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ABSTRACT
The evolutionarily conserved spindle checkpoint is a key mechanism ensuring high-fidelity chromosome

transmission. The checkpoint monitors attachment between kinetochores and mitotic spindles and the
tension between sister kinetochores. In the absence of proper attachment or tension, the spindle checkpoint
mediates cell cycle arrest prior to anaphase. Saccharomyces cerevisiae Mad1p is required for the spindle checkpoint
and for chromosome transmission fidelity. Moreover, Mad1p associates with the nuclear pore complex
(NPC) and is enriched at kinetochores upon checkpoint activation. Using partial mad1 deletion alleles
we determined that the C-terminal half of Mad1p is necessary and sufficient for checkpoint activation in
response to microtubule depolymerizing agents, high-fidelity transmission of a reporter chromosome
fragment, and in vivo association with centromeres, but not for robust NPC association. Thus, spindle
checkpoint activation and chromosome transmission fidelity correlate and these Mad1p functions likely
involve kinetochore association but not robust NPC association. These studies are the basis for elucidating
the role of protein complexes containing Mad1p in the spindle checkpoint pathway and in maintaining
genome stability in S. cerevisiae and other systems.

Acritical step in the cell cycle is the proper attachment brates may be a cause of cancer (reviewed in Draviam
of chromosomes to the mitotic spindle during et al. 2004).

metaphase. The evolutionarily conserved spindle check- The mitotic arrest deficient (mad) and budding unin-
point monitors the interaction between the kineto- hibited by benzimidazole (bub) yeast mutants, corre-
chores, complexes of proteins bound to the centro- sponding to the MAD1-MAD3 and BUB1-BUB3 genes,
meres of chromosomes, and the microtubules that form were identified by genetic screens in Saccharomyces cere-
the mitotic spindle (reviewed in Musacchio and Hard- visiae on the basis of the failure of the mutants to arrest
wick 2002). In metaphase, sister kinetochores attach to under checkpoint-inducing conditions (Hoyt et al. 1991;
microtubules emanating from opposite spindle pole bod- Li and Murray 1991). MPS1, an additional checkpoint
ies during alignment of the chromosomes. Tension is gene, was originally identified in a screen for mutants of
generated when the pulling forces exerted by the spindle spindle pole body duplication (Weiss and Winey 1996).
are opposed by cohesin proteins that hold sister chroma- Orthologs of the MADs, BUBs, and MPS1 exist in other
tids together. In addition to deficiencies in attachment eukaryotes, including humans (reviewed in Skibbens and
of kinetochores to spindle microtubules, the spindle Hieter 1998). In contrast to budding yeast, where the
checkpoint is sensitive to loss of tension (Musacchio MAD and BUB genes are not essential, mutation of BUB1
and Hardwick 2002). When absence of kinetochore at- in Drosophila melanogaster or MAD2 or BUB3 in Mus mus-
tachment or tension is detected, the spindle checkpoint culus is lethal (Basu et al. 1999; Dobles et al. 2000;
halts the cell cycle prior to anaphase. Failure to arrest Kalitsis et al. 2000) while RNAi against MAD1 or MAD2
can result in aneuploidy and cell death and in verte- orthologs in Caenorhabditis elegans produces embryonic

lethality, sterility, and reduced brood size (Kitagawa and
Rose 1999). In budding yeast, mutations or deletions

1These authors contributed equally to this work. in MAD1, MAD2, BUB1, or BUB3 resulted in defects in
2Corresponding author: Genetics Branch, Center for Cancer Research, chromosome transmission fidelity (CTF), while mad3�

National Cancer Institute, National Institutes of Health, National Na- strains did not exhibit a ctf phenotype (Li and Murrayval Medial Center, Bldg. 8, Room 5101, 8901 Wisconsin Ave., Bethesda,
MD 20889. E-mail: basraim@nih.gov 1991; Pangilinan and Spencer 1996; Warren et al. 2002).

Genetics 170: 509–517 ( June 2005)



510 J. P. Kastenmayer et al.

Mouse cells mutant for MAD2 or BUB3 exhibit pheno- kinetochore function, chromosome cohesion, and spin-
dle function. These results indicate that the processestypes consistent with chromosome segregation defects

(Dobles et al. 2000; Kalitsis et al. 2000). These results of spindle checkpoint activation and chromosome trans-
mission are mediated by an activity carried out by theindicate that chromosome loss in cells with mutations

of checkpoint genes is not restricted to budding yeast. C-terminal half of Mad1p and that these processes likely
involve centromere association.Current models propose that enrichment of spindle

checkpoint proteins at improperly attached kinetochores
leads to the production of a diffusible signal that inhibits

MATERIALS AND METHODSthe anaphase-promoting complex/cyclosome (APC/C; re-
viewed in Yu 2002). Consistent with this model, budding Yeast media and strains: Yeast media were made as pre-

viously described (Burke et al. 2000). For CTF experiments,yeast Mad1p, Mad2p, Bub1p, and Bub3p proteins are
synthetic deficient (SD) medium containing 6 �g/ml of ade-enriched at kinetochores (Kerscher et al. 2003; Kita-
nine was used (Warren et al. 2002). Media used for syntheticgawa et al. 2003; Gillett et al. 2004) as are the verte-
genetic analysis (SGA) were as previously described (Tong et

brate homologs of these proteins under conditions that al. 2004). All yeast strains used in this study are described in
activate the spindle checkpoint (Musacchio and Hard- Table 1. These strains were constructed by a PCR strategy such

that the mad1 alleles are terminated by the ADH1 terminatorwick 2002). However, it is not clear if there is an abso-
and either marked with natR or fused to GFP and markedlute requirement for enrichment of checkpoint proteins
with HIS5. The alleles were integrated into the genome at theat the kinetochore for spindle checkpoint activation to
MAD1 locus and were verified by PCR and sequencing.

occur (Martin-Lluesma et al. 2002). The APC/C medi- Assays for benomyl sensitivity and cell cycle arrest in the
ates the degradation of proteins whose decay is required presence of nocodazole: Strains grown to logarithmic phase

were serially diluted (fivefold) and 3 �l of each dilution wasfor anaphase onset [e.g., Pds1p (Cohen-Fix et al. 1996)].
spotted on medium containing benomyl (12 �g/ml) or DMSOSeveral different combinations of checkpoint proteins
as a control. Plates were incubated at 25� for 3 days. Nocoda-have been proposed to negatively regulate APC activity,
zole (M1404, Sigma Aldrich) was added to a final concentra-

although the nature of the in vivo inhibitory complex tion of 15 �g/ml to early logarithmic phase cultures that were
has yet to be fully elucidated (Yu 2002). then incubated for 4 hr at 30�. Following incubation, the cells

were fixed with paraformaldehyde and stained with 4�,6-dia-In budding yeast and humans, Mad1p and Mad2p
midino-2-phenylindole (DAPI; 10 �g/ml; D9542, Sigma, St.localize to the nuclear pore complex (NPC) (Campbell
Louis). Cell cycle arrest was scored by fluorescence microscopyet al. 2001; Iouk et al. 2002). Xenopus laevis and Schizosac-
using an Axioskop 2 (Carl Zeiss MicroImaging, Thornwood,

charomyces pombe Mad1p and Mad2p, as well has human NY) microscope fitted with a DAPI filter set (Chroma Technol-
Mps1p, are localized to the nuclear periphery (Chen et ogy, Brattleboro, VT). Each experiment was repeated three

times in which 200 cells were examined.al. 1998; Ikui et al. 2002; Liu et al. 2003) and may also
Western blotting: Protein extracts from the Mad1-GFP strainsreside at the NPC. The NPC is a proteinacious portal

were made from early logarithmic phase cultures grown in YEPDthrough which proteins and RNA traffic between the
at 30� as described previously (Lamb et al. 1994). Following

nucleoplasm and the cytoplasm (Fabre and Hurt separation with SDS-PAGE and transfer to PVDF membrane,
1997). Mad1p has a role in NPC function in budding antibodies against GFP (1:5000) (1814460; Roche, Indianapolis)

or anti-Pgk1p (1:10,000) (A-6457; Molecular Probes, Eugene,yeast, as mad1� mutants are defective in nuclear import
OR) and a mouse secondary antibody (1:20,000) (NA931V;of a protein substrate (Iouk et al. 2002).
Amersham Biosciences, Piscataway, NJ) were used to detectStudies to date indicate that Mad1p is required for the
Mad1-GFP and Pgk1 proteins using a SuperSignal West Femto

spindle checkpoint and for high-fidelity chromosome maximum sensitivity substrate kit (34095; Pierce, Rockford, IL).
transmission and that Mad1p localizes to kinetochores Chromosome transmission fidelity assays: This assay was

performed as previously described (Hieter et al. 1985; Spen-upon checkpoint activation and is a component of the
cer et al. 1990). A minimum of 4000 colonies were analyzedNPC. The S. cerevisiae system provided several advantages
for each strain (solid red colonies were not counted). Coloniesto investigate the interrelationship between these Mad1p
that were completely red were not included in the analyses.

properties. As MAD1 is not essential, we constructed strains Chromosome loss rates are shown as the number of at least
in which the MAD1 locus was replaced by MAD1 trunca- half-red/half-white colonies per 1000 non-solid-red colonies

(Warren et al. 2002).tions or MAD1 truncations fused to GFP that represent
Synthetic genetic analysis: For SGA, we followed the method-the only Mad1p in the cell. Using these strains in combi-

ology as previously described (Tong et al. 2004), using a Vers-nation with growth assays, chromosome transmission
Array colony picker (Bio-Rad, Hercules, CA) for strain manip-

fidelity experiments, chromatin immunoprecipitation ulations in 96-colony arrays. Strains with mad1 1-2C (YMB2566)
(ChIP), and live cell imaging studies, we established or mad1 3C (YMB2562) marked with natR were mated to 26

strains that are a subset of strains with deletions (deleted withthat the C-terminal half of Mad1p is necessary and suffi-
kanMX4) in genes previously shown to genetically interact withcient for checkpoint function, high-fidelity chromo-
MAD1 [MAD1 synthetic partners (MSPs) (Lee and Spencersome transmission, and centromere enrichment, but
2004)]. Controls included mating of the 26 msp� strains to a

not for robust NPC association. A genetic strategy indi- “wild-type” strain in which the CAN1 locus was replaced with
cated that loss of the C-terminal half of Mad1p is lethal natR (Y3047) and to a mad1�::natR strain (YMB2639). The

growth of the kanMX4- and natR-resistant strains was quanti-when combined with mutations in genes involved in
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TABLE 1

Strains used in this study

Strain Genotype

Y3047 MAT� mfa1::�MFA1-HIS3 can1�::natR his3�1 leu2�0 ura3�0 lys2�0
YPH278 MAT� ura3-52 ade2-101 his3�200 leu2�1 � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB1113 MATa ura3-52 lys2-801 ade2-101 his3�200 trp1� leu2�1 mad1�::kanMX � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2562 MAT� can1�::MFA1pr-HIS3 mad1�::mad1 3C/natMX his3� leu2�0 ura3�0 met15�0 lys2�0
YMB2566 MAT� can1�::MFA1pr-HIS3 mad1�::mad1 1-2C/natMX his3� leu2�0 ura3�0 met15�0 lys2�0
YMB2586 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 3C/natMX � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2588 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 1C/natMX � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2589 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 1-2C/natMX � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2623 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::MAD1 1-2-3C/natMX � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2634 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::MAD1 1-2-3C-GFP/HIS5 � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2639 MAT� can1�::MFA1pr-HIS3 mad1�::natMX his3� leu2�0 ura3�0 met15�0 lys2�0
YMB2670 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 1-2C-GFP/HIS5 � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2687 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 3C-GFP/HIS5 � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2784 MAT� ura3-52 ade2-101 his3�200 leu2�1 mad1�::mad1 1C-GFP/HIS5 � CFIII (CEN3.L.YPH278) URA3 SUP11
YMB2817 MATa ura3-52 lys2-801 ade2-101 his3�200 trp1� leu2�1 mad1�::mad1 2C-GFP/HIS5 � CFIII (CEN3.L.YPH278)

URA3 SUP11
YMB2856 MATa ura3-52 lys2-801 ade2-101 his3�200 leu2�1 mad1�::mad1 2-3C-GFP/HIS5 � CFIII (CEN3.L.YPH278)

URA3 SUP11
YMB2877 Mat� ura3-52 lys2-801 ade2-101 his3�200 leu2�1

tated after 1 day of growth. The plates were scanned to deter- RESULTS
mine the pixel density of each colony using Scion (Bethesda,

The C terminus of Mad1p is necessary and sufficientMD) Image software and the pixel densities were assigned a
scaled score (0–5) with 5 representing maximum growth. All for the spindle checkpoint: To determine the regions
crosses were done at least three times and the average scaled of Mad1p that function in the spindle checkpoint, chro-
score was determined for all strains analyzed. The average mosome transmission fidelity, and CEN enrichment, we
scaled scores were compared using Student’s t-test at a 95% undertook molecular dissection of the MAD1 gene. Theconfidence interval to determine which msp� strains, when

S. cerevisiae Mad1p protein consists of three predictedcombined with the MAD1 alleles, gave rise to growth that was
coiled coil domains. Alleles of MAD1 were constructedsimilar in size to the mad1�msp� or MAD1msp� strains.

Fluorescence microscopy: Early logarithmic phase cells that express different combinations of these domains (Fig-
grown at 30� in YEPD were resuspended in 1� PBS with DAPI ure 1A). The N-terminal half of Mad1p contains the first
(1 �g/ml) and incubated for 30 min. Cells were examined and second coiled coil domains (Mad1 1-2C) and theusing a Delta Vision system (Applied Precision, Issaquah, WA)
consisting of an Olympus IX70 inverted microscope (Olympus
America, Melville, NY) and a Photometrics (Huntington
Beach, CA) CH350 12-bit camera with a KAF1400 chip. Filter
sets used included a FITC filter set (Ex 490/20; Em 528/38;
Polychroic mirror) and a DAPI filter set (Ex 360/40; Em 457/
50; Polychroic mirror) (Chroma Technology).

Chromatin immunoprecipitation: ChIP assays were done
using minor modifications of protocols described previously
(Crotti and Basrai 2004; Gillett et al. 2004). Briefly, chro-
matin was extracted from either logarithmically grown cul-
tures or cultures treated with nocodazole (final concentration
of 25 �g/ml) for 3 hr at 25�. Following a 1-hr crosslinking
with formaldehyde and termination by addition of glycine,
cells were lysed by vortexing in the presence of glass beads.
For immunoprecipitation (IP), we used anti-GFP antibodies
(632459; Clontech, Palo Alto, CA). Chromatin from total, IP,
and mock (no antibody) samples was analyzed using PCR and Figure 1.—Schematic of full-length Mad1p and proteins

expressed by MAD1 alleles. (A) Mad1p contains three pre-primers specific for CEN IV or ACT1. The PCR products from
total, IP, and mock samples were quantitated using Image dicted coiled coil domains (“C”) shown as solid boxes. 1-2-3C

denotes full-length protein containing all three coiled coil do-Quant TL (Amersham Biosciences). Dilutions from the total
were used to create a calibration curve and used to normalize mains, and likewise 1-2C, 1C, 2C, 2-3C, or 3C designations are

based on which coiled coil domains are present in the protein.the values obtained for IP and mock. The concentrations of
the IP and mock chromatin samples were 10-fold greater than The numbers indicate the amino acids of Mad1p. (B) Strains

were made with the MAD1 alleles marked with natR and madethe total and values were adjusted accordingly. Each IP was
repeated at least two times and similar results were obtained. with the MAD1 alleles fused to GFP and marked with HIS5.
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C-terminal half contains the third coiled coil domain
(Mad1 3C). The genomic copy of MAD1 was replaced
with MAD1 alleles that were fused to GFP (marked with
HIS5) or marked with natR (Figure 1B).

We first examined the strains for checkpoint compe-
tence by monitoring their ability to grow on medium con-
taining benomyl. Benomyl is a microtubule-depolymer-
izing drug that activates the spindle checkpoint (Hoyt
et al. 1991; Li and Murray 1991). Failure to activate
the checkpoint results in cell death and is visualized as
growth inhibition on benomyl-containing medium. As
shown in Figure 2A, the growth of a strain expressing
full-length Mad1 (1-2-3C-GFP) was similar to that of wild
type, while the growth of the mad1� strain was inhibited
(Figure 2A). The growth of strains expressing the first
and second (1-2C-GFP) coiled coil domain, the first
coiled coil domain (1C-GFP), or the second coiled coil
domain (2C-GFP) was reduced to a level similar to that
of mad1� (Figure 2A). In contrast, the growth of a strain
expressing the second and third coiled coil domain (2-
3C-GFP) or the third coiled coil domain (3C-GFP) was Figure 2.—The C-terminal half of Mad1p confers check-
similar to that of wild type (Figure 2A). The strains point competence. Benomyl sensitivity and nocodazole arrest

assays of strains containing MAD1 alleles are shown. For beno-expressing natR-marked MAD1 alleles exhibited charac-
myl sensitivity (A), fivefold serial dilutions of logarithmic-teristics similar to the MAD1-GFP-fusion strains (Figure
phase cells were spotted on YEPD plates containing either2C). These observations indicate that the C-terminal
DMSO (control) or benomyl (12 �g/ml) and incubated at

half of Mad1p is necessary and sufficient for benomyl 25� for 3 days. (B) Early logarithmic-phase cells were treated
tolerance. with nocodazole (15 �g/ml) for 4 hr at 30� and stained with

DAPI. The graph shows the percentages of large-bud arrestedTo confirm that the phenotype of strains grown on
cells (shaded bars) and cells that had rebudded without sepa-medium containing benomyl correlated with the ability
rating nuclear DNA (open bars) for each strain. The percent-or failure to arrest the cell cycle, the response of cells
ages of large-bud arrested cells for each strain were: wild-type

grown in liquid medium containing nocodazole, another cells, 81 � 10%; Mad1 1-2-3C-GFP, 65 � 7%; mad1�, 29 �
microtubule depolymerizing agent, was examined. When 5%; Mad1 1-2C-GFP, 23 � 5%; Mad1 1C-GFP, 34 � 5%; Mad1

2C-GFP, 27 � 5%; Mad1 2-3C-GFP, 68 � 6%; and Mad1 3C-treated with nocodazole, spindle checkpoint-competent
GFP, 48 � 6%. The percentage of cells exhibiting neither large-cells arrest as large budded cells with one DAPI-staining
bud arrest nor rebudding, which ranged from 6.0 to 19.0%, ismass, while checkpoint-defective cells fail to arrest and
not shown. The experiment was repeated three times and 200

rebud with one nuclear mass. As shown in Figure 2B, cells of each strain were analyzed. The strains used were: WT
the majority of wild-type cells (81 � 10%) arrested as (wild type, YPH278), 1-2-3C-GFP (YMB2634), mad1� (YMB1113),

1-2C-GFP (YMB2670), 1C-GFP (YMB2784), 2C-GFP (YMB2817),large budded cells with one nuclear mass. Mad1 1-2-3C-
2-3C-GFP (YMB2856), and 3C-GFP (YMB2687). (C and D) TheGFP-expressing cells also efficiently arrested, while most
benomyl sensitivity and nocodazole arrest results for the MAD1of the mad1� cells failed to arrest. Strains expressing
natR-marked strains, respectively. The analysis was carried out

Mad1 1-2C-GFP, Mad1 1C-GFP, or Mad1 2C-GFP failed as in A and B. The percentages of large-bud arrested cells for
to arrest efficiently. Mad1 2-3C-GFP and Mad1 3C-GFP each strain were: MAD1 1-2-3C, 72 � 13%; MAD1 1-2C, 27 �

4.3%; MAD1 1C, 28 � 3.3%; MAD1 2-3C, 86 � 4%; and MAD1strains arrested predominantly as large budded cells
3C, 61 � 4%. The strains used were: YMB2623 (MAD1with one nuclear mass. Western blotting confirmed the
1-2-3C), YMB2589 (MAD1 1-2C), YMB2588 (MAD1 1C),expression of the Mad1-GFP fusion proteins and also
YMB2877 (MAD1 2-3C), and YMB2586 (MAD1 3C). The WT

revealed that Mad1 3C-GFP accumulates to lower levels and mad1� strains served as controls for all the nocodazole
relative to the other fusion proteins (Figure 3). The arrest experiments and thus the same data for these strains

are plotted in B and D.natR-marked MAD1 strains had phenotypes similar to
the Mad1-GFP fusion strains (Figure 2, C and D). Taken
together, these results indicate that the C-terminal half

expressing Mad1 1-2-3C-GFP exhibited a distinctive pat-of Mad1p is both necessary and sufficient for checkpoint
tern of punctate fluorescence at the nuclear peripheryactivity while the N-terminal half is dispensable for this
(Figure 4a). Our previous genetic, biochemical, andfunction.
cell biological studies established that this pattern ofThe C-terminal half of Mad1p does not localize ro-
fluorescence correlates with NPC localization (Iouk etbustly to the NPC: We localized the Mad1-GFP fusion
al. 2002). Mad1 1-2C-GFP exhibited a pattern of fluo-proteins to determine if the C-terminal half of Mad1p

plays a role in NPC localization. As expected, strains rescence very similar to Mad1 1-2-3C-GFP and was the
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Figure 3.—MAD1-GFP fusion alleles are expressed. Western
blot analysis is shown of protein samples from wild-type,
mad1�, and MAD1-GFP/HIS5 strains that were grown to loga-
rithmic phase at 30�. Anti-GFP antibodies (�GFP) were used
to detect the MAD1-GFP proteins and anti-Pgk1p antibodies
(�PGK1) served as a loading control. The molecular weights
corresponding to the marker lane are denoted on the right.
The asterisk indicates a nonspecific band.

only Mad1-GFP truncation protein that exhibited a flu-
Figure 4.—The C-terminal half of Mad1p does not localize

orescence pattern indicative of robust NPC association robustly to the NPC. Strains containing MAD1-GFP/HIS5 fu-
(Figure 4b). Cells expressing Mad1 1C-GFP showed nu- sions were grown to logarithmic phase at 30�, stained with

DAPI, and analyzed by fluorescence microscopy (a–f). Arrowscleoplasmic accumulation and occasional (�10% of
indicate the phenotype observed in 	60% of the cells. Bar,cells) punctate fluorescence at the nuclear periphery
10 �m. At least 100 cells of each strain were examined. The(Figure 4c and data not shown). The punctate fluores-
asterisk in f indicates that the signal intensity was adjusted to

cence may indicate weak association with the NPC. The facilitate visualization of the low level of Mad1 3C-GFP, while
second coiled coil domain alone, Mad1 2C-GFP, showed a–e are normalized. The strains used were: 1-2-3C-GFP (YMB

2634), 1-2C-GFP (YMB2670), 1C-GFP (YMB2784), 2C-GFPuniform fluorescence throughout the cells with no dis-
(YMB2817), 2-3C-GFP (YMB2856), and 3C-GFP (YMB2687).tinct localization pattern (Figure 4d). Mad1 2-3C-GFP

exhibited fluorescence in the nucleus and, in some cases
(�30%), punctate fluorescence at the nuclear periph-

ble CF loss (0.5 half-sectored colony per 1000), whileery, potentially indicating weak association with the NPC
the mad1� strain exhibited elevated loss of the CF (8.1/(Figure 4e, large and small arrows, respectively). Mad1
1000). Mad1 1-2C-GFP, Mad1 1C-GFP, and Mad1 2C-3C-GFP accumulated in the nucleus with no punctate
GFP strains also exhibited elevated CF loss (5.2/1000,fluorescence indicative of NPC association (Figure 4f).
6.2/1000, and 7.4/1000, respectively), similar to mad1�These data indicate that the N-terminal half of Mad1p
cells. In contrast, a Mad1 2-3C-GFP strain exhibits mini-is necessary for localization similar to wild type and that
mal chromosome loss (0.8/1000) as did the Mad1 3Cthe C-terminal half of Mad1p does not play a major role
(1.3/1000) strain. This result indicates that the C-termi-in NPC targeting.
nal half of Mad1p is sufficient for high-fidelity chromo-The C-terminal half of Mad1p mediates CTF: Having
some transmission comparable to that of wild type. Asdetermined that checkpoint function, but not robust
with the checkpoint assays, the strains expressing the natR-NPC association, resides in the C-terminal half of
marked MAD1 alleles produced results similar to theMad1p, we focused on more fully investigating the role
strains expressing the MAD1-GFP-fusions, further support-that this part of the protein plays in the functions of
ing the requirement and sufficiency of the C-terminal halfMad1p. To examine CTF, the stability of a nonessential
of Mad1p for CTF (Figure 5B).chromosome fragment (CF) was monitored as pre-

mad1 1-2C and mad1 3C exhibit distinct genetic inter-viously described (Warren et al. 2002). Colonies that
actions: A genetic interaction is indicated when a doubleretain the CF are white, while loss of the CF results in
mutant exhibits a phenotype, such as slow growth, thatred-sectored colonies (ctf phenotype). The CF loss rate
is not observed with either single mutant. Among thein the first mitotic division was determined by half-sector
genes that interact with MAD1 (MSPs), synthetic lethalanalyses of colonies grown on solid medium. As shown

in Figure 5A, a Mad1 1-2-3C-GFP strain showed negligi- screens have identified genes that encode kinetochore
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Figure 6.—Growth of strains with MAD1, mad1�, mad1 1-2C,
or mad1 3C combined with chl4�. MAD1 and mad1 strains
were mated with strains bearing mutations in genes reported
to interact synthetically with MAD1 (materials and meth-
ods). The growth of double-mutant haploids was compared.
The growth of a mad1� chl4� strain is reduced relative to that
of the MAD1 chl4� strain, a result consistent with the previously
reported synthetic genetic interaction between MAD1 and
CHL4 (Lee and Spencer 2004; Tong et al. 2004). The growth
of mad1 1-2C chl4� is similar to the growth of the mad1� chl4�
strain. In contrast, the growth of mad1 3C chl4� is similar to
that of the MAD1 chl4� strains.

combined with kinetochore, spindle, or cohesion de-
fects.Figure 5.—The C-terminal half of Mad1p is necessary and

The C-terminal half of Mad1p mediates enrichmentsufficient for chromosome transmission fidelity (CTF). The
at CEN DNA: Mad1p was previously shown to associateWT and mad1 mutant strains contain a nonessential chromo-

some fragment (CF), which bears a suppressor of ade2-101 with centromeres when tested in a one-hybrid assay
present in the strains. Strains bearing the CF produce white (Warren et al. 2002). Recently, centromere association
colonies while the loss of the CF results in colonies with red of Mad1p was shown to be enhanced upon nocodazolesectors. (A) The rate of loss of the CF in the first mitotic

treatment using the ChIP technique (Gillett et al.division, indicated by a half-red and half-white colony, was
2004). On the basis of the requirement for the C-termi-determined for the MAD1-GFP strains and the resulting half-

sector CF loss rate per 1000 divisions was plotted for strains. The nal half of Mad1p for spindle checkpoint activation and
strains used were: 1-2-3C-GFP (YMB2634), mad1� (YMB1113), chromosome transmission fidelity, it seemed likely that
1-2C-GFP (YMB2670), 1C-GFP (YMB2784), 2C-GFP (YMB2817), this part of Mad1p interacts with CEN DNA. ChIP analy-2-3C-GFP (YMB2856), and 3C-GFP (YMB2687). (B) The CF loss

ses were used to investigate this possibility.rate was determined for the MAD1 natR-marked strains. Strains
Chromatin from logarithmic phase and nocodazole-used were: YMB2623 (MAD1 1-2-3C), YMB1113 (mad1�),

YMB2589 (MAD1 1-2C), YMB2588 (MAD1 1C), and YMB2586 treated wild-type and MAD1-GFP strains was crosslinked
(MAD1 3C). in vivo and isolated. A portion of each chromatin prepa-

ration was retained as a control (total), while the remain-
der was immunoprecipitated with anti-GFP antibodiescomponents, genes with roles in maintaining cohesion,
(IP) or not treated with antibody (mock). The chroma-and genes involved in microtubule function (Lee and
tin was then subjected to PCR using primers specificSpencer 2004; Tong et al. 2004). Using the SGA tech-
for CEN IV or specific to ACT1 as a negative control.nique (Tong et al. 2001, 2004) we generated mad1 1-2C
For each set of PCRs, three dilutions of total confirmedmsp� and mad1 3C msp� double-mutant haploids. As
that the PCR conditions were in the linear range ofcontrols, we generated mad1� msp� and MAD1msp�
amplification (Figure 7A, lanes 1–3 and 6–8). In loga-haploids. The size of the double-mutant colonies was
rithmic cells, Mad1 1-2-3C-GFP showed little associationanalyzed quantitatively (see materials and methods).
with CEN IV (Figure 7A, lane 4) while in nocodazole-A representative example is shown in Figure 6. As indi-
treated cells, Mad1 1-2-3C-GFP exhibited CEN IV enrich-cated in Table 2 (see supplementary Table S1 at http://
ment to a level similar to that previously reported (Fig-www.genetics.org/supplemental/ for complete SGA re-
ure 7A, lane 9). Mad1 1-2-3C-GFP was not enriched atsults), the mad1� msp� strains formed small colonies,
a noncentromere locus, the ACT1 gene, and minimalconfirming the genetic interaction of MAD1 with these
PCR product was produced when chromatin from aMSPs, while the MAD1 msp� strains formed large colo-
wild-type (untagged) strain was used (Figure 7, A andnies, as expected. Combining mad1 1-2C with the msp�
B). Mad1 1-2C-GFP, Mad1 1C-GFP, and Mad1 2C-GFPdeletions indicated in Table 2 resulted in small colonies.
did not exhibit significant enrichment at CEN IV inIn contrast, combination of mad1 3C with these msp�
logarithmic or in nocodazole-treated cells, indicatingstrains resulted in large colonies. These results are con-
the requirement for the C-terminal half of Mad1p tosistent with the ability of the C-terminal half of Mad1p
mediate CEN DNA association. In contrast, Mad1 2-3C-to mediate checkpoint arrest. Further, it is likely that
GFP and Mad1 3C-GFP showed association with CEN IVthe slow-growth phenotypes of many of the reported
in nocodazole-treated cells. We also observed that Mad1mad1� msp� double mutants (Lee and Spencer 2004;

Tong et al. 2004) result from checkpoint deficiency 2-3C-GFP was enriched at CEN IV even in logarithmic
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TABLE 2

Representative results of SGA analysis with MAD1 alleles

Size of double mutants

msp� a Annotation b MAD1 mad1� 1-2C 3C

chl4� Central KT Large Small Small Large
bik1� Outer KT Large Small Small Large
cin2� MT function Large Small Small Large
ctf4� Cohesion Large Small Small Large

a msp�, MAD1 synthetic partner gene deletion.
b Annotation of MSP function. KT, kinetochore; MT, micro-

tubule.

cells (Figure 7, A and B). The degree of nocodazole-
induced enrichment at CEN IV exhibited by Mad1 3C-
GFP was lower than that exhibited by either Mad1
1-2-3C-GFP or Mad1 2-3C-GFP. However, as the abun-
dance of Mad1 3C-GFP is lower as determined by West-
ern blotting (Figure 3), this may indicate a comparable
degree of CEN IV association. These data indicate that
the C-terminal half of Mad1p is both necessary and
sufficient for CEN association and that the N-terminal
half has no apparent role in this Mad1p property.

DISCUSSION
Figure 7.—The C-terminal half of Mad1p mediates associa-

Our studies revealed that the C-terminal half of tion with CEN DNA. (A) ChIP experiments were done using
Mad1p is both necessary and sufficient for checkpoint MAD1-GFP/HIS5 and wild-type (untagged) strains grown to

logarithmic phase (log phase) or log phase cultures treatedactivation, high-fidelity chromosome transmission, and
with nocodazole (noc treated) at 25�. Dilutions of chromatinassociation with CEN DNA but not robust NPC associa-
samples from total (1/10, 1/100, 1/500), immunoprecipitatedtion. This conclusion is based on our observations that with anti-GFP (IP), and mock (M) were analyzed using PCR

(1) the growth of strains expressing Mad1 3C-GFP was and primers specific for CEN IV or ACT1 as a control. Band
similar to that of wild type on benomyl-containing me- intensities were determined with ImageQuant TL software.

The PCR yield was proportional to the amount of template.dium, and these strains arrested when treated with noco-
(B) The graph represents the percentage of CEN IV DNAdazole; (2) the Mad1 3C-GFP strains also transmitted a
from IP vs. total in log phase and noc-treated samples for eachCF with high fidelity; and (3) Mad1 3C-GFP associates row in A. The dashed line indicates the average percentage of

with CEN DNA upon nocodazole treatment as assayed CEN IV DNA detected using a wild-type strain (untagged) in
by ChIP, while live-cell imaging studies indicated that log phase and noc-treated samples and establishes the level of

nonspecific signal. Each immunoprecipitation was performedMad1 3C-GFP does not exhibit robust association with
twice and gave similar results.the NPC. A genetic study further confirmed that the

C-terminal half of Mad1p contains an activity absent
from the N-terminal half. When the C-terminal half of

chromosome loss (Warren et al. 2002). In our analyses,Mad1p is present, deletion of many MSPs does not result
strains lacking the C-terminal half of Mad1p grew poorlyin a slow-growth phenotype. In contrast, when this part
on medium containing benomyl, failed to arrest effi-of Mad1p is absent, deletion of MSPs results in slow
ciently in nocodazole, and exhibited a CF loss pheno-growth. Our data point to the importance of the C-
type. Conversely, strains that were checkpoint compe-terminal half of Mad1p for checkpoint and chromo-
tent transmitted the CF with high fidelity. Consistentsome transmission functions and indicate that these
with these results, a mad1-1 strain, in which Mad1p hasfunctions likely involve interaction with kinetochores,
a truncated C terminus, is sensitive to benomyl andbut not robust association with NPCs.
exhibits increased loss of chromosome III (Li and Mur-Loss of checkpoint activity could cause chromosome
ray 1991; Chen et al. 1999). Our results also agree withloss for cells that fail to arrest upon loss of attachment
a previous study that mapped a minimal region of Mad1por tension in an unperturbed cell cycle. Deletion of
that conferred benomyl resistance to a C-terminal seg-MAD1, MAD2, BUB1, or BUB3 results in a chromosome

loss phenotype; however, mad3� strains exhibit little ment (amino acids 392–749) joined to an additional
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Mad1p segment (amino acids 156–215) expressed from Conversely, a Xmad1 protein containing amino acids
326–718 did not localize to the kinetochore. The re-an episome (Chen et al. 1999). We find that a slightly

larger Mad1p C-terminal segment (amino acids 334– quirement for the N terminus for kinetochore localiza-
tion, rather than the C terminus, contrasts with budding749) is itself sufficient for benomyl resistance and arrest

in nocodazole when expressed as a single-copy gene yeast Mad1p and the human homolog of Mad1p, both
of which require the C terminus (Figure 5 and Iwanagafrom the endogenous locus. Taken together, our results

indicate that absence of checkpoint function likely con- et al. 2002). This observation could indicate a difference
in the respective Mad1p proteins or may reflect differ-tributes to the chromosome loss phenotype of cells lack-

ing the C-terminal half of Mad1p. ences in the two systems.
We determined that optimum NPC association ofMany MSPs encode components of the kinetochore,

proteins involved in sister chromatid cohesion, and pro- Mad1p required the N-terminal half of Mad1p, but this
association is not a requirement for the checkpoint func-teins involved in the function of the mitotic spindle.

Deletion of MSPs likely causes deficiencies in kineto- tion, CTF, or CEN association of Mad1p. There is limited
amino acid sequence conservation between the N-termi-chore-spindle attachment and/or tension, and the activ-

ity of the spindle checkpoint might be required for the nus of budding yeast Mad1p and its orthologs (Chen
et al. 1998). However coiled coil domains are presentviability of these strains, even during unperturbed growth.

When combined with mad1� or with mad1 1-2C, mutations in the N-termini of Mad1p’s orthologs and it may be
these structures, rather than the sequence per se, thatthat inactivate the spindle checkpoint function of

Mad1p, these MSP deletions resulted in growth inhibi- mediate NPC association. In vertebrates, NPC associa-
tion is unlikely a requirement for the checkpoint func-tion. In contrast, combining the checkpoint-competent

mad1 3C mutation with many of the MSP deletions did tion, as the nuclear envelope breaks down during mito-
sis. However, as multiple nucleoporins are recruited tonot inhibit growth. These results confirm that synthetic

lethality with mad1� can be caused by perturbations in kinetochores in vertebrates (reviewed in Stukenberg
and Macara 2003) and S. cerevisiae nup170� strains ex-kinetochore or spindle function that are lethal in combi-

nation with an inability to arrest the cell cycle. hibit chromosome loss phenotype (Kerscher et al.
2001), NPC components may make an important contri-Several spindle checkpoint proteins, including Mad1p,

have been localized to CEN DNA using ChIP (Kerscher bution to checkpoint control in yeast and animals. Alter-
natively, it is possible that the NPC association of Mad1pet al. 2003; Kitagawa et al. 2003; Gillett et al. 2004)

and recruitment to kinetochores is believed to be an relates to its function in nuclear transport (Iouk et al.
2002) rather than its function in the spindle checkpoint.important event in spindle checkpoint function

(Musacchio and Hardwick 2002). Using ChIP, we The manner in which Mad1p functions in the spindle
checkpoint and chromosome transmission is unknowndetermined that Mad1-GFP proteins bearing the C-ter-

minal half of Mad1p were enriched at CEN DNA upon at the molecular level. Our studies will provide a basis
for investigation of the mechanisms by which thenocodazole treatment, while Mad1p-GFP proteins lack-

ing this part of Mad1p were not CEN enriched. The C-terminal half of Mad1p mediates cell cycle arrest and
chromosome transmission fidelity. While our studiescorrelation between CEN association and both check-

point competence and chromosome transmission fidel- indicate that checkpoint competence likely contributes
to high-fidelity chromosome transmission it is possibleity indicates that Mad1p function in these processes

likely involves interactions with CEN DNA. Interestingly, Mad1p may have a role in chromosome transmission
that is independent from its checkpoint function. AMad1 2-3C-GFP exhibits association with CEN DNA even

in the absence of nocodazole treatment, and the degree genetic strategy that targets the C-terminal half of MAD1
might uncover independent checkpoint and chromo-of CEN association under this condition is similar to

that of Mad1 1-2-3C-GFP upon nocodazole treatment. some transmission functions.
However, the CEN association does not appear to indi- We thank the National Cancer Institute Laboratory of Receptor
cate checkpoint activation. Strains expressing Mad1 2-3C Biology and Gene Expression Fluorescence Imaging Facility, T. Kar-
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article. We are especially grateful to members of the Basrai and Spen-tially indicating a requirement for additional Mad1
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