate and supplemented
with 1 mM uracil, 1 mm leucine, and 1 mwm histidine. Haploid
spores were germinated on SC-his media containing 60 ng/
ml I-canavanine, 2 mM 3-aminotriazole, and 350 pg/ml Genet-
icin (GIBCO, Grand Island, NY) (SC-his + CAN + G418).
Germinated colonies were pinned to both SC-his + CAN +
G418 plates and SC-his media containing 60 pg/ml canava-

nine, 2 mMm 3-aminotriazole, 350 pg/ml Geneticin, and 100 pg/
ml nourseothricin (Werner BioAgents) (SC-his + CAN +
G418 + NAT).

Candidate colonies scored as synthetic lethal in the primary
screen were picked from the SC-his + CAN + G418 plates,
resuspended in 200 pl liquid SC-his + CAN in 96-well culture
dishes, and incubated at 25° overnight. Tenfold serial dilutions
of the cultures were pinned to SC-his + CAN (control) and
SC-his + CAN + G418 + NAT solid media, using an inocu-
lating manifold (Dan-Kar). This constituted the secondary
screen.

Random spore analysis was conducted by resuspending
colonies from sporulation plates in 200 pl sterile water and
spreading them on petri plates containing SC-his + CAN solid
media supplemented with 2 mm 3-aminotriazole. These were
allowed to germinate for 3-5 days at 25°. The colonies were
then replica plated to SC-his + CAN (control), SC-his + CAN +
G418 (G418), SC-his + CAN + NAT (NAT), and SC-his +
CAN + G418 + NAT (G418/NAT). All of the above media
contained 2 mM 3-aminotriazole. We calculated the ratio of
colonies on each type of media and compared it to the ex-
pected ratio of 2:1 for G418:G418 + NAT and 2:1 for NAT:G418 +
NAT for colonies not exhibiting synthetic lethality, and data
were analyzed by a chi-square test of significance, P = 0.05.
Twenty tetrad dissections were performed on 20 sporulated
diploids that we scored as showing synthetic lethality and
found that interactions correlated directly with the results of
the random spore analysis. We used random spore analysis as
our final means of confirming synthetic genetic interactions.
The random spore data presented in supplemental Tables 1-4
(http:/www.genetics.org/supplemental/) are filtered to re-
move genes linked to MFAI, CANI, and the query gene
marked with NAT

Pins were sterilized by a series of washes between pinning.
They were first sonicated in a water bath (Sinosonic Industrial)
containing 500 ml of dHyO and mild detergent for 1 min to
remove yeast cells. They were consecutively washed in 150 ml
of water, 150 ml 10% bleach, 150 ml water, 150 ml 10% bleach,
150 ml water, 200 ml water, and 250 ml water. The pins were
soaked in each bath for 1 min. This was followed by an ethanol
bath (95% ethanol) and flaming.

Data analysis: Networks were visualized using Osprey 1.2.0
(BREITKREUTZ et al. 2003). Function assignments were done
using the Saccharomyces Genome Database GO Term Mapper
(http:/db.yeastgenome.org/cgi-bin/GO/goTermFinder).

RESULTS

Many of the genes encoding proteins that function in
the mitotic spindle or the kinetochore are nonessential
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as are the genes that encode most spindle checkpoint
proteins (ORTIZ et al. 1999; LEw and BURKE 2003;
MCcAINSH et al. 2003; PoT et al. 2003; MEASDAY and HIETER
2004). Chromosome segregation is an essential process
and we reasoned that this was an ideal situation for ana-
lyzing synthetic genetic interactions that arise because
of complimentary functions within an essential pathway.
We examined the synthetic genetic interactions of the
checkpoint genes to identify genes involved in spindle
and kinetochore function. In addition, we wished to
identify alternative functions among the spindle check-
point genes. We anticipated that genes involved in spin-
dle function would be identified by shared synthetic
genetic interactions with all of the spindle assembly
checkpoint mutants. The interactions unique to each
gene should provide insight into its independent func-
tions. We used four of the six spindle assembly check-
point mutants in query strains. We excluded MPSI because
it is essential and required for spindle pole body dupli-
cation (LAUZE et al. 1995). We were concerned that the
overlapping role in spindle function would confound
the analysis. We excluded BUBI because spores con-
taining the bubl allele derived from heterozygous
diploids have reduced and variable fitness, which con-
founds the analysis (HoyT et al. 1991).

All interactions identified in this study were con-
firmed by quantitative meiotic (random spore) analysis
(supplemental Tables 1 and 2 at http:/www.genetics.
org/supplemental/). Double mutants were scored as
synthetic lethal if they generated no double mutants. In
some cases the strains produced a very small number
of double-mutant spores. For example, in a cross of
mad2 and cikl the random spore analysis had 88 G418-
resistant colonies, 65 NAT-resistant colonies, and no colo-
nies resistant to both drugs. In the cross between mad2
and c¢bfI there were 77 G418-resistant colonies, 64 NAT-
resistant colonies, and 2 colonies resistant to both drugs.
Both cases were scored as synthetic lethal (chi-square
test, P < 0.05). The two resistant colonies arise due to
mechanisms such as gene conversion or disomy that can
produce apparent double mutants (DANIEL et al. 2006,
this issue). In some cases the appropriate number of
colonies were resistant to both drugs but they were small
(less than one-tenth the size of wild type) and were
scored as synthetic sick (reduced fitness) (Figure 1). All
screens were conducted at least three times. Overall,
91% of the interactions we detected were synthetic
lethal and 9% showed reduced fitness.

We did not consider synthetic fitness mutants in any
of the screens where the double mutants showed a slight
growth disadvantage. We performed our screens by pin-
ning the ordered arrays manually without the aid of
robotics. Often colony sizes varied after pinning simply
by differences in manual manipulations. We could not
reliably score small differences in colony size and when
we included them it vastly increased the number of false
positives in our screens and made the screens unman-

A Control G418

NAT G418 + NAT

G418 + NAT

FIGUure 1.—Synthetic lethality and synthetic fitness identi-
fied by random spore analysis. (A) Colonies from haploid
spores selected after meiosis were plated on nonselective me-
dium (Control) and then replica plated to plates containing
the indicated drugs. On the left is a cross demonstrating syn-
thetic lethality and on the right are cells from a cross that does
not show any synthetic interaction. (B) Colonies from haploid
spores selected after meiosis were plated on nonselective me-
dium (Control) and then replica plated to plates containing
the indicated drugs. On the left are colonies from a cross
showing synthetic fitness and on the right are colonies from
a cross demonstrating synthetic lethality.

ageable. Furthermore, small differences in growth rate
have a dramatic effect on cell number. For example, we
determined that under our conditions of growth, the
parent strain BY4741 has a doubling time of 2.2 hr. Two
colonies that grow for 48 hr can differ in the number of
cells by a factor of 10 with an 18-min difference in
doubling time. We chose stringent criteria for what we



Synthetic Interactions With the Spindle Checkpoint 57

defined as synthetic lethal because we eventually want to
understand the double-mutant phenotype and there-
fore the effect on the cell cycle has to be measurable.

The synthetic lethal interactions that we identified
are shown in Figure 2 and are discussed in detail below.
We were concerned about the potential for false
negatives in the SGA screen (ToNG et al. 2004). It is
possible that the “unshared interactions” we identified
were simply not scored in the other screen. Therefore,
all interactions that were identified in Figure 2 using any
checkpoint mutant were directly tested against the three
other checkpoint mutants by constructing the double
heterozygotes and analyzing synthetic lethality by quan-
titative random spore analysis.

MADI and MAD?2 have similar but not identical roles:
Spindle assembly checkpoint proteins Madl and Mad2
are constitutively present in a complex that localizes to
kinetochores when the checkpoint is active (CHEN et al.
1999; CHUNG and CHEN 2002). All of Madl and about
half of Mad2 are present in this complex (CHUNG and
CHEN 2002; PODDAR et al. 2005) . We expected that madl
and mad2mutants would have a very similar spectrum of
genetic interactions. Sixty mutants exhibited synthetic
lethality with madl, 97% of which were synthetic lethal
and 3% were synthetic sick (Figure 2). We recovered 69
mutants that exhibited synthetic lethality with mad2,
80% of which were synthetic lethal. There was a large
overlap of interactions between madI and madZ2. Thirty-
six mutants displayed synthetic genetic interactions with
both checkpoint genes. These constituted 60% of the
interactions with madI and 52% of the interactions with
mad2. The large overlap of interactions confirms that
MADI and MAD2 are functionally related. However,
many of the interactions were not shared by both genes.
This suggests that Mad1 and Mad2 have divergent roles
within the spindle checkpoint or participate in separate
processes within the cell.

We examined the functions of the interacting genes
using the GO processes database. Thirty-three percent
of the shared interactions were genes that encoded pro-
teins involved in chromosome segregation, 26 times more
than expected by chance (P = 3.3 X 107'"). Twenty-
eight percent encoded proteins involved in microtubule-
based processes, 21 times more than expected by
chance (P = 3.3 X 107'"). Seven of the genes encode
known kinetochore proteins (CTF3, CTF19, CHLA,
CBF1, MCM21, MCM22, and BIM]I), four are involved
in sister-chromatid cohesion (CTFS, CTFIS8, CTF4, and
CHLI), and five are part of the prefoldin complex
involved in tubulin folding (GIM3, GIM4, YKE1, PACIO0,
and PIDI). In addition, there were seven genes of
unknown function.

Thirty-three of the mad?2 interactions were not shared
with madl and 24 of the madl interactions were not
shared with mad2. We analyzed the GO annotation of
the genes whose synthetic genetic interactions were not
shared by madl and mad2 to better understand their

independent roles. Surprisingly, a subset of the un-
shared interactions, synthetic lethal with mad?2, was genes
that encoded kinetochore or spindle components.
MCM19, MCM16, and SLKI9 encode outer kineto-
chore components, and ASEI and SLI15 encode spindle
components that are part of the microtubule cytoskel-
eton. This suggests that Madlp and Mad2p either
may have different roles in monitoring spindle function
or may independently function within the kinetochore
or the spindle. Fifteen percent of the mutants syn-
thetic lethal with mad2 but not with madl encode
transcriptional regulators and chromatin remodeling
proteins, which may reflect an indirect interaction
or may indicate that Mad2p has arole in these processes.

MADI1, MAD2, and BUB3 have common genetic
interactions with genes encoding proteins involved in
spindle assembly and kinetochore function: Eighty-
seven mutants exhibited synthetic genetic interactions
with bub3. All of them were synthetic lethal interactions
and none were synthetic fitness. Twenty-five of these
genes (29%) also showed synthetic genetic interactions
with madland mad2, confirming that the genes function
in a common pathway (Figure 2). Forty-four percent of
these genes were annotated by the GO process as being
involved in cytoskeleton organization and biogenesis,
11 times more than expected by chance (P = 1.1 X
10~'"). These included genes encoding five members of
the prefoldin complex, B-tubulin folding proteins, a
cortical capture protein, and proteins involved in spin-
dle establishment and maintenance. Forty percent of
the genes that exhibit synthetic genetic interactions
with madl, mad2, and bub3 encode proteins involved in
cell cycle and chromosome segregation, 31 times more
than expected by chance (P= 5.3 X 10"*). Most of the
mutants representing genes encoding kinetochore
components that exhibited synthetic genetic interac-
tions with madl and mad2 were also synthetic lethal with
bub3. CTF19 and MCMZ21, both of which encode non-
essential members of a protein complex that mediates
kinetochore microtubule binding, and MCM22, CTI4,
and CHL4 encode outer kinetochore components
(McAINsH et al. 2003; MEAsDAY and HIETER 2004). We
did not find any large subset of genes exhibiting
synthetic genetic interactions with madl, mad2, and
bub3 that were involved in processes unrelated to spin-
dle assembly and kinetochore function. We conclude
that no other processes utilize the spindle assembly
checkpoint exclusively to regulate the cell cycle. How-
ever, 3 of the 25 genes synthetic lethal with madl,
mad2, and bub3 encoded proteins of unknown func-
tion. These uncharacterized genes may represent novel
proteins required for proper kinetochore or spindle
function.

Interestingly, 11 interactions were shared between
madl and mad2 that were not shared with bub3.
One gene (CHLI) has a role in chromosome segrega-
tion and another gene (HCMI) encodes a forkhead
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transcription factor that regulates the expression of
Spcll0, an essential component of the spindle pole
body, the yeast equivalent of the centrosome (ZHuU and
Davis 1998). These observations were unexpected
because we assumed that all mutations in nonessential
genes that function in chromosome segregation would
respond identically with respect to spindle checkpoint
mutants. Ten interactions were uniquely shared be-
tween mad2 and bub3, 5 of them also have GO process
annotations of cell organization and biogenesis, and 3
were annotated as cell cycle. Eighteen interactions were
shared exclusively between madl and bub3, 8 of them
were annotated as cell organization and biogenesis, 5
were involved in phosphate metabolism, and 5 were
genes of unknown function. In every case, the shared
interactions between pairs of spindle checkpoint genes
contain a subset of genes that could affect spindle
structure and function. This includes genes that are
known to function in the spindle, which is highly
suggestive of additional complexity within the spindle
assembly checkpoint. Interestingly, there were 24
unique interactions with madl when we compared
madl to mad2; however, 18 of them were shared between
madl and bub3 (Figure 2). This suggests that Mad1 and
Bub3 function in a common process outside the spindle
checkpoint or that they function together within the
spindle or the checkpoint but respond to a subset of
spindle perturbations. If the latter is correct, then the
synthetic genetic interactions that are shared between
madl and bub3 may identify additional novel genes
encoding spindle proteins or affecting spindle func-
tion. The same applies to the interactions that are
shared between madl and mad2 and between mad2 and
bub3.

Thirty-nine percent of bub3 genetic interactions, 33%
of mad2 genetic interactions, and 10% of the madl
genetic interactions were unique and not shared by the
other members of the spindle assembly checkpoint. The
genetic interactions unique to bub3 include GO pro-
cesses involving cell cycle transitions, DNA replication
checkpoint, and meiosis. One of the mutants is spo21,
suggesting that Spo21 functions in mitosis as well as in
meiosis. Thirty-eight percent of the mutants with syn-
thetic genetic interactions unique to bub3identify genes
involved in cell cycle regulation. The B-type cyclins Clb1,
Clb3, and CIbb are involved in the latter half of the cell
cycle and Biklp and Arplp are involved in mitotic
anaphase B. Our data differ significantly from the 45
genetic interactions for madl, mad2, and bub3, as de-
scribed in the publicly available data (http://biodata.
mshri.on.ca/yeast_grid/servlet/SearchPage). There are
several reasons for the differences (see DISCUSSION) but

they underscore that data sets from large genomewide
screens provide an important view of the spectrum of
interactions and a great deal of additional information
can be obtained by repeating the analysis for specific
genes of interest.

MAD3 shares very few interactions with the other
spindle assembly checkpoint genes: Deletion of any of
the spindle checkpoint genes results in cells that fail to
arrest the cell cycle in the presence of spindle damage.
Biochemical analysis of APC inhibitors in mammalian
cells has identified complexes of Mad2, BubR1 (Mad3),
and Bub3 as potent inhibitors of APC““*” (SUDAKIN et al.
2001). We expected that the Mad2, Mad3, and Bub3
genes would share substantial overlap in the spectrum
of synthetic lethal interactions. Surprisingly, we found
only 12 synthetic genetic interactions with mad3 and
75% of them were synthetic lethal (Figure 2). Eight of
the genes (67%) encode proteins annotated by GO pro-
cess ontology as being involved in the mitotic cell cycle,
22 times more than expected by chance (P = 3.3 X
107'%). Most of these are microtubule motors and
components of the spindle pole body or chromosomes.
The 12 interactions with mad3 contrast with madl, mad2,
and bub3, which had an average of 72 interactions each.
The paucity of interactions was not due to the severity of
the mad3 mutation. The precise deletion of the entire
MAD3 gene was confirmed by PCR analysis and the
benomyl sensitivity of the deletion mutant was fully
complemented by aYCp MAD3plasmid (data notshown).
Furthermore, we used linkage as an internal control to
confirm that the synthetic lethal effects were due to the
mutation in MAD3. In a cross with mad3::NAT in the
query strain, mad3::G418 should score as synthetic
lethal since they are alleles and it is impossible to be
haploid with both mad3::NAT and mad3::G418. Genes
thatare tightly linked to MAD3 (YJLLO13C) will appear as
synthetic lethal because of linkage. All 12 nonessential
linked genes (within 10 cM of MAD?3) failed to generate
double mutants, confirming that the synthetic lethality
was due to mad3. Only 7 of the genes that exhibited syn-
thetic genetic interactions with madl, mad2, and bub3
were shared with mad3 (Figure 2). In addition, three in-
teractions were not shared by any other spindle assem-
bly checkpoint gene, suggesting that Mad3 may have a
role separate from the spindle checkpoint.

Most genes in the network affect chromosome
transmission or microtubule function: The network of
interactions among the spindle checkpoint genes was
surprising given that there were a large number of inter-
actions shared between pairs of checkpoint mutants and
unique interactions for each of the genes. One inter-
pretation is that genes or pairs of genes have alternate

F1GUrRe 2.—Synthetic genetic interactions of spindle checkpoint mutants mad2, madl, bub3, and mad3. Nodes represent the
indicated mutants and edges. All interactions shown were directly tested for synthetic lethality with each query gene, using random
spore analysis. The GO process annotation of each interacting gene is denoted by the node color and is described in the key.
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functions outside of the spindle checkpoint. Genes af-
fecting chromosome transmission or the microtubule
cytoskeleton interact with the spindle checkpoint; there-
fore, we applied two assays to determine if mutants iden-
tified in the network affected either process. We isolated
isogenic MATa/MATa diploid strains homozygous for
deletion mutations in both alleles for every gene in the
network and tested chromosome stability by a mating
test. MATa/ MATo diploids are sterile but can become
fertile (MATa or MATa) by loss of chromosome III to
generate a monosomic strain. In addition, cells can
remain diploid but become fertile by either mitotic re-
combination or gene conversion events to render MAT
homozygous. Diploids that generate mating-competent
cells at high frequency have reduced fidelity of chro-
mosome transmission. We used a simple patch-mating
assay to determine the proportion of mating diploids.
We spread a small number of cells of each genotype
onto a patch and mated them to a lawn of MATa arg4 or
MATo arg4 cells overnight. We printed the lawns onto
plates to select diploids and scored mating by the pres-
ence of papillae. Chromosome loss, mitotic recombina-
tion, and gene conversion are stochastic events, and if
they happen early in the growth of a colony, then patches
of cells could appear to have an increased frequency of
generating mating diploids simply by chance. We used
five independent colonies of each homozygous mutant
to make patches and scored mutants as affecting chro-
mosome transmission if all five patches showed an
increased frequency of maters. An example is shown
in Figure 3A. Wild-type cells generated few mating dip-
loids in contrast to the meml9 mutant lacking a kinet-
ochore protein and a mutant lacking YLR287C, a gene
of unknown function. Overall, we found that 78 mutants
in the network (61%) affect chromosome transmission.

We also assayed the mutants for their sensitivity to the
benzimidazole drug benomyl, which affects microtu-
bule function. The wild-type diploid strain is signifi-
cantly more resistant to 10 pg/ml benomyl than a mad2
mutantas well as a mutantlacking YOR008C-A, a gene of
unknown function (Figure 3B). We found that 51 mutants
from the network (40%) were benomyl sensitive. The
data summarizing the chromosome transmission assay
and the benomyl sensitivity are combined and shown
graphically in Figure 4. Red nodes represent mutants
that are benomyl sensitive, blue nodes represent mu-
tants with altered fidelity of chromosome transmission,
and green nodes are mutants with both phenotypes.
Gray nodes are mutants that scored negatively in both
assays. Overall, 77% of the mutants affect chromosome
transmission or microtubule function. Many of the mu-

N mcm19

WT

YLR287C

mad?2

WT

YO08C-A

mad2

WT

YO08C-A

FIGURE 3.—Assays for chromosome transmission and spin-
dle integrity. (A) Chromosome transmission. Five indepen-
dent colonies of the indicated diploid genotype were
patched onto a YPD plate and mated overnight to a lawn of
MATa arg4 cells and then printed onto an SD plate to select
triploids. The papillae represent cells in the patch that suc-
cessfully mated. (B) Spindle integrity. Serial 10-fold dilutions
of cells of the indicated genotype were spotted onto a YPD
plate containing 10 wg/ml benomyl. All strains grew equally
well on YPD plates.

tants that have unique interactions with checkpoint
mutants affect chromosome transmission or microtu-
bule function. The same is true for interactions that are
shared between any two checkpoint mutants This sug-
gests that most of the interactions identified in the
network are due to the spindle checkpoint and not
novel functions of the spindle checkpoint proteins in
some other cellular process. The exception is madl,
which has six unique interactions but none affecting
chromosome transmission or benomyl sensitivity. Mad1l
may have an additional role outside of the spindle
checkpoint.

»

>

F1GURE 4.—Chromosome transmission and spindle integrity effects within the network. Mutants with enhanced benomyl sen-
sitivity are indicated by red nodes, mutants with elevated frequency of producing maters are indicated by blue nodes, and mutants
that both are benomyl sensitive and have enhanced benomyl sensitivity are indicated by green nodes. Gray nodes indicate mutants
that neither were benomyl sensitive nor produced an elevated frequency of maters. Yellow nodes are the spindle checkpoint query

mutants.
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DISCUSSION

SGA is a powerful tool to detect genetic interactions
using the deletion set of nonessential genes in yeast
(ToNG et al. 2001, 2004; HUANG et al. 2002; JORGENSEN
et al. 2002; SARIN et al. 2004). We have used SGA to study
the process of chromosome segregation with the expec-
tation that some of the nonessential genes that encode
proteins that participate in the process of chromosome
segregation would be essential in the absence of the
spindle checkpoint. The goals of this study were to use
spindle checkpoint mutants in SGA query strains to
identify all synthetic lethal interactions with the spindle
assembly checkpoint. We found that madl, mad2, and
bub3showed alarge overlap in the spectrum of synthetic
lethal interactions. We also found unique interactions
as well as interactions shared between subsets of the
spindle assembly checkpoint mutants. Surprisingly, we
found very few interactions when we used mad3 as the
query mutant.

The large number of shared interactions between
madl, mad2, and bub3 includes genes with known roles
in microtubule, kinetochore, or sister-chromatid co-
hesion. This suggests that there are no other cellular
processes that exclusively use the spindle checkpoint to
regulate mitosis. In addition, there were genes of pre-
viously unknown function, and the synthetic lethality
with all three checkpoint mutants suggests a role in
chromosome segregation. In contrast to madl, mad2,
and bub3, which had an average of 72 interactions, mad3
had only 12. Why were there so few genetic interactions
with mad3? Either Mad3 plays a minor role in the spindle
checkpoint or the spectrum of interactions with mad3is
indicative of the response of the spindle assembly check-
point in general. There is little evidence supporting the
possibility that Mad3 plays a lesser role in the check-
point. The spindle assembly checkpoint mutants are not
distinguishable on the basis of benomyl sensitivity, and
mad3 is equally as sensitive as madl and mad2 and bub3
(LEE and SPENCER 2004). There may be a lower rate of
chromosome loss in a mad3 mutant when compared to
other spindle assembly checkpoint mutants but the dif-
ferences depend on the genetic background (WARREN
et al. 2002). The human ortholog of Mad3 is BubR1 and
is believed to be one of the most important inhibitors of
the APC (SuDAKIN et al. 2001; TANG et al. 2001). BubR1
(Mad3) is part of a complex purified from HeLa cells
that includes Bub3, Mad2, and Cdc20 (MCC) that is a
potent inhibitor of the APC (SupaxkiN et al. 2001). This
complex also forms during mitosis in yeast, indepen-
dently of kinetochores, and is required for maintaining
a metaphase arrest by the checkpoint (FRASCHINI el al.
2001; PODDAR et al. 2005). Therefore, the genetic and
biochemical evidence suggests that Mad3 is an integral
component of the spindle assembly checkpoint.

One report suggests that Mad3 has a limited role in
the spindle assembly checkpoint (LEE and SPENCER

2004). There is a mitotic delay in ¢cdc6 mutants thatfail to
initiate DNA replication and proceed through mitosis
with unreplicated DNA. One model is that in the ab-
sence of sister chromatids there is a lack of tension on
chromosomes, which activates the spindle checkpoint.
A c¢dc6 mad2 double mutant does not have a mitotic delay,
suggesting that Mad2 is required for the cells to respond
to a lack of tension; however, a ¢dc6 mad3 double mutant
retains the delay, showing that Mad3 is not required
(LEE and SPENCER 2004). These observations have been
interpreted in terms of a popular model that the spindle
checkpoint monitors two distinct events: microtubule
occupancy at the kinetochore and tension between sister
chromatids. Synthetic lethal interactions with madl and
mad2 mutants that are not shared by the mad3 mutant
have been interpreted to mean that the interacting genes
encode proteins required for producing tension be-
tween sister chromatids (LEE and SPENCER 2004). The
corollary is that none of these interacting genes is
required for microtubule occupancy in the kineto-
chore. Although this is formally possible, we think that
this is the unlikely explanation on the basis of our data.
We have a much larger data set and have identified 27
interactions that are shared between madI and mad2but
not mad3. Many of these are genes involved with kineto-
chore or microtubule function, including genes that
encode the prefoldin complex for post-translational
tubulin folding. This latter class of mutants should be
limited for tubulin within the cell and it seems unlikely
that cells limited for tubulin would manifest the limita-
tion by having reduced tension across kinetochores as
opposed to limited occupancy. Furthermore, we identi-
fied interactions between madl, mad2, or bub3 that were
not shared with mad3with nine mutants thatlack kineto-
chore proteins (¢bf1, chid, ctf3, meml16, meml9, mem21,
mem22, slil5, and slk19), and although the precise roles
of each of these kinetochore proteins are unknown, it
seems probable that at least one of them affects micro-
tubule binding to kinetochores.

The other possibility is that the paucity of interactions
with mad3 represents the true response of the spindle
checkpoint. Other studies have reported slight differ-
ences in synthetic fitness with spindle checkpoint mu-
tants including mad3 (LEE and SPENCER 2004; TONG et al.
2004). This may reflect the true response of kinetochore
and spindle mutants to a loss of the spindle checkpoint.
If this is true, then why are there so many more severe
genetic interactions with madl, mad2, and bub3® One
possibility is that the interactions reflect additional
functions of Madl, Mad2, and Bub3 in the kinetochore
or the spindle. All three proteins localize to kineto-
chores and it has been assumed that this reflects their
role in checkpoint signaling (LEw and BUrkEe 2003;
GILLETT et al. 2004). However, another possibility is that
the proteins have a role in chromosome segregation. It
has been suggested that Bub3 may have an additional
role in kinetochore function distinct from its role in the
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spindle checkpoint (WARREN et al. 2002). Perhaps all
three checkpoint proteins, Madl, Mad2, and Bub3, have
roles in kinetochore function. If this were true, then the
severity of genetic interactions in madl, mad2, and bub3
may be due to three deficiencies. For example, a kineto-
chore mutant such as mem21 may be synthetic lethal with
mad2 because the double mutant is missing both
kinetochore functions of Mcm21 and Mad2 in addition
to missing the spindle checkpoint. The mcm21 mad3
mutant is only slightly compromised and shows reduced
fitness because Mad3 functions only in the spindle
checkpoint.

A recent study reported a large-scale synthetic lethal
screen using a madl query strain and a different
technique based on competitive growth and microarray
hybridization called synthetic lethal analysis by micro-
arrays (SLAM) (LEE and SpENCER 2004). Sixteen mu-
tants were identified that required Madl for robust
viability. Four of the double mutants were synthetic
lethal and the rest had reduced fitness. All 16 of the
candidates were tested for interactions with mad2 and
mad3 mutants. The conclusion was that madl and mad2
had identical interactions and mad3 had fewer and the
effects were less severe. We used a completely different
approach and identified 60 interactions with madl,
including 10 of 16 of the mutants reported by SLAM.
The 6 reported in the SLAM study that we did not iden-
tify have reduced fitness and would have been missed in
our screen. Overall, our study agrees with theirs but our
228 total interactions represent much more extensive
analysis of the spindle assembly checkpoint. However,
our richer data set allows us to conclude that madl and
mad2 do not have identical interactions.

One important difference between our data and the
SLAM data is that we included bub3 and identified
interactions that were common to different pairs of spin-
dle checkpoint genes. The interactions that we detect
among pairs of spindle checkpoint genes are specific
and do notrepresent mutants that interact widely within
any SGA and show up in many screens (TONG et al. 2004).
In the publicly available database 1026 of the strains
from the haploid deletion set showed genetic interac-
tions. The genes that we identified that had interactions
common to different pairs of spindle checkpoint genes
had an average of 21 interactions each in the publicly
available SGA data set. The probability that the inter-
actions we detected with pairs of spindle checkpoint
mutants occurred by chance is extremely low. For exam-
ple, for the genes that interact only with bub3 and mad2,
we calculate that the probability that this is happening
by chance is <1.3 X 10~*. There are similar low proba-
bilities that the interactions detected between madl and
mad2 and between madl and bub3 occur by chance.
Furthermore, interactions were dominated by a small
number of GO annotations. The interactions shared
between bub3 and mad2 included genes with known
roles in the kinetochore (MCMI16) and cytoskeleton

(ASE1, ARCIS, BNII) and half of the genes identified by
these interactions are annotated by similar GO annota-
tion processes. Why are there interactions between mad2
and bub3 that are not shared by madI? One possibility is
that this reflects some common function that Mad2 and
Bub3 have within the spindle or kinetochore. The other
half of the mutants that interact with both mad2 and
bub3 do not share the common GO annotations. This
may reflect a common function for Mad2 and Bub3 out-
side the spindle checkpoint although there is no hint
from any of the GO annotations as to what cellular
process that may be. The majority of genes in the inter-
action network affect chromosome transmission or
benomyl sensitivity. This includes many genes that
interact uniquely with the spindle checkpoint or with
pairs of checkpoint genes. We favor the possibility that
most of the genes in the interaction network impinge
upon spindle function in ways that have not been
described previously.

The large data set of SGA interactions included one of
the genes that we used as a query gene, mad2 (TONG et al.
2004). We found 69 interactions with mad2 while the
publicly available data set contains 31 interactions. Part
of the reason for our increased success is that we
improved the basic SGA screen by including a fusion
of the promoter of MFAIto the S. pombe his5" gene as the
haploid reporter, which eliminates gene conversion
between the reporter and the %is3A I allele and thereby
reduces false negatives. Four of the 31 genes that inter-
act with mad2 from the large-scale SGA were essential
genes that we did not have in our collection of deletion
mutants and therefore were not tested. Of the remain-
ing 27, there were 22 in common or >80% overlap in
our respective screens. The remaining 5 interactions
scored as synthetic fitness and would have been missed
by us. Our improvements, which eliminate some of the
false negatives in an SGA screen coupled with our screens
being repeated three times, could account for why the
publicly available SGA screen failed to detect the re-
maining 42 interactions. However, there is excellent
agreement between the two SGA screens.

Our analysis differs substantially from the publicly
available data on synthetic lethal interactions (ToNG
et al. 2004). There are 45 genetic interactions for madl,
mad2, and bub3, as described in the publicly available
data. There are several reasons for the differences. One
is that we recovered many more interactions because we
used a more extensive screen even though we did not
score many synthetic fitness interactions. Another rea-
son is that we directly tested every interaction that we
found with the other checkpoint mutants. In addition,
mad2 was used as a query in the publicly available SGA.
Other interactions were detected because the data were
generated using many query genes that encode cyto-
skeleton proteins and therefore are expected to show
synthetic lethality with the spindle checkpoint. The over-
lap in some of the data is fortuitous. For example, cinl,
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cin2, and pac2 are synthetic lethal with madl and mad?2.
There is overlap because all three were individually
synthetic lethal with madl when they were used as query
genes but none were synthetic lethal with mad2. How-
ever, all three were found as synthetic lethal when mad2
was used as a query. There was no attempt to reconcile
why mad2 was not identified when c¢inl, cin2, and pac2
were used as query genes. Nor was there an attempt to
directly reconcile potential differences, so the interactions
that appear unique are tentative. The differences are very
important for understanding the details of how the
spindle assembly checkpoint is organized and how it
functions. This underscores the need for interested
researchers to carefully investigate interactions and to
not rely solely on publicly available data sets.

Our SGA data change the fundamental way in which
one thinks about the spindle checkpoint genes. The
major function of the spindle checkpoint is to monitor
chromosome segregation. However, the simple expec-
tation that all of the genes function in a single linear
signal transduction pathway must be replaced by a more
complex model in which either subsets of spindle
assembly checkpoint genes respond to different per-
turbations or they have a more direct role in chromo-
some segregation. Further work is needed to dissect
the increasing complexity of the spindle assembly
checkpoint genes, which will be greatly aided by ad-
ditional genetic and genomic tools as they become
available.
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