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ABSTRACT The coordination of mitotic events is ensured
through the spindle assembly checkpoint. BFA1 is required for
this checkpoint in budding yeast because its disruption abol-
ishes the mitotic arrest when spindle assembly is inhibited.
Analysis of the genetic interaction of BFA1 with known mitotic
checkpoint genes suggest that Bfal functions in the same
pathway with Bub2 but not with Mad1 or Mad2. Both Bfal and
Bub2 localize to spindle poles, and overexpression of Bfal
arrests the cell cycle in anaphase. These findings suggest a
bifurcation of the spindle assembly checkpoint: whereas one
branch of the pathway, consisting of Mad1-3, Bub1 and 3, and
Mpsl, may prevent premature disjunction of sister chromo-
somes, the other, consisting of Bfal and Bub2, may function
at spindle poles to prevent cytokinesis before the completion
of chromosome segregation.

Cell cycle checkpoints ensure the fidelity of cell division by
monitoring the completion of individual cell cycle events and
controlling progression of the cell cycle through regulation of
Cdk activity (reviewed in refs. 1 and 2). Inhibition of spindle
assembly by microtubule drugs or mutations prevents cell exit
from mitosis and entry into the next cell cycle (reviewed in refs.
3 and 4). Genetic analysis in budding yeast first led to the
identification of several genes, BUBI, 2, and 3, MADI, 2, and
3, and MPSI, which are required for the cell cycle arrest in
response to inhibition of microtubule function (5-7). Ho-
mologs of several of these gene products have been identified
in animal cells and shown to prevent mitotic progression in
response to spindle defects (reviewed in refs. 3 and 4). Bubl,
Bub3, Madl, Mad2, and Mad3 homologs have been found to
concentrate at the kinetochores in animal cells, suggesting a
direct role for these proteins in monitoring kinetochore at-
tachment to spindle microtubules (8—13). Ectopic expression
of some of these proteins results in cell cycle arrest in
metaphase in the absence of apparent spindle defects (14, 15).
Thus, these proteins are thought to constitute a spindle
assembly checkpoint that prevents the metaphase-to-anaphase
transition before the chromosomes are properly attached to
the spindle (reviewed in refs. 3 and 4).

Of the mitotic checkpoint proteins in budding yeast, Bub2
shows some functional differences from the rest. For example,
the cell cycle delay caused by benomyl (a microtubule inhib-
itor) at a low dose that does not prevent spindle assembly but
may interfere with kinetochore—microtubule interaction is
abolished by mutations in the MAD genes and BUBI and 3 but
is not affected by mutations in BUB2 (16). In fission yeast, the
Bub2 homolog, Cdc16, appears to be a negative regulator of
cytokinesis: loss-of-function mutation of Cdc16 causes multi-
ple septa to form during one cell cycle (17). Cdcl6 interacts
with Byr4, another negative regulator of cytokinesis (18), and
stimulates the GTPase activity of Spgl, a positive regulator of
cytokinesis (19, 20). A putative homolog of Byr4 has been
found from the budding yeast genome database (18) and is now
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designated Bfal (Byr-four-alike). The sequence similarity be-
tween Byr4 and Bfal is confined to a COOH-terminal region
that contains two imperfect repeats (18). In this report, I show
that Bfal is a mitotic checkpoint protein in budding yeast and
that it represents one of the two complementary branches of
this checkpoint pathway, both required for the mitotic arrest in
response to inhibition of spindle assembly.

MATERIALS AND METHODS

Media and Genetic Manipulations. Yeast cell culture and
genetic techniques were carried out by methods described by
Sherman et al. (21). Yeast extract, peptone, dextrose (YPD)
contained 2% glucose, 1% yeast extract, and 2% Bacto pep-
tone. Yeast extract, peptone, galactose (YPG) contained 2%
galactose, 1% yeast extract, and 2% Bacto peptone. Yeast
extract, peptone, raffinose (YPR) contained 2% raffinose, 1%
yeast extract, and 2% Bacto peptone.

Cloning, Plasmid and Strain Construction. To generate a
BFAI disruption allele (Abfal), a 2.02-kb DNA fragment
containing the BFAI coding region (not including the stop
codon) and 300-bp 5" flanking sequence was amplified from
yeast genomic DNA by using PCR and cloned between the
Xhol and BamHI sites of pBluescript SK to yield pRL273.
pRL273 was cut with PfIMI and Stul, removing 76% of BFAI
coding region (amino acids 6—444), and blunted and ligated
with a DNA fragment containing the HIS3 gene (22), yielding
pRL280. To generate the Abfal strain (RLY683), pRL280 was
digested with Xhol and Spel and transformed into RLY576, a
wild-type strain in the W303 background. Gene disruption was
confirmed by PCR analysis of the genomic DNA (data not
shown). To generate a BUB2 disruption allele (Abub2), a DNA
fragment containing the BUB2 coding region was amplified
from yeast genomic DNA by using PCR and cloned between
the Xhol and Xbal sites of pBluescript SK to yield pRL275.
pRL275 was cut with BamHI and Styl, removing 53% of BUB2
coding region (amino acids 90-252), and blunted and ligated
with a DNA fragment containing the LEU2 gene (22), yielding
pRL281. To generate the Abub2 strain (RLY716), pRL281
was digested with Xhol and Spel and transformed into
RLY576. Gene disruption was confirmed by PCR analysis of
the genomic DNA (data not shown). Amad1 and Amad?2 alleles
in the W303 background were obtained from Andrew Murray
(University of California, San Francisco) and further back-
crossed into the RLY576 W303 strain background.

A yeast integration plasmid expressing Mpsl under the
GALI promoter (14) was introduced into RLY261 strain
(Abarl in the same strain background as RLY576) to generate
RLY700. The GALI-MPSI1::URA3 allele was subsequently
crossed into Abfal, Abub2, Amadl, or Amad2 strains to
generate the mutant strains bearing the GALI-MPSI::URA3
allele—RLY724, 727, 729, or 731, respectively. To generate a
GALI-BFAI integration plasmid (pRL279), pRL273 was di-
gested with Strul and BamHI, blunted, and ligated into the Stul
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site of pRL196, a vector for NH,-terminal (Myc)s tagging of
proteins under the GALI promoter. The fragment containing
GALI1-(Myc)s-BFA1 was subcloned into pRS306 (23) for inte-
gration into the URA3 locus, yielding plasmid pRL283. pRL283
was linearized with Xcml and transformed into RLY576 to
generate RLY690. The galactose-dependent expression of
(Myc)e-Bfal was confirmed by immunoblot analysis (data not
shown). The GALI-(Myc)s-BFAI::URA3 allele was subsequently
crossed into Abub2, Amadl, or Amad? strains to generate the
mutant strains bearing the GALI-(Myc)s-BFAI::URA3 allele—
RLY688, 691, or 693, respectively.

To generate COOH-terminal green fluorescent protein
(GFP)-tagged Bfal, pRL273 was digested with Xhol and
BamHI, and the Bfal contain fragment was ligated into the
corresponding site of pRL73 (24). The Bfal-GFP-containing
fragment was subcloned into pRS306 for integration into the
URA3 locus, yielding plasmid pRL282. pRL282 was linearized
with Xcml and transformed into RLY261 to generate
RLY603. To generate COOH-terminal GFP-tagged Bub2, a
DNA fragment containing the BUB2 ORF (not including the
stop codon) and 300 bp of the 5’ upstream sequence was
amplified by using PCR and cloned between the Xhol-Pstl sites
of pRL73. The Bub2-GFP-containing fragment was subcloned
into pRS306 for integration into the URA3 locus, yielding
plasmid pRL288. pRL288 was linearized with Xcml and
transformed into RLY716 to generate RLY735.

Immunofluorescence Staining. Cells were fixed directly in
growth media by addition of 37% formaldehyde to 5% final
concentration. Immunofluorescence staining was carried out
essentially as described (25). Rhodamine or FITC-conjugated
secondary antibodies were purchased from Jackson Immu-
noResearch.

Immunoblot Analysis. Immunoblot analysis was carried out
by using the enhanced chemiluminescence (ECL) detection kit
(Amersham Pharmacia).

RESULTS

BFAI Encodes a Mitotic Checkpoint Protein. To determine
the function of Bfal in budding yeast, a null allele was
constructed in which 76% of the Bfal ORF was replaced by the
HIS3 marker gene. Abfal cells grow at a wild-type rate (Fig.
14) and do not exhibit any apparent cell division defects,
suggesting that unlike Byr4, Bfal is not an important regulator
of cytokinesis during normal cell cycles. To determine whether
Bfal functions in the mitotic checkpoint, Abfal cells were
tested for sensitivity to a sublethal concentration of benomyl.
As shown in Fig. 14, Abfal cells exhibited the same degree of
hypersensitivity to 10 ug/ml benomyl as mad1, mad2, and bub2
mutant cells.

The benomyl hypersensitivity of mitotic checkpoint mutants
is due to their inability to arrest the cell cycle in mitosis when
spindle assembly is inhibited (5, 6). To test whether Abfal cells
are also deficient in the mitotic arrest, cells were synchronized
in G; with a-mating factor and then released from the G arrest
into media containing 15 pg/ml nocodazol (a more potent
microtubule inhibitor than benomyl). Five hours later, as
wild-type cells arrested in mitosis with a single large bud and
an undivided nucleus, Abfal cells, like the bub or mad mutants,
had already initiated a second round of budding (Fig. 1B),
indicating a failure in the mitotic arrest. Cell wall removal of
Abfal cells (but not wild-type cells; data not shown) fixed at the
5-hour time point gave rise to unbudded anucleate cells (3.7%
before zymolyase treatment; 33% after the treatment), sug-
gesting that cytokinesis had occurred in the absence of micro-
tubules and nuclear division in Abfal cells (Fig. 1C). When
wild-type cells arrest in mitosis through the mitotic checkpoint,
they maintain a high level of the mitotic cyclin Clb2 (14). Abfal
cells, however, like Abub2 cells, failed to accumulate a high
level of CIb2 under the same circumstances (Fig. 1D). The
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moderate increase in Clb2 level in Abfal and Abub? cells grown
in nocodazol was most likely caused by a short delay in the
passage through mitosis (see below).

Bfal Functions in the Same Pathway with Bub2 but Not with
Mad1l and Mad2. An insight into the independent role of Bfal
came from a close examination of the kinetics of mitotic
progression in the presence of nocodazol. Although Abfal cells
failed to arrest, they still reproducibly delayed the passage
through the cell cycle for 1-1.5 hours in comparison to cells
released from the G arrest into media without nocodazol (Fig.
1E, a). A similar cell cycle delay was also observed in madl,
mad2, and bub2 null mutants released into media containing
nocodazol (Fig. 1E, a). To determine whether the cell cycle
delay of Abfal cells in nocodazol is caused by the other mitotic
checkpoint proteins present, double mutants were constructed
between Abfal and null alleles of mad2 and bub2. All of the
double and single mutant strains were arrested to the same
extent with a-factor and exited the G; arrest with similar
kinetics after release into media with or without nocodazol
(see Fig. 1 legend). Pilot experiments were also carried out on
cells released into media without nocodazol and showed that
the timing of budding, nuclear division, and the second round
of budding were virtually identical for all mutant and wild-type
strains used (data not shown). The AbfalAbub2 double-mutant
cells exhibited the same cell cycle delay in the presence of
nocodazol as either of the single mutants (Fig. 1E, b). The
same delay was also observed with the AmadlAmad?2 double
mutant. The AbfalAmad2 and Abub2Amad?2 double-mutant
cells, on the other hand, went through the cell cycle with the
same kinetics as cells grown in the absence of nocodazol (Fig.
1E, b). This result suggests that Bfal and Bub2 are likely to act
in a pathway separate from Madl and Mad2 in delaying the
passage through mitosis.

To further examine the independence of the Bfal/Bub2
pathway from the Madl/Mad2 pathway, a plasmid overex-
pressing the Mpsl protein under the GALI promoter was
introduced into checkpoint mutant strains. It was shown
previously that overexpression of Mpsl alone is sufficient to
cause a mitotic delay that depends on the MAD and BUB
genes, suggesting that Mps1 is an upstream component of the
checkpoint pathway constituted by these genes (14). The data
shown in Fig. 24 first confirmed that induction of Mpsl
overexpression in galactose-containing media resulted in a
mitotic delay in wild-type cells, as indicated by the accumu-
lation of large budded cells with an undivided nucleus and an
elevated level of CIb2. As expected, this delay was abolished in
Amadl and Amad? cells. Overexpression of Mpsl1 in Abfal and
Abub? cells, by contrast, causes a mitotic delay similar to that
observed in wild-type cells (Fig. 24), suggesting that Bfal and
Bub?2 are unlikely to function downstream of Mps1 in the same
way as do Madl and Mad2.

Bfal Overexpression Causes a Cell Cycle Arrest in An-
aphase. Overexpression of Bfal under the Gall promoter in
wild-type cells also blocked cell growth (Fig. 2B, a), but in this
case, the cell cycle is blocked in anaphase where spindle
elongation and chromosome segregation have already oc-
curred (Fig. 2B, b and c), unlike the arrest point of Mpsl
overexpression. The arrested cells also contained an elevated
level of CIb2 (Fig. 2B, d). The anaphase arrest caused by Bfal
overexpression was not affected by Amadl, Amad2, or Abub2
mutations (Fig. 2B, ¢ and d), suggesting that the Mad or Bub
proteins do not function downstream of Bfal in activating
anaphase arrest. Together, the above results support the idea
that Bfal functions in a pathway separate from Madl and
Mad2.

Bfal and Bub2 Proteins Localize to Spindle Poles. The
homologs of Mad1-3 and Bubl and 3 in animal cells have
been shown to localize to unattached kinetochores (8-13). In
budding yeast, Madl exhibits a punctate nuclear staining
pattern (26). To determine the localization of Bfal and
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Fic. 1. Bfal is a mitotic checkpoint protein acting in the same pathway as Bub2. (4) Cultures of RLY576 (WT, wild type), RLY683 (Abfal),
RLY720 (Amadl), RLY718 (Amad2), and RLY716 (Abub2) were grown to same density. Ten-fold serial dilutions were made and spotted onto
YPD plates without (— ben) or with (+ ben) 10 ug/ml benomyl. Photographs were taken after 3 (— ben) and 5 (+ ben) days of growth at room
temperature. (B) RLY576 and RLY683 cells were grown to 2 X 10° per ml and arrested with 5 ug/ml e-mating factor for 2.5 hours at room
temperature. The cells were washed four times with water and resuspended in YPD containing 15 ug/ml nocodazol. After 5 hour growth at room
temperature, cells were fixed and stained with 4,6-diamidino-2-phenylindole (DAPI) to visualize nuclear DNA. (C) The same fixed RLY683 cells
were treated with 0.2 mg/ml zymolyase to remove the cell wall and double stained with DAPI and an anti-tubulin antibody as previously described
(37). (D) Exponential cultures of RLY576, RLY683, and RLY716 cells were shifted to media with or without 15 pg/ml nocodazol (Noc) for 5 hours
at room temperature. Total cell extracts were prepared and analyzed by immunoblotting using anti-CIb2 (38) and anti-actin (25) (as a loading
control) antibodies. (E) RLY576, RLY683, RLY716, RLY718, RLY720, RLY684 (AbfalAbub2), RLY686 (AbfalAmad2), RLY736
(Abub2Amad?2), and RLY737 (AmadlAmad?2) cells were arrested in G with a-factor as described in B and released into media with or without
15 pg/ml nocodazol. For all strains used, >95% were arrested as unbudded cells after the a-factor treatment, and the rates at which budding occurred
were identical after the release into media with or without nocodazol (budded cells always started to appear around 40 minutes after release and
reached 85-90% at 60 min). Cells were fixed every 30 minutes and spotted on a microscope slide. The percentage of cells that had initiated a second
round of budding was determined and plotted over time after release from the Gy arrest. The nuclear morphology was also examined for both
wild-type and mutant cells obtained from the time points when the second round of budding had occurred. Most (>89%) of the mutant cells that
had budded a second time in the presence of nocodazol had the morphology as shown in B (data not shown). In the absence of nocodazol, the
newly budded mother cells stayed together with their former bud after cells were spotted into the glass slide. This was observed for both wild-type
and various mutant strains of the W303 background, indicating a delay in cell separation or cell stickiness for this strain background. However,
the nuclear morphology, as shown in B, was never observed in the absence of nocodazol (i.e., all cells with two buds had at least two distinct DAPI

stained masses, data not shown). [Bar = 10 um (C).]
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F1G. 2. (A) The mitotic delay induced by Mps1 overexpression is independent of Bfal and Bub2. RLY700 (WT), RLY724 (Abfal), RLY727
(Abub2), RLY729 (Amadl), and RLY731 (Amad?2) strains, which all contain the same integrated copy of Gal-Mps1 (14), were cultured overnight
in media without galactose (YPR) and then shifted to media containing 2% galactose (YPG) for 6 hours. A control stain, RLY569, which contains
the vector alone, was also included. (a) Cells were fixed, stained with DAPI, and the percentage of large budded cells (bud size greater than 2/3
of the mother size) with undivided DNA mass were determined and shown as histograms. (b) Total cell extracts were prepared and analyzed by
immunoblotting using anti-Clb2 and anti-actin antibodies. Lane 1, RLY569; lane 2, RLY700; lane 3, RLY724; lane 4, RLY727; lane 5, RLY729;
lane 6, RLY731. (B) Overexpression of Bfal induces an anaphase cell cycle arrest that is independent of the other mitotic checkpoint proteins.
(a) Strains bearing vector alone (RLY569) or Gal-Bfal were streaked onto a plate containing 2% galactose. The photograph was taken after 3
days at 30°C. Sector 1, RLY569; sector 2, RLY690 (WT); sector 3, RLY688 (Abub2); sector 4, RLY691 (Amadl); sector 5, RLY693 (Amad?2). (b)
The strains in B, a were cultured overnight in media without galactose (YPR) and then shifted to media containing 2% galactose (YPG) for 6 hours.
Cells were fixed and stained with DAPI and an anti-tubulin (MT) antibody. The images show the arrest morphology of RLY690 cells. The same
arrest morphology was also observed for the other Gal-Bfal bearing strains. (¢) The percentages of cells exhibiting the arrest morphology, as shown
in b, were determined for each of the strains in the experiment described in B, b. (d) Total extracts were prepared from each of the cell cultures
in the experiment described in B, b and analyzed by immunoblotting by using anti-CIb2 and anti-actin antibodies. [Bar = 10 um(B, b).]

Bub2, strains were constructed in which Bfal or Bub2,
expressed under the BFAI or BUB2 promoter, respectively,
was tagged with GFP at the COOH terminus. The tagged
constructs rescued the benomyl hypersensitivity of the cor-
responding null mutants (data not shown). Examination of
cells expressing Bfal-GFP or Bub2-GFP by fluorescence
microscopy revealed that these proteins localized to one or
two bright dots (Fig. 34). Such localization was not seen in

the control strain, which expresses the untagged proteins
(data not shown), or strains expressing GFP-tagged proteins
by using the same vector in other unrelated studies (24).
Double immunofluorescence staining further showed that
the Bfal-GFP (Fig. 3B) or Bub2-GFP (data not shown)
containing dots colocalized with the focal points of micro-
tubule asters or spindle poles, suggesting that these proteins
are localized to spindle pole bodies. Accumulation of these
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F1G. 3. Localization of Bfal and Bub2 to the spindle pole bodies. Strains expressing Bfal-GFP (RLY603) or Bub2-GFP (RLY735) at the
endogenous level were constructed as described in Materials and Methods. (A) Live cells observed directly under a Nikon Eclipse E600 fluorescence
microscopy equipped with an 100/1.40 oil DIC objective and a EXHQ450/50 DM480 LP/BA465LP GFP filter set. (B) Double immunofluroescence
staining of fixed RLY603 cells by using a rat anti-tubulin antibody (37) and a rabbit anti-GFP antibody (a gift from P. Silver, Dana Farber Cancer

Institute, Boston, MA). (Bar = 10 um.)

proteins inside the nucleus was never observed, even when
they were overexpressed (data not shown).

DISCUSSION

A number of elegant studies in animal cells and in yeast have
suggested that the signal that activates the mitotic checkpoint
emanates from unattached kinetochores (reviewed in refs. 3,
4, and 27). Several of the spindle assembly checkpoint proteins
have been found to localize selectively to the kinetochores of
premetaphase chromosomes or misaligned chromosomes (8-
13), suggesting that these proteins may play a direct role in
monitoring the success of chromosome attachment. Mad2 has
also been shown to act through Cdc20 to inhibit the anaphase
promoting complex required for degradation of Pdsl, a chro-
mosome cohesion factor (reviewed in refs. 28 and 29). This is
likely to be the key mechanism by which the mitotic checkpoint
prevents premature disjunction of sister chromatids before
kinetochore-spindle attachment.

There is strong genetic and biochemical evidence that Mpsl1,
Mad1-3, and Bub1 and 3 function in the same pathway leading
to the metaphase arrest in response to kinetochore signals (11,
12, 14, 26, 30). However, there has been a question as to
whether Bub2 is part of the same pathway (16). The studies
described here strongly suggest that Bub2 and Bfal, a newly
identified mitotic checkpoint protein, function in a genetic

pathway separate from those defined by Mpsl, Mad1-3, and
Bubl and 3 (Fig. 4). Each pathway is sufficient to delay passage
through mitosis, but both are required to achieve a full mitotic
arrest when spindle assembly is inhibited.

Two of the findings argue against a role for the Bub2/Bfal-
dependent pathway in sensing defects in kinetochore attach-
ment. First, both proteins are found to localize to the spindle
poles, and no centromere or nuclear localization was detected.
However, it remains possible that Bub2 and Bfal monitor
kinetochore attachment from a distance, perhaps by sensing
the tension exerted on spindle poles. Human Madl and Mad2
have also been found to localize to centrosomes during meta-
phase, in addition to their kinetochore localization during
interphase (31). It is not known whether these proteins have
different functions when associated with different structures.

Second, overexpression of Bfal causes an anaphase arrest
without blocking chromosome segregation but prevents deg-
radation of the mitotic cyclin Clb2. Mitotic cyclin degradation
and inactivation of Cdkl have been shown to be required
specifically for cytokinesis but not for chromosome segrega-
tion and anaphase spindle movement (32). Taken together, the
findings described above lead to a hypothesis, as illustrated in
Fig. 4, that Bfal and Bub2 constitute a bifurcation of the
mitotic checkpoint control and function to coordinate an-
aphase events—chromosome segregation and cytokinesis. By
associating with spindle pole bodies, Bfal and Bub2 may
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The “Spindle Assembly” Checkpoint
(a) (b)
failure in chromosome failure in spindle

attachment elongation (?)
Mps1 Bub2
Madi-3, Bub1, 3 Bfa1
Pds1 dngTadation Cib2 dé:dation
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'
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F1G. 4. A schematic diagram depicting a bifurcation of the mitotic
checkpoint pathway. This model hypothesizes that defects in spindle
assembly can potentially prevent two mitotic events: chromosome
attachment to the spindle (a); and anaphase spindle elongation (b). A
defect in @ may be monitored at the kinetochores and activates a set
of mitotic checkpoint proteins that prevent sister chromatid separation
by blocking degradation of chromosome cohesion factors such as Pds1.
A defect in b may be monitored at the spindle pole bodies through
Bub2 and Bfal, which prevent cytokinesis by blocking the degradation
of mitotic cyclins such as Clb2.

directly monitor the progression of anaphase B and signal
cytokinesis only when chromosomes are successfully segre-
gated to the poles. The direct downstream target of the
Bub2/Bfal pathway may be Cdh1/Hctl, the anaphase promot-
ing complex activator required for the degradation of mitotic
cyclins (33-36), thus preventing cytokinesis and entry into the
next cell cycle.
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