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We have performed a genetic and biochemical analysis of the SPO12 gene, which regulates meiotic
nuclear divisions in budding yeast. When sporulated, spo12 mutants undergo a single meiotic nuclear
division most closely resembling meiosis II. We observed that Spo12 protein is localized to the nucleus
during both meiotic divisions and that Clb1-Cdc28, Clb3-Cdc28, Clb4-Cdc28, and Clb5-Cdc28 kinase
activities during meiosis were not affected by a spol2 mutation. Using two-hybrid analysis, we
identified several genes, three of which are meiotically induced, that may code for proteins that
interact with Spol2p. We also observed that two genes, BNS1 (Bypasses Need for Spol2p), which has
homology to SPO12, and SPO13, whose mutant phenotype is like that of spo12, can partially suppress
the meiotic defect of spo12 mutants when overexpressed. We found that Spo12p is also localized to the
nucleus in vegetative cells and that its level peaks during G2/M. We observed that a spo12 mutation
is synthetically lethal in vegetative cells with a mutation in HCT1, a gene necessary for cells to exit

mitosis, suggesting that Spo12p may have a role in exit from mitosis.

INTRODUCTION

Meiosis is required for the production of haploid gametes
from diploid cells. A unique feature of meiosis is that two
rounds of chromosome segregation—meiosis I and meiosis
II—follow DNA synthesis. In contrast, a single round of
nuclear division follows each S phase in mitosis. Although
many of the same genes are required for both mitosis and
meiosis (Simchen, 1973), their activities must be modified to
allow these distinct patterns of nuclear divisions to occur.
The yeast gene SPOI12 regulates the meiotic nuclear divi-
sions and may play a role in mitosis as well. Mutations in
SPO12 cause cells to undergo a single meiotic division re-
sembling meiosis II (Klapholz and Esposito, 1980a,b). SPO12
mRNA is meiotically induced (Malavasic and Elder, 1990),
peaking at the time of the meiotic nuclear divisions (Chu ef
al., 1998). SPO12 encodes a small protein of ~20 kDa (Ma-
lavasic and Elder, 1990) that is novel and has no homologies
to proteins of known function.

SPO12 mRNA is also present in vegetative cells (Parkes
and Johnston, 1992). During vegetative growth, SPO12 mes-
sage is cell cycle regulated, peaking in M phase (Parkes
and Johnston, 1992; Cho et al., 1998; Spellman et al., 1998).
Although SPO12 is expressed in vegetative cells, deletion of
SPO12 causes only a mild vegetative phenotype: mutants
exhibit a slight G2/M delay (Parkes and Johnston, 1992).
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SPO12, however, does exhibit a number of intriguing
genetic interactions with genes required for exit from
mitosis. For example, deletion of SPO12 is synthetically
lethal with deletion of DBF2 (Parkes and Johnston, 1992),
which codes for a protein kinase believed to be required
for mitotic exit (Toyn and Johnston, 1994). Based on ge-
netic arguments, Toyn and Johnston (1993) hypothesized
that Spo12p may be a regulatory subunit for the protein
kinases Dbf2 and its relative Dbf20. SPO12 has also been
isolated as a high-copy suppressor of a number of muta-
tions affecting vegetative growth, e.g., cdcl5, dbf2-2,
cdc5-1, and tem1-3 (Parkes and Johnston, 1992; Shirayama
et al., 1996; Jaspersen et al., 1998). All of these mutant
strains arrest late in mitosis, with high Clb-Cdc28 kinase
activity. These observations suggest that SPO12 can facil-
itate exit from mitosis when overexpressed, perhaps by
antagonizing Clb-Cdc28 kinase activity. How SPO12 func-
tions during mitosis and meiosis is not known. In this
article, we describe studies on the level and localization of
Spol12p during mitosis and meiosis, two-hybrid partners
of Spol2p, high-copy suppression of spol2 meiotic de-
fects, mutant interactions, and the effects of SPO12 on
Clb-Cdc28 kinase activity during meiosis.

MATERIALS AND METHODS
Media and Growth Conditions

Yeast were grown in YEPD (1% Bacto-yeast extract, 2% Bacto-
peptone, 2% dextrose) (complete) or minimal (SD; 10.67% yeast
nitrogen base without amino acids, 2% dextrose, 1X amino acids)
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Table 1. Strain list

Strain number Genotype Background Source

YMG303 a/a SPO12::SPO12(Myc),-URA3/+ W303 This study
YMG304 a/a SPO13::SPO13(Myc);-URA3/+ W303 This study
YMG548 a/a SPO12(HA),/SPO12(HA), SK1 This study
YMG530 a SPO12(HA), SK1 This study
EGY48 a ura3 his3 trpl LexAOp::LEU2 EGY48 R. Brent

YMG270 a/a 5po12::hisG-URA3-hisG/spol2:: hisG-URA3-hisG W303 This study
YMG294 a/a spol3::hisG-URA3-hisG/spol3:: hisG-URA3-hisG W303 This study
YMG537 a spol12::hisG-URA3-hisG W303 This study
YMG43 a spol2::hisG-URA3-hisG W303 This study
YMG423 a sicl-1::HIS3 W303 W. Seufert
YMG422 a sicl-1::HIS3 W303 W. Seufert
YMG424 a het1-1::LEU2 W303 W. Seufert
YMG536 a cdc15-2 W303 Herskowitz
YMG484 a cdcl5-2 W303 Herskowitz
YMG485 a cdc15-2 sic1-1::HIS3 W303 This study
YMG535 a cdc15-2 spol2::hisG-URA3-hisG W303 This study
YMG654 a/a CLB1(HA),/CIb1(HA), SK1 This study
YMG655 a/a CLB1(HA),/CLB1(HA), spol12::hisG-URA3-hisG/spo12 :: hisG-URA3-hisG SK1 This study
YMG624 a/a CLB3(HA)/CLB3(HA) SK1 This study
YMG659 a/a CLB3(HA)/CLB3(HA) spol2::hisG-URA3-hisG/spo12 ::hisG-URA3-hisG SK1 This study
YMG522 a/a CLB4(HA),/CLB4(HA), SK1 This study
YMG632 a/a CLB4(HA),/CLB4(HA), spo12::hisG-URA3-hisG/spo12 :: hisG-URA3-hisG SK1 This study
YMG998 a/a CLB5(HA),/CLB5(HA), SK1 D. Stuart

YMG999 a/a CLB5(HA),/CLB5(HA), spol12::hisG-URA3-hisG/spo12 :: hisG-URA3-hisG SK1 This study
YMG526 a SIC1(HA), SK1 This study
YMG550 a/a SICI(HA), SK1 This study

medium, as described by Hicks and Herskowitz (1976). Cells were
sporulated in liquid sporulation medium (0.3% potassium acetate
and 0.02% raffinose; Kassir and Simchen, 1991) or on sporulation
plates (1% potassium, 25 ug/ml zinc acetate, 2% washed agar, and
complete amino acids as for SD). Sporulating cultures were syn-
chronized according to the standard regimen described by Padmore
et al. (1991) with the following modifications. To identify a clone of
a particular strain with high sporulation efficiency, four colonies
from the strain were grown in liquid YEPD and patched onto a
sporulation plate. The sporulation efficiency of each patch was
assessed microscopically after ~24 h. Overnight cultures corre-
sponding to the most efficient sporulators were used to inoculate
200 ml of YPA (1% potassium acetate, 2% bactopeptone, 1% yeast
extract) cultures (1:100 dilution). After ~15 h of growth in YPA, cells
were collected by filtration, washed twice in 200 ml of double-
distilled water, and resuspended in 200 ml of sporulation medium.
Time zero in each time course is defined as the time of resuspension
in sporulation medium.

Genetic and Molecular Biological Methods

Yeast genetic methods were used as described by Rose et al. (1990).
DNA manipulations were performed as described by Sambrook et
al. (1989)

Strains and Plasmids

Yeast strains used in this study are described in Table 1. pGal-
SPO12, pGal-SIC1 (Jaspersen et al., 1998), pGPD-SPO12, and pGPD-
SIC1 were all courtesy of S. Jaspersen (University of California, San
Francisco).

Epitope Tagging of Spo12, Spo13, Sicl, and Clb4

Starting plasmids for each construct were the following: pRS306-
SPO12, a 0.8-kilobase (kb) EcoRI fragment (from L. Johnston, Na-
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tional Institute for Medical Research, London, United Kingdom)
cloned into pRS306; pRS306-SPO12(long), a 1.7-kb Poull fragment
(from S. Jaspersen) cloned into pRS306; pRS306-SPO13, a 2.6-kb
BamHI/Narl fragment derived from BE806 (from R. Esposito, Uni-
versity of Chicago, Chicago, IL) cloned into pRS306; pRS306-SIC1, a
2.1-kb EcoRI/BgIII genomic fragment (from S. Jaspersen) cloned into
PRS306; and pRS306-CLB4, a 2.7-kb fragment cloned by PCR am-
plification with the use of oligonucleotides OMG66 (5'GAAAGCG-
GCCGCACCGGAATGACCTGGAACCG) and OMG67 (5'GAAA-
GAATTCGGATACCCAGCATATCAGG). This fragment was
cloned into pRS306 with the use of the Nofl and EcoRI sites intro-
duced by PCR amplification. For all of the plasmids listed above,
site-directed mutagenesis was used to introduce an in-frame BamHI
(SPO13, SIC1, and CLB4) or BgIII (SPO12) site. For N-terminal
epitope tagging, the new site was introduced just downstream of
the translational start. For C-terminal tagging of reading frames, the
site was introduced immediately upstream of the translational stop
codon. A BamHI fragment containing two copies of an 11-amino
acid HA epitope (YPYDVPDYSAL; Wilson et al., 1984) or a multim-
erized Myc epitope (EQKLISEEDLN; Evan ef al., 1985) was inserted
into the introduced site.

Construction of CLB3HA

Starting with a pGal-CLB3HA clone constructed by S. Jaspersen, a
BamHI/ Xbal fragment containing the CLB3HA reading frame was
cloned into pRS306. PCR was used to amplify a 1-kb 5 flanking
sequence (with the use of oligonucleotides OMG60 [5'CCGGAAAT-
TCACCACGTTTGACAC] and OMGeé61 [5'CCGGGGATCCAGTC-
CTGTGTTTAAG]) and a 1-kb 3’ flanking sequence (with the use of
oligonucleotides OMG62 [5" CCGGTCTAGAAAAGCCTCAGCTC-
GAGACAT] and OMG63 [5'GAAAGCGGCCGCGAACTAATCG-
TCCTGTTACC]). These fragments were sequentially cloned up-
stream (5’ flanking sequence) and downstream (3’ flanking
sequence) of the ORF in pRS306 with the use of the restriction sites
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introduced by PCR amplification. Finally, a 2.2-kb EcoRI/BglII frag-
ment derived from genomic clone A5 (Fitch ef al., 1992) was used to
substitute for the equivalent fragment in the CLB3HA genomic
clone; thus, only sequences 3’ to the HA epitope tag were derived
from PCR-amplified DNA.

Construction of CLBIHA in pRS306

A 2.5-kb fragment including the CLBIHA gene was PCR amplified
with the use of oligonucleotides OMG55 (5'GAAAGAGCTCGATT-
TCCTCATTCGTCTTCC) and OMG56 (5'GAAAGTCGACGTC-
GAAGGAATTAGGAAGGC) from a strain containing CLBIHA
(from M. Tyers, Mount Sinai Hospital, Toronto, Ontario, Canada).
The resulting fragment was then cloned into pRS306 with the use of
Spel and Sacl sites introduced by PCR amplification.

Disruption of SPO12

Starting with the spol12::TRP1 construct of Parkes and Johnston
(1992; courtesy of L. Johnston), an Xbal/BamHI fragment containing
the hisG-URA3-hisG cassette (Alani et al., 1987) was substituted for
the Xbal/BamHI fragment of spo12::TRP1, which contained most of
the TRP1 sequence, yielding spo12::hisG-URA3-hisG.

Disruption of BNS1

A 1.5-kb genomic fragment containing the BNST ORF and flanking
sequences was PCR amplified from genomic DNA with the use of
oligonucleotides OMG23 (5'CCGGGAATTCGTGCTTTAGGGCTT-
GGTGCC) and OMG24 (5'CCGGACTAGTTCGCCAGAGTTTAC-
GAACGC) and cloned into pBluescript KS* with the use of EcoRI
and Spel sites introduced in the oligonucleotides. Oligonucleotides
OMG25 (5'GGCCGGATCCCGCAAATCTGTTACTTTTTTTTAGC-
GC) and OMG26 (5'GGCCGGATCCTTTAACGGATGATGAT-
CATAAATTGGC) were then used to amplify sequences 5" and 3’ to
the ORF as well as the pBluescript backbone. This fragment was
then cut with BamHI (introduced in OMG25 and OMG26) and
religated, resulting in a circularized plasmid in which a BamHI site
was present in place of the BNS1 ORF. The resulting plasmid was
then cut with BamHI, and the BamHI/BgIIl fragment of pNKY51
(Alani et al., 1987) containing the hisG-URA3-hisG cassette was in-
serted, resulting in the bns1::hisG-URA3-hisG construct.

Construction of pLexA-SPO12

A pRS306-SPO12 clone containing a Bg/II site introduced immedi-
ately downstream of the translational start (see above) was cut with
Asp718 (filled in with the Klenow fragment of DNA polymerase)
and BglIl and cloned into pEG203 cut with Xhol (filled in with the
Klenow fragment of DNA polymerase) and BamHI to yield pLexA-
SPO12.

Immunofluorescence and DAPI Staining

Cells were processed for immunofluorescence as described by Sil and
Herskowitz (1996). DAPI staining of sporulating cells was carried out
by fixing cells in 70% ethanol or formaldehyde, rinsing once in 1X PBS,
incubating for 12 min in 1 pug/ml DAPI, washing once in 1X PBS, and
spotting on a slide for microscopic examination.

Cell Extracts and Immunoblot Analysis

Cell extracts were prepared for immunoblot analysis essentially as
described by Sanders and Herskowitz (1996) with the following
modifications. Samples were fractionated with 12.5% SDS-poly-
acrylamide gels and dry blotted with the use of a dry blot apparatus
(E&K Scientific Products, Saratoga, CA) according to the manufac-
turer’s instructions. Filters were blocked for 1-16 h in TBS contain-
ing 0.1% Triton X-100 and 2% nonfat dry milk and decorated with
a 1:1000 dilution of HA11 or 12CA5 anti-HA antibodies (Babco,
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Richmond, CA). A 1:2000 dilution of goat anti-mouse immunoglob-
ulin G heavy and light chain coupled to HRP (Bio-Rad, Richmond,
CA) was used as the secondary antibody. Spol2-HA protein was
visualized with the use of the Amersham (Arlington Heights, IL)
ECL protein detection kit.

Synchronization of Cells with a-Factor

A total of 200 ml of a SPO12-HA cells (YMG530) were grown to
ODgop = 0.3 at 30°C and arrested with 20 pg/ml a-factor (Bio-
Synthesis, Lewisville, TX) for 3-3.5 h. Cells were collected by filtra-
tion and washed twice with 200 ml of 30°C YEPD. Cells were
resuspended in 200 ml of 30°C YEPD and allowed to reenter the cell
cycle. Samples (10 ml) were taken every 10 min. One milliliter was
fixed for microscopic examination of budding index, and the re-
mainder was processed for immunoblot analysis.

Two-Hybrid Analysis

Two-hybrid analysis was performed as described by Gyuris et al.
(1993). Yeast strain EGY48 containing the reporter plasmid
pSH18-34 was cotransformed with pLexA-SPO12 and a library of
Saccharomyces cerevisizge genomic plasmids in a pJG4-5 vector con-
taining transcriptional activation domain fusions (courtesy of R.
Brent, Massachusetts General Hospital, Boston, MA). Of 385,000
independent transformants screened, 886 colonies were identified
that allowed growth on SD-LEU as a result of the activation of the
LexAop::LEU2 reporter construct. These were colony purified and
tested for the ability to activate Gal-inducible transcription of two
reporter constructs (LexAop:LEU2 and pSH18-34; Gyuris et al.,
1993) in the presence of pLEXA-SPO12. Fourteen clones were able to
do so. The specificity of the interaction of these clones with pLexA-
SPO12 was tested by analyzing the activation potential of these
clones when coexpressed with an unrelated LexA DNA-binding
domain fusion (pRFHM1; Gyuris et al., 1993). DNA sequencing of
plasmids was done with the use of an Applied Biosystems (Foster
City, CA) sequencing machine (Biomolecular Resource Center facil-
ity, University of California, San Francisco).

High-Copy Suppression Analysis

A library of S. cerevisiae genomic plasmids in the 2-um vector YEp13
(Nasmyth and Reed, 1980) was transformed into a strain homozy-
gous for spol2:hisG-URA3-hisG. Individual transformants were
patched onto selective medium to select for the library plasmid and
replica plated to sporulation medium. Cells from each patch of
sporulating cells were microscopically examined for tetrads. Ap-
proximately 8,000 independent transformants were analyzed. Plas-
mids with suppressing activity were rescued from yeast and re-
transformed into a spol2 deletion mutant. All five positive clones
were tested for the presence of SPO12 or BNS1 by PCR. For the two
clones that did not contain SPO12 or BNS1, end sequencing was
performed to map the genomic inserts. The inserts of these clones
were found to overlap in a small region containing just two com-
plete ORFs, SPO13 and ARD1. SPO12, BNS1, and SPO13 were each
subcloned into pRS425 and tested for the ability to suppress spol2 or
spol3 mutations.

Histone H1 Kinase Assays from
Sporulating Cultures

Ten-milliliter aliquots were collected from 200-ml cultures of cells
undergoing synchronous meiosis at 30- or 60-min intervals after
resuspension in sporulation medium. One milliliter was fixed for
DAPI analysis, and the remainder was processed for kinase assays
as described below. Cells were collected by centrifugation, washed
once with water, and frozen in liquid nitrogen until processing.
Pellets were then allowed to thaw on ice and were resuspended in
500 pl of IP buffer (20 mM Tris, pH 7.4, 100 mM NaCl, 50 mM NaF,
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50 mM B-glycerophosphate, 5 mM EDTA, 0.2% Triton X-100, 1 mM
PMSF, 2 pg/ml aprotinin, 2 mM benzamidine, 0.1 mM NazVO,).
Cells were lysed by bead beating twice for 1 min in a Biospec
Products (Bartlesville, OK) mini bead beater according to the man-
ufacturer’s instructions. Supernatant was collected and centrifuged
for 10 min at 4°C. Supernatant was then transferred to a fresh tube,
and protein concentration was determined by the Bradford assay
(Bio-Rad). CIbHA-Cdc28p kinase complexes were immunoprecipi-
tated from 500 ug of total protein per sample with 1 ul of 12CA5
antibody (Babco) and 40 ul of a 1:1 slurry of protein A-CL4B
Sepharose (Pharmacia, Piscataway, NJ) equilibrated in IP buffer by
rocking for 1-3 h at 4°C. Immunoprecipitates were collected by
centrifugation and washed three times in IP buffer. Immunoprecipi-
tates were then washed once in 50 mM HEPES, pH 7.4, 1 mM DTT.
Excess liquid was removed, and immunoprecipitates were resus-
pended in 20 ul of kinase assay reaction mixture (50 mM HEPES,
pH 7.4, 2 mM MgCl,, 100 uM ATP, 1 mM DTT, 5 ug of histone HI
[Fluka Chemical, Buchs, Switzerland], 2.5 uCi [3?P]yATP) and in-
cubated at room temperature for 20 min. Reactions were stopped
with 10 ul of 4X sample buffer. Samples were boiled for 10 min and
fractionated on a 12.5% SDS-polyacrylamide gel. Gels were fixed for
20 min in destain (25% methanol, 7.5% glacial acetic acid), dried,
and exposed for ~16 h.

RESULTS

Localization and Levels of Spo12p during Meiosis

To characterize Spo12p during meiosis, we constructed both
Myc and HA epitope-tagged versions of Spol2p, which
were used for immunofluorescence and immunoblotting,
respectively. Both epitope-tagged versions of Spol2p were
able to complement the meiotic defect of a homozygous
spo12 deletion mutant when integrated in single copy (our
unpublished results).

Immunofluorescence was used to determine the cellular
localization of Spol2p during meiosis. Progress through
meiosis in these experiments was monitored by DAPI stain-
ing. By immunolocalization, we saw Spol2p staining pre-
dominantly in cells that were undergoing meiosis I or mei-
osis II (Figure 1A). Cells with small, round nuclei that
exhibited Spo12p staining were occasionally observed (data
not shown). It was not possible to determine by immuno-
fluorescence whether these were sporulating cells or vege-
tative cells that had not yet entered the sporulation program
(Spol12p is also expressed during the mitotic cell cycle; see
below). In all cases, Spo12p colocalized with DAPI staining,
indicating that it is predominantly if not exclusively nuclear.
By the time the meiotic nuclear divisions were complete,
Spol2p was no longer detectable.

We used immunoblot analysis to determine the time
course of Spo12p expression during meiosis (Figure 1B). For
these experiments, we used the SKI strain background,
which progresses through meiosis relatively synchronously
(Padmore et al., 1991). Progress through meiosis was moni-
tored by DAPI staining. Spol2p first became detectable as
cells started to enter the meiotic divisions (~5 h) and was
most prominent when the cells were in meiosis I or meiosis
II. Once meiosis was complete, Spol2p was no longer de-
tectable. The lack of Spol2p at the beginning of the meiotic
time course and in cells arrested in YPA medium suggests
that the cells observed by immunofluorescence with small
round nuclei that contained Spo12p are likely to be residual
vegetative cells in the sporulating culture.
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Localization and Presence of Spo12p during
Vegetative Growth

Although the phenotype of spo12 mutants is most striking in
sporulating cells, SPO12 does have a role in vegetative
growth; spo12 mutants exhibit a slight G2/M delay (Parkes
and Johnston, 1992). SPO12 mRNA is present in vegetative
cells, and its message is one of many genes known to exhibit
cell cycle periodicity, peaking in M phase (Cho et al., 1998;
Spellman et al., 1998). Using the same epitope-tagged con-
structs as in the meiotic studies, we determined the local-
ization of Spol2p during vegetative growth and its expres-
sion throughout the mitotic cell cycle (Figure 2). As in
meiosis, Spol2p was predominantly nuclear during vegeta-
tive growth. Staining was most prominent in large-budded
cells that were going through mitosis, although staining was
also observed in unbudded cells and in cells with small
buds.

To obtain a more precise profile of the level of Spol2p
throughout the mitotic cell cycle, we used a-factor to syn-
chronize a population of cells containing epitope-tagged
Spol2p in G1. The cells were then released from a-factor
arrest, and aliquots were taken every 10 min and analyzed
for Spol2p by immunoblotting. Progress through the cell
cycle was monitored by scoring budding index (Figure 2B).
We found that Spo12p was expressed with some periodicity,
peaking as cells were in G2/M and at its lowest levels
during G1 and S (Figure 2C). The pattern of protein expres-
sion parallels the cell cycle regulation of SPO12 mRNA
observed by Parkes and Johnston (1992). In addition, Spo12p
levels are at their highest at the same point in the cell cycle
that seems to be affected in the spol2 deletion mutant, i.e.,
G2/M.

Two-Hybrid Analysis
Two-hybrid analysis was used to identify proteins that may
physically interact with Spo12p. We constructed an in-frame
fusion of the entire SPO12 ORF to the LexA DNA-binding
domain and demonstrated that this construct (pLexA-
SPO12) had no intrinsic transcriptional activity when trans-
formed into strains containing reporter constructs regulated
by LexA DNA-binding sites (not shown). To identify pro-
teins that can interact with LexA-Spol2p to activate tran-
scription, a library of S. cerevisine genomic clones in the
pJG4-5 vector (courtesy of R. Brent) was transformed into
EGY48, which contained pLexA-SPO12 and appropriate re-
porter constructs. Because a genomic library was used in this
study, in principle it should have been possible to identify
both meiotic and vegetative partners of Spol2p. Of 385,000
independent transformants, 14 were able to activate tran-
scription of two independent reporter constructs in the pres-
ence of pLexA-SPO12. These same clones were unable to
induce transcription when coexpressed with an unrelated
LexA DNA-binding domain fusion (pRFHM1; Gyuris et al.,
1993), indicating that the interaction with LexA-SPO12 was
specific. All 14 clones were sequenced to determine the
nature of the library activation domain fusion proteins.
Three of the 14 clones contained very short fusion protein
products that did not correspond to identified ORFs in the S.
cerevisiae genome. The remaining 11 corresponded to novel
or known genes (Table 2). Ten of the clones were isolated
only once in the screen; the plasmid containing the fusion to
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SPO13-Myc DAPI

Figure 1. (A) Localization of Spol2p in meiotic cells. Cells expressing Spo12-(Myc), were sporulated and costained with the anti-Myc mAb
9E10 and DAPI to visualize nuclei. Spo12-(Myc), protein colocalized with DAPI staining and was visible only in cells undergoing meiotic
divisions. (B) Time course of expression of Spol12p during meiosis. Cells homozygous for a gene replacement of Spo12-(HA), (YMG548) were
induced to undergo synchronous meiosis. Aliquots were removed at hourly intervals and processed for immunoblot analysis and DAPI
staining. The same amount of total protein was loaded per lane. Spo12-(HA), protein is indicated by an arrow. A background band present
in all samples (including in untagged strains; data not shown) is indicated by an asterisk. The YPA sample was collected from cells grown
overnight in YPA medium immediately before resuspension in sporulation medium. The 0-h time point was taken immediately after cells
were resuspended in sporulation medium. Progress through meiosis was monitored by DAPI staining. % mononucleate indicates the
percentage of cells that had not entered the meiotic divisions; % binucleate indicates the percentage of cells that were actively undergoing
meiosis I or had completed meiosis I but had not entered meiosis II; % tetranucleate indicates the percentage of cells that were undergoing
or had completed meiosis II. (C) Localization of Spo13p during meiosis. Cells expressing Spo13-(Myc); were costained with the anti-Myc mAb
9E10 and DAPI. Arrows point to the nuclei of three mononucleate cells in which Spo13p colocalized with DAPI staining. The arrowhead
shows the nucleus of a cell undergoing meiosis II in which Spo13p is not detectable.
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YDR267C was isolated twice. Three of the genes identified in
the two-hybrid screen are induced during meiosis (Chu et
al., 1998). They are MEC3, which plays a role in a DNA
damage checkpoint gene in mitotic cells (Weinert et al.,
1994); YLR132C, a novel ORF; and FURI1, which encodes
uracil phosphoribosyltransferase (Kern et al., 1990).

140

Figure 2. (A) Localization of Spol12p in vegeta-
tive cells. An asynchronous population of cells
expressing Spol2-(Myc), (strain YMG303) was
costained with the anti-Myc mAb 9E10 and
DAPIL The same field is shown with anti-Myc
staining, DAPI staining, and a phase image.
Spol2p protein was detectable in the nuclei of
most but not all cells. The arrowheads point to a
large-budded cell that exhibits Spol12p staining.
(B and C) Time course of expression of Spol12p in
vegetatively growing cells. Cells expressing
Spol2-(HA), (YMG530) were arrested with a-fac-
tor. After release from a-factor arrest, samples
were taken at 10-min intervals. Spo12-(HA), pro-
tein is indicated by an arrow. A background
band present in all samples is indicated by an
asterisk. Synchrony was monitored by counting
budding index (B). In C, the same amount of total
protein was loaded per lane. unt, untagged con-
trol; asy, sample from the asynchronous popula-
tion of cells before a-factor arrest; arr, cells ar-
rested in a-factor.

150
160
170

High-Copy Plasmid Suppression of a spo12
Mutation during Meiosis

To identify genes that can function in place of or down-
stream of SPO12 during meiosis, we carried out a screen for
high-copy plasmids that could compensate for a complete

Table 2. Genes identified in a two-hybrid screen using pLEXA-SPO12 as bait

Induced during

Gene Gene information Extent of fusion® meiosis??
YDR267C Contains WD40 repeats, similar to TAFII100 C-terminal two-thirds of protein No
YHRO73W  Similar to human oxysterol-binding protein Starts at amino acid 201 No
YPR118W  Similar to Methanococcus jannaschi translation initiation factor EIF-2B  C-terminal half of protein No
YLRO16C Novel C-terminal half of protein No
MEC3 Known role in DNA-damage checkpoint C-terminal third of protein Yes
FIR1 Found to interact with REF-2 in another two-hybrid screen Amino acids 259-817 No
YLR132C Novel Contains the whole ORF Yes
EZL1 Known transcription factor C-terminal quarter of protein No
BAT2 Branched-chain amino acid transaminase C-terminal half of protein No
FUR1 Uracil phosphoribosyltransferase C-terminal half of protein Yes
YPR152W  Similar to Mus musculus formin-binding protein C-terminal two-thirds of protein No

2 Segment of each ORF fused to the transcriptional activation domain constructs.

b According to Chu et al. (1998).
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Table 3. High-copy suppression of spo12A/spo12A and spo13A/spol3A strains

Tetrads (%)

Dyads (%) Sporulation (%)

Plasmid (in spo12A/spo12A)

YEp13 03 *06
pRS425 03 *0.7
21-36 (YEp13-SPO12) 79.6 + 2.8
47-32 (YEp13-SPO12) 72.8 2.8
PpRS425-SPO12 525+ 24
Analysis of SPO13 (in spo12A/spol12A)
17-1 (YEp13-SPO13) 91=x59
30-10 (YEp13-SPO13) 17.7 =47
PpRS425-SPO13 71+19
Analysis of BNS1 (in spo12A/spo12A)
32-1 (YEp13-BNS1) 238 +55
pRS425-BNS1 8.8 +3.3
Plasmid (in spo13A/spo13A)
YEp13 53*24
pRS425 6.6 +3.0
17-1 (YEp13-SPO13) 68.4 + 4.4
30-10 (YEp13-SPO13) 76.6 = 4.2
pRS425-SPO13 442 =45
Analysis of SPO12 (in spo13A/spo13A)
21-36 (YEp13-SPO12) 23.0=*6.1
47-32 (YEp13-SPO12) 183 £59
pRS425-SPO12 114 +27
Analysis of BNSI (in spo13A/spo13A)
32-1 (YEp13-BNS1) 87x57
PpRS425-BNS1 98 *6.4

99.7 £ 0.6 448 £23
99.7 = 0.7 61.5 = 14.9
204 £28 526 £71
272*+28 58.3 £ 8.3
478 £24 762+ 1.1
909 £59 459 £5.0
823 47 474 £32
929 £19 70.1 = 4.4
762 5.5 54473
912 =33 719 £ 5.7
947 £ 24 50.1 =34
934 + 3.0 527 £7.6
31.6 44 655+ 5.1
234 £42 689 +7.1
55.8 £4.5 61.1 = 8.5
770 = 6.1 539 £ 8.0
81.7 £59 51.3 £6.8
88.6 £2.7 543 £54
913 £5.7 527 £27
90.2 £ 6.4 399 £6.0

Plasmids were transformed into an a/a spol2A/spol2A strain (YMG270) or an a/a« spol3A/spol3A strain (YMG294). These strains were
sporulated on plates, and 200 cells from each of four independently derived transformants per plasmid were analyzed for efficiency of
sporulation and for asci. Tetrad values are the number of tetrads divided by the number of tetrads plus the number of dyads. Dyad values
are the number of dyads divided by the number of tetrads plus the number of dyads. Sporulation values are the number of tetrads plus dyads

divided by the total number of cells counted in each case (200).

deletion of SPO12. A library of S. cerevisiae genomic clones in
the 2-um vector YEp13 (Nasmyth and Reed, 1980) was trans-
formed into a strain homozygous for a spol2 deletion
(YMG270). Individual transformants were patched onto se-
lective medium to select for the library plasmid and then
replica plated to sporulation medium. Cells from each patch
of sporulating cells were microscopically examined for the
presence of tetrads, which indicated restoration of SPO12-
like activity. Of ~8000 independent transformants, 7 clones
allowed the spo12 deletion strain to form some tetrads (9-
80% of total asci; Table 3). Homozygous spol2 mutants car-
rying YEp13 formed virtually no tetrads (<0.3%; Table 3).
Plasmids with suppressing activity were rescued from yeast
and retransformed into the spol2 deletion strain. Of these,
five retained the ability to suppress the spol2 deletion at
least partially. These clones were analyzed further to deter-
mine the sequences responsible for the suppressing activity.

The two clones with the strongest ability to suppress the
deletion phenotype, 21-36 and 47-32, encoded SPO12 itself
(Table 3). A third clone, 32-1, contained YGR230W, an ORF
with homology to SPO12 (Figure 3). We have named this
ORF BNS1 for Bypasses Need for Spol2p. In addition, two
independent clones contained SPO13, another gene required
for progression through the meiotic nuclear divisions (see
below). Each of these three ORFs (SPO12, BNS1, and SPO13)
was subcloned into another high-copy vector (pRS425) to
determine whether they were responsible for the comple-
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menting activity. Suppression was observed in each case,
but the magnitude of suppression was 1.5- to 3-fold lower
than that of the original library clone. The reduced suppres-
sion may have been due to a slightly lower copy number of
clones in pRS425 than in YEp13 or to the presence of addi-
tional ORFs on the original plasmids that contribute to the
suppression, although this seems unlikely. In any case, it is
clear that overexpression of SPO12, SPO13, and BNS1 allows
a homozygous spol2 deletion strain to sporulate to form
some tetrads instead of dyads.

In an attempt to understand how BNSI and SPO13 can
partially compensate for the lack of Spol2p, we character-
ized these ORFs further. BNST mRNA is not induced during
meiosis (Chu et al.,, 1998). BNS1 is predicted to encode a
137-amino acid protein of 15.8 kDa that is homologous to
Spo12p (40% identical over 80 amino acids; Figure 3A). Like
Spol12p, the protein encoded by BNSI is very basic (predict-
ed isoelectric point of 11.22 compared with an isoelectric
point of 10.19 for Spol12p). Neither Spo12p nor Bnslp con-
tains any recognizable structural motifs, nor are they similar
to Spo13p. The highest degree of identity between Spo12p
and Bnslp is a segment of 19 amino acids that is also
homologous to at least three other hypothetical ORFs, one
from Schizosaccharomyces pombe, one from Caenorhabditis el-
egans, and, intriguingly, an expressed sequence tag isolated
from a human testis cDNA library (Figure 3B). The func-
tional significance of this homology is not known.
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A

Spo12 77 KSTSNLKS--SHTTSNLVKKTM FKRDLLKQDPKRK L--QLQQRFASPTDRLYSPCSLKLN

Bnsl 45 ILVAH l!IﬂLT FAKILC LHRQ‘LFILNT YRKRKAV EJ]QRKN JJ*IT[SI'.RJJK JZI&IL SI!]NI'.LJIQQRIL Il_tll

Spo12 133 EHKVKMFGKKKKYNPMKLNF
Bns1 105 DHKSKLFSAKSQ--PKTLEF

$. cerevisiae Spol12 117

$. cerevisiae Bns1 89

§.pombe hypothetical protein C3F10.15C 46
C. elegans cDNA clone yk492f1
Homo sapiens testis cDNA clone 1048832

Figure 3.

(A) Homology between Spol2 and Bns1. Lines indicate identical amino acids. Numbers correspond to the amino acid positions

in each protein. (B) Domain of homology shared by Spo12 and other ORFs. Amino acids identical to those found in Spo12 are shaded black.
Those in common among other ORFs but not in common with SPO12 are shaded gray. Numbers correspond to amino acid positions in each

protein where known.

To determine whether BNSI plays a role during meiosis
or vegetative growth, we replaced its coding sequence with
the hisG-URA3-hisG cassette (Alani et al., 1987). Strains ho-
mozygous for the bns1 deletion were fully viable and sporu-
lated as efficiently as wild-type strains. We also determined
the phenotype of a spo12A bnslA double mutant. These
strains were also viable and did not display any obvious
vegetative growth defects. Furthermore, when sporulated,
the spol2A bns1A double mutant formed dyads with the
same efficiency as a spol2 single mutant. Thus, although
BNS1 can partially compensate for a lack of SPO12 function
when overexpressed, it does not appear to play any role in
controlling meiotic nuclear divisions.

Analysis of Spol3p

SPO13, like SPO12, is clearly important for programming
the meiotic nuclear divisions. A homozygous spol3 deletion
mutant sporulates to form dyads with high efficiency, and as
in spol12, the single meiotic division observed in spo13 most
closely resembles meiosis II (Klapholz and Esposito,
1980a,b). To gain some additional information regarding
when and where Spol3p might act, we epitope tagged the
SPO13 ORF with the Myc epitope. This protein was able to
complement the meiotic defect of a homozygous spol3 de-
letion mutant when integrated at single copy (our unpub-
lished results). We found that like Spo12p, Spol3p is also
predominantly nuclear (Figure 1C). However, Spo13p was
detectable only before meiosis I and not during meiotic
nuclear divisions. Spol3p was seen in mononucleate cells
with large nuclei with diffuse DAPI staining. We hypothe-
size that these correspond to cells immediately before mei-
osis I, probably in the late stages of or after the completion
of premeiotic DNA synthesis. Because we were unable to
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detect Spol3p in vegetative cultures, it is unlikely that the
Spol3p-staining cells in sporulating cultures were contami-
nating vegetative cells. The temporal profiles of Spol3p and
Spol12p during meiosis suggest that SPO13 acts upstream of
SPO12.

Because of the similarity between Spo12p and Bnslp, we
tested the hypothesis that SPO13 was able to high-copy
suppress spol2 mutants by activating BNS1. If this were true,
overexpression of SPO13 should not be able to suppress a
spo12 bns1 double mutant. High-copy SPO13, however, was
able to suppress the double mutant as efficiently as it sup-
pressed spol2 single mutants (our unpublished results).

Because high-copy SPO13 was able to partially suppress
the phenotype of a spo12 deletion mutant, we tested whether
the reciprocal was also true, i.e., whether overexpression of
SPO12 could suppress the phenotype of a spol3 mutant.
High-copy plasmids encoding SPO12 or BNS1 were trans-
formed into a homozygous spo13 deletion mutant, and the
strains were sporulated (Table 3). Empty-vector and high-
copy SPO13 plasmids were used as controls. High-copy
SPO13 was, as predicted, the strongest suppressor. High-
copy SPO12 could weakly suppress the spo13 mutant phe-
notype. Although the total number of tetrads seen in high-
copy suppression of the spol3 mutant by SPO12 was
comparable to that seen by high-copy suppression of spo12
by SPO13, the magnitude of the suppression was quite
different (~3-fold versus ~37-fold; Table 3) as a result of
differences in the background number of tetrads observed in
spol2 versus spol3 mutants. In spo12 mutants, one virtually
never sees any tetrads formed, whereas in spo13 mutants, we
observed a background level of tetrads that could reach as
high as ~8%. High-copy BNS1 did not cause statistically
significant suppression of a spol3 deletion. Thus, overex-
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Table 4. Segregation analysis from crossing spo12::hisG-URA3-hisG
to either hct1-1::LEU2 or sic1-1::HIS3

Number  hct1A spol2A
of spores
Viable:inviable tetrads observed
het1-1::LEU2 X spol12::hisG-URA3-hisG
4:0 3 0
3:1 14 0
2:2 5 0
1:3 0 0
0:4 0 0
Number  sic1Aspol2A
of spores
Viable:inviable tetrads observed
sic1-1::HIS3 X spo12::hisG-URA3-hisG
4:0 12 13
3:1 7 2
2:2 0 0
1:3 1 0
0:4 0 0

Two independent diploids were dissected for each cross.

pression of BNSI can partially bypass the need for SPO12
but not SPO13 function.

Genetic Interactions of spol12 with hctl and sicl

Overexpression of SPO12 can suppress the late mitotic arrest
phenotype of a number of mutants that arrest with high
Clb-Cdc28 kinase activity (Parkes and Johnston, 1992;
Shirayama et al., 1996; Jaspersen et al., 1998), suggesting that
SPO12 may play a role in exit from mitosis. To determine
whether Spol2p may act to decrease Clb-Cdc28 kinase ac-
tivity, we tested whether deletion of SPO12 was syntheti-
cally lethal with hct1 or sicl mutants. HCT1 encodes a sub-
strate-specific regulator of the anaphase-promoting complex
(APC) and is required for degradation of Clb2p during exit
from mitosis (Schwab et al., 1997; Visintin et al., 1997). SIC1
encodes a cyclin-dependent kinase inhibitor (CKI) that is
expressed from late mitosis into G1 (Donovan et al., 1994).
Although a strain containing deletion of HCT1 or SICI alone
is viable, hct1 sicl double mutants are inviable. This result
has been interpreted to mean that as long as at least one of
the two pathways for inactivating Clb-Cdc28 kinase activity
is intact (through proteolysis mediated by Hctlp or by inhi-
bition of Clb-Cdc28 by Siclp), cells are able to progress
through the cell cycle relatively normally. Inactivation of
both pathways simultaneously, however, causes cells to ar-
rest with large buds, presumably with high Clb-Cdc28 ki-
nase activity (Schwab et al., 1997). We found that whereas
spol2 sicl double mutants were viable, spo12 hctl double
mutants were inviable (Table 4). Thus, if Spol2p inhibits
Clb-Cdc28 kinase activity, it does so in an APC-independent
manner and may facilitate the activity of a CKI, presumably
Siclp.

TcI)) investigate this hypothesis further, we found by im-
munoblot analysis that Spo12p and Siclp show similar lev-
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els throughout the mitotic cell cycle (data not shown). We
also tested whether the ability of SPO12 to suppress cdc15-2
when overexpressed (Jaspersen et al., 1998) was dependent
on SICI function. Although overexpression of SPO12 did
suppress the growth defect of a cdc15-2 mutant, it did not
suppress the defect of a cdc15-2 sic1 double mutant (Figure
4A). In addition, the ability of SIC1 to suppress cdc15 when
overexpressed (Mendenhall, 1993; Schwob et al., 1994; Toyn
et al., 1997; Jaspersen et al., 1998) was dependent on having
an intact copy of SPO12 in the genome (Figure 4B). These
results suggest that Spol2p and Siclp may act together in
vegetative cells to facilitate exit from mitosis.

Effect of Spo12p on CIb-Cdc28 Kinase Activity
during Meiosis

We examined the levels of Siclp during meiosis to test the
hypothesis that Spol2p might interact with Siclp during
meiosis to modulate Clb-Cdc28 kinase activity and thus
control progress through the meiotic nuclear divisions. We
were unable to detect any Siclp in meiotic cells, although
high levels of Siclp were found in cells arrested in YPA
presporulation medium (Dirick et al., 1998; our unpublished
results). Thus, if Spo12p interacts with a CKI during meiosis,
it is unlikely to be Siclp.

To test more directly the hypothesis that Spo12p modu-
lates Clb-Cdc28 kinase activity during meiosis, we followed
levels of kinase activity during meiosis in the wild type and
in spol2 mutants (Figure 5). For this experiment, we con-
structed HA epitope-tagged versions of the five Clb proteins
expressed during meiosis—Clblp, CIb3p, Clb4p, Clb5p, and
Clb6p (Grandin and Reed, 1993; Chu and Herskowitz, 1998;
Stuart and Wittenberg, 1998)—and introduced them individu-
ally as homozygous gene replacements into wild-type SK1 cells
or homozygous spol2 deletion mutants in the SK1 strain back-
ground. These strains were then sporulated synchronously,
and aliquots were taken at intervals of 30—60 min over a period
of 9 h, at which point most of the cells had completed the
meiotic divisions. Progress through meiosis was monitored by
DAPI staining (Table 5). Clb-associated kinases were immuno-
precipitated from the same amount of total protein from each
culture, and in vitro kinase assays were performed with his-
tone H1 as substrate. We were unable to detect any H1-asso-
ciated kinase activity in wild-type or spol2 mutant strains
containing Clb6-HA (data not shown). For the remaining
strains, no significant differences between the wild type and the
spol2 mutants in the timing or the level of activation of the
specific Clb-Cdc28 kinases were detected (Figure 5).

DISCUSSION

Spol2p plays an important role in meiosis and appears to
have a role in the mitotic cell cycle as well. We have made
several observations on SPO12 that bear on its meiotic and
mitotic roles.

Presence and Localization of Spo12p

We found that Spol2p is localized to the nucleus during
meiosis and mitosis. Spol2p is present during the meiotic
nuclear divisions but is not detectable by immunoblot or
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SD-TRP 25°C

sicl=HIS3
+pGAL-SPO12

sicl=HIS3
+pRD53

cded5s-2 sicl:HIS3
+pGAL-5PO12

cdels-2
+pRD53

edel5-2 sicl: 1S3
+pRD53

ede15-2
+pGAL-SPO12

GAL-URA 25°C

eded5s-2
+pGPD-SIC1

ede15-2 edel5-2 spol2:URA3
+pGPD +pGPD

cdcl5-2 spol2:URA3

spol2:AIRAS
+pGPD-SIC1

+pGPD-SIC1

spol2:AIRAS
+pGPD

SD-TRP 37°C

Figure 4. (A) High-copy suppression of cdc15-2 but not cdc15-2 sic1-1::HIS3 by pGAL-SPO12. Strains of the genotypes sic1-1::HIS3, cdc15-2,
and cdc15-2 sic1-1::HIS3 were transformed with pGAL-SPO12 or the vector control pRD53. They were then streaked for single colonies on SD
medium or SGAL (0.67% yeast nitrogen base without amino acids, 1X amino acids, 2% galactose, 2% Bacto-agar) medium (to induce
expression of GAL-SPO12), and plates were incubated at 25 or 37°C (the nonpermissive temperature for cdc15-2). Strains were YMG422,
YMG484, and YMG485. (B) Partial high-copy suppression of cdc15-2 but not cdc15-2 spol12 by pGPD-SIC1. Strains of the genotypes cdc15-2,
spo12:hisG-URA3-hisG, and cdc15-2 spol12::hisG-URA3-hisG were transformed with pGPD-SIC1 (the GPD promoter is constitutively active) or
a pGPD vector control, streaked for single colonies, and grown at 25 or 37°C to test the ability of pGPD-SIC1 to restore growth to strains
containing the cdc15-2 mutation. Strains were YMG536, YMG537, and YMG535.

immunofluorescence at other times, making it unlikely that
it is present but delocalized in these cells. SPO12 mRNA
levels have a similar profile during meiosis (Malavasic and
Elder, 1990; Chu et al., 1998). Immunoblot analysis of a
synchronized vegetative cell population showed that
Spol2p is present throughout the mitotic cell cycle and
peaks in G2/M. SPO12 mRNA levels have also been shown
to peak at this stage of the cell cycle (Parkes and Johnston,
1992; Cho et al., 1998; Spellman et al., 1998).

3698

Proteins That Interact with Spo12p

Candidate proteins that interact with Spol2p were iden-
tified with the use of the two-hybrid system. At least three
of the genes identified in this screen are induced to some
level during meiosis (Chu et al., 1998) and clearly warrant
further study. They are YLR132C, MEC3, and FURI.
YLR132C is a novel ORF with no known homologies. Its
transcript exhibits an expression pattern during sporula-
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Figure 5. Histone H1 kinase activity in strains undergoing syn-
chronous sporulation. Wild-type and spo12 strains homozygous for
gene replacements of CLBIHA, CLB3HA, CLB4HA, and CLB5HA
(CLB1/CLB1 [A], CLB1/CLBI1 spo12A/spo12A [B], CLB3/CLB3 [C],
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tion that is similar to that of SPO12 (Chu ef al., 1998),
suggesting that their proteins may be present at the same
time during sporulation and have the opportunity to in-
teract physically.

MEC3 is required for the DNA damage checkpoint re-
sponse in mitosis and is probably required for the meiotic
recombination checkpoint (Weinert et al. 1994; Lydall et al.,
1996; Lydall and Weinert 1997). Transcription of MEC3 is
induced twofold when cells enter the meiotic divisions (Chu
et al., 1998). Perhaps interaction between Spo12p and Mec3p
signals a meiotic cell that recombination is complete and that
the cell can execute meiosis I.

FUR1 encodes uracil phosphoribosyltransferase, which
produces UMP from uracil (Kern et al., 1990). Transcription
of FURI is induced when cells enter meiotic divisions (Chu
et al., 1998). Although a link between Spo12p and pyrimidine
metabolism is not obvious, FURI1 is notable because of a
previous functional connection between FURI and SPO12:
overexpression of either gene can suppress mitotic arrest
resulting from overexpression of stabilized Clb2 (Glotzer,
1993). Overexpression of SPO12 or FURI suppresses point
mutations but not deletions in the CLB2 destruction box.

The other candidate partners for Spol2p might function
with Spol2p during vegetative growth. Whether any of
these proteins physically interact with Spo12p remains to be
determined

Overexpression of BNS1 and SPO13 Can Partially
Suppress the spo12 Meiotic Phenotype

We used high-copy suppression of a spo12 deletion to iden-
tify proteins that can drive the two meiotic nuclear divisions
in the absence of Spol12p. The rationale was that these pro-
teins might be downstream targets of Spol2p or might by-
pass the requirement of Spo12p for the meiotic divisions. We
found two genes, BNS1 and SPO13, that could partially
compensate for a complete lack of Spol2p during meiosis.
BNS1 is the only ORF in the yeast genome with significant
homology to SPO12. Their proteins are 40% identical over
~80 amino acids, with one segment containing 14 of 19
identical residues and 4 of 19 conservative changes. Proteins
containing this segment are also found in a number of other
organisms, including S. pombe, C. elegans, and humans. The
degree of similarity with Spol2p does not extend signifi-
cantly beyond this region. In at least one other circumstance,
BNSI1 can function like SPO12: both BNS1 and SPO12 can
suppress the arrest phenotype of cdc15-2 mutants when
overexpressed (Jaspersen et al., 1998). Despite the similarity

Figure 5 (cont.) CLB3/CLB3 spo12A/spo12A [D], CLB4/CLB4 [E],
CLB4/CLB4 spol12A/spo12A [F], CLB5/CLB5 [G], and CLB5/CLB5
spo12A/spo12A [H]) were induced to undergo synchronous meiosis.
Aliquots were collected at hourly or half-hourly intervals as indi-
cated. Active Clb-Cdc28p kinase complexes were immunoprecipi-
tated from the same amount of total protein in each lane with the
use of anti-HA antibodies. Kinase activity of these complexes was
measured by an in vitro kinase assay with histone H1 as a substrate.
Progress through meiosis was monitored by DAPI staining (Table
5). In each case, the onset of histone H1 kinase activity corresponded
to the onset of the meiotic divisions. Strains were YMG654,
YMG655, YMG624, YMG659, YMG522, YMG632, YMG998, and
YMG999.
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Table 5. Progress through meiosis of strains in Figure 5.

Time
CLB1/CLB1 YPA 1 2 3 4 45 5 5.5 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 94 67 38 36 22 13 8 8
Percent binucleate 0 0 0 0 0 0 6 29 34 22 23 12 4 80
Percent tetranucleate 0 0 0 0 0 0 0 4 28 42 55 75 88 84
Time
CLB1/CLB1 spo12A/spo12A YPA 1 2 3 4 45 5 55 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 100 84 63 55 46 19 15 14
Percent binucleate 0 0 0 0 0 0 0 16 37 45 54 81 85 86
Time
CLB3/CLB3 YPA 0 2 3 4 5 6 7 8 9 24
Percent mononucleate 100 100 100 100 100 85 48 13 12 6 7
Percent binucleate 0 0 0 0 0 14 25 15 4 6 13
Percent tetranucleate 0 0 0 0 0 1 27 72 84 88 80
Time
CLB3/CLB3 spo12A/spo12A YPA 0 2 3 4 5 6 7 8 9 24
Percent mononucleate 100 100 100 100 100 100 71 28 16 14 13
Percent binucleate 0 0 0 0 0 0 29 72 84 86 87
Time
CLB4/CLB4 YPA 1 2 3 4 45 5 55 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 100 95 87 83 68 54 22 17
Percent binucleate 0 0 0 0 0 0 0 5 13 15 28 22 34 20
Percent tetranucleate 0 0 0 0 0 0 0 0 0 2 4 24 44 63
Time
CLB4/CLB4 spo12A/spo12A YPA 1 2 3 4 45 5 5.5 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 100 99 81 62 47 32 36 21
Percent binucleate 0 0 0 0 0 0 0 1 19 38 53 68 34 79
Time
CLB5/CLB5 YPA 1 2 3 4 4.5 5 55 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 73 31 20 9 15 6 7 3
Percent binucleate 0 0 0 0 0 0 27 46 33 22 12 10 7 3
Percent tetranucleate 0 0 0 0 0 0 0 23 47 69 73 84 86 94
Time
CLB5/CLBS5 spo12A/spo12A YPA 1 2 3 4 45 5 5.5 6 6.5 7 7.5 8 9
Percent mononucleate 100 100 100 100 100 100 97 78 41 33 17 17 7 6
Percent binucleate 0 0 0 0 0 0 3 22 59 67 83 83 93 94

Progress through meiosis was monitored by DAPI staining. Time is indicated in hours.

3700

Molecular Biology of the Cell



between SPO12 and BNS1, BNS1 does not appear to have a
role in meiosis: BNST mRNA is not induced during meiosis
(Chu et al., 1998), null mutants for bns1 exhibited no meiotic
phenotype, and spol12 bns1 double mutants were viable with
no obvious growth defects. Spol2p protein has been pro-
posed to be a cofactor for the protein kinase Dbf2p (Toyn
and Johnston, 1993). Perhaps Bnslp acts to facilitate the
activity of the Dbf2-related protein kinase Dbf20p.

Although both Spo12p and Spo13p are nuclear, Spo13p is
present before Spol12p. How then can suppression of spo12
by SPO13 be explained? Overexpression of SPO13 during
meiosis has been reported to delay meiosis I (McCarroll and
Esposito, 1994). spo12 mutants skip meiosis I and execute
only meiosis II (Klapholz and Esposito, 1980a,b). Perhaps
overexpression of SPO13 in spol2 mutants delays meiotic
divisions long enough that a compensatory mechanism can
trigger meiosis I. Another possibility is that overexpression
of SPO13 in spol2 mutants somehow promotes a second
round of nuclear division that follows the meiosis II-like
division that normally occurs in spol12 mutants. Assessment
of the patterns of chromosome segregation or spore viability
under conditions of suppression might make it possible to
distinguish between these two possibilities.

We have also observed that SPO12 can partially suppress
spol3 mutants when overexpressed. This suppression can be
explained if SPO12 acts downstream of SPO13, as is indi-
cated by their temporal patterns of expression. The magni-
tude of suppression might be low because Spo13p activates
targets other than Spo12p for efficient sporulation.

Synthetic Lethality of spo12 and hctl Further
Supports a Role for SPO12 in Exit from Mitosis

A critical event for exit from mitosis is the inactivation of
Clb-Cdc28 kinase activity. Although the phenotype of spo12
mutants in vegetative cells is subtle, overexpression of
SPO12 can suppress late mitotic arrest of several different
mutants. All of these mutants arrest with high Clb-Cdc28
kinase activity, leading to the hypothesis that Spo12p inhib-
its CIb-Cdc28 kinase activity in some way (Shirayama et al.,
1996). The fact that Spol2p is expressed in late mitosis and
that spo12 mutants experience a G2/M delay indicates that
SPO12 normally has a role at this time.

We observed that spo12 and hct1 are synthetically lethal.
HCT1 is a component of the APC that is required for deg-
radation of Clb2p and subsequent inactivation of Clb-Cdc28
kinase activity (Schwab et al., 1997; Visintin et al., 1997).
Synthetic lethality of spo12 with hct1, a known component of
the APC, suggests that if Spo12p acts to inhibit Clb-Cdc28
kinase activity, it does not do so via an APC-dependent
mechanism.

One possibility is that Spol2p activates a CKI. Siclp is
present from late M into G1 and is required to keep Clb5-
and Clb6-Cdc28 kinases inactive until cells are ready to
replicate their DNA (Donovan et al., 1994). Siclp may also
play a role in exit from mitosis (Donovan et al., 1994; Toyn et
al., 1997). Thus, one attractive possibility is that Spo12p may
facilitate Siclp activity during vegetative growth. Genetic
observations indicate that this hypothesis may be correct.
The ability of SPO12 when overexpressed to suppress
cdc15-2, which arrests late in mitosis with high Clb-Cdc28
kinase activity, requires functional SICI. In addition, the
ability of SIC1 to suppress cdcl5-2 requires functional
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SPO12. Therefore, these proteins may act together. For ex-
ample, interaction between Spol2p and Siclp may stabilize
Siclp and allow it to decrease Clb-Cdc28 kinase activity.
Another possibility is that Spo12p acts to inhibit SCF, which
is required for degradation of Siclp (Feldman et al., 1997;
Skowyra et al., 1997).

Spo12p Does Not Affect Clb1-, CIb3-, Clb4-, or CIb5-
Cdc28 Kinase Activity during Meiosis

The experiments in mitotic cells described above lead to the
possibility that Spol2p might regulate Clb-Cdc28 kinase
activity during meiosis. Five of the six B-type cyclins are
expressed during meiosis (all but CLB2), and deletion of the
CLB genes either alone or in combination can lead to the
reduction or complete absence of the meiotic nuclear divi-
sions, depending on the mutant combination (Grandin and
Reed, 1993; Dahmann and Futcher, 1995; Chu and Hersko-
witz, 1998; Stuart and Wittenberg, 1998). Because Spol2p
may inhibit Clb-Cdc28 kinase activity in vegetative cells,
and because of the clear importance of the Clb proteins for
meiosis, we hypothesized that Spo12p might modulate Clb-
Cdc28 kinase levels during meiosis.

We first considered the possibility that Spo12p regulates
Clb-Cdc28 kinase activity during meiosis through Siclp;
however, Siclp was not detectable in meiosis after the very
early stages and in particular was absent during the meiotic
divisions, when Spol2p is believed to be required. Our
observations provide no support for the hypothesis that
Spol2p acts via Siclp in meiosis. We then examined Clb1-,
Clb3-, Clb4-, Clb5-, and Clb6-Cdc28 kinase activities directly
in the wild type and in spo12 mutants. The levels and timing
of specific Clb-Cdc28 kinase activities (as assayed by mea-
suring histone H1 kinase activity in vitro) were indistin-
guishable for wild-type and spo12 mutant strains, indicating
that Spol2p does not regulate these species.

So what is Spol2p doing? It remains an open question
whether Spol12p regulates Clb-Cdc28 activity during meio-
sis. Perhaps Spol2p acts with Siclp during mitosis, but
during meiosis its relevant partner is an as yet unidentified
meiotic CKI. Another possibility is that Spo12p alters Clb-
Cdc28 kinase activity phosphorylation. We cannot exclude
the possibility that Spol2p regulates meiotic divisions via a
completely distinct mechanism. For example, perhaps
Spol12p (and Spol3p) are required to ensure cosegregation
of sister chromatids during meiosis I.

In summary, SPO12 is crucial for the proper regulation of
the meiotic nuclear divisions and possibly exit from mitosis
as well. The observations described here should provide
information that will ultimately contribute to the under-
standing of the function of Spol2 protein.
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