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The induction of middle meiotic promoters is a key regulatory event in the life cycle of Saccharomyces
cerevisiae that controls exit from prophase, meiosis, and spore formation. The Sum1 repressor and Ndt80
activator proteins control middle promoters by binding to overlapping DNA elements. NDT80 is controlled by
a tightly regulated middle meiotic promoter through a positive autoregulatory loop and is repressed in
vegetative cells by Suml. It has previously been shown that the meiosis-specific kinase Ime2 promotes the
removal of Sum1 from DNA. Here, we show that Suml1 is also regulated by the cyclin-dependent kinase, Cdkl1.
While suml phosphosite mutants that are insensitive to Cdkl or Ime2 complete meiosis and form spores, a
mutant that is insensitive to both Ime2 and Cdkl (sumlI-ci) blocks meiotic development in prophase with an
ndt80A-like phenotype. Ectopic expression of NDT80 or mutation of a Suml-binding element in the NDT80
promoter bypasses the sumI-ci block. Hstl is a NAD*-dependent histone deacetylase that is linked to Sum1 by
the Rfm1 tethering factor. Deletion of HST1 or RFM1 also bypasses the sumI-ci block. These results demon-
strate that Suml functions as a key meiotic brake through the NDT80 promoter and that Cdkl and Ime2

trigger exit from meiotic prophase by inhibiting the Sum1 transcriptional repression complex.

Gametogenesis is the process used by sexually reproducing
organisms to produce haploid cells that are specialized for
sexual fusion. During gametogenesis, precursor cells duplicate
the genome, undergo crossing over, and then complete two
rounds of chromosome segregation. The formation of haploids
is coupled to differentiation programs that produce gametes.
In the yeast Saccharomyces cerevisiae, the formation of hap-
loids is coupled to spore formation. Spores can germinate and
mate to regenerate diploids.

Sporulation in yeast is tightly regulated by a transcriptional
cascade that controls the sequential induction of about 1,000
genes that can be broadly classified as early, middle, and late
(5, 26). Early promoters are activated by the Imel transcrip-
tion factor, which is produced in diploid cells in response to
nutritional deprivation (the inducing signal for meiosis) (16,
21, 35). Early genes are expressed during premeiotic S phase
and during prophase, when homologous chromosomes pair,
synapse, and undergo reciprocal recombination. The expres-
sion of many early genes continues until pachytene, when ho-
mologous pairs of chromosomes are connected end to end by
synaptonemal complexes (SCs).

Middle sporulation genes (MSGs) are activated by the Ndt80
transcription factor, which specifically recognizes DNA elements
termed middle sporulation elements (MSEs) (6). NDT80 expres-
sion is IME1 dependent, and this may connect the early and
middle phases of the transcriptional cascade. The NDT80 pro-
moter is also activated in a positive autoregulatory loop by its
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own protein product. Thus, NDTS80 is transcriptionally induced
as a middle gene just prior to when most middle promoters are
induced (23). The Ndt80-inducible gene product that promotes
pachytene exit has been identified as the Cdc5 Polo-like kinase
(32). Other Ndt80-inducible gene products include cyclins that
promote the meiotic divisions and molecules such as Smk1 that
control spore morphogenesis (5, 26). Thus, the Ndt80 regulon
coordinately promotes pachytene exit, the meiotic divisions,
and spore formation.

Exit from pachytene is a key decision point in meiotic de-
velopment. In yeast, this transition is closely associated with
the commitment point, after which the inducing signal (star-
vation) is no longer needed to complete the program (31). In
addition, a checkpoint pathway that monitors recombination
intermediates and defects in SC formation (the pachytene
checkpoint) controls pachytene exit (13, 27). The pachytene
checkpoint inhibits Ndt80 (6, 12, 34), and ndt80A cells block
meiotic development at pachytene (40). These findings dem-
onstrate that Ndt80 is a central component of the regulatory
system that controls pachytene exit and commitment to meiotic
development.

MSGs are repressed during vegetative growth by Suml, a
DNA-binding protein that specifically recognizes a subset of
MSEs (39). Sum1 represses middle promoters by recruiting an
NAD *-dependent histone deacetylase (Sir2 paralog), named
Hstl, through a tethering factor, named Rfm1 (18). Sum1 also
represses transcription in an Hstl-independent fashion. Sum1
represses NDT80, and it has been proposed that a regulated
competition between the Suml repressor and the Ndt80 acti-
vator triggers the NDTS80 positive autoregulatory loop (23).
The DNA-binding domain of Ndt80 can displace the DNA-
binding domain of Suml from MSE DNA (24). In addition,
ectopic expression of Ndt80 can activate Suml-repressible
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TABLE 1. Yeast strains
Strain Genotype®

LNY 150 e MATa/MATa leu2::hisG/leu2::hisG trpl::hisG/trpl::hisG lys2/lys2 his4-N/his4-G ura3/ura3 ho::LYS2/ho::LYS2

MSY311.. .suml-i:=URA3/suml-i::URA3 cdc28-asl/cdc28-asl SMKI-HA::KAN/SMKI1-HA::KAN

MSY312.. ..cdc28-asl/cdc28-as] SMKI-HA::KAN/SMKI-HA::KAN

MSY334.. .SMKI1-HA::KAN/SMKI-HA::KAN

MSY338.. .suml-ci::URA3/SUMI SMKI-HA::KAN/SMK1-HA::KAN

MSY339.. .suml-ci::URA3/sumlI-ci::URA3 SMKI-HA::KAN/SMKI-HA::KAN

MSY349.. .suml-c::URA3/suml-c::URA3 SMKI1-HA::KAN/SMK1-HA::KAN

MSY352.. .suml-i::URA3/suml-i::=URA 3SMKI1-HA::KAN/SMK1-HA::KAN

MSY351.. ZIP1::GFP”"/zip1::GFP”% ndt80A::LEU2/ndtSOA::LEU2

MSY362.. .ZIP1::GFP"/zip1::GFP"

MSY386.. wnZipl:GFP7zip1::GFP” suml-ci::URA3/sum1-ci::URA3

MSY350.. .ndt80::TRPI1-P, ,; ;-NDT80/ndt80::TRP1-Pg, 4; -NDT80 ura3::Pgpp;-GAL4(848)-ER::URA3

MSY38S e ndt80::TRP1-Pg, 4, ;-NDT80/ndt80::TRPI-P, 4, -NDT80 ura3::P¢pp,;-GAL4(848)-ER::URA3
suml-ci::URA3/sumi-ci::URA3

MSY390.. Lhstl A KAN/hst1 A::KAN sumli-ci::URA3/suml-ci::URA3

MSY391 .. hst] A::KAN/hst]1 A KAN

MSY392.. .suml-ci::URA3/suml-ci::URA3

MSY434 . sumli-ci::URA3/sum1-ci::URA3 TRP1-NDTS80-trp1::hisG/TRP1-NDTS80-trp1::hisG
SMKI1-HA::KAN/SMKI-HA::KAN

MSYA28 ..ot suml-ci::URA3/sum1-ci::URA3 ndtSOA::LEU2/ndt80A::LEU2
TRPI1-NDT80-trp1::hisG/TRPI-NDT80-trp1::hisG

MSY426 suml-ci::URA3/suml-ci::URA3 ndt8OA::LEU2/ndt80A::LEU2 TRPI-NDTS80-trp1::hisG/trpl1::hisG

MSY438 suml-ci::URA3/suml-ci::=URA3 ndtSOA::LEU2/ndt80A::LEU2
TRPI-ndt80-AM1-trp1::hisG/TRPI-ndt80-AM1-trp1::hisG

MSY444 ..o suml-ci::URA3/sum1-ciz:URA3 TRPI1-ndt80-AM1-trp1::hisG/TRP1-ndt80-AM1-trp1::hisG
SMKI-HA::KAN/SMKI1-HA::KAN

MSY447 .. rfmlAz:KAN/rfmIA::KAN

MSY448.. afm1AzKAN/rfmIA::KAN suml-ci::URA3/sum1-ci::URA3

MSY458 .. .ndt80A:LEU2/ndtSOA::LEU2

MSY460 .. .ndt8OA:LEU2/ndt80A::LEU2 suml-c::URA3/suml-c::URA3

EWY167 suml-ci::URA3/sumlA::KAN

“ All strains are MATa/MATo diploids in the LNY150 (SK1) genetic background (35). The his4-N or his4-G allelic status of the strains has not been tested unless

otherwise indicated.

genes in vegetative cells (5). It is therefore likely that Ndt80
can competitively displace Sum1 from DNA in meiotic cells.
However, Suml is displaced from DNA in ndt80A cells that
have been transferred to sporulation medium (1). Thus, Sum1
can be removed from DNA in meiotic cells by a mechanism
that does not require Ndt80 competition.

Ime2 is a meiosis-specific cyclin-dependent kinase (CDK)-
like kinase that regulates multiple steps in meiotic develop-
ment, including induction of the program, S phase, the nuclear
divisions, and spore formation (15). It has been proposed that
Ime?2 collaborates with Cdk1 to regulate meiosis. One way that
Ime2 regulates meiotic processes is to function in place of
Cdkl. Thus, Ime2 is required for destruction of the Sicl inhib-
itor of S phase in meiotic cells, while Cdk1 complexed with G,
cyclins (which inhibit meiotic development) targets Sicl for
destruction in mitotic cells (7-10). Another well-characterized
Ime2 target is the Cdhl substrate-bridging protein for the
anaphase-promoting complex that is phosphorylated by both
Ime2 and Cdk1 as meiosis is taking place (14). In this case, the
differential sensitivities of the Ime2 and Cdk1 phosphoaccep-
tor sites to phosphatases have been proposed to play a role in
preventing S phase from taking place between meiosis I (MI)
and MIL.

It has previously been shown that Ime2 phosphorylates
Sum1 on residue T306 and that a nonphosphorylatable Sum1-
T306A protein (Suml-i) is not removed from DNA in ndtS0A
cells (1, 22). However, in otherwise wild-type (NDT80) cells,
Sum1-i does not block meiosis or spore formation. These find-

ings suggest that while Ime2 promotes the Ndt80-independent
removal of Sum1 from DNA, the removal of Sum1 is regulated
through an additional mechanism.

In this report, we show that Cdk1 negatively regulates Sum1
specifically in meiotic cells. We describe a Sum1 mutant that
is insensitive to Cdk1 and Ime?2 (sumI-ci) and show that this
mutant blocks meiosis in prophase with a phenotype that is
indistinguishable from that of ndtSOA. Ectopic expression of
NDTS80 or mutation of an MSE in the NDT80 promoter that
has previously been reported to interact with Sum1 bypasses
the sumli-ci block. Moreover, Ast/A and rfmlA mutants also
bypass the block. These findings demonstrate that Cdkl and
Ime?2 inhibit Sum1 at the NDT80 promoter in a pathway that
involves Rfm1/Hstl. The data demonstrate that Sum1 is a key
regulatory brake that must be inhibited before cells can exit
from prophase and complete meiotic development.

MATERIALS AND METHODS

Yeast strains and plasmids. All strains used in this study are listed in Table 1
and are derived from the rapidly sporulating SK1 strain background. To generate
the sumI-c and sumI-ci alleles, we started with the SK1 form of SUM1 in plasmid
PMES39 and sumI-i in plasmid pMES42 (1). All of the SP and TP minimal Cdk1
phosphoacceptor sites in the amino-terminal third of Sum1 were changed to AP
by mutating codon 242 from TCA to GCA, codon 306 from ACT to GCT, codon
313 from ACA to GCA, codon 315 from ACA to GCA, and codon 318 from
ACG to GCG using a QuikChange site-directed mutagenesis system (Stratagene,
La Jolla, CA). In addition, a silent mutation was introduced at codon 353 to
create an Mlul restriction enzyme recognition site. To change the minimal Cdk1
phosphoacceptor sites in the remaining carboxy-terminal two-thirds of Sum1, an
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Mlul/BspEI DNA fragment containing codons 353 to 834 of SUMI was chemi-
cally synthesized (Genscript, Piscataway, NJ). This DNA fragment is identical to
the wild-type (SK1 form) of SUMI except for the following substitutions: muta-
tion of codon 379 from TCT to GCT, of codon 409 from TCT to GCT, of codon
512 from TCT to GCT, of codon 616 from TCG to GCT, of codon 697 from ACC
to GCC, of codon 738 from TCA to GCA, and of codon 817 from ACT to GCT.
This mutant fragment was ligated into the Mlul/BspEI sites of plasmids pMES65
and pMES69 to create pMES71 (suml-ci) and pMES77 (suml-c), respectively.
The entire open reading frames (ORFs) of these plasmids were sequenced.
Plasmids were linearized with HindIII prior to transformation, and integrated
mutations were confirmed by sequencing DNA fragments generated by PCR.
Strains of yeast that express estradiol-inducible NDT80 were generated by
standard genetic methods and the ndt80:TRPI-Ps4; ,-NDT80 and ura3::
PGppi-GAL4(848)-ER::URA3 chromosomal insertion strains described by
Benjamin et al. (3).

The NDT80 promoter plasmids used in this study were generated in the Segall
laboratory from the set of pRS316(—505)ndt80 minigene plasmids described by
Pak and Segall (23). To construct TRPI-selectable autonomous and integrating
derivatives of these plasmids, the wild-type and MSE1A (M1A) Notl/Sall frag-
ments (containing the promoter and entire open reading frame in each case)
were subcloned into the same sites of pRS314 or pRS304, respectively, and the
promoter mutations were verified by sequencing. The pRS304 derivatives were
linearized with Xbal prior to transformation to direct integration to trpl by
homologous recombination.

Growth and sporulation. Cells were grown in YPD medium (1% yeast extract,
2% peptone, 2% glucose), SD drop-out medium (0.67% Difco yeast nitrogen
base without amino acids, 2% glucose and supplemented with nutrients essential
for auxotrophic strains), or YEPA medium (1% yeast extract, 2% peptone, 2%
potassium acetate). For sporulation, cells were grown overnight in liquid YEPA
medium to a density no greater than 107 cells/ml. Cells were harvested and
washed once in sporulation medium (2% potassium acetate, 10 pg/ml adenine,
5 pg/ml histidine, 30 wg/ml leucine, 7.5 pg/ml lysine, 10 pg/ml tryptophan, 5
pg/ml uracil) before being resuspended in sporulation medium at 4 X 107
cells/ml.

Western blotting. Cellular extracts were prepared with the NaOH lysis-trichlo-
roacetic acid precipitation procedure as previously described (29). Samples were
resolved electrophoretically through 8% polyacrylamide gels, transferred onto
Immobilon-P membranes (Millipore, Billerica, MA), and blocked at room tem-
perature in phosphate-buffered saline (PBS)-Tween (PBST) and I-block (Tropix,
Foster City, CA). Antibody staining was performed overnight at 4°C with mono-
clonal anti-hemagglutinin ([HA] 1:5,000; Covance), monoclonal anti-PSTAIR
(1:20,000; Sigma), or rabbit anti-Ime2 (1:10,000; generously provided by Aaron
Mitchell) that were visualized using an alkaline phosphatase-conjugated second-
ary antibody or rabbit anti-Ndt80 (1:50,000; generously provided by Kirsten
Benjamin) that was visualized using horseradish peroxidase-conjugated second-
ary antibody.

Miscellaneous assays and procedures. Meiosis was scored in at least 200
DAPI (4',6'-diamidino-2-phenylindole)-stained cells for each sample as previ-
ously described (37). The microscopic analysis of ZIPI-GFP”? (in which green
fluorescent protein [GFP] is inserted at position 700 of Zip1) was carried out on
live cells visualized at a magnification of X400 with a Leica microscope (Leica
Microsystems GmbH, Wetzlar, Germany) using iVision software (North York,
ON, Canada) as described previously (30, 38). To measure total Zipl-GFP
fluorescence, 2 X 107 cells were washed once and resuspended in PBS, followed
by the addition of formaldehyde to 4%. After a 10-min incubation at room
temperature, cells were washed in PBS, and fluorescence was measured using a
FLUOstar OPTIMA plate reader (BMG Labtech GmbH, Offenberg, Germany).
The incorporation of dityrosine into the spore walls of cells was carried out as
previously described using cells that had been sporulated in liquid and collected
on a nitrocellulose filter using a fritted-glass funnel (19). The preparation of total
RNA and Northern blot hybridization analyses were carried out as previously
described using the hybridization probes described by Lindgren et al. (17).

RESULTS

Inhibition of Cdkl prevents SMKI expression specifically in
suml-i cells. Ime2 functions in a meiosis-specific pathway to
promote the removal of Sum1 from middle-meiotic promoters
(1). However, a form of Suml that cannot be phosphorylated
by Ime2 (Sum1-i) has only modest effects on meiosis. Ime2 and
Cdk1 can coregulate meiotic substrates (14). One way to ad-
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FIG. 1. Inhibition of Cdkl prevents expression of Smk1 in suml-i
cells. cdkl-as1 SMK1-HA SUM1 (WT) or cdkl-asl SMKI1-HA suml-i
(suml-i) cells were transferred to sporulation medium containing
either 5 wM 1-NM-PP1 (+) to inhibit Cdkl-as1 or vehicle alone (—).
Samples were withdrawn at 0, 5, 6.5, 8, and 9.5 h postinduction, and
protein extracts were analyzed by immunoblotting using an HA anti-
body (Smk1) or a PSTAIR antiserum, which detects the constitutively
expressed Cdk1 and Pho85 proteins as a loading control (Con).

dress the possibility that Suml is coregulated by Ime2 and
Cdkl1 is to assay Sum1 activity in a sum1-i strain in which Cdk1
has been inactivated. Inhibition of a form of Cdkl that has
been engineered to be sensitive to the ATP analog 4-amino-
1-tert-butyl-3-(1-naphthylmethyl)phenylpyrazolo[3,4-d]pyrimi-
dine ([1-NM-PP1] Cdkl-asl) blocks premeiotic S phase (3).
However, Ndt80 is still produced in these blocked cells (but
with a delay). It has also been shown that cells blocked in
premeiotic S phase due to deletion of the S-phase promoting
cyclins, CIb5/Clb6, express middle genes (33). Smkl produc-
tion is an excellent readout for Sum1 repression (1, 20, 25, 39).
We assayed Smk1-HA in cdkli-asl cells that had been treated
with 1-NM-PP1. In SUM1I cells, 1-NM-PP1 delayed Smk1-HA
expression by roughly 1.5 h (Fig. 1). In contrast, treatment of
suml-i cells with 1-NM-PP1 completely eliminated Smk1-HA
expression at even the latest time point tested. One interpre-
tation of these data is that Cdk1 and Ime2 negatively regulate
Suml in meiotic cells.

A form of Suml that is insensitive to Ime2 and Cdkl1 blocks
MSG expression and meiosis. There are 11 minimal Cdkl
phosphoacceptor site occurrences (SP or TP) in Suml. We
changed all the minimal Cdk1 consensus sites in Sum1 to AP to
generate a form of Sum1 that is insensitive to Cdk1 (sum-c). The
same substitutions were introduced into the sumI-i background to
generate a form of Suml that is insensitive to both Cdkl and
Ime2 (suml-ci). Consistent with the 1-NM-PP1 experiments, the
suml-ci substitutions completely prevented removal of Sum1-de-
pendent repression as assayed by Smk1-HA expression (Fig. 2).
Importantly, suml-ci also prevented meiosis (less than 2.5%
meiosis in suml-ci diploids compared to >80% meiosis in
wild-type cells). Moreover, Ndt80 was undetectable in sum-ci
cells. sum1-ci does not prevent induction of the program since
Ime2, which is expressed as an early gene product, is expressed
on schedule in the mutant. sumI-ci is recessive since the block
to meiosis and Smk1-HA and Ndt80 induction were not
observed in a sumlI-ci/SUMI heterozygote. The sumlI-c and
the sum1-i mutants had only modest effects on the expression
of Smk1-HA, Ime2, and Ndt80, and these mutant cells com-
pleted meiosis at a rate and frequency that are comparable to
those seen in the wild type. These findings show that the Ime2
phosphoacceptor site at T306 is essential for meiotic develop-
ment when all 11 potential phosphoacceptor sites for Cdkl
have been eliminated. These data taken together with the
inhibitor studies presented in Fig. 1 suggest that Cdkl nega-
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FIG. 2. NDT80 and middle genes are not induced in a suml-ci
mutant. Cells of the indicated genotype were transferred to sporula-
tion medium; collected at 0, 5, 6.5, 8, 9.5, 11, and 24 h postinduction;
and analyzed for the completion of meiosis (lower panel). Protein
extracts prepared from the same cells were analyzed by immunoblot-
ting (upper) using antibodies for the indicated proteins. Con, control.

tively regulates Sum1 in a pathway that is redundant with Ime2.
However, it remains possible that Cdkl exerts its effect on
Suml1 through other protein kinases that phosphorylate SP/TP
sites (such as mitogen-activated protein kinases [MAPKs]). It is
also possible that protein kinases in addition to Cdk1 and Ime2
downregulate Sum1 through one or more of the 11 sites that
have been mutated in suml-c.

suml-c is defective in the NDT80-independent pathway for
removing Suml repression. We previously demonstrated that
the Suml-i protein is not removed from chromatin in the
absence of NDT80 (1). Thus, Smkl1-HA is not derepressed
when suml-i ndt80A cells are transferred to sporulation me-
dium. To test whether a suml-c mutant is also defective in
removing Sum1 repression in ndt80A cells, Smk1-HA was mon-
itored in an ndt80A suml-c strain. While Smk1-HA was ex-
pressed starting between 5 and 6.5 h in the ndt80A strain
(around the time that exit from prophase occurs in wild-type
cells), it is not expressed in the ndt80A suml-c strain even at
the latest time point tested (Fig. 3). Thus, sumI-c, similar to
suml-i, is defective in the NDT80-independent pathway for
removing Suml repression. These findings suggest that Ime2
or Cdkl can promote the removal of Suml repression in the
NDTS80-independent pathway.

suml-ci and ndt80A have similar phenotypes. It has previ-
ously been shown that Sum1 can repress the NDT80 promoter
(23, 39). The finding that Ndt80 is undetectable in a suml-ci

sumi-c
ndt804 ndt804

0‘0‘
I Y (Y I B |

Smk ‘-
ConfZissSsHERs
FIG. 3. sumli-c is defective in the NDT80-independent pathway for
removing Suml repression. The indicated diploid strains were trans-
ferred to sporulation medium; collected at 0, 5, 6.5, 8, and 9.5 h; and

analyzed by immunoblotting using an HA antibody (Smk1) or a
PSTAIR antiserum as a loading control (Con).
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FIG. 4. suml-ci and ndt80A phenotypes are similar. (A) ZIPI-GFP
(WT), ndt80A ZIP-GFP (ndt80A), and suml-ci ZIPI-GFP (suml-ci)
cells were transferred to sporulation medium, collected at various
times, and fixed, and relative fluorescence emission was monitored in
a fluorometer (n = 4). (B) Live cells were analyzed by visible differ-
ential interference contrast (DIC) microscopy or by fluorescence mi-
croscopy for Zipl-GFP (GFP) at 6 and 24 h, as indicated. The brightly
staining complex (arrows) was observed at a similar frequency in all
fluorescence-positive cells.

mutant suggests that Suml-ci blocks meiosis by repressing
NDTS80. If this is the case, then sum-ci should block cells with
an ndt80A-like phenotype. We compared the fluorescence in-
tensity of Zipl-GFP (a fluorescent marker for SC formation)
(38) in suml-ci, ndtSOA, and wild-type cultures at various times
after transfer to sporulation medium. Only a modest increase
in fluorescence emission could be detected in wild-type cul-
tures, likely reflecting the transient accumulation of SC and
the rapid degradation of SC components that occur upon
pachytene exit. In contrast, fluorescence increased throughout
the course of the experiment in both the ndtSOA and the
suml-ci cultures (Fig. 4A). Fluorescence microscopy revealed
that Zip1-GFP accumulated in wild-type, sumI-ci, and ndt§0A
nuclei starting around 5 h postinduction (Fig. 4B). As previ-
ously described, in addition to the SC fluorescence, most of the
fluorescent nuclei also contained a brightly staining complex
(38). While the fractions of fluorescence-positive nuclei
were comparable at early times (up until 6 h postinduction),
at the 24-h time point 59% of the ndtSOA nuclei and 61% of
the sumi-ci nuclei fluoresced while only 0.5% of the wild-
type nuclei fluoresced (Fig. 4B). Moreover, the frequencies
of the brightly staining complexes in the fluorescent ndtSOA
and suml-ci nuclei were identical at all time points. These
data demonstrate that sumI-ci blocks meiotic development in
prophase with a phenotype that is similar to that of ndt80A.
Ectopic expression of NDT80 bypasses the sumI-ci block. If
sumlI-ci blocks meiosis by repressing the NDT80 promoter,
then the ectopic expression of NDT80 using a heterologous
promoter might bypass the sumlI-ci block. It has previously
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FIG. 5. B-Estradiol-inducible NDT80 bypasses the sum1-ci meiotic
block. SUMI1 GAL4-ER pGAL-NDT80 (WT) and sumlI-ci GAL4-ER
PGAL-NDT80 (suml-ci) cells were transferred to sporulation medium,
and 1 pM B-estradiol (+) or vehicle alone (—) was added at 5 h to
induce expression of NDT80. The completion of meiosis (MII) was
monitored in three independent cultures at 24 h after cells were trans-
ferred to sporulation medium (error bars are too small to be visible).
Equivalent numbers of cells were collected on a nitrocellulose filter
and assayed for the presence of dityrosine, a component of the outer
layer of the spore wall, by fluorescence.

been shown that expression of NDT80 using the GALI pro-
moter (pGAL-NDTS80) can be induced using B-estradiol in
cells that have been engineered to express the Gal4 DNA-
binding protein fused to the estrogen receptor (Gal4-ER) (3,
4). This system allows one to induce NDT80 around the time
when NDTS80 is normally expressed to a level that is com-
parable to that seen in wild-type cells. sumI-ci cells in the
GALA4-ER pGAL-NDT80 background completed meiosis in a
-estradiol-dependent fashion (Fig. 5 upper). Moreover, the
fraction of B-estradiol-treated cells that completed meiosis was
only slightly lower in the sum1-ci background than in the SUM!
background. Spore formation in the SUMI and suml-ci B-
estradiol-treated cells was also comparable, as judged micro-
scopically and using a semiquantitative fluorescence assay that
detects incorporation of dityrosine into the outer layer of the
spore wall (Fig. 5, lower panel). Moreover, the viability of
enzymatically digested and microdissected spores formed by
the B-estradiol-treated suml-ci cells (71%) was only modestly
lower than the viability of the SUMI spores (91%; compare to
100% viability for wild-type spores [for each strain, n = 144
analyzed spores]). These findings demonstrate that the ectopic
expression of NDT80 can bypass the sum1i-ci block to meiosis
and spore formation and are consistent with the idea that
sumlI-ci blocks prophase exit and meiosis through the NDT80
promoter.

Mutation of the Suml-binding element in the NDT80 pro-
moter bypasses the sumlI-ci block. Pak and Segall previously
demonstrated that the NDT80 promoter is regulated by mul-
tiple DNA elements including two URS1s that respond to
Imel, an MSE that responds to Ndt80 (named M2), and an
MSE that responds to both Sum1 and Ndt80 (named M1) (23).
In their study, the deletion of M1 reduced NDT80 expression
(likely due to reduced Ndt80 binding) and also advanced the
timing of NDT80 expression (likely due to reduced Suml1 bind-
ing). We compared the ability of wild-type and NDT80-M1A
plasmids to complement the ndtS80OA strain and to bypass
suml-ci. M1A decreased the ability of the plasmid to complement
the meiotic defect of the ndt80A strain (Fig. 6A, left). In con-
trast, M1A increased the ability of the plasmid to promote
meiosis in the sumlI-ci NDTS0 strain (Fig. 6A right).
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To further assess the significance of the Suml interaction
with the NDTS80 promoter, we tested integrating NDT80 plas-
mids with or without the M1A mutation for their ability to
bypass sumI-ci. Integrating two copies of NDT80-M1A at TRPI
to generate a homozygous sumli-ci strain with two wild-type
and two M1A copies of NDTS80 caused substantially more by-
pass than integrating wild-type NDT80 (Fig. 6B, compare
strains d and f). Moreover, spore walls could be observed by
phase-contrast microscopy in the NDT80-M1A integrant while
spore walls were not detected in the wild-type NDTS80 integrant
(Fig. 6C, compare photomicrographs of strains d and f). Fur-
ther experiments with the spores formed in the NDT80-M1A
integrant showed that they were not as resistant to enzymatic
digestion as wild-type spores (resistance of the mutant to
glusulase was less than 10% of the wild-type level). Nonethe-
less, tetrads could be identified in these digested samples, and
88% of the spores from these microdissected tetrads formed
viable colonies (n = 128). Thus, NDT80-M1A efficiently bypasses
the sumi-ci block to meiosis and partially bypasses the block to
spore formation. The fact that high levels of meiosis and visible
spore formation in the sumI-ci background require both the wild-
type and M1A forms of NDT80 (Fig. 6 B, compare strains a, e,
and f) suggests that M1 functions at two genetically separable
steps in the NDT80 induction pathway: an initiation step (when
Sum1 repression is removed) and an amplification step (when the
positive autoregulatory loop is in force).

During the course of these experiments, we found that the
wild-type NDT80 plasmid caused significant levels of suml-ci
bypass (either as an episome or when integrated into the ge-
nome, as shown in Fig. 6A and B). A single integrated copy of
the wild-type NDTS80 plasmid caused approximately the same
fraction of cells to complete meiosis as two copies of NDT80 in
its normal chromosomal context. We therefore infer that plas-
mid sequences adjacent to the ND780 promoter can modestly
activate transcription. Two copies of the integrated NDT80
plasmid caused a significant increase in meiosis, and the pres-
ence of all four copies of NDTS0 caused an even greater
increase (Fig. 6B, compare strains a to d). However, spores
were not formed in any of these strains. These data demon-
strate that increased NDT80 gene dosage can overcome the
suml-ci block to meiosis. Consistent with these results, meiosis
was higher in diploids containing a single copy of suml-ci
(sumI-cifsumlIA NDTSO/NDTS80) (48.6% * 2.0%) than in the
corresponding homozygous suml-ci strain (2.2% = 0.3%).
This finding is consistent with the low abundance of the Sum1
protein reported by other investigators (11). These data sug-
gest that the balance between Suml1 and the ND780 promoter
can influence exit from meiotic prophase.

hst1A or rfmlA bypass the suml-ci block. We previously
demonstrated that the Hst1 histone deacetylase (Sir2 ortholog)
is involved in an Ndt80-independent pathway for Suml re-
moval from middle-meiotic promoters (1). AstIA cells com-
plete meiosis and form spores (17, 39). We found that an Ast/A
suml-ci double mutant completed meiosis, similar to the wild
type (Fig. 7B). Moreover, hstIA suml-ci cells formed spores
that appeared indistinguishable from wild-type cells as assayed
by phase-contrast microscopy, and these spores were positive
in the semiquantitative fluorescence assay for dityrosine incor-
poration (Fig. 7C). In addition, AstIA suml-ci spores were
mostly viable following enzymatic digestion/microdissection
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FIG. 6. NDT80 promoter mutations bypass the sum1I-ci block. (A) ndt80A or sum1i-ci diploids harboring an NDT80 plasmid controlled by the
wild-type promoter (WT), the promoter carrying a deletion of the MSE1 Sum1/Ndt80 binding site (M1A), or the plasmid lacking NDT80 () were
transferred to sporulation medium, and meiosis (MI) was scored at 24 h postinduction (n = 4). (B) sumI-ci diploids containing the indicated
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B were collected at 72 h postinduction, stained with DAPI, and analyzed using phase-contrast or fluorescence photomicrography. The arrows in
the middle photomicrographs point to cells that have completed meiosis but have failed to form spores.

(viability of the AstIA suml-ci, hst1A, and wild-type spores was
87%, 97%, and 100%, respectively [n = 144 spores analyzed
for each strain]). Thus, AstIA efficiently bypasses the suml-ci
meiotic block. We also found that deletion of Rfm1, the teth-
ering factor that links Hstl to Suml, bypassed the suml-ci
block (Fig. 7D).

Northern blot hybridization analyses showed that the IME2
early meiosis-specific gene is induced with comparable kinetics
in suml-ci, hst1A, suml-ci hst1A, and wild-type cells (Fig. 7A).
Thus, sumlI-ci and hstlA do not influence induction of meiosis
under the conditions tested. However, while IME2 mRNA
accumulation was transient in wild-type cells, IME2 mRNA
levels remained high in sumi-ci cells at the longest time point
tested (24 h). NDT80 and SMKI middle gene mRNAs were
undetectable in suml-ci samples at any of the time points
tested. Similarly, YAL0I8C, a middle gene that is repressed by
Hstl in vegetative cells (2, 18), was not induced in the sum!-ci
cells (detection of the derepressed level of YALO18C mRNA
in hst1A vegetative cells requires overexposure of the autora-
diogram [1]). In contrast to the suml-ci mutant, NDT80 is
expressed in the AstIA suml-ci double mutant with only a
modest delay and to about the same levels seen in the wild-type
and AstIA controls. Thus, AstIA efficiently bypasses suml-ci
repression at the NDTS80 promoter. Moreover, YAL0OISC,
which is activated by Ndt80 (5), is efficiently induced. There-
fore, the Ndt80 that is produced in the double mutant is active.

While SMK1 is also induced in the suml-ci hst1A cells, it is
induced at a lower level than in the wild type. We previously
demonstrated that SMKI expression can be reduced by 80%
before spore formation defects are observed (cells may make
5-fold more Smk1 than is needed to produce spores under
standard laboratory conditions) (36), and the reduction in
SMKI mRNA is therefore consistent with the ability of sum-ci
hst1A cells to form spores on schedule. These observations are
consistent with Sum1’s ability to repress the SMKI promoter in
an Hstl-independent fashion (17, 25) and indicate that middle
promoters can be differentially influenced by Suml-ci when
active Ndt80 has been produced. The nearly wild-type rates of
meiosis and spore formation observed in the suml-ci hst1A
background suggest that many (and perhaps most) middle pro-
moters are expressed at substantial levels and with nearly wild-
type kinetics in sum1i-ci cells when HST1 has been deleted.

DISCUSSION

The conversion of middle-meiotic promoters from a re-
pressed (Suml-occupied) to an activated (Ndt80-occupied)
state is a critical regulatory transition in the life cycle of S.
cerevisiae that controls exit from prophase (at pachytene) and
completion of the meiotic program. Sum1 and Ndt80 bind to
overlapping segments of DNA, and it has been proposed that
middle-promoter induction is triggered by competitive dis-
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placement (24). However, Suml can also be removed from
DNA by a pathway that does not require Ndt80 (1). Ime2
promotes the removal of Suml from DNA in the NDT80-
independent pathway. In the present study, we have shown that
Cdkl, similar to Ime?2, inhibits Sum1 (Fig. 1 and 3) and that a
form of Suml1 that is insensitive to both Cdk1 and Ime2 (Sum1-
ci) blocks NDT80 expression (Fig. 2) and prophase exit (Fig.
4). The suml-ci block can be bypassed by the ectopic expres-
sion of NDT80, mutation of a Sum1-binding site in the NDTS80
promoter, or deletion of HST! or RFMI (Fig. 5, 6, and 7).
These findings indicate that the Suml/Rfm1/Hstl complex
functions as a key regulatory brake at the NDT80 promoter
and that the phosphorylation of Sum1 by either Cdk1 or Ime2
triggers removal of the brake, induction of NDT80 expression,
and the completion of meiotic development. The ability of
either Cdk1 or Ime2 to downregulate Sum1 may allow multiple
inputs (e.g., dependency, checkpoint, and nutritional signals)
to modulate the efficiency of prophase exit.

The MSE1/Suml interaction at NDT80 as a switch. It has
previously been shown that the NDT80 promoter is repressed
in vegetative cells by a Suml-responsive MSE (M1) and by
upstream repression sequence 1 (URS1) elements (23). Thus,

NDTS80 is derepressed in vegetative cells only when both URS1
and MSE-mediated repression have been eliminated (39).
URSIs are converted from repression to activation elements in
an IMEI-dependent fashion following meiotic induction (35).
The URS1/MSE combinatorial control of the NDT80 pro-
moter therefore generates a window during meiotic develop-
ment (framed by the presence of active Imel) when Suml is
poised to function as a gatekeeper for NDT80 expression. The
genetic interactions between NDT80-MIA and suml-ci re-
ported in this study (Fig. 6) are consistent with the idea that
Sum1 bound to MSE1 functions as an NDTS80 gatekeeper. We
previously proposed that the phosphorylation of Sum1 by Ime2
downregulates the Hst1 histone deacetylase and suggested that
this is an important step in the Ndt80-independent pathway for
Sum1 removal (1). The ability of hstIA or rfimlA to bypass the
suml-ci meiotic block (Fig. 7) is consistent with this model.
These data also suggest that Ime2 and Cdkl can function
redundantly to downregulate Hstl. Sum1 and Hst1 function in
promoter-specific repression and not long-range silencing of
chromatin in S. cerevisiae (28). The role of Hstl in controlling
meiotic commitment in yeast raises the possibility that the
transient inhibition of sirtuins can trigger commitment to differ-
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entiation programs in other organisms by transiently altering the
chromatin structure of specific promoters. Taken as a whole, the
data suggest that the competition-based removal of Sum1 and
the positive autoregulatory loop at NDT80 are coupled feed-
forward mechanisms that give switch-like properties to this
transition in wild-type cells. Negative regulation of repressors
(e.g., Sum1) may be reinforced by competitive displacement of
activator/macromolecule interactions (e.g., Ndt80/DNA) to
give irreversible switch-like properties to transcriptional cas-
cades in a variety of biological systems.
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