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The spindle checkpoint delays the metaphase-to-anaphase transition in response to spindle and kinetochore
defects. Genetic screens in budding yeast identified the Mad and Bub proteins as key components of this
conserved regulatory pathway. Here we present the fission yeast homologue of Mad3p. Cells devoid of mad3™
are unable to arrest their cell cycle in the presence of microtubule defects. Mad3p coimmunoprecipitates
Bub3p, Mad2p, and the spindle checkpoint effector Slp1/Cdc20p. We demonstrate that Mad3p function is
required for the overexpression of Mad2p to result in a metaphase arrest. Madlp, Bublp, and Bub3p are not
required for this arrest. Thus, Mad3p appears to have a crucial role in transducing the inhibitory “wait
anaphase” signal to the anaphase-promoting complex (APC). Mad3-green fluorescent protein (GFP) is re-
cruited to unattached kinetochores early in mitosis and accumulates there upon prolonged checkpoint acti-
vation. For the first time, we have systematically studied the dependency of Mad3/BubR1 protein recruitment
to kinetochores. We find Mad3-GFP kinetochore localization to be dependent upon Bublp, Bub3p, and the
Mphlp kinase, but not upon Mad1p or Mad2p. We discuss the implications of these findings in the context of

our current understanding of spindle checkpoint function.

The accuracy of chromosome segregation is dependent upon
the correct and timely attachment of sister chromatid kineto-
chores to the microtubules of the mitotic spindle (39). This
attachment process must be completed before sister chromatid
separation at anaphase can take place. Errors in this process
result in an unequal distribution of genetic material to daugh-
ter cells and may contribute to tumor progression (9, 34, 37).
The Mad2-dependent checkpoint delays sister chromatid sep-
aration until each and every kinetochore has achieved bipolar
attachment to the mitotic spindle apparatus (for reviews, see
references 20, 51, and 43). Sister chromatid separation is reg-
ulated by ubiquitin-mediated proteolysis and the spindle
checkpoint is able to inhibit sister separation by attenuating
the activity of the anaphase-promoting complex (APC), an E3
ubiquitin ligase, that functions to label proteins for destruction
by the 26S proteosome (reviewed in reference 60).

Inhibition of APC function occurs principally through inac-
tivation of an accessory factor, called Cdc20p in budding yeast
and Slplp in fission yeast (17, 30, 32, 33). Cdc20p is responsible
for the temporal targeting of specific substrates to the APC
and is essential for sister separation, becauses it presents the
securins Pdslp (Saccharomyces cerevisiae [57]), Cut2p (Schizo-
saccharomyces pombe [19]), and PTTG (vertebrates [61]) to
the APC. Pdsl1p functions as an anaphase inhibitor by binding
to the protease Esplp. When bound to Pdslp, Esplp is pre-
vented from cleaving the cohesin (Scclp in budding yeast) that
holds sister chromatids together. Once Pdslp is destroyed,
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active Esplp is released, and sister chromatid separation and
spindle elongation ensue (15, 55). Thus, by inhibiting the ac-
tivity of Cdc20p, the spindle checkpoint prevents sister chro-
matid separation.

Work with budding yeast originally identified the Mad and
Bub proteins as being key components of this important reg-
ulatory pathway (29, 35). Since then, work with fission yeast
and higher organisms has shown the spindle checkpoint, like
many other elements of the cell cycle machinery, to be evolu-
tionarily conserved (22). Mutations in any of the three MAD
(mitotic arrest deficient) genes, MADI to -3, or the three BUB
(budding uninhibited by benzimidazole) genes, BUBI to -3,
render cells sensitive to microtubule poisons and unable to
arrest mitotic progression in response to spindle insult.

Of the known spindle checkpoint components, Madlp,
Mad2p, Mad3p, Bublp, Bub3p, and Mpslp function in the
Mad2p-dependent response to prevent premature separation
of sister chromatids. The Mpsl and Bubl protein kinases are
believed to function upstream of the other Mad and Bub pro-
teins (18, 25). Most checkpoint proteins are recruited to unat-
tached kinetochores during the early stages of mitosis in higher
eukaryotes (2, 13, 14, 31, 36, 52), and Bublp does so in fission
yeast (7), yet the molecular events that occur once they are at
the kinetochore remain largely unknown. Madlp is a phospho-
protein (24) that is found tightly complexed with Mad2p
throughout the cell cycle (12) and is thought to be responsible
for targeting Mad2p to unattached kinetochores (13). Similarly
Bub3p binds Bublp and a vertebrate Mad3/Bubl-related pro-
tein kinase, BubR1, and may be responsible for targeting these
proteins to kinetochores (53).

Changes in the composition of complexes, which may take
place at kinetochores, appear to be necessary for spindle
checkpoint activation and the consequent delay of sister chro-
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TABLE 1. Fission yeast strains used in this study

Strain Genotype Mating type Source
DMSP059 Mad3-GFP::his3* h* This study
DMSP077 Mad3-GFP::his3" madlA::ura4* h* This study
DMSP081 Mad3-GFP::his3" mad2A::ura4™ h™ This study
DMSP104 Mad3-GFP::his3 ™" bublA::ura4* h* This study
DMSP106 Mad3-GFP::his3™ bub3A::ura4™ h™ This study
DMSP134 Mad3-GFP::his3" mphlA::ura4™* h* This study
DMSP074 madlA:ura4™ h~ T. Matsumoto
DMSPO075 mad2A::urad4™ h™ T. Matsumoto
DMSP001 mad3A:ura4™ h™ This study
DMSP037 bublA::urad4™ h™ This laboratory
DMSP035 bub3A::ura4™ h™ This laboratory
KP175 mphlA:ura4™ ht S. Sazer
DMSP020 cut7-24 leul-32 ade6-210 h™ 1. Hagan
DMSP048 mad2A::urad™ cut7-24 h™ This study
DMSP021 mad3A:ura4™ cut7-24 h™ This study
DMSPO058 mad3A::ura4™* nda3KM311 h™ This study
DMSP087 bublA::ura4* nda3KM311 h™ This study
DMSPO088 nda3KM311 h™ This laboratory
DMSP076 Mad3-GFP::his3 " nda3KM311 h- This study
KP136 lacO::lys1 dis1-GFP-lacI(NLS)::his7 ura4 leul-32 h™ M. Yanagida
DMSP163 cdc25 lacO::lysl dis1-GFP-lacI(NLS)::his7 ade6 leul-32 h™ This study
DMSP166 mad3A::ura4 cdc25 lacO::lys] dis1-GFP-lacI(NLS)::his7 ade6 leul-32 h™ This study
Wild type (366) ade6-210 leul-32 ura4D18 h™ R. Allshire
Wild type (367) ade6-210 leul-32 ura4D18 h* R. Allshire

matid separation. We have recently demonstrated that during
budding yeast mitosis, a Madlp/Bublp/Bub3p complex is
formed (8). Interestingly Mad3p and Bub2p do not appear to
be required for formation of this complex. Bub2p functions in
a distinct checkpoint pathway that responds to spindle pole
position in budding yeast (see references 20 and 51 for review).

In addition to binding Bub3p, budding yeast Mad3p has the
capacity to bind Mad2p and Cdc20p (23), suggesting a function
at the effector end of the checkpoint pathway. A related ver-
tebrate protein, the BubR1 protein kinase, has been found
associated with p55°4°2° (56) and with the kinesin-related mo-
tor CENP-E and APC subunits (1, 10, 11). Two recent reports
have highlighted the importance of human BubR1 in in vitro
inhibition of the APC (47, 49).

To date, only mphl™* (MPSI), bubl™, and mad2™*, which are
homologous to the Mad2-dependent spindle checkpoint com-
ponents, have been reported for fission yeast (7, 26, 27, 33).
Because it is such a genetically tractable organism with excel-
lent cytology, we set out to complete the lineup by making use
of the fission yeast genome sequencing data set. We searched
with conserved sequences from the budding yeast genes and
uncovered putative mad3™ and bub3™ homologues. Here we
present fission yeast mad3™. Our data on bub3* are in prep-
aration and will be presented elsewhere.

We find that mad3™ is a nonessential gene under normal
growth conditions that functions as part of the Mad2p-depen-
dent fission yeast spindle checkpoint. mad3A cells show hyper-
sensitivity to microtubule-depolymerizing agents and fail to
arrest their cell cycle in response to spindle damage. mad3™
shows genetic and biochemical interactions with mad2™ and
interacts with Slp1p, the spindle checkpoint effector (33), sug-
gesting a terminal role for Mad3p in the checkpoint pathway.
In normal mitosis, and upon prolonged spindle checkpoint
activation, we find that the Mad3-green fluorescent protein
(GFP) construct is recruited to kinetochores that have yet to

achieve attachment to spindle microtubules. Finally, we dem-
onstrate that stable recruitment of Mad3-GFP to kinetochores
requires the function of Bublp, Mphlp, and Bub3p, but not
that of Madlp or Mad2p.

MATERIALS AND METHODS

Media, yeast strains, DNA manipulations, and genetic techniques. All strains
used in this study are listed in Table 1. Media, transformations, and genetic
techniques were essentially as described by Moreno et al. (38) and Allshire et al.
(4). YESS refers to yeast extract medium supplemented with Leu, Ura, Ade, His,
and Lys (3). Where required, benomyl (30-mg/ml stock in dimethyl sulfoxide
[DMSO]) was added to plates to the final concentration indicated, while 25 pg
of Carbendazim (CBZ; Aldrich; 5-mg/ml stock in DMSO) per ml was used to
depolymerize microtubules of cells grown in liquid culture (K. E. Sawin, personal
communication). YESSA refers to YESS plates containing limiting amounts of
adenine to allow the development of pink and red colors of ade6-210 and
ade6-216 colonies. Ch16 minichromosome loss rates were estimated as described
previously (16). Briefly, single white colonies were picked from fresh restreaks on
YESSA plates and grown to log phase in YESS liquid medium. The microtubule-
depolymerizing agent CBZ was then added where necessary, and the cultures
were incubated for a further 3 h. Cells were collected by centrifugation, diluted
in YESS, and plated on YESSA plates. Plates were then incubated for 3 days at
32°C. The rate of minichromosome loss per division is recorded as the number
of colonies with a red sector covering half of the colony divided by the total
number of colonies minus the number of completely red colonies.

Identification and disruption of the mad3™ ORF. The putative mad3™ open
reading frame (ORF) was identified by BLAST searching (5) of the S. pombe
genome project data set with the S. cerevisae MAD3 region I DNA sequence (see
Fig. 1A for a schematic representation of Mad3p). A ura4"-marked mad3 de-
letion strain (DMSP001) was constructed with sequence information of the 5’
and 3’ flanks of the putative mad3* ORF and the PCR-based gene-targeting
method of Bahler et al. (6) by using primers SPM3KOF (ATTTTCATTTAGT
GGAAAGGTATAGGGTTCTCTAGAAAAGGTTTACTAATTTTTTGGA
AGACATTGACTACAAATGGCGCCAGGGTTTTCCCAGTCAC) and
SPM3KOR (TTCCGGGAGTCATGATGTACAATAGTTGTTAATCTAAT
AACGCCAATACTTTAAATCTTTTCTTTATCGGTTATTAGCGGATAA
CAATTTCACACA). Correctly targeted gene disruptions were identified by
PCR amplification over both the 5’ and 3’ junctions as well as an inability to
apply PCR to portions of wild-type mad3*.

DNA manipulations. DNA manipulations were performed by standard tech-
niques. Sequencing was carried out with either plasmid DNA or PCR-generated
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FIG. 1. Identification and disruption of mad3*.
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(A) Schematic comparison of gross Mad3 protein structure. Fission yeast Mad3p

(SPCC895.02), like budding yeast Mad3p, is relatively short and lacks a C-terminal kinase domain. (B) ClustalX sequence alignment across region
I highlighting the homology shared between Mad3p (SPCC895.02) and other Mad3/Bubl1-like proteins. Mad3-like proteins have a short N-terminal
extension, containing a putative KEN box motif, compared to Bubl proteins. Sp, S. pombe; Sc, S. cerevisiae; An, Aspergillus nidulans; Mm, Mus

musculus; Hs, Homo sapiens; XI, Xenopus laevis.

double-stranded templates with an Applied Biosystems dRhodamine sequencing
kit and an ABI prism 377 sequencer.

Construction of an integrating C-terminal GFP tagging vector. The full-length
his3" gene and necessary upstream promoter sequences were cut from pAF1 as
a BglIl fragment and subcloned into the BamHI site of pBluescript KS-GFP
(GFP in pBluescript as an EcoRI-BamHI fragment [this laboratory]) destroying
the BamHI site in the process. This manipulation resulted in plasmid pDM084-
GFP-his3* and left three unique sites (Kpnl, Apal, and Sall) from the pBlue-
script polylinker 5’ to the ATG of GFP suitable for being cloned into. Cloning
with the Sall site, which lies in frame with the GFP ATG start codon, generates
a fusion protein with an 11-amino-acid linker (VDGIDKLDIGF) between the
cloned ORF and GFP.

Construction of C-terminally tagged Mad3-GFP strains. To make a chromo-
somally integrated mad3™ strain C-terminally tagged with GFP, mad3™ was PCR
amplified with primers SPMAD3KPNF (CATGGGTACCATGGAACCATTA
GATGCGGC) and SPMAD3SALR (CATGGTCGACTTCTTTCGATACTTC
CTC) and cloned into the KpnI-Sall sites of plasmid pDMO084 (pBluescript GFP
his3™), resulting in plasmid pDMO087 (mad3*-GFP his3*). pDMO087 was then
further modified by KpnI-BsmBI digestion to remove 187 bp from the 5" end of
the mad3* ORF, creating plasmid pDM092 (C-terminal mad3*-GFP his3™).
The resultant constructs were sequenced and shown to be in frame with the
methionine of GFP and void of mutations. Linear targeting constructs were then
prepared prior to electrotransformation into yeast by treating with PshAl, which
cuts uniquely within the mad3* insert. Transformation events that resulted in
correct targeting to the 3’ end of the mad3™ locus were detected by diagnostic

PCR amplification over the junction with primers 5'GFPR (GTACATAACCT
TCGGGCATGGC) and SPM35'SALGN (TATGTCGACTATGGAACCATT
AGATGGC) followed by Western blot analysis. The benomyl sensitivity of this
strain is indistinguishable from that of the wild type, indicating that Mad3-GFP
is fully functional.

Analysis of cell cycle position by flow cytometry. Propidium iodide staining of
cells for DNA content analysis by flow cytometry was carried out as previously
described (3). Cells were first pelleted by centrifugation and then fixed by the
addition of 70% ethanol. Approximately 2X 10° to 3 X 10° cells were then
rehydrated in 5 ml of 50 mM sodium citrate before being spun at 800 X g for 5
min. Cells were then resuspended in 0.5 ml of sodium citrate containing 0.1 mg
of RNase A per ml. After a 2-h incubation at 37°C, 0.5 ml of sodium citrate
containing 8 mg of propidium iodide per ml was added. Samples were then either
stored at 4°C overnight or counted immediately. In all cases, 10,000 cells were
counted per sample with a Becton & Dickinson FACSCAN automated counter.

Sister-chromatid separation. We directly visualized premature sister chroma-
tid separation events in mad3A by using the LacI-GFP/LacO repeat system
previously described (50). We constructed strains (DMSP163 and -166) contain-
ing GFP-marked chromosome I, along with cdc25 and mad3A mutations. These
were arrested at 36°C for 4 h and then released by lowering the temperature to
18°C. Duplicate cultures were then grown in the presence of the microtubule
poison CBZ (25 pg/ml). At 15-min intervals, samples were taken from the
cultures, resuspended in PEM (50 mM PIPES [pH 7.6], 1 mM EGTA, 1 mM
MgSO,) plus CBZ, and analyzed for sister chromatid separation. When this
occurred, the single GFP spot marking chromosome I became two spots. This
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was done with living cells, because we found the GFP signals to be too faint in
fixed cells for reliable scoring.

Coimmunoprecipitations. Immunoprecipitations were carried out essentially
as previously described (24). The lysis buffer contained the following: 50 mM
HEPES (pH 7.6), 75 mM KCI, 1 mM MgCl,, 1 mM EGTA, 0.1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, LPC (10 pg of leupeptin, pepstatin, and
chymostatin per ml), and 1 mM DTT was added after the clarifying spin.

For the immunoprecipitations, we used an anti-GFP mouse monoclonal anti-
body, 3E6 (Molecular Probes [0.5-mg/ml stock used at 1/100]). To probe the
immunoblots, we used a polyclonal rabbit anti-GFP antibody (Molecular Probes
[2-mg/ml stock used at 1/1,000 in BLOTTOY]). Polyclonal rabbit anti-Mad2p and
anti-Slp1p antibodies (kindly provided by T. Matsumoto) were used at a 1/100
dilution.

To immunoprecipitate Bub3-Myc, we used coupled 9E10-Sepharose (Santa
Cruz Biotech, Inc.) and to detect the Myc tag on immunoblots, we used either a
polyclonal rabbit anti-Myc antibody (A14; Santa Cruz) at 1/1,000 in BLOTTO or
the mouse monoclonal antibody 9E10 (Boehringer) at a 1/1,000 dilution in
BLOTTO. When immunoblotting, we used horseradish peroxidase-linked sec-
ondary antibodies at 1/5,000 (Amersham Pharmacia), followed by enhanced
chemiluminescence with the Amersham ECL system.

Visualization of Mad3-GFP and colocalization studies with immunofluores-
cence. To visualize Mad3-GFP when no costaining for other epitopes was re-
quired, mid-log-phase cells grown at 23°C were collected by centrifugation and
resuspended in 100% methanol. Cells were then stored in methanol for up to 1
week before analysis. Prior to microscopic analysis, cells were collected by cen-
trifugation and rehydrated in 1X phosphate-buffered saline.

When cells were required for costaining experiments, mid-log-phase cultures
were grown in YESS at 23°C and fixed for 20 min by the addition of freshly
prepared paraformaldehyde solution (added to a final concentration of 3.7%,
made up as a 10X stock in PEM). Cells were collected by centrifugation and
washed three times in PEM (50 mM PIPES [pH 7.6], 1 mM EGTA, 1 mM
MgSO,) before being resuspended in 0.5 ml of PEMS (PEM containing 1.2 M
sorbitol). To prepare spheroplasts, 0.5 ml of PEMS containing 3 mg of 20T
Zymolyase per ml was added prior to incubation at 37°C for 90 min. Spheroplasts
were then gently washed three times with PEMS before being left to stand for 1
to 2 min to permeabilize in PEMS containing 1% Triton X-100. Cells were again
washed and then blocked in PEMBAL (50 mM PIPES [pH 7.6], 1 mM EGTA,
1 mM MgS0,, 1% bovine serum albumin, 100 mM lysine hydrochloride) for a
minimum of 30 min. Incubation in primary antibody was carried out overnight at
4°C, followed by three 5-min washes in PEM before incubation for 4 h in the
appropriate secondary antibody. Primary antibodies used in this study were
sheep anti-Cnp1/Cenp-A (used at 1/750; kindly provided by B. Mellone and R.
Allshire), mouse anti-TAT1 (used at 1/50; a gift from K. Gull), and rabbit
anti-GFP (used at 1/10,000; Molecular Probes). All secondary antibodies were
Alexa dye coupled and used at 1/500 (Molecular Probes). After incubation with
antibody, cells were washed three times for 5 min before being resuspended in
PEM. Samples were then mounted upon polylysine-coated slides in Vectashield
mounting medium (Vector Laboratories) containing 4',6'-diamidino-2-phenylin-
dole (DAPIL; 1.5 pg/ml). Visualization and image capture were performed with a
Zeiss Axioscope fluorescence microscope and either QUIPS-FISH (Vysis) or
OpenLab image capture software (Improvision).

RESULTS

Identification of the mad3* gene. Upon BLAST searching of
the S. pombe genome sequencing project data set with the
region I sequence (Fig. 1A and B) of budding yeast MAD3, we
identified a cosmid (SPCC895) from chromosome III contain-
ing a putative mad3* ORF (SPCC895.02 and 059767). mad3™
is a 933-bp gene encoding a protein with a predicted molecular
mass of 36 kDa. Detailed sequence alignments with ClustalX
(54) with budding yeast Mad3p revealed an overall sequence
identity of 31%. mad3™ is smaller than the budding yeast gene,
yet it clearly contains the N-terminal region I domain shown in
budding yeast to be important for Cdc20p and Mad2p binding
(23). Attempts to align the C-terminal portion of S. pombe
Mad3p failed to reveal any clear sequence homology with
budding yeast Mad3p or Bublp, or its mammalian relatives,
BubR1 and Bubl. Thus, fission yeast Mad3p clearly lacks a
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C-terminal kinase domain, and it appears from computer
alignments that it also lacks homology with budding yeast re-
gion II, which was shown to be sufficient for Bub3p binding
(23). We confirmed these important observations by sequenc-
ing the 3’ end of mad3™ from our wild-type strain, 366. Our
sequence was identical to that in the Sanger Centre database
(data not shown).

ClustalX alignments of the N terminus of yeast and human
Mad3 and Bubl proteins revealed that all the Mad3/BubR1
members have an N-terminal extension, compared to Bubl,
and that this contains a sequence resembling a KEN box (Fig.
1B). Such a KEN box was originally defined as a recognition
signal sufficient for Cdhl-APC-dependent proteolysis (40).
This is an intriguing observation, suggesting that abundance of
Mad3p and BubR1 may be regulated at the level of proteolysis.

Fission yeast mad3* is an essential component of the spin-
dle checkpoint. A mad3~ null allele was made by replacing the
full length of the putative mad3™ ORF with the ura4™ gene
(see Materials and Methods for details). Correct gene target-
ing was confirmed by PCR analysis of the junctions of the
recombination event. The resultant haploid strains were viable,
showing that mad3™ is not an essential gene in fission yeast. In
budding yeast, mad3A strains are also viable, but show sensi-
tivity to microtubule-depolymerizing agents, such as benomyl
and nocodazole, as a consequence of their loss of spindle
checkpoint function (35) (23). Spotting serial dilutions of S.
pombe mad3A cells onto YESS plates containing the microtu-
bule poison benomyl showed that they are unable to form
colonies on medium containing 7.5 p.g of benomyl per ml (Fig.
2A).

To determine whether mad3A cells were sensitive to spindle
defects of another kind, we crossed the mad3A gene into a
nda3KM311 background. At 16°C, nda3KM311 cells fail to
form a mitotic spindle, due to a cold-sensitive mutation in
B-tubulin, and arrest their cell cycle via the spindle checkpoint
prior to the metaphase-anaphase transition. They remain via-
ble for several hours and are able to form colonies when
returned to the permissive temperature (26, 28). We asked
whether mad3A nda3KM311 double mutants retain viability
following spindle disruption. After 6 h of incubation at a re-
strictive temperature of 16°C, the single mutants (mad3A or
nda3KM311) maintained high viability (>95%), while the dou-
ble mutant strain (mad3A nda3KM311) had a much reduced
viability (~45%) (Fig. 2B). This behavior was essentially iden-
tical to that of an nda3KM311 strain carrying a bubl deletion.
The mad3A nda3KM311 cells died rapidly at the nonpermissive
temperature as a consequence of a failure to recognize that
their spindle structure has been compromised. DAPI and cal-
cofluor staining (Fig. 2B) revealed many cells with a cut phe-
notype in the double mutant cultures, indicative of cell cycle
progression in the absence of successful chromosome segrega-
tion. This result is consistent with the five- to sevenfold-ele-
vated minichromosome (Ch16) loss rates that we observe in
mad3A cells when they are challenged with microtubule poi-
sons (data not shown).

Next we wished to know if mad3A cells exit mitosis and
reenter the next round of cell division when their spindle struc-
ture is compromised. To test this, we constructed a mad3A cut7
double mutant. cut7" encodes a kinesin-related microtubule
motor protein that is essential for interdigitating microtubules
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of the two half spindles (21). cut7-24 mutants fail to form a
functional spindle and arrest as septated cells, with overcon-
densed chromosomes suggesting that the loss of cut7" function
is ordinarily recognized by the spindle checkpoint. We rea-
soned that deletion of mad3™ might prevent the arrest in the
cut7 mutant, because work previously described for the spindle
checkpoint component mad2™ (33) had shown the arrest to be
checkpoint dependent. Log-phase populations of cut7-24,
mad2A cut7-24 and mad3A cut7-24 cells were grown and then
shifted to the restrictive temperature of 37°C for various times,
after which the DNA content, and thus cell cycle position of
the culture, was ascertained by flow cytometry. Figure 2C
clearly shows that after 2 h at the restrictive temperature, the
mad3A cut7-24 cells (like the positive control mad2A cut7-24
cells) had rereplicated their genetic material, as evidenced by a
4C peak in the fluorescence-activated cell sorting (FACS) pro-
file. In contrast, at the same time point, the cut7 single mutant
showed a strong 2C peak with little evidence of rereplication,
indicative of a mitotic arrest. After 3 h, the entire mad3A
cut7-24 population had rereplicated, forming 4C and aploid
peaks. Thus, at the restrictive temperature, when spindle as-
sembly is compromised, mad3A cut7-24 double mutants erro-
neously exit mitosis and enter the next round of DNA repli-
cation.

In addition, we directly visualized premature sister chroma-
tid separation events in mad3A by using the Lacl-GFP/LacO
repeat system previously described (50). The cdc25 and cdc25
mad3A strains (DMSP163 and -166), both containing GFP
marked chromosome I, were arrested at 36°C for 4 h and then
released from this G, arrest by lowering the temperature to
18°C. Half of the cells were then grown in the presence of the
microtubule poison CBZ. At 15-min intervals, samples were
taken from the cultures and analyzed for sister chromatid sep-
aration—when this occurred, the single GFP spot marking
chromosome I became two spots. Figure 2D demonstrates that
the two strains separated their sisters with the same kinetics
under normal conditions (dashed lines). However, in the pres-
ence of CBZ, the mad3A strain separated its sisters around 45
min after the release from G,, while the control strain was able
to maintain a mitotic arrest and sister chromatid cohesion.

We conclude from the four independent criteria—increased
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sensitivity to microtubule-depolymerizing agents, an inability
to maintain viability after cold treatment in an nda3KM311
background, DNA rereplication in the absence of a functional
mitotic spindle, and the precocious separation of sister chro-
matids—that fission yeast mad3™ function is essential for spin-
dle checkpoint function.

Mad3p is required for overexpressed Mad2p to arrest the
cell cycle. Having established a checkpoint role for mad3™, we
wished to investigate how it might interact with other spindle
checkpoint components. Overexpression of mad2™ in an oth-
erwise wild-type background results in a metaphase arrest (26).
We asked whether such a metaphase arrest is dependent upon
mad3"* by comparing the mad2™* overexpression phenotype in
wild-type, mad3A, and other checkpoint-defective cells. mad2™*
overexpression (pREP3x-mad2™, from which Mad2p is over-
expressed in the absence of thiamine) in most checkpoint-
defective cells (madlA, bublA, and bub3A) gave a mitotic
arrest essentially as seen in the wild type, suggesting that those
proteins function upstream of Mad2p. The notable exception
to this was the mad3A mutant, which showed no effect upon
mad2™ overexpression (Fig. 3A). We next performed an anti-
Mad2p Western blot, to demonstrate that this was not due to
an effect of the mad3 mutation on the expression level or
stability of Mad2p. Whole-cell extracts were prepared from
wild-type and checkpoint mutant strains that had been induced
to overexpress Mad2p from an nmt promoter through the
absence of thiamine. These extracts were then separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted with anti-Mad2p antibodies
(Fig. 3B). All strains, including mad3A, overexpressed Mad2p
to a similar extent from pREP3x. In addition, we quantitated
the numbers of short spindles observed in the cultures over-
expressing Mad2p (Fig. 3C). While ~70% of the cells in wild-
type, madIA, bublA, and bub3A cultures overexpressing
Mad2p contained cells with short spindles, indicative of a
Mad2p-induced metaphase arrest, only 8% of mad3A cells
contained short spindles, as determined by antitubulin immu-
nofluorescence. This demonstrates that Mad2p overexpression
leads to a metaphase arrest, as previously reported for wild-
type cells (26), even in the absence of the Bublp, Bub3p, and
Madlp checkpoint proteins. However, the mad3 mutant strain

FIG. 2. mad3A cells are spindle checkpoint defective. (A) mad3A cells are hypersensitive to microtubule poisons. Fission yeast cells (366,
DMSP037, DMSP075, and DMSP001) were spotted in serial dilutions onto YESS plates containing the indicated concentrations of benomyl and
were photographed after 3 days of growth at 30°C. (B) mad3A cells fail to arrest their cell cycle and rereplicate their DNA when their spindle
structure is perturbed. The results of flow cytometric analysis of DNA content of cut7-24 (DMSP020), mad3A cut7-24 (DMSP021) and mad2A
cut7-24 (DMSP048) cells after incubation at 37°C for the indicated time periods are shown. Cell number is plotted on the y axis, and DNA content
(relative fluorescence) is on the x axis. Arrows indicate the relative fluorescence corresponding to 2C and 4C DNA content (peaks were assigned
by using nitrogen-starved, wild-type haploid and diploid log-phase cultures as reference populations [data not shown]). (C) mad3A cells die rapidly
when their spindle structure is compromised. The indicated strains (DMSP001, DMSP037, DMSP058, DMSP087, and DMSP088) were grown to
log phase in liquid YESS medium at the permissive temperature (30°C) before being shifted to the restrictive temperature (16°C). At 0, 1, 3, and
6 h after the temperature shift, samples were taken, plated on YESS plates, and incubated at the permissive temperature. Colonies on each plate
were counted, and cell viability was calculated relative to the time zero samples. DAPI and calcofluor staining (6-h time point shown) revealed
many cells with a cut phenotype in the double mutant bublA nda3KM311 (DMSPO088) (a) and mad3A nda3KM311 (DMSPO058) (b) cultures, while
the single mutant nda3KM311 (DMSP087) (c) culture remained tightly arrested. (D) Sister chromatids separate prematurely in mad3A cells treated
with microtubule poisons. cdc25 (DMSP163) and cdc25 mad3A (DMSP166) strains, both containing GFP-marked chromosome I, were arrested
at 36°C for 4 h and then released from this G, arrest by lowering the temperature to 18°C. Half of the cells were then grown in the presence of
the microtubule poison CBZ. At 15-min intervals, samples were taken from the cultures and analyzed for sister chromatid separation—when this
occurred, the single GFP spot marking chromosome I became two spots. The two strains separated their sisters with the same kinetics under normal
conditions (dashed lines). However, in the presence of CBZ, the mad3A strain separated its sisters around 45 min after the release from G,, while
the control strain was able to maintain a mitotic arrest and sister chromatid cohesion (solid lines).



MoL. CELL. BIOL.

2734 MILLBAND AND HARDWICK
A 'S
B
S
E
o -
Mmoo
3
g 828R
2 & S A daqagq
wildtype + - | YEE88335%
type S5 5EF 88§33
wildtype - + pREP3x nfa + + - - - - - .
madlA - + pREP3x-r.nad2+ nfa- - + + + + + +
Thiamine n/a - + - + - - - -
mad3A - +
—— ssssss=s +—Bip
bublA - +
bub3A - + [ ] R — — e ——— " ——Mad2p
Expression
+thiamine -thiamine
C  sof A wildtype pREP3x
g 70 B wildtype pREP3x-mad2*
‘g 60 - C madiA pREP3x-mad2*
2 D mad3A pREP3x-mad?2
B 50 E bubiA pREP3x-mad2*
S a0k F bub3A pREP3x-mad2*
=
F 30
% 20
R
NI
g A B C D : E F

FIG. 3. Mad3p functions at the effector end of the spindle checkpoint pathway. (A) Mad3p is required for the effects of mad2™ overexpression.
Wild-type cells (366 strain) and spindle checkpoint mutants (madlA [DMSP074], mad3A [DMSP001], bublA [DMSP037], and bub3A [DMSP035])
were transformed with pREP3X-mad2™". Transformants were then spotted onto EMM plates with and without the addition of thiamine. Plates
were photographed after 3 days of growth at 30°C. (B) Mad2p protein levels are not affected by the mad3 deletion. Wild-type and checkpoint
mutant strains were grown as indicated (+ pREP3x-mad2", + thiamine), and whole-cell extracts were prepared and separated by SDS-PAGE.
Immunoblots were carried out with polyclonal anti-Mad2p antibodies and anti-BiP antibodies as a loading control. Mad2p levels were induced in
all strains containing pREP3x-mad2+ in the absence of thiamine. (C) Mad2p-induced metaphase arrest is Mad3p dependent. Cultures of the
strains indicated were fixed and stained for the presence of mitotic spindles with antitubulin antibodies. Only the mad3A culture failed to

accumulate short spindles when Mad2p was overexpressed.

showed no such arrest upon Mad2p overexpression. This strik-
ing result demonstrates that mad3™ function is required for
mad2" overexpression to mediate a checkpoint arrest and
therefore that Mad3p functions at the effector end of the
checkpoint pathway, downstream of most checkpoint compo-
nents.

Mad3p coimmunoprecipitates Mad2p, Slplp, and Bub3p.
Our genetic and sequence analysis of mad3™* prompted us to
ask whether Mad3p physically interacts with other components
of the spindle checkpoint pathway. We have previously pre-
sented immunoprecipitation and two-hybrid data from bud-
ding yeast in support of biologically relevant interactions be-
tween Mad3p and Mad2p, Bub3p, and Cdc20p (23). We
wished to determine if this held true in fission yeast. To test
such interactions, we constructed strains containing a C-termi-

nal GFP tag on Mad3p and a C-terminal 13XMyc tag on
Bub3p. These constructs were integrated into the genome at
the mad3™ and bub3™ loci and are driven from their native
promoters. Coimmunoprecipitation experiments were then
carried out.

To test for an interaction between Mad3p, Mad2p, and
Slp1p, we immunoprecipitated Mad3-GFP from cells with and
without checkpoint activation (by using the nda3KM311 mu-
tant or CBZ treatment) with a mouse monoclonal anti-GFP
antibody and then blotted with the appropriate anti-GFP, anti-
Mad2p, or anti-Slplp polyclonal antibodies. We found that
both Mad2p and Slp1p coimmunoprecipitated with Mad3-GFP
from cells that had been arrested at metaphase with their
spindle checkpoint active (Fig. 4A). These results strongly sup-
port the idea that Mad3p functions downstream in the check-
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FIG. 4. Mad3p coimmunoprecipitates with Bub3p, Mad2p, and the
spindle checkpoint effector, Slp1/Cdc20p. (A) Mad3p interacts with
Mad2p and the Cdc20p homologue Slplp in checkpoint-arrested cells.
Mad3-GFP was immunoprecipitated from nda3KM311 cells, which
had been grown either to mid-log phase at 30°C or to mid-log phase at
30°C and then arrested at the metaphase-to-anaphase transition by
incubation for 6 h at the restrictive temperature of 17°C. The immu-
noprecipitates were then separated by SDS-PAGE and immunoblotted
with antibodies specific for GFP, Slplp, and Mad2p. (B) Mad3p in-
teracts with Bub3p. Mad3-GFP was immunoprecipitated from strains
containing Bub3-Myc. Cells were grown both in the absence and in the
presence of CBZ (3 h at 23°C) to activate the spindle checkpoint. The
GFP immunoprecipitates were separated by SDS-PAGE and immu-
noblotted with antibodies specific for GFP and Myc. Asterisks indicate
immunoglobulin heavy chains from the immunoprecipitations.

point pathway, in that it stably interacts with both Mad2p and
the spindle checkpoint effector, Slplp.

Computer analysis failed to align the C terminus of fission
yeast Mad3p with region II of the budding yeast Mad3p or its
vertebrate BubRI homologues. Because this region is sufficient
for Bub3p binding (23), we wanted to test for a Mad3p-Bub3p
interaction in S. pombe. Figure 4B shows that when Mad3-GFP
was immunoprecipitated from strains containing Bub3-Myc,
that protein was coimmunoprecipitated. This interaction
doesn’t require checkpoint activation, because the two proteins
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interacted even in the absence of CBZ. Thus, a constitutive
Mad3p-Bub3p interaction has been conserved in fission yeast.

Mad3-GFP localization during unperturbed mitosis. To
date, Mad3p has simply been shown to localize to the budding
yeast nucleus (23). To fully exploit fission yeast as a system to
further our understanding of spindle checkpoint function, we
made use of Mad3-GFP to carry out a cytological analysis of
the localization of Mad3p. We found Mad3-GFP to be readily
visible in a normal unperturbed mitosis. Mad3-GFP forms a
single bright spot in prometaphase cells that resides immedi-
ately adjacent to the unseparated spindle pole bodies (data not
shown). Figure 5SA shows Mad3-GFP staining in a series of
cells representative of stages of mitosis. Mad3-GFP first be-
comes visible as a bright focus within the nucleus during pro-
metaphase (Fig. 5A, panels a and b). The foci remain visible up
to the metaphase-anaphase transition and colocalize with ki-
netochores (see below), but as the spindle lengthens during
anaphase the Mad3-GFP foci are lost (Fig. SA, panels d, e, and
f). By the time the cell has a fully extended spindle Mad3-GFP
is rarely detectable at kinetochores. These data are similar to
the pattern described for Bublp, and we cannot rule out the
possibility that a small undetectable pool of Mad3-GFP re-
mains associated with kinetochores throughout anaphase as
reported for Bublp (7).

In summary, Mad3p is recruited to kinetochores during ev-
ery cell cycle, probably during prometaphase when kineto-
chores have yet to attach to the spindle apparatus. As the sister
chromatids begin to segregate, Mad3-GFP is seen toward the
spindle ends. By late anaphase, Mad3-GFP is lost from kinet-
ochores.

Mad3-GFP localizes to unattached kinetochores upon spin-
dle checkpoint activation. To localize the Mad3-GFP fusion
protein during a checkpoint arrest, we crossed our Mad3-GFP
strain into an nda3-KM311 background and then conducted
the following experiment. Cells were grown to mid-log phase at
the permissive temperature of 23°C before being shifted to the
restrictive temperature of 16°C for a period of 6 h. Cells were
then fixed and visualized.

In the cold, these cells are unable to form a functional
mitotic spindle and arrest through the spindle checkpoint with
highly condensed chromatids. Sister chromatids remain asso-
ciated, but are free to diffuse away from the other replicated
chromosomes. In all cells examined, we observed one or more
sets of paired Mad3-GFP spots, which we refer to from here on
as “doublets.” In some cells, we were able to see six individual
dots representing three doublets, and we never observed more
that three sets of doublets. These observations are consistent
with Mad3-GFP being located at kinetochores with the num-
ber of visible doublets being dependent upon the orientation of
the cell on the slide. Figure 5B shows a typical example. The
cell to the left of the panel contains three Mad3-GFP doublets.
In the DAPI channel, we can clearly see the three sister chro-
matid pairs; the centromeric heterochromatin of one of the
sister chromatid pairs appears to show a constriction in chro-
mosome structure in this region (arrowhead). In the merged
image, members of each Mad3-GFP doublet are seen on op-
posing sides of their associated sister chromatid pair. In the
case of the sister chromatid pair showing the constriction at the
assumed centromeric region, the Mad3-GFP spots are found
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immediately adjacent to the constriction; precisely where ki-
netochore would be located.

To confirm that these foci were kinetochore structures, we
carried out coimmunostaining with antibodies to Cnpl/
CENP-A (B. Mellone and R. Allshire, unpublished observa-
tions), which is a histone H3 variant specifically incorporated
into centromeric chromatin (48). In all nda3 cells studied, we
observed a Mad3-GFP signal colocalizing with the Cnpl/
CENP-A signal (Fig. 5B).

Mad3-GFP kinetochore localization is dependent upon the
Bublp kinase, Bub3p, and the Mphlp kinase. With the excep-
tion of its Bub3p dependence (53), it is not known in any
system whether Mad3/BubR1 recruitment to kinetochores is
dependent on other checkpoint components. Therefore we
crossed Mad3-GFP into madlA, mad2A, bublA, bub3A, and
mphlA strains. The mutant strains were benomyl sensitive
(Fig. 6A), and the Mad3-GFP protein level in these strains was
similar to that of wild-type cells, as shown by Western blotting
(Fig. 6B).

We then conducted a hydroxyurea (HU) block-and-release
experiment with these strains. Log-phase cells were grown in
the presence of 11 mM HU for 4 h before being released in to
YESS medium containing 25 pg of CBZ per ml at 23°C. After
2 h of growth, sampling was initiated and then continued at
intervals of 15 min. Samples were fixed, processed, and studied
by fluorescence microscopy. Both septation and Mad3-GFP
localization as a bright nuclear spot were scored.

By 165 min after release from HU, approximately 50% of
wild-type cells exhibited Mad3-GFP localized as a single bright
nuclear spot. Approximately 20% of madlA or mad2A cells
displayed these bright Mad3-GFP spots (Fig. 6C, left panel).
Mad3-GFP could clearly form bright foci in the madlA and
mad?2A backgrounds (Fig. 6D), yet never as often as in the wild
type. We attribute this apparent difference to the fact that
wild-type cells arrest their cell cycles because of the presence of
CBZ in the culture medium, while the mad~ mutant cells
ignore this, fail to arrest, and pass through mitosis. This point
was confirmed in Fig. 6C (right panel), where the number of
madlA or mad2A cells septating was seen to be approximately
three times that observed for wild-type cells. These Mad3-GFP
foci in the madIA and mad2A strains were confirmed to be
kinetochores by double labeling with anti-Cnp1/CENPA anti-
bodies (data not shown).

A dramatic difference in Mad3-GFP localization was seen in
bublA, bub3A, and mphlA cells. In these backgrounds, Mad3-
GFP was never seen as a bright nuclear spot (Fig. 6C) and was
localized diffusely throughout the cell. As expected, the bubIA,
bub3A, and mphlIA cells also failed to respond to the presence
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of CBZ and septated (Fig. 6C, right panel). The numerical
data presented here represent an average of at least two inde-
pendent experiments.

In summary, Mad3-GFP is able to localize to kinetochores in
madlA or mad2A mutants, but fails to do so in bubIA, bub3A,
and mphlIA cells. This suggests that the Mphl and Bubl pro-
tein kinases, as well as the Bub3 protein, are all required for
the stable recruitment of Mad3p to kinetochores. On the other
hand, while Mad3p forms a stable complex with Mad2p, nei-
ther that checkpoint protein nor Mad1p is required for Mad3p
kinetochore localization.

DISCUSSION

We have identified the fission yeast mad3 ™ gene and found it
to be nonessential for normal cell division, but required for
spindle checkpoint function. Cells deleted for mad3™ are hy-
persensitive to microtubule poisons such as benomyl, have
elevated levels of minichromosome loss rates, and rereplicate
their DNA when spindle function is compromised. Further-
more, direct visualization of sister separation events revealed
that mad3A cells precociously separate their sister chromatids
when challenged with microtubule poisons. These observations
are all indicative of a loss of checkpoint function, and thus we
conclude that Mad3p functions as part of the spindle check-
point.

In addition, we have made two novel and very interesting
findings. First, we have shown that Mad3p is required for
overexpressed Mad2p to arrest cells in metaphase. Madlp,
Bublp, and Bub3p are not required for this arrest. Thus,
Mad3p appears to have a crucial role in transducing the inhib-
itory “wait anaphase” signal to the cyclosome or APC. Second,
we have shown that Mad3p is recruited to kinetochores in
mitosis, and that while Bublp, Bub3p, and Mphlp functions
are required for this localization, Madlp and Mad2p are not.
This provides the first systematic genetic analysis of such ki-
netochore recruitment for a spindle checkpoint component.

Mad3p and its interactions. We originally identified mad3™
by database searching the fission yeast genome sequence data
set with protein sequence that is conserved between budding
yeast Mad3p and Bublp. The mad3™ ORF does not encode a
C-terminal kinase domain, making it more similar to budding
yeast MAD3 than to the vertebrate Bubl/Mad3-related gene
coding for BubR1. Fission yeast Mad3p shares 31 and 28%
sequence identity across its full length with budding yeast
Mad3p and human BubR1, respectively. We confirmed the
absence of a C-terminal kinase domain by sequencing the 3’
end of the putative mad3™ ORF. Our sequence data were in

FIG. 5. Mad3-GFP localizes to kinetochores early in mitosis. (A) Mad3-GFP localization through a normal unperturbed mitosis. Mad3-GFP
(DMSP059) cells were grown to mid-log phase at 23°C before being fixed and processed for immunofluorescence staining. Cells were stained with
anti-GFP antibody, antitubulin antibody (TAT1), and DAPI. Mad3-GFP formed a punctate signal in cells that were early in mitosis, containing
short spindles (a to c), and this signal was then lost during anaphase. (B) Mad3-GFP is recruited to unattached kinetochores in nda3KM311-
arrested cells. (Top row) Mad3-GFP nda3KM311 (DMSP076) cells were grown to mid-log phase at the permissive temperature of 23°C before
being shifted down to the restrictive temperature of 16°C for a period of 6 h. Cells were then fixed and visualized by fluorescence microscopy. (Left
panel) Mad3-GFP localization to three sets of paired foci. (Middle panel) Individual condensed sister chromatid pairs stained with DAPIL. An
arrowhead indicates the constriction assumed to be the centromeric region. (Right panel) Merged image revealing that individual Mad3-GFP foci
(green) lie on either side of each sister chromatid pair (DNA in blue). (Bottom row) Cells were prepared as described above and costained for
Cnpl/CENP-A. Mad3-GFP (green in the merged image) colocalizes with Cnpl/CENP-A (red in the merged image).
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PCR (data not shown), and Western blotting. (B) Disruption of other spindle checkpoint components does not affect Mad3-GFP expression. Cell
lysates were prepared from wild-type (366 line) and Mad3-GFP (DMSP059) cells, as well as spindle checkpoint mutants containing Mad3-GFP
(DMSP077, DMSP081, DMSP104, DMSP106, and DMSP134). Lysates were then separated by SDS-PAGE and immunoblotted with antibody
specific for GFP. (C) Stable recruitment of Mad3-GFP to kinetochores is dependent upon Bublp, Bub3p, and Mphlp. Mad3-GFP (DMSP059)
and spindle checkpoint mutants containing Mad3-GFP (DMSP077, DMSP081, DMSP104, DMSP106, and DMSP134) were grown to log phase in
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complete agreement with that held in the genome data set.
Thus, in two divergent yeasts, Mad3p does not have a kinase
domain. Interestingly, it has recently been reported that the
kinase activity of the human BubR1 kinase is not required for
its ability to inhibit the APC in vitro (49). Whether the human
protein has evolved to have a second function that is kinase-
dependent or the kinase is actually required for BubR1’s in
vivo checkpoint function remains unclear.

The primary sequence at the C terminus of fission yeast
Mad3p does not share obvious homology with budding yeast
Mad3p or Bublp. We have previously shown that this region of
the budding yeast protein is sufficient for Bub3p binding (23),
which agrees with previous analysis of hBubR1 (53). However,
Fig. 4B demonstrates that fission yeast Mad3p does interact
with Bub3p, because the two proteins can be coimmunopre-
cipitated from cell extracts. Perhaps there is structural conser-
vation of the C terminus of Mad3p that cannot be detected by
computer-aided alignment of the primary amino acid se-
quence? Alternatively, a different region of Mad3p may be
involved in the Bub3p interaction in fission yeast. Experiments
are under way to analyze this interaction in more detail.

When compared with Bub1 proteins, the Mad3 and BubR1
proteins all have an N-terminal extension, which often contains
a sequence resembling a KEN box. Such a sequence has been
shown to be capable of acting as a Cdhl-dependent APC
recognition signal (40). As yet, we have little data suggesting
that Mad3p or Bublp is regulated at the level of proteolysis in
fission yeast, although we do generally see an increased level of
Mad3p in checkpoint-arrested cells, when compared to asyn-
chronous cultures (Fig. 4A and B), and this is under further
investigation. Preliminary experiments, using cdc25 arrest and
release to synchronize cells, show little change in the total
levels of Mad3p through the cell cycle. However, it has been
reported that the levels of the vertebrate BubR1 protein, as
well as its kinase activity, fluctuate with the cell cycle (10).

Fission yeast Mad3p functionally behaves as a homologue of
budding yeast Mad3p by acting at the effector end of the
checkpoint pathway and coimmunoprecipitating both Mad2p
and the Cdc20p homologue Slplp. Vertebrate BubR1 has also
been shown to coimmunoprecipitate p55“9<?® (56) and APC
subunits and the kinesin-related motor protein CENP-E (1, 10,
58). Two recent biochemical analyses have highlighted the
importance of hBubR1 in a direct inhibition of the APC in
vitro (47, 49). In one report, a BubR1/Bub3/Mad2/Cdc20 com-
plex was purified from HeLa cells and found to inhibit mitotic
APC 3,000-fold more efficiently than recombinant Mad2p (47).
The second report argues that a recombinant hBubR1/Bub3
complex is capable of efficiently inhibiting the APC in an en-
tirely Mad2-independent process (49). Whether hBubR1 and
hMad2 complexes function independently or in concert in vivo
remains to be seen.
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Here we have provided the strongest genetic evidence to
date that Mad3p functions at the effector end of the checkpoint
pathway. Uniquely among the checkpoint components tested,
Mad3p was shown to be required for the arrest observed upon
Mad2p overexpression. This shows that Mad3p functions along
with, or downstream of, Mad2p to inhibit Slp1/Cdc20p func-
tion. This idea is strongly supported at the biochemical level,
becauses we have shown that Mad3p binds directly to both of
those proteins in fission yeast extracts. Thus, our observations
in budding yeast (23) and in fission yeast argue that Mad3p is
a second spindle checkpoint component, which along with
Mad2p, has a crucial role to play in the in vivo inhibition of the
APC. At first glance, these results tend to support the obser-
vations of Sudakin et al. (47): both Mad3p and Mad2p are
crucial for in vivo checkpoint function, and in fission yeast, the
inhibition of the APC observed upon Mad2p overexpression is
entirely Mad3p dependent. In neither budding nor fission yeast
do we see an obvious cell cycle phenotype upon Mad3p over-
expression (unpublished data). Clearly further work will be
necessary to determine the precise in vivo roles of the different
checkpoint complexes. It is also possible that distinct check-
point complexes are formed upon different perturbations to
microtubule spindles. For example, it has recently been argued
that mammalian Mad2 and Bubl/BubR1 recognize distinct
spindle attachment and kinetochore tension checkpoints (45),
and in maize, it was reported that Mad2 responds to microtu-
bule attachment in mitosis and the absence of tension in mei-
osis (59). Such conclusions are based on the presence or ab-
sence of specific checkpoint proteins at kinetochores under
certain conditions. Clearly the non-kinetochore-bound, soluble
pools of the checkpoint proteins can also have important func-
tions to play, not least in transmitting the “wait-anaphase sig-
nal” from one unattached kinetochore to all of the others in
the cell. In yeast, it is now clear that Mad2 is required to
respond to a lack of tension in both meiotic and mitotic divi-
sions (41, 46). However, it remains a possibility that quite
distinct inhibitory complexes are present in cells at different
times, and great care will have to be taken when building
models to explain all of the in vivo behaviors and in vitro
activities of different checkpoint components.

Mad3p localization and function. We have demonstrated
that the localization of Mad3p in yeast is essentially the same
as that described for BubR1 in vertebrates. Mad3p localizes to
kinetochores during early mitosis, but is then lost from those
structures during anaphase. In a few cases, we observed faint
staining of kinetochores at the ends of long anaphase spindles
(data not shown). We have analyzed Mad3-GFP levels through
the cell cycle by immunoblotting after cdc25-mediated G, ar-
rest and release (data not shown). There was no indication of
regulation of Mad3p abundance, and thus the observed re-
cruitment of Mad3-GFP to kinetochores doesn’t simply reflect

liquid YESS before being synchronized by exposure to HU for 4 h at 30°C. Cells were then washed and returned to YESS medium containing CBZ
(25 pg/ml) at 23°C. Periodically, cultures were sampled and examined by fluorescence microscopy for the presence of Mad3-GFP foci and septum
formation. (Left panel) Percentage of cells with Mad3-GFP foci (n = 100). (Right panel) Septation index (n = 100). The percentage of cells is
plotted on the y axis against time (minutes) after release from HU on the x axis. (D) Photographs taken at the 165-min time point from the
experiment described above for panel C. The cells shown are stained with DAPI and contain Mad3-GFP. Mad3-GFP foci are seen in wild-type
and madlA and mad2A cells, but never in bublA, bub3A, or mphlA backgrounds. The Mad3-GFP foci in the madlA and mad2A strains were
confirmed to be kinetochores through double labeling with anti-Cnplp antibodies (not shown).
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FIG. 7. Model for Mad3p function in the spindle checkpoint.
Mad3p functions with Mad2p to inhibit the APC. (A) Unattached
kinetochores recruit spindle checkpoint components such as Mphlp,
Mad1p/Mad2p, and Bub1p/Bub3p as separate complexes. (B) Once at
the kinetochore, Bublp and Mphlp kinase promote complex rear-
rangements, yielding a Mad1p/Bub1p/Bub3p complex and free Mad2p.
Active Bublp and/or Mphlp potentially phosphorylates as-yet-uniden-
tified kinetochore components. Mad3p recruitment to the kinetochore
then occurs. (C) Mad3p and Mad2p are then released from the kinet-
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the level of the protein. We also observed a very clear local-
ization of Mad3-GFP to the paired kinetochores of sister chro-
matids during the prolonged checkpoint activation of an nda3
arrest (Fig. 5B). Similar localization has previously been re-
ported for fission yeast Bublp (7).

Although most of the spindle checkpoint proteins have been
shown to localize to vertebrate kinetochores, the molecular
events that occur there remain unclear. It has recently become
evident that a rearrangement of Mad/Bub complex constitu-
ents occurs upon checkpoint activation, and it seems likely that
such rearrangements take place at kinetochores. The relation-
ship of these complex reorganizations to the inhibition of the
APC remains quite unclear. In budding yeast, Mad1p becomes
hyperphosphorylated and associates with Bublp and Bub3p,
and the formation of this complex occurs in a Mad2p- and
Mpslp-dependent fashion and is crucial for checkpoint func-
tion (8). Mad2p, although required for complex rearrange-
ment, appears not to be a constituent of the Madlp/Bublp/
Bub3p complex, and Mad3p is neither part of it nor required
for its formation. We currently believe that the Madlp/Bublp/
Bub3p complex has a signaling role, because we have no evi-
dence for a direct interaction between it and either Cdc20 or
the APC. However, it remains a distinct possibility that Bubl
directly modifies the APC or an associated regulator (Fig. 7)
and that this is at least partly responsible for APC inhibition.

Here we have demonstrated that kinetochore localization of
Mad3p is dependent upon Bublp, Bub3p, and Mphlp. We
propose the following model for Mad3p function within the
spindle checkpoint response (Fig. 7). We suggest that Mad3p
function is necessary at the effector end of the checkpoint
pathway and, in a yet undetermined way, aids Mad2p-mediated
inhibition of Slp1/APC activity. In this model, unattached ki-
netochore structures recruit spindle checkpoint components
(Fig. 7A). Originally, it was proposed that Madlp/Mad2p and
Bublp/Bub3p are targeted to kinetochores as independent
complexes (13, 53). However, it has recently been demon-
strated that the recruitment of the Madlp/Mad2p complex to
kinetochores is prevented if either the Bubl or the Mps1 ki-
nase is immunodepleted from Xenopus extracts (2, 44). While
the Bubl-depleted extract could be “rescued” with recombi-
nant kinase-dead Bubl protein, that was not the case for
XMpsl, the kinase activity of which appears to be crucial for
spindle checkpoint function. In our model, once the check-
point proteins have been recruited to the kinetochores, we
suggest that a signaling event involving the activity of the
Mphlp kinase occurs and that this promotes a rearrangement
of checkpoint complexes resulting in formation of the Mad1p/
Bublp/Bub3p complex observed in budding yeast (8) and ver-
tebrates (42). Mad3p is then recruited to the kinetochore (Fig.
7B). It is possible that Mad3p recruitment occurs as a result of
Bublp/Mphlp kinase activity against structural components of
the kinetochore, or perhaps the complex rearrangements de-
scribed above result in exposure of a Mad3p “landing pad.”
The molecular nature of this Mad3p interaction remains un-

ochore as a complex to bind Slplp (NB. this Slplp could also bind at
the kinetochore), thereby inhibiting APC function. APC sensitivity to
Mad3p/Mad2p/Slplp inhibition may be increased through the activity
of free Mad1p/Bublp/Bub3p complex.
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clear, but in mammalian cells, BubR1 associates in a near
stoichiometric manner with the microtubule motor CENP-E
(1, 11, 58). We are currently investigating whether a similar
situation exists in fission yeast. Once at the kinetochore,
Mad3p would be available to bind Mad2p, forming a Mad3p/
Mad2p complex, which could then directly inhibit Slp1/APC
(Fig. 7C). This model predicts that in fission yeast, Mad3p is
loaded onto kinetochores after the other spindle checkpoint
complexes, and this is supported by studies with human U20S
osteosarcoma cells in which Bubl and BubR1 were seen to
assemble sequentially onto kinetochores (31).

In conclusion, we have demonstrated that fission yeast
Mad3p is recruited to unattached kinetochores during mitosis.
This, along with its sequence homology and observed protein-
protein interactions with Bub3p, Mad2p, and Slp1/Cdc20p,
suggests that it is the functional orthologue of both budding
yeast Mad3p and vertebrate BubR1. It is now clear that in all
organisms analyzed to date, Mad3p and Mad2p form a key link
between the checkpoint signaling pathway and direct inhibition
of Slpl/APC activity. A precise molecular understanding of
this inhibition awaits structural analysis of checkpoint protein
complexes and of Cdc20-APC, further purification and recon-
stitution of checkpoint complexes enabling their activities to be
studied in vitro, and careful in vivo experimentation to com-
plement this and confirm physiological functions.
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