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Cdc7-Dbf4 Is a Gene-Specific Regulator of Meiotic Transcription
in Yeast
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Meiosis divides the chromosome number of the cell in half by having two rounds of chromosome segregation follow a single
round of chromosome duplication. The first meiotic division is unique in that homologous pairs of sister chromatids segregate
to opposite poles. Recent work in budding and fission yeast has shown that the cell cycle kinase, Cdc7-Dbf4, is required for many
meijosis-specific chromosomal functions necessary for proper disjunction at meiosis I. This work reveals another role for Cdc7 in
meijosis as a gene-specific regulator of the global transcription factor, Ndt80, which is required for exit from pachytene and entry
into the meiotic divisions in budding yeast. Cdc7-Dbf4 promotes NDT80 transcription by relieving repression mediated by a
complex of Sum1, Rfm1, and a histone deacetylase, Hst1. Sum1 exhibits meiosis-specific Cdc7-dependent phosphorylation, and

mass spectrometry analysis reveals a dynamic and complex pattern of phosphorylation events, including four constitutive
cyclin-dependent kinase (Cdk1) sites and 11 meiosis-specific Cdc7-Dbf4-dependent sites. Analysis of various phosphorylation
site mutants suggests that Cdc7 functions with both Cdk1 and the meiosis-specific kinase Ime2 to control this critical transition

point during meiosis.

exual reproduction requires that specialized gametes be

formed in which the chromosome number of the organism is
reduced in half, thereby restoring the diploid chromosome num-
ber when fertilization occurs. The specialized cell division that
accomplishes this task is meiosis, where a single round of chromo-
some duplication is followed by two rounds of chromosome seg-
regation. Unique to meiosis is the first division (MI), where ho-
mologous pairs of sister chromatids segregate to opposite poles
(referred to as reductional segregation) (60). In contrast, the sec-
ond meiotic division (MII) is like mitosis, where sister chromatids
separate.

For reductional segregation, several meiosis-specific events
must occur (44). First, during premeiotic S phase, cohesin com-
plexes containing a meiosis-specific subunit are used to hold sister
chromatids together. These meiotic cohesin complexes enable co-
hesion to be lost in two steps: arm cohesion is removed prior to MI
and centromere cohesion is then lost at MII (10, 36). Second,
homologous chromosomes are physically connected by a combi-
nation of reciprocal crossovers and sister chromatid cohesion.
These connections enable proper alignment on the MI metaphase
plate. Third, sister kinetochores are modified so that they exhibit
monopolar orientation—i.e., they attach to microtubules from
only one spindle pole. In budding yeast, this is accomplished by a
multisubunit complex called monopolin that binds to kineto-
chores (63, 82). How these events are coordinated to occur in a
specific order is not well understood.

A key regulatory protein in meiosis is the highly conserved
kinase Cdc7-Dbf4. Similar to cyclin-dependent kinases, kinase ac-
tivity requires a catalytic subunit called Cdc7 and a regulatory
subunit called Dbf4 (for simplicity, this complex will here be re-
ferred to as Cdc7) (70). Cdc7 plays a key role in the initiation of
DNA replication in mitotically dividing cells by phosphorylation
of the replicative helicase Mcm2-7 (22, 45, 64, 71). Due to its
crucial role in DNA replication, CDC7 is essential for growth.
Genetic studies in yeast to look at the function of CDC7 in meiosis
have therefore used conditional alleles, including temperature-
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sensitive alleles (cdc7*) (69), transcriptional shutoff of DBF4 prior
to the onset of meiosis (84), or an analog-sensitive allele (cdc7-as)
in which kinase activity is specifically inhibited by the addition of
an inhibitor, PP1, to the medium (88, 89). In addition, the repli-
cation defect conferred by deletion of CDC7 can be bypassed by a
point mutation in one of the replicative helicase subunits called
bob1 (21).

Abrogation of Cdc7 kinase activity under certain genetic con-
ditions during meiosis results in the production of two diploid,
nonrecombinant cells (packaged into spores), similar to mitosis.
This is because Cdc7 is critical for all of the unique meiotic pro-
cesses that allow for reductional segregation: Cdc7 facilitates pre-
meiotic S phase (84, 89), the time during which meiotic cohesion
complexes generate sister chromatid cohesion. Cdc7 is required
for making the double-strand breaks (DSBs) that initiate recom-
bination (46, 56, 68, 88). In a normal meiosis, DSBs are timed to
occur after DNA replication, so that recombination is not initiated
until sister chromatids are present (7, 54). The requirement for
Cdc7 for both premeiotic DNA replication and meiotic recombi-
nation points to Cdc7 as part of the mechanism by which these
two events may be coupled (53). Cdc7 is required for the recruit-
ment of monopolin to kinetochores, thereby allowing mono-
orientation of pairs of sister chromatids (41, 46). Finally, Cdc7 is
important for the regulation of cleavage of meiotic cohesion com-
plexes at meiosis I (33).

Microarray analyses have revealed that there are waves of tran-
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scription that are temporally regulated after the induction of mei-
osis in budding yeast (14, 62). These induced genes have been
divided up into classes: early, middle, and late, based on the timing
of their transcription. Transcription of early genes is dependent
on Imel; these genes encode proteins needed in meiotic prophase
such as IME2, a protein kinase needed for premeiotic S phase (6),
and they also include DSB formation genes such as SPO11 (34)
and synaptonemal complex genes such as HOP1, RED]I, and ZIP1
(73, 78). Middle gene expression is induced by a transcriptional
activator called Ndt80 (14, 62). Ndt80 is required for expression
of, among other genes, the polo-like kinase gene, CDC5, which
allows Holliday junction resolution and synaptonemal complex
disassembly; CLB1, which forms part of the cyclin-dependent ki-
nase (Cdk1) that allows entry into MI; and SMK1, a kinase impor-
tant for spore formation (11, 37, 75). As a result, deletion of
NDTB80 results in a pachytene arrest with unresolved recombina-
tion intermediates. NDT80 induction therefore serves as a key
transition point in meiotic prophase at which cells are committed
to complete the meiotic divisions (3, 26, 92).

The promoters of many early genes contain a specific sequence
called URSI that is bound by Ume6 (9, 86). Ume6 recruits the
Sin3-Rpd3 histone deacetylase complex, as well as the Isw2 chro-
matin remodeling complex, to repress early gene transcription
during vegetative growth (20, 32, 66, 76). When MATa/MAT«
strains are transferred to sporulation medium, the transcriptional
activator Imel is recruited to URSI sites through its interaction
with Ume6, thereby allowing transcription (65, 87). Whether
Imel is tethered to the promoter via interaction with Ume6 or
results in Ume6 destruction is controversial (43).

NDTS80 contains two URS1 elements in its promoter, and its
initial transcription is dependent on Imel. However, NDT80 is a
“delayed early” gene because its expression occurs later than that
of other Imel-dependent early genes (14). This is because of a
second level of regulation exerted at the NDT80 promoter by a
repressor complex comprised of Suml, Rfml, and a histone
deacetylase, Hst1 (48,91). Sum1 is a sequence-specific DNA bind-
ing protein that binds to midsporulation elements (MSEs) present
both in the NDT80 promoter and in the promoters of other genes
in the Ndt80 regulon (24, 31, 61). Deletion of SUMI or HST1
results in middle gene expression in vegetative cells, although not
all Sum1-repressed genes require HSTI (48, 91). For Imel to ac-
tivate expression of NDT80, Sum1-mediated repression must first
be removed. This loss of repression requires the meiosis-specific
Ime2 kinase, as well as cyclin-dependent kinase (Cdkl) activity
(57, 72). Phosphorylation of Suml by these kinases promotes a
loss of Hst1 activity at the promoter and the removal of Sum1 that
in turn allows for Imel-dependent transcription of NDT80 (2,
72). The delay in Imel-mediated expression of NDT80 can there-
fore be explained by the fact that IME2 must first be transcribed
and translated before Imel-dependent transcription can occur.
Ndt80 competes with Suml for binding to MSEs, and therefore,
after Imel-dependent transcription has resulted in some Ndt80
protein, Ndt80 is able to replace Sum1 at MSEs to activate its own
transcription, as well as the transcription of middle genes (15, 57,
61). Activation of Ndt80 for this second wave of transcription is
the target of the meiotic recombination checkpoint that arrests
cells prior to MI in response to unrepaired recombination inter-
mediates or incomplete synapsis (15, 25, 40, 58, 83).

Inactivation of Cdc7 in meiosis using either cdc7*, cdc7-as plus
inhibitor, or cdc7A bob1 results in a meiotic arrest prior to MI due
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to alack of NDT80 transcription (68, 69, 89). Lo et al. (41) showed
that this arrest can be suppressed by ectopic expression of NDT80
using basal transcription from the CUPI promoter (Pyp;-
NDT80 NDT80 cdc7-as diploids are referred to as cdc7-asyprso)-
The fact that NDT80 under the control of a different promoter is
no longer subject to regulation by Cdc7 indicates that Cdc7 must
target a factor(s) that functions in the NDT80 promoter and sug-
gests a new role for Cdc7 as a gene-specific transcriptional regula-
tor. The work described below examines the mechanism by which
Cdc7 exerts this regulation and shows that the function of Ime2
and Cdk1 phosphorylation of Sum1 is to allow Cdc7-dependent
phosphorylation of the repressor, thereby promoting removal of
the Suml1/Rfm1/Hstl complex and allowing Imel-dependent
transcription of NDT80.

MATERIALS AND METHODS

Plasmids. An NDT80 URA3 integrating plasmid was generated by sub-
cloning a 4.3-kb Clal fragment containing 2.1 kb upstream and 350 bp
downstream of the NDT80 open reading frame (ORF) from pNKY1212
(92) into Clal-digested pRS306 to make pHL8. Codon 177 was changed
from CGC (arginine) to GCC (alanine) by site-directed mutagenesis using
the QuikChange kit (Stratagene) and PCR to make pHL8-R177A. The
pHL8-R177A plasmid can be targeted to integrate at ura3 by digestion
with Nsil. To make the HSTI-5HA URA3 and HST1 URA3 integrating
plasmids, a 2.4-kb Sacl fragment from pJR2289 and a 2.2-kb Sall fragment
from pJR2288 (provided by Laura Rusche, Duke University) (67) were
subcloned into SacI-digested pRS306 to create pHL16 and pHL17, respec-
tively. Digestion with Stul targets pHL16 and pHL17 to integrate at ura3.
The H310Y mutation was introduced into pHL16 and pHL17 by site-
directed mutagenesis in which codon 310 was changed from CAC to TAC.

To introduce alanine substitutions simultaneously for 12 putative
Cdc7 phosphorylation sites, the entire SUM1 ORF along with 500 bp of
upstream and 300 bp of downstream sequence was synthesized by
Genewiz, Inc. (South Plainfield, NJ). The codons for the following amino
acids were changed to GCA: S62, S278, S381, S385, T392, S393, S651,
$655, S657, T717, T815, and T1032. In addition, there are several poly-
morphisms between the SUMI sequence present in the Saccharomyces
Genome Database and the SK1 SUMI gene (72). The following SK1-
specific codons were therefore used in the synthesis: D87 (GAC), V146
(GTG), A223 (GCG), L241 (CTC), P410 (CCA), T419 (ACA), 1524
(ATT), L615 (CTG), S638 (TCA) R699 (AGA), 1748 (ATA), and E773
(GAA). As a control, the wild-type allele of SUMI containing the SK1
codons was also synthesized. BamHI and Sall sites were engineered onto
the ends of the fragments so that the genes could be cloned into pRS306 to
generate plasmids pRS306-SUM1 and pRS306-SUM1-12A, respectively.

The sum1l-ci allele was introduced into a URA3 integrating plasmid by
substituting a 2.6-kb HindIII/EcoRI fragment from pMES71 (generously
provided by Edward Winter, Thomas Jefferson University) for the corre-
sponding fragment in pRS306-SUMI. The presence of the mutations was
confirmed by DNA sequencing. The sumi-c4i allele was created using
site-directed mutagenesis of pRS306-SUMI-T306A to simultaneously
change codons T313 (ACA), S379 (TCT), S738 (TCA),and T817 (ACT) to
GCA (alanine) (QuikChange multisite-directed mutagenesis kit; Agilent
Technologies). All point mutant alleles were sequenced in their entirety by
the Stony Brook University DNA Sequencing Facility to confirm that no
additional mutations are present. The pRS306-SUM 1-based plasmids can
be targeted to integrate into the ura3 locus by digestion with Pstl.

Plasmids used for generating probes for Northern blots are pHL8
(NDT80), p18 (SPSI) (59), and p4LE159 (SPS4) (24). For a loading con-
trol, pC4/2 was used to detect an unidentified gene whose expression is
constant in vegetative cells and during sporulation (39). All of the plas-
mids used to generate probes for Northern blots were generously pro-
vided by Jacqueline Segall (University of Toronto).
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TABLE 1 Saccharomyces cerevisiae strains

Reference
Strain Genotype or source
NH144-32aF MATa leu2A::hisG his4-x hoA:LYS2 lys2 cdc7-as3-myc9 ura3 89
NH144-33bF MATo leu2-K argd-Nsp hoA::LYS2 lys2 cdc7-as3-myc9 ura3 89
NH452F MATa leu2A::hisG his4d-x ARG4 ~ hoA:LYS2  lys2  cdc7-as3-myc9 ura3 89
MATa leu2-K ~ HIS4 argd-Nsp  hoA:LYS2  lys2  cdc7-as3-myc9 ura3
NH452F::CUP1-NDT80 Same as NH452F except ura3::Pyp,-NDT80-3HA::URA3 41
NH932 Same as NH452F except ndt80A::natMX4 This work
ndt80A::natMX4
NH932::pHL8-R177A Same as NH452F except ndt80A::natMX4 ura3::ndt80-R177A::URA3 This work
ndt80A::natMX4 ura3::ndt80-R177A::URA3
NH788 Same as NH452F except sumlA:natMX4 This work
sumlA:natMX4
NH788-XC Same as NH452F except sumlA:kanMX6 This work
sumlA:kanMX6
NH1061 Same as NH452F except hst1A::kanMX6 This work
hst1A::kanMX6
NH2056 Same as NH452F except rfinlA::kanMX6 This work
rmfl1AzkanMX6
NH1068 Same as NH452F except ndt80A::natMX4 SUM1-3Flag::kanMX6 This work
ndt80A::natMX4 SUMI-3Flag::kanMX6
NH1078 MATa leu2 his4-x lys2 ho::ALSY2 cdc7-as3-myc9 ura3::HST1-5HA::URA3 This work
MATa leu2 hisd-x lys2 ho::ALSY2 cdc7-as3-myc9 ura3:HST1-5HA::URA3
hst1A::kanMX6 SUMI-3Flag::kanMX6
hst1A:kanMX6 SUMI-3Flag::kanMX6
NH1080 MATa leu2 his4-x lys2 ho::ALSY2 cdc7-as3-myc9 ura3::HST1-5HA::URA3 This work
MATa leu2 hisd-x lys2 ho::ALSY2 cdc7-as3-myc9 ura3:HST1-5HA::URA3
hstl1Az:kanMX6 ndt80A::natMX4 SUM1-3Flag::kanMX6
hst1A::kanMX6 ndt80A::natMX4 SUM1-3Flag:kanMX6
YRH38 MATa leu2-3,112 ade2-1 canl-100 his3-11,15 trpl-1 ura3-1 SUMI-1 sir2::his5* hst1AkanMX6 77

Strains. All strains used in this study are derived from the SK1 back-
ground. Genotypes can be found in Table 1. cdc7-as indicates the cdc7-
as3-9myc allele which contains the L120A and V181A mutations and nine
Myc epitopes (89). Genes were deleted using either natMX4 or kanMX6
and confirmed by yeast colony PCR (42, 81). Details of the strain con-
structions are available upon request. The cdc7-as P ;p,-NDT80 genotype
is abbreviated cdc7-asyprg0 and the construction of NH452F::CUPI1-
NDTB80 is described in reference 41.

Time courses. Diploid cells were sporulated in 2% potassium acetate
at a concentration of 3 X 107 cells/ml and shaken at 30°C as described in
reference 16. To monitor meiotic progression, 450 ul of cells collected at
various time points was mixed with 50 ul 37% formaldehyde and incu-
bated overnight at 4°C. The cells were washed with 1X phosphate-
buffered saline (PBS) two times and resuspended in 50 ul 1X PBS. Six
microliters of cell suspension was dropped on a slide and mixed with 50%
mounting medium with DAPI (4',6-diamidino-2-phenylindole; Vector
Laboratories). The number of nuclei in each cell was determined using
fluorescence microscopy. [4-Amino-1-tert-butyl-3-(p-methylphenyl)
pyrazolo[3,4-p]pyrimidine] (PP1) was generously supplied by Kevan
Shokat. PP1 was resuspended in dimethyl sulfoxide (DMSO) to make a 10
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mM stock solution and kept at —20°C. PP1 was added immediately after
cells were transferred to Spo medium to a final concentration of 15 uM.
All time course assays were performed at least three times. Due to varia-
tions that occur between experiments, representative time courses are
shown without error bars, as is standard for the field.

Quick sporulation assays. Sporulation in the presence or absence of
PP1 was monitored using a quick sporulation protocol. Individual trans-
formants were inoculated into 2 ml yeast extract-peptone-dextrose (YPD)
and grown overnight on the roller at 30°C. The cells were pelleted, washed
with water, and resuspended in 2 ml 2% potassium acetate (Spo medium).
The cells were divided into 1-ml aliquots, and 1.5 ul 10 mM PP1 (15 uM
final concentration) was added to one of the tubes. After incubation over-
night at 30°C on the roller, the cells were counted using phase-contrast
light microscopy. At least three independent colonies were sporulated for
each strain.

RNA preparation and Northern blots. Ten milliliters of sporulating
cells was collected at indicated time points and washed once with cold
water. RNA was prepared using the RiboPure-Yeast kit (Ambion). North-
ern blot assays were performed according to the instructions of the
NorthernMax-Gly kit (Ambion), and all the buffers were supplied with
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the kit. Fourteen micrograms of total RNA for each sample was used in
Northern blot assays. The gene-specific probes were generated as follows.
For NDT80, a 1.2-kb Afel/BamHI fragment from pHL8 was used. For
IME2,a 948-bp fragment was amplified using genomic DNA from the SK1
strain NH144 (27) as the template and the primers 5 AGACACAAGGT
GTAGTGGCTATAAA 3'/5" GTTCTGTATTAGTCACATTGCCTCT 3'.
For SPS1, the probe was obtained by amplifying a 940-bp PCR fragment
using pl18 and the primers 5 TATAAAGCAGTGGATAGAGTTACGC
3'/5" GAGAGTCTTGTGTAATGGGAGATAA 3'. For SPS4, an 863-bp
PCR product was generated using p4LE159 and the primers 5" CAGACA
CAAGAAGCAGTTACAGAA 3'/5" CTAAACAAACTTCTATCGGTG
ACAG 3'. The pC4/2 plasmid was digested with HindIII, and the whole
digest was used as a template to make random probes. The radioactive
probes were generated using the Prime-it IT random primer labeling kit
(Agilent) and 25 ng DNA.

Chromatin immunoprecipitation (ChIP) and quantitative PCR (q-
PCR). One liter of log-phase cells was grown in yeast extract-peptone-
acetate (YPA) to an optical density at 660 nm (ODgg) of 1.4. The cells
were pelleted, washed once with water, and resuspended in ~750 ml of
Spo medium ata density of 3 X 107 cell/ml. After removal of 250 ml for the
0-h time point, the remaining 500 ml was divided in half. PP1 was added
to one flask to a final concentration of 15 uM, and the cells were placed on
a 30°C shaker for 8 h. At each time point, formaldehyde was added to 250
ml cells to a final concentration of 1% and the cells were incubated for 20
min at room temperature (RT) with occasional shaking to allow cross-
linking. Cross-linking was stopped by addition of 37.5 ml 3 M glycine-20
mM Tris and incubation at RT for 5 min. Cross-linked cells were washed
twice with 200 ml cold TBS (20 mM Tris-HCI, pH 7.5, 150 mM NaCl) by
pelleting in a Sorvall centrifuge in an SS-34 rotor at 5,000 rpm. The pellets
were then resuspended in 10 ml cold FA-0.1% SDS (FA is 50 mM HEPES,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate) and transferred to a 15-ml Falcon tube. The cells were pelleted
and stored at —80°C until use.

To prepare chromatin, aliquots of frozen cells were thawed and resus-
pended in 1 ml FA-0.5% SDS. All of the FA solutions used were ice cold.
The cells were lysed by bead beating with 1.5 ml 0.5-mm glass beads
(Biospec) for 8 cycles: 30 s of vortexing at maximum speed and 30 s on ice.
The bottom of each tube was pierced with a red-hot 22-gauge needle,
and the tubes were inserted into plastic Nalgene 30-ml centrifuge tubes.
After the addition of 6.5 ml FA-0.1% SDS, the lysates were collected by
centrifugation at 1,000 rpm for 5 min at 4°C. The lysates were transferred
to 10.4-ml Beckman polycarbonate ultracentrifuge tubes and spun at
45,000 rpm for 20 min in an ultracentrifuge using a Ti-50 rotor at 4°C. The
supernatants were decanted, the pellets were resuspended with 8 ml FA-
0.1% SDS, and the high-speed spin was repeated. The pellets were then
resuspended in 1.5 ml FA-0.1% SDS and transferred to 2-ml cryotubes
(Sarstedt). The tubes were placed on ice, and the resuspended pellets were
sonicated for 5 pulses on setting 5 using a W-385 ultrasonic processor
(Heat Systems; Ultrasonics, Inc.): 20 s on and 20 s off. The sonicated
chromatin was then transferred to the 10.4-ml ultracentrifuge tubes, 6.5
ml ice-cold FA-0.1% SDS was added, and the samples were centrifuged at
45,000 rpm in a Ti-50 rotor for 20 min at 4°C. Supernatants containing
sheared chromatin were collected, and 800- ul aliquots were transferred to
microcentrifuge tubes for storage at —80°C or for use immediately in the
following immunoprecipitation (IP) procedure.

For each IP, 20 ul 5 M NaCl was added to an 800-ul aliquot. Seventy
microliters was transferred to a new tube to be used as the input control.
Five microliters of anti-Flag M2 mouse monoclonal antibody (Sigma) was
added to the remaining 750 ul. After rocking overnight at 4°C on a nuta-
tor, 50 ul of Dynabeads protein G beads (Invitrogen) equilibrated in
FA-0.1% SDS was added to each sample and the IP mixtures were rocked
for an additional 1.5 h at 4°C. The pellets were then washed sequentially
with the following buffers: (i) FA-0.1% SDS-275 mM NaCl, (ii) FA-0.1%
SDS-500 mM NaCl, (iii) 10 mM Tris-HCI-0.25 M LiCl-1 mM EDTA—
0.5% NP-40-0.5% sodium deoxycholate, and (iv) 1X Tris-EDTA (TE),
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pH 8.0. Each wash was performed by adding 1 ml of wash buffer and
nutating the mixture at RT for 4 min. After each wash, the beads were
separated from the wash solution using a magnet (Invitrogen) for 1 min.
To elute the chromatin off the magnetic beads, the beads were resus-
pended in 250 ul elution buffer (50 mM Tris-HCI, pH 7.5, 10 mM EDTA,
1% SDS), incubated at 65°C for 10 min, and separated from the superna-
tant on a magnet for 1 min. The supernatant containing the chromatin
was moved to a new tube, and the beads were washed once with 250 ul 1X
TE, pH 8.0, which was then pooled with the first supernatant for a total
volume of 500 ul. To reverse the cross-links, 20 ul 20-mg/ml pronase
(Roche) was added and the chromatin was incubated for 1 h at 42°C
followed by 4 h at 65°C. Fifty microliters of 4 M LiCl was added to each
tube, and the samples were vortexed and then extracted once with 400 ul
phenol-chloroform-isoamyl alcohol (25:24:1) and once with 300 wl chlo-
roform. The DNA was precipitated by adding 1 ul 20-mg/ml glycogen
(Roche) and 1 ml ice-cold 100% ethanol and incubating the mixture at
—80°C overnight. The DNA was pelleted by centrifugation at 13,000 rpm
for 10 min at RT. The pellet was washed once with 1 ml RT 100% ethanol
and dried for 5 min at RT. The DNA was resuspended in 200 ul TE, pH
8.0, for q-PCR.

For the input control, the 70 ul of sonicated chromatin was diluted
with 180 ul 1X TE, pH 8.0, and processed from the pronase step forward
along with the immunoprecipitated chromatin. The only difference is that
half of the volume of pronase and LiCl was used for preparing the input
DNA.

Each q-PCR mixture contained 4 ul DNA, 5 ul Lightcycler 480 SYBR
green I master mix (Roche), and 0.5 ul of each 10 uM primer. Reaction
mixtures were contained in a 96-well Twin Tec real-time PCR plate (Ep-
pendorf). For the NDT80 promoter, the following primers were used: 5’
GTATATGTGACTTTACATTG/GAAAGGTTAGTAAACTTTC 3’ (—320
to —301/—56 to —38). Coordinates are relative to the ATG. For the SMK1
promoter, the following primers were used: 5 GTGATTCGAAAAGTAT
CGCGC/GCGCCGAATTCTACCCTCA 3" (—135 to —115/—103 to
—85). Primers located internal to the CIT2 gene were used as negative
controls: 5 TGGACCCAAATGCCGATTATG/AGCCAACCCGTTCAA
ACCTGATG 3’ (+665 to +685/+845 to +867). Each reaction was per-
formed in triplicate using an Eppendorf Realplex 2 PCR machine with the
following parameters: step 1, 95°C for 10 min; step 2, 95°C for 15 s, 55°C
for 155, and 72°C for 25 s (repeat for 40 cycles). To calculate the percent-
age of immunoprecipitated DNA relative to the input, the following for-
mula was used: 1/(10.71 X 2CTIP = CTinput) 'yyhere 10.71 is the volume of
chromatin used for the IP (750 ml)/volume of input chromatin (70 ml)
and C; represents the average number of cycles required for the fluores-
cent signal to exceed background levels.

The percent input DNA obtained from the IPs without antibody was
subtracted from the percent input DNA obtained with the IPs using the
Flag antibody for each pair of primers. The fold increase is the ratio of
the precipitated DNA with the test primers (NDT80 or SMK1) to the
negative-control CIT2 primers.

Western blot assays. For Fig. 1D, 4A, and 6B and C, 8 ml sporulating
cells taken at the indicated time points was pelleted, resuspended with 8
ml 5% trichloracetic acid (TCA), and incubated at 4°C for 10 min with
rocking. The cells were pelleted and washed with acetone once, and the
pellet was air dried for 2 h. All lysis buffers were made fresh. Cells were
broken using 100 ul glass beads in 150 ul lysis buffer (50 mM Tris, pH 7.5,
1 mM EDTA, 27.5 mM dithiothreitol [DTT], 11 mM phenylmethylsulfo-
nyl fluoride [PMSF], 2X concentrated EDTA-free complete protease in-
hibitor cocktail tablets [Roche]) by vortexing at 4°C for 15 to 25 min until
at least 70% of cells were lysed. Seventy-five microliters 3X SDS sample
buffer was then added to each lysate, which was boiled for 5 min before
fractionation using an 8% SDS polyacrylamide gel. For Fig. 3B and 4B, 40
ml of vegetative and sporulating cells, respectively, was removed at vari-
ous time points and 100 mM PMSF in DMSO was added to a final con-
centration of 2 mM. Cells were pelleted and washed once with cold water
containing 2 mM PMSF. The cell pellet was resuspended in 500 ul B70
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buffer (50 mM HEPES-KOH, pH 7.4, 70 mM potassium acetate, 20 mM
B-glycerophosphate, 5 mM Mg-acetate, 10% glycerol, 1 mM DTT, 0.5
mM PMSF, 2X concentrated EDTA-free complete protease inhibitor
cocktail tablets [Roche]) and transferred to a 2-ml microcentrifuge tube,
and 500 pl of glass beads was added. Cells were lysed by vortexing for 20
min at 4°C. NP-40 was added to crude cell extracts to a final concentration
of 0.1%. Lysates were incubated on ice for 10 min and cleared by centrif-
ugation at 13,000 rpm for 10 min at 4°C. Supernatants were transferred to
new microcentrifuge tubes, and protein concentrations were determined
using the Bio-Rad protein assay reagent. One hundred fifty micrograms
soluble extract was loaded onto an 8% SDS polyacrylamide gel and run at
100 V for 16 h. Proteins were transferred to nitrocellulose or polyvi-
nylidene difluoride (PVDF) using a Bio-Rad semidry transfer apparatus at
2 mA/cm? for 1 h. Ndt80 protein was detected by anti-Ndt80 rabbit poly-
clonal serum (6) (a gift from Michael Lichten) at a 1:10,000 dilution,
Sum1-3Flag was detected by mouse monoclonal anti-Flag M2 antibody at
1:5,000 (Sigma; F1804), Sum1 was detected by anti-Sum1(yN-20) goat
polyclonal antibody at 1:100 (Santa Cruz; sc-26441), and Hst1-5HA was
detected by mouse monoclonal antihemagglutinin (anti-HA) 12CA5 an-
tibody at 1:10,000.

Immunoprecipitation and phosphatase treatment. Sum1-Flag was
immunoprecipitated using cells from 40 ml vegetative and sporulating
cultures. Soluble cell lysates were generated as described for Fig. 4B.
Four hundred microliters of extract containing 8 mg soluble protein
was incubated with 5 ul anti-Flag M2 antibody (Sigma) at 4°C with
rocking for 1 h. The protein-antibody complexes were captured by
adding 50 ul (1.5 mg) Dynabeads protein A slurry (30 mg/ml; Invit-
rogen) and rocked at 4°C overnight. The beads were washed with B70
buffer three times and A protein phosphatase buffer (New England
BioLabs; 50 mM HEPES, pH 7.5, 100 mM NaCl, 2 mM DTT, 0.01%
Brij 35, 1 mM MnCl,) two times. The immunoprecipitates were resus-
pended in 50 ul A phosphatase buffer and split into two tubes. A 1.5-ul
portion of A phosphatase (New England BioLabs) was added to one
tube, and both tubes were incubated at 30°C for 30 min. The samples
were boiled for 5 min after adding 7 ul 5X SDS loading buffer and then
resolved on an 8% SDS-polyacrylamide gel, transferred to nitrocellu-
lose, and probed with the anti-Flag M2 antibody.

Protein purification of Sum1-3Flag. Four hundred milliliters of cells
(NH1068) was harvested after 0 or 8 h after transfer to Spo medium with
or without 15 uM PP1 and washed once with cold water. Each pellet was
resuspended in 10 ml lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, pH
8.0, 600 mM KCl, 0.5 mM DTT, 5% glycerol, 1 mM PMSF, 2X concen-
trated EDTA-free complete protease inhibitor cocktail tablets [Roche],
phosphatase inhibitor cocktails 1 and 2 [Sigma]), and 1-ml aliquots were
placed in 10 2-ml microcentrifuge tubes. Cells were pelleted and resus-
pended in 500 ul lysis buffer with 500 ul 0.5-mm glass beads. Cells were
broken by vortexing for 20 min at 4°C. Triton X-100 was added to the
crude cell lysates to a final concentration of 1%, and lysates were incu-
bated on ice for 10 min and cleared by centrifugation at 13,000 rpm for 10
min. Suml-3Flag protein was purified using anti-Flag M2 affinity gel
(Sigma), eluted from the affinity gel using 0.1 M glycine, pH 2.5, and
precipitated with 100% TCA as described in reference 55. TCA-
precipitated Sum1-3Flag protein was resuspended in 10 ul 2X SDS sam-
ple buffer. Five microliters protein was resolved in a precast NuPAGE 3%
to 8% Tris-acetate gel (Invitrogen) at 150 V for 90 min. The gel was
stained with GelCode blue stain reagent (Thermo Scientific) according to
instructions. The Sum1-3Flag bands were sliced out of gels and subjected
to mass spectrometry (MS) analysis.

Mass spectrometry analysis of Sum1-3Flag protein. Proteins were
processed for MS as described in reference 55. Tandem MS (MS/MS)
spectra were searched using the SEQUEST algorithm (18) against a data-
base containing the Sum1-3Flag sequence and its reverse complement.
Database search criteria are as follows: two missed cleavages, a precursor
mass tolerance of 3 Da, no enzyme, static modification including alkyla-
tion of cysteine (57.02146 Da), and the following variable modifica-
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tions— oxidation of methionine (15.99491 Da), deamidation of aspara-
gine and glutamine (0.98401), and phosphorylation on tyrosine,
threonine, and serine (79.96533 Da).

The target-decoy strategy was used to distinguish correct and incorrect
spectral identifications (17), and the peptide-level false discovery rate was
restricted to <2% by using linear discriminant analysis based on several
different SEQUEST parameters, including an X, of =1.0, AX_ .,
charge state, and a minimum peptide length of 7 amino acids (29). Further
peptide processing restricted the peptide spectral matches to *5 ppm.
Phosphorylation site localization was determined using Ascore, an algo-
rithm for probability-based phosphorylation site localization (5).

RESULTS

Cdc7 kinase activity promotes Imel-dependent NDT80 tran-
scription. NDT80 is transcribed in two steps: first Imel-
dependent expression occurs and the resulting Ndt80 protein then
binds upstream of the NDT80 gene to activate its own transcrip-
tion (57). To determine whether Cdc7 regulates Imel-driven
transcription of NDT80, Ndt80-mediated expression was pre-
vented using a DNA-binding-deficient mutant of Ndt80. Based on
the crystal structure of the DNA binding domain of Ndt80 in
complex with an MSE sequence, as well as in vitro DNA binding
assays, arginine 177 (R177) was found to play a key role in binding
to the MSE (19, 38, 51). Changing R177 in the Ndt80 protein to
alanine should therefore have no effect on transcription depen-
dent on Imel, while the inability to bind MSEs should prevent
Ndt80-R177A from activating transcription of both itself and
other members of the Ndt80 regulon. Consistent with this idea,
IME?2 and ndt80-R177A transcripts were observed in the absence
of inhibitor in the cdc7-as ndt80-R177A strain, while the middle
gene SPSI was not expressed and the diploid failed to sporulate
(Fig. 1B). This is in contrast to the cdc7-as strain, where middle
gene expression occurred and 86% of the cells formed asci (Fig.
1A). Detectable ndt80-R177A expression was delayed compared
to the NDT80 diploid. This delay may be because ndt80-R177A
transcription is dependent only on Imel, whereas, in the cdc7-as
diploid, Ndt80-mediated transcription can also occur, leading to a
quicker accumulation of NDT80 message. The ndt80-R177A mu-
tation can therefore separate Imel-dependent transcription from
Ndt80-activated expression.

Inactivation of Cdc7-as by PP1 reduced and delayed transcrip-
tion of NDT80, SPS1, and SPS4, as well as the production of Ndt80
protein, consistent with previous results (Fig. 1A and D) (41).
Transcription of ndt80-R177A was abolished by addition of
PP1 (Fig. 1B). Cdc7 kinase activity therefore promotes Imel-
dependent transcription of NDT80.

Cdc7 regulation of NDT80 transcription occurs through
SUM 1. The initial phase of NDT80 transcription requires both the
presence of the Imel activator and the removal of Sum1-mediated
repression (57). Inhibition of Cdc7 has no effect on Imel-
dependent expression of early sporulation genes, suggesting that
Cdc7 acts to abolish Sum1 repression (Fig. 1A) (41). If this hy-
pothesis is correct, deletion of SUM1I should allow expression
of NDT80 and middle sporulation genes even when Cdc7-as is
inactivated by PPI1, thereby enabling the cells to proceed
through the meiotic divisions and sporulate. When Cdc7-as
was active, cdc7-as sumIA cells prematurely expressed NDT80
and entered MI ~1 hour earlier than cdc7-as cells did (Fig. 1C
and D and 2A). Inhibition of Cdc7-as arrested cdc7-as cells in
prophase, whereas cdc7-as sumlA cells proceeded through a
single meiotic division to produce binucleate cells (Fig. 2A).
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FIG 1 Early and middle meiotic gene expression in various cdc7-as diploids in the absence or presence of PP1. Diploids were transferred to Spo medium in the
absence or presence of 15 uM PP1, and cells from the indicated time points were analyzed by Northern blot assays (A to C) or immunoblot assays (D). (A) cdc7-as
(NH452F). (B) cdc7-as ndt80-R177A (NH932::pHL8-R177A). (C) cdc7-as sumlA (NH788). (D) Total cell extracts were prepared from the cdc7-as, cdc7-as
sumlA, cdc7-as hst1A (NH1061), and cdc7-asyprso (NH452F::CUP1-NDT80) diploids at the indicated time points and probed with anti-Ndt80 antibodies.

Consistent with this fact, sumIA allowed downstream targets of
Ndt80 to be expressed as well (Fig. 1C).

Bypass of the NDT80 transcriptional block by ectopic expres-
sion of NDT80 (cdc7-asnprgo) does not suppress the need for Cdc7
kinase activity for either recombination or reductional segrega-
tion at meiosis I. As a result, the asci that form are nonrecombi-
nant, diploid dyads (41). The same is true when the requirement
for Cdc7 activity for NDT80 expression is bypassed by sumlA.
Ascus formation was increased in cdc7-as sumIA cells treated with
PP1 (cdc7-as sumIA +PP1) cells to 32% compared to 2% for
cdc7-as +PP1 cells, and the majority of asci formed in the cdc7-as
sumlA +PP1 diploids were dyads (the remainder being monads)
(Fig. 2B). Cdc7 therefore promotes Imel-mediated NDT80 tran-
scription by relieving Sum1 repression.

Deletion of RFM1 and HST1I bypasses the requirement for
Cdc7 to relieve Suml-mediated repression at the NDT80 pro-
moter. Sum]l recruits Hst1 to the promoter of NDT80 via a bridg-
ing protein called Rfm1 to transcriptionally repress NDT80 in
vegetative and meiotic cells (48, 72, 91). If Cdc7 is necessary to
counteract Hst1 activity at the NDT80 promoter, then deletion of
HSTI, like sumIA, should allow NDT80 expression and suppress
the meiotic progression defect of cdc7-as +PP1 cells. Consistent
with this idea, cdc7-as hst1A + PP1 cells exhibit Ndt80 protein and
progress through a single meiotic division to make dyad asci with
kinetics similar to those of cdc7-asyprgo +PP1 cells, supporting
the idea that Cdc7 function is required to antagonize Hstl func-
tion at the NDT80 promoter (Fig. 1D and 2). As expected, deletion
of RFM1 similarly suppresses the sporulation defect of cdc7-as
+PP1 cells to produce dyads (Fig. 2B). It should be noted that
suppression in cdc7-as +PP1 cells of both production of Ndt80
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and meiotic progression by either hstIA or ectopic expression of
NDT80 is considerably delayed compared to when SUM1 itself is
deleted (Fig. 1D and 2A). This fact suggests that Cdc7 may have
additional functions in NDT80 expression beyond antagonizing
Hstl (see below).

Hstl shares a high degree of conservation with the histone
deacetylase Sir2 and exhibits deacetylase activity in vitro (8, 77)
One proposal is that Hstl deacetylation of histones or other pro-
teins at the NDT80 promoter creates a chromatin configuration
which inhibits Sum1 removal (2, 72). This model assumes that the
catalytic activity of Hstl is important for repressing Imel-
mediated transcription of NDT80, but this idea has not been
tested. We therefore constructed a catalytically inactive version of
Hst1 using Sir2 as a paradigm. In Sir2, alteration of a highly con-
served histidine at position 364 to tyrosine abolishes deacetylase
activity in vitro and silencing in vivo (8, 79, 80). This mutation has
no effect on the ability of Sir2 to form silencing complexes, sug-
gesting that it abolishes specifically the catalytic activity of the
enzyme, leaving the structure of the protein intact (79). In Hstl,
the corresponding amino acid is histidine 310. Before testing the
putative hst1-H310Y catalytic mutant in meiosis, a genetic exper-
iment was performed to confirm that hst1-H310Y is defective in
deacetylase activity.

To test whether hstI-H310Y is defective in deacetylase activity
in vivo, we took advantage of a genetic condition by which the
deacetylase activity of Hst1 substitutes for that of Sir2 to repress
transcription at the HMR silent mating type locus. SUMI-1 is a
dominant, single-amino-acid mutation that was originally identi-
fied by its ability to suppress the mating defect of sir2 mutants
(12). Suml-1, but not Suml, is recruited to origin recognition
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greater than two spores were observed.

complexes bound at HMR, which in turn recruits Hstl. The his-
tone deacetylase activity of Hstl then substitutes for that of Sir2,
thereby allowing silencing (67, 77). If the H310Y mutation abol-
ishes the catalytic activity of Hstl, then a MATa sir2 SUMI-1
hst1-H310Y haploid should fail to mate. Two versions of HSTI
were used: a tagged version, where the protein could be monitored
by immunoblot assays, and an untagged version, in case the tag
has subtle phenotypic effects. The H310Y mutation was intro-
duced into HSTI1-5HA and HST1I, and the plasmids were trans-
formed into a MAT« sir2 SUMI-1 hstIA strain. Whereas both
HSTI-5HA and HST1 allowed mating with a MATa haploid, no
mating was observed with the hstI alleles containing the H310Y
mutation (Fig. 3A). No differences in steady-state protein levels
were observed between Hst1-5HA and Hst1-H310Y-5HA, further
supporting the idea that the catalytic activity of the enzyme and
not its stability is affected by the mutation (Fig. 3B).

cdc7-as diploids carrying either hst1A, HST1, or HSTI-5HA
sporulated well, producing both dyads and tetrads (Fig. 3C). The
cdc7-as hst1-H310Y diploids did not sporulate as well as the wild
type but still produced tetrads (Fig. 3C). Inactivation of Cdc7-as
with PP1 prevented sporulation in the cdc7-as HST1 diploids. In

January 2012 Volume 32 Number 2

contrast, the cdc7-as hst1-H310Y mutants sporulated to form
dyads, similarly to cdc7-as hst1A cells (Fig. 3C). These experiments
support the idea that Hst1 deacetylase activity is required to pre-
vent Imel-dependent transcription of NDT80 and that Cdc7 ki-
nase activity is necessary to counteract this activity.

Cdc7 kinase activity regulates phosphorylation of Sum1 dur-
ing meiosis. A simple hypothesis is that Cdc7 abolishes Suml1
repression by phosphorylation of either Suml or Hstl. Suml-
3Flag and Hst1-5HA proteins were therefore analyzed in meiotic
time course assays in the presence or absence of Cdc7 kinase ac-
tivity to look for changes in protein mobility that may be indica-
tive of phosphorylation. No mobility shift was observed for Hst1
either during meiosis or when Cdc7 was inactivated (Fig. 4A). In
contrast, slower-migrating species of Sum1-3Flag were detected
specifically during meiosis in the absence of PP1 (Fig. 4A). This
shift was eliminated by inactivation of Cdc7-as, indicating that
Suml is phosphorylated in a meiosis-specific, Cdc7-dependent
fashion (Fig. 4A). The presence of slower-migrating species of
Sum1-3Flag correlates with expression of NDT80, consistent with
the idea that Cdc7-dependent modification of Suml protein is
important for NDT80 expression. While steady-state levels of
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Suml decreased as cells proceeded through meiosis, consistent
with previous observations, Sum1-3Flag protein accumulated in
the presence of PP1 (2) (Fig. 4A). This result suggests that Cdc7
kinase activity is necessary for Sum1 degradation, either indirectly
due to the induction of NDT80 or because phosphorylation of
Suml or some other protein influences Sum1 protein stability.
cdc7-as diploids arrest in prophase in the presence of PP1 but
not in its absence, raising the possibility that Sum1 modification
occurs downstream of Ndt80 activation. This idea was ruled out
by looking at Sum1-3Flag in an isogenic diploid homozygous for
ndt80A, where cells arrest independently of PP1 (92). A meiosis-
specific Cdc7-dependent mobility shift was observed in this strain
as well (Fig. 4B). The mobility shift observed after 8 h in Spo
medium was removed by phosphatase treatment, confirming that
the Cdc7-dependent shift is due to phosphorylation (Fig. 4C).
Identification of in vivo phosphorylation sites on Suml in
vegetative and meiotic cells. To map phosphorylation sites on
Sum1, Sum1-3Flag protein was purified from cdc7-as ndt80A cells
and analyzed by mass spectrometry (MS). Three conditions were
examined: 0 h after transfer to Spo medium (i.e., vegetative cells),
8 h in Spo, and 8 h in Spo plus PP1. ndt80A was included so that
the cultures would arrest prior to MI independently of Cdc7 ac-
tivity. The Cdc7-dependent, meiosis-specific mobility shift was
detectable on the GelCode blue-stained proteins (Fig. 5A). The
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total peptide coverage for Sum1-3Flag protein from three condi-
tions (T = 0, 8, and 8+PP1) was 71% (peptide coverage for the
individual proteins is shown in Fig. S1 and the distribution of each
peptide under the different conditions is provided in Table S1,
both in the supplemental material). Phosphorylation sites are in-
dicated in Fig. 5B. This MS analysis indicates that the pattern of
Sum1 phosphorylation is dynamic, includes both constitutive and
meiosis-specific Cdc7-dependent and -independent sites, and
likely results from the action of several kinases under vegetative
and meiotic conditions.

Cdc7-independent phosphorylation sites. Suml T306 is
phosphorylated by Ime2 in vitro and in vivo (2, 52). Detection of
T306 phosphorylation using phosphospecific antibodies demon-
strated that T306 phosphorylation is dynamic and is lost by 8 h
after induction of meiosis (2). We were unable to detect phos-
phorylation of T306 in Sum1 from meiotic cells. This is not sur-
prising for the protein derived from cells where Cdc7 is active,
since T306 phosphorylation is no longer detectable by 8 h, the
time point used for this analysis. It may also be that this phosphor-
ylation is not stable during the arrest induced by cdc7-as plus PP1.
Another explanation for not detecting phosphorylation at this site
may be because T306 is surrounded by several other potential
phosphorylation sites, thereby making assignment of phosphates
to a particular serine or threonine by MS difficult.
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Shin et al. (72) identified 11 putative minimal Cdk1 sites in
Suml. We were unable to determine the phosphorylation state of
five of these sites, S242, S409, S512, S616, and T697, as these pep-
tides were not detected by MS under any conditions (72) (see Fig.
S1 in the supplemental material). Four of these sites, S313, S379,
S738, and T817, exhibited constitutive phosphorylation (i.e.,
present in both vegetative and meiotic cells) that was independent
of Cdc7 (Fig. 5B). Phosphorylation of the remaining two sites,
S315 and S318, was observed only in cdc7-as cells arrested with
PP1. This phosphorylation is therefore meiosis specific and may
be removed as cells progress through meiosis so that the phos-
phates are gone by 8 h. In contrast, the cdc7-as +PP1 cells are
arrested prior to MI, perhaps allowing phosphorylation to be
maintained. It should be noted that, with the exception of S379
and S738, which have previously been shown to be phosphory-
lated by Cdkl in vegetative cells (28), the possibility that some or
all of these sites are phosphorylated by a proline-directed kinase
other than Cdk1 cannot be ruled out (49).

By combining alanine substitutions for the 11 putative Cdkl
sites with one at the Ime2 T306 site, Shin et al. created an allele,
suml-ci, that fails to sporulate due to an inability to eliminate
Suml repression (72). To determine whether phosphorylation of
the four constitutive Cdkl sites, in combination with T306 phos-
phorylation, is sufficient to promote NDT80 expression and allow
sporulation, S313, $379, S738, and T817 were changed to alanine
along with T306A to make surm1I-c4i. Two copies of suml-c4i were
introduced into a cdc7-as sumIA diploid, and SUMI and sum1-ci
diploids were included as controls. Compared to wild type, which
exhibited 87.5% sporulation (5.1, n = 3), a reduction in sporu-
lation was observed for both sumlI-ci and suml-c4i (43.8% =
10.7% and 29.7% * 5.0%, respectively). This sumI-ci phenotype
is not as strong at that reported by Shin et al., where <2.5% spo-
rulation was observed (72). For reasons that are not clear, the
suml-c4i phenotype is stronger than the sum1-ci diploid. sumI-ci
suppression is very sensitive to the levels of sum-ci as well as
NDT80, raising the possibility that Suml1 protein may be more
limiting in our strains than in those of Shin et al. The SUMI,
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suml-ci, and sum1-c4i alleles were therefore transferred into high-
copy-number plasmids and tested for sporulation. The high-
copy-number plasmids containing sum1i-ci and suml-c4i exhib-
ited reductions in sporulation similar to those of the diploids with
two integrated copies (SUM1I, 79.0 * 2.0; suml-ci, 52 = 5.4; and
suml-cdi, 24.3 = 4.5; n = 3). The fact that the sporulation defect
was not exacerbated by overexpression of the suml mutants sug-
gests that limiting Sum1 protein is not responsible for the higher
level of sporulation that we observed compared to that observed
by Shin et al.

The sumlI-c4i defect was even more apparent when meiotic
progression was analyzed, with entry into the meiotic divisions
delayed by 6 h compared to cdc7-as SUMI (Fig. 6A). Consistent
with the meiotic progression delay observed with active Cdc7,
Ndt80 protein appeared 4 h later than in the cdc7-as SUM1 dip-
loid. The cdc7-as suml-c4i diploid arrested in prophase when
Cdc7-as was inactivated by PP1, indicating that the alanine sub-
stitutions in the Sum1-c4i protein do not compromise its ability to
repress transcription (Fig. 6A). The meiosis-specific mobility shift
of Suml-c4i was greatly reduced and resembled that observed
when Cdc7 was inactivated by PP1 (Fig. 6B and C). These results
suggest that the combined phosphorylation of Ime2 T306 with
one or more of the four constitutively phosphorylated putative
Cdk1 sites promotes the phosphorylation of Sum1 by Cdc7.

In addition to the Ime2 and putative Cdk1 sites, a number of
phosphorylated amino acids were observed in the presence of PP1,
indicating that they are independent of Cdc7 (Fig. 5B). The ki-
nases responsible for these phosphorylation events remain to be
determined.

Cdc7-dependent phosphorylation sites. Amino acids whose
phosphorylation is dependent upon Cdc7 in meiotic cells can be
inferred from a pattern in which phosphorylation is absent when
Cdc7-as is inactivated by PP1. If one assumes that Cdc7 is also
required for vegetative phosphorylation of these amino acids, the
Cdc7-dependent sites can be divided into constitutive and
meiosis-specific groups. The constitutive sites are S20, S311, S378,
and T1032. The MS analysis detected nine sites that may be
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FIG 5 Mapping phosphorylation sites on Sum1 under vegetative and meiotic conditions. A cdc7-as ndt80A SUMI-3Flag diploid (NH1068) was transferred to Spo medium, and
Sum1-3Flag was purified after 0 h, 8 h, or 8 h with 15 uM PP1. (A) GelCode blue staining of Sum1-3Flag proteins used for MS analysis. (B) The Sum1-3Flag protein sequence is
shown with phosphorylated amino acids indicated by larger letters. Circles below each phosphorylated amino acid indicate the three different conditions, with the bottom circle
representing 0 h, the middle circle representing 8 h with PP1, and the top circle representing 8 h in Spo medium. Absence of a circle means that the peptide containing that
phosphorylated residue was not detected under that condition. Open circles mean no phosphorylation. The circles are color coded based on Ascore value, which represents the
degree of confidence that a particular amino acid is phosphorylated. Red, Ascore value >19, indicating 99% certainty; green, Ascore value <19 and >13, indicating 95% certainty;
blue, Ascore value <13, indicating less than 95% certainty. Red letters at the end of the protein indicate the three Flag epitopes.

meiosis-specific, Cdc7-dependent sites (i.e., they are not phos-  tides containing these amino acids were observed for the 0 h and 8
phorylated in vegetative cells or in meiosis in the presence of PP1):  h plus PP1 conditions, respectively, this cannot be determined
S62, S278, S381, S385, T392, S651, S655, S657, and T815. (S393  definitively from this analysis.) These 11 sites include ones where
and T717 may also belong to this class, although because no pep-  the Ascore value is low and their phosphorylation status is there-
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FIG 6 Meiotic progression, Sum1 phosphorylation, and NDT80 expression in cdc7-as diploids containing various alleles of SUMI. The cdc7-as sum1A diploid,
NH788-XC, containing two copies of either pRS306, SUMI, sum1-12A, or sum1I-c4i, was transferred to Spo medium and analyzed at different times. (A) Meiotic
progression was monitored by DAPI staining of cells sporulated in the absence or presence of 15 uM PP1. (B) Immunoblots of cdc7-as SUM1I, cdc7-as sum1-c4i,
and cdc7-as sumI-12A strain time courses probed with anti-Sum1 and anti-Ndt80 antibodies as indicated. (C) Side-by-side comparison of Sum1 and Ndt80
mobilities in the cdc7-as SUMI, cdc7-as suml-c4i, and cdc7-as sum1-12A diploids from the 6-h time point.

fore questionable (Fig. 5B). Cdc7 prefers to phosphorylate amino To test whether any of these sites is responsible for the meiosis-
acids directly upstream of a negative charge that can be provided  specific, Cdc7-dependent Sum1 mobility shift, an allele of SUM1,
either by aspartic or glutamic acid or by phosphorylation (13, 50,  sum1i-12A, was synthesized in which the meiosis-specific, Cdc7-
64, 88). Of the 11 Cdc7-dependent phosphorylation sites, S62, dependent phosphorylated amino acids were mutated to alanine

$278, T392, and S655 meet one of these criteria.
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and T1032, a constitutive Cdc7-dependent site which was origi-
nally classified as meiosis specific). The 12 alanine substitutions do
not compromise Sum1’s ability to repress NDT80 transcription,
as evidenced by the fact that cdc7-as sumI-12A +PP1 cells arrest
prior to ML, similar to cdc7-as SUM1 +PP1 cells (Fig. 6A). If the
mutated amino acids are the sole targets of Cdc7 with regard to
Suml regulation, then the sumi-12A diploid should arrest even
when Cdc7 is active due to a failure to induce NDT80 transcrip-
tion. This was not the case, as sporulation was unaffected in the
cdc7-as suml-12A strain (83% = 4.8%). However, meiotic pro-
gression was delayed in the mutant approximately 4 h compared
to the cdc7-as SUMI strain (Fig. 6A), indicating a functional role
for one or more of these Cdc7-dependent phosphorylated amino
acids. Furthermore, the mobility shift of the Sum1-12A protein is
delayed compared to Suml, as is NDT80 production (Fig. 6B and
C). These results show that some of the amino acids mutated in
the suml-12A mutant are functionally important, but clearly,
more meiosis-specific, Cdc7-dependent phosphorylation sites re-
main to be identified.

Cdc7 promotes NDT80-independent removal of Suml1 at the
NDT80 and SMKI promoters. Ndt80 and Sum1 are believed to
compete for binding to overlapping DNA sequences in MSEs in
vivo as evidenced by the fact that overexpression of NDT80 can
overcome Suml repression of the NDT80 promoter and because
the two proteins compete in in vitro binding assays (41, 61). How-
ever, recent work from the Winter lab has demonstrated that
Suml can be removed from MSE-containing promoters in the
absence of NDT80 and that this removal is dependent upon Ime2
or Cdkl (2, 72). Given that Ime2 and Cdkl phosphorylation of
Suml is required for efficient phosphorylation by Cdc7, the pre-
diction is that Cdc7 kinase activity should also be required for
removal of Sum1 in the absence of NDT80. To test this hypothesis,
chromatin immunoprecipitation (ChIP) experiments were per-
formed by precipitating Sum1-3Flag from a cdc7-as ndt80A dip-
loid under three conditions: asynchronously growing vegetative
cells (0 h) or 8 h after transfer to Spo medium in the absence or
presence of PP1. IPs from a cdc7-as ndt80A diploid containing
untagged SUMI were used to confirm the specificity of the IP
while IPs with no antibodies were used for normalization as de-
scribed in Materials and Methods. Primers flanking the MSEs in
the NDT80 promoter were used for real-time PCRs and normal-
ized to negative control CIT2 primers. Consistent with published
results, Sum1 is bound to the NDT80 promoter in vegetative cells
and this binding is greatly reduced in meiotic cells when Cdc7 is
active (Fig. 7A) (2). Inactivation of Cdc7 resulted in a higher frac-
tion of Sum1 remaining bound to the NDT80 promoter in meio-
sis. This pattern is lost in the IPs from the untagged Sum1 diploid
(Fig. 7B). This regulation is not limited to NDT80, as a similar
pattern was observed for SMK1, a gene in the Ndt80 regulon that
is repressed by Suml (Fig. 7C) (2). Cdc7 is therefore likely pro-
moting Suml removal from the promoters of a number of
NDT80-regulated genes.

DISCUSSION

While a role for the essential cell cycle kinase, Cdc7, in the initia-
tion of DNA replication has long been known, recent studies on
meiosis in budding and fission yeast have revealed that Cdc7 is
required for numerous additional chromosomal processes, in-
cluding the initiation of meiotic recombination, the mono-
orientation of homologous chromosomes at MI, and the regu-
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FIG 7 Chromatin immunoprecipitation of Sum1-3Flag at the NDT80 and
SMKI promoters in the absence or presence of Cdc7 kinase. ChIP was per-
formed using anti-Flag antibodies on chromatin isolated from cdc7-as ndt80A
diploids carrying either Sum1-3Flag (NH1080) or untagged Suml (NH932)
under three conditions: 0 or 8 h after transfer to Spo medium in the absence or
presence of 15 uM PP1. Three independent experiments were performed for
each strain, and the standard deviations are indicated by error bars. (A) g-PCR
results from Suml-3Flag diploid using primers flanking the MSEs in the
NDT80 promoter normalized to the negative-control primers. (B) q-PCR re-
sults from the untagged diploid using primers flanking the MSEs in the NDT80
promoter normalized to the negative-control primers. Note the change in
scale. (C) q-PCR results from Sum1-3Flag diploid using primers flanking the
MSEs in the SMK1 promoter normalized to the negative-control primers.

lated removal of meiosis-specific cohesion complexes (33, 41, 46,
54, 68, 88). This work has identified a previously unknown func-
tion of Cdc7 during meiosis as a gene-specific transcriptional reg-
ulator. Cdc7 has previously been implicated in heterochromatin-
mediated transcriptional silencing around centromeres observed
in vegetatively growing fission yeast cells (4). This effect is re-
gional, however, and does not work by targeting the promoters of
specific genes. In contrast, Cdc7 is required to activate transcrip-
tion of NDT80 and does so by promoting the removal of the Sum1
repressor from a specific sequence in the promoter. The finding
that Suml removal at the SMKI promoter also requires Cdc7
indicates that Cdc7 is involved in gene-specific regulation of the
Ndt80 regulon and potentially other classes of genes as well.
CDC?7 control of NDT80 transcription is upstream of check-
point activation. That Cdc7 regulates the Imel-dependent tran-
scription of NDT80, and not the Ndt80-mediated autoregulatory
loop, is based in part on the fact that a low level of ectopically
expressed NDT80 is sufficient to suppress the sporulation defect
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conferred by inactivation of Cdc7-as (41). The amount of Ndt80
produced by basal transcription from the CUPI promoter is not
sufficient to complement an ndt80A diploid but is sufficient to
bind the promoters of endogenous NDT80 genes to jumpstart the
autoregulatory loop. The Ndt80 produced in the absence of Cdc7
kinase activity must therefore be functional for the Ndt80-
mediated transcription of the NDT80 regulon, including NDT80
itself (41). This result rules out Cdc7 as one of the kinases that is
required for the activation of Ndt80 (6, 74, 83). More directly,
activation of NDT80 transcription by Imel and Ndt80 was uncou-
pled using a DNA-binding-defective mutant of NDT80. Tran-
scripts observed in this mutant must be due to Imel, and these
transcripts are eliminated by inhibition of Cdc7 kinase activity.

In contrast to work from several labs using different strain
backgrounds and methods of Cdc7 inactivation where a prophase
arrest was observed (68, 69, 84, 89; this work), Matos et al. ob-
served robust expression of NDT80 and high levels of sporulation
using both cdc7* and cdc7A bobl diploids (46). These authors
proposed that this discrepancy was due to “checkpoint activation
in response to replication defects.” This explanation is unlikely for
several reasons. First, it is not clear why the cdc7* and cdc7A bobl
diploids used by other labs would trigger a checkpoint response
while the same mutants in the Matos et al. paper would not. Sec-
ond, Lo et al. showed that mutations that abrogate the S-phase
checkpoint, DNA damage checkpoint, and meiotic recombina-
tion checkpoint do not suppress the cdc7-as +PP1 cell arrest (41).
Finally, the meiotic recombination checkpoint blocks meiotic
progression by preventing Ndt80 protein that has been generated
using Imel-dependent transcription from participating in the au-
toregulatory loop (15, 40, 58). As mentioned above, Cdc7 activity
is not necessary once a priming amount of Ndt80 is generated,
ruling out a requirement in Ndt80 activation. Instead, this post-
transcriptional regulation is due in part to sequestration of Ndt80
protein in the cytoplasm under checkpoint-induced conditions
(90). In contrast, Cdc7 is required not for Ndt80 activation but for
Imel-mediated expression of NDT80; therefore, the arrest is not
checkpoint related. A more likely explanation for the lack of arrest
observed by Matos et al. is that their cdc7 strains harbor a natural
variant of a gene involved in the transcriptional induction of
NDTS80, such as SUM1I1, RFM1, HST1, or even NDT80 itself.

Cdc7 antagonizes Hstl deacetylase activity to promote the
removal of Sum1 repression of NDT80 transcription. That Hst1
functions as a deacetylase in vivo has been demonstrated in vege-
tative cells both at the HMR locus in SUMI-1 strains and at a
subset of origins of replication (30, 67). Deletion of HST1 sup-
presses the sporulation defect of the sum-ci allele, suggesting that
phosphorylation of Sum1 by Cdkl and Ime2 antagonizes Hstl
function, but this experiment does not address whether it is the
deacetylase, or some other unidentified function of the protein,
that is being affected (72). The finding that a catalytically inactive
mutant of HST1I is able to suppress the sporulation defect con-
ferred by inactivation of Cdc7 suggests that allowing acetylation of
histones (or other proteins) is a key first step in removing Sum1
repression (Fig. 8). Cdc7 could affect the catalytic activity of Hst1
directly, although no evidence that Cdc7 phosphorylates Hst1 was
observed. Given that Ime2 and Cdk1 phosphorylation promotes
Cdc7 phosphorylation of Sum1, we propose a modified version of
a model by Shin et al. in which Cdc7 phosphorylation of Sum1
allows dissociation of Hst1 (and perhaps Rfm1) from the NDT80
promoter (see below) (72).
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The assumption is that loss of Hst1 from the promoter allows
acetylases to modify histones to “create a chromatin state in mei-
otic cells that is permissive for Sum1 removal” (2). Exactly what
this change in chromatin state involves is not yet clear, however.
Fine mapping studies of nucleosome positions have revealed that
the —1 nucleosome in the NDT80 promoter is located just up-
stream of MSE-1, the MSE shown by Pak and Segall to be neces-
sary for Suml-mediated repression of an NDT80 minigene (57).
MSE-2, which is capable of Suml-mediated repression of a re-
porter plasmid in vegetative cells but was not observed to be nec-
essary for NDT80 minigene repression, is located downstream of
the transcription start site (TSS), in the nucleosome-depleted re-
gion (47, 91). Seven hours after transfer to Spo medium, the —1
nucleosome transiently moves approximately 20 base pairs away
from the transcription start site (93). While this does not represent
a dramatic remodeling, this movement could potentially weaken
the interaction between Sum1 and MSE-1, allowing a low level of
Imel-dependent transcription to occur (Fig. 8). Alternatively,
given that histone acetylation promotes binding by bromo-
domain-containing proteins; perhaps recruitment of another
protein(s) to the acetylated histones results in weakening Sum1
repression (85).

For many meiotic genes, deletion of HST1I is not sufficient to
derepress them to the sumIA levels in vegetative cells (48). This
has led Ahmed et al. to propose that Sum1 removal requires an
additional factor (2). Cdc7 may be that factor. When Cdc7 is ac-
tive, meiotic progression of cdc7-asyprgp cdc7-as sumlA, and
cdc7-as hst1A cells occurs with similar kinetics while slightly faster
than cdc7-as cells, due to premature expression of NDT80. How-
ever, when Cdc7-as is inhibited by PP1, NDT80 expression and
meiotic progression occur 2 h faster in the cdc7-as sumI1A bypass
strain than in the cdc7-as hst1A or cdc7-asyprs bypass diploids
(Fig. 1 and 2A). Inactivation of Cdc7 therefore phenotypically
differentiates between loss of the Sum1 protein from the promoter
(sumlA) and the loss of the histone deacetylase (hstIA). The delay
indicates that in addition to antagonizing Hst1 function, Cdc7 is
required for some other step that fully removes Sum1 from the
promoter. For example, Cdc7/Ime2/Cdk1 phosphorylation could
disrupt the interaction between Sum1 and Rfm1/Hst1 and, in ad-
dition, Cdc7 phosphorylation could affect the binding affinity of
Sum1 for the MSE (Fig. 8). The observation that Sum1I removal by
the NDT80-independent pathway from the NDT80 and SMK1I
promoters requires Cdc7 is consistent with this idea. Once a small
amount of NDT80 is transcribed, Ndt80 can compete off any re-
maining Sum1 and the positive feedback loop begins.

Suml is regulated by a dynamic and complex set of phos-
phorylation events. Mobility shift analysis demonstrated that
Sum1 undergoes meiosis-specific, Cdc7-dependent phosphoryla-
tion. Whether this phosphorylation is direct or not is unclear. MS
analysis of Sum1 from vegetative and meiotic cells with or without
Cdc7 kinase activity revealed a number of meiosis-specific, Cdc7-
dependent phosphorylated amino acids. However, many of these
sites are not upstream of a negative charge (conferred by aspartic
or glutamic acid or phosphorylation) and therefore do not con-
form to the Cdc7 consensus (13, 49, 50). Mutation of 11 of these
Cdc7-dependent sites results in a delay in Sum1 phosphorylation,
NDT80 expression, and meiotic progression. Therefore, some
subset of these sites is important for function. Further study is
required to determine if the critical amino acids are direct targets
of Cdc7 or of a Cdc7-dependent protein kinase.
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FIG 8 Model for Cdc7 regulation of NDT80 transcription during meiosis. This model is based on models presented in references 57 and 2. Nucleosomes are
depicted as blue ovals, and phosphorylation is shown by white circles with the kinase responsible indicated by italics. (A) In vegetative growth, Cdkl-
phosphorylated Sum1 is bound to MSEs in the NDT80 promoter. (Binding to MSE-1 is alone shown for simplicity and because MSE-2 is downstream of the TSS;
however, Xie etal. [91] have reported that MSE-2 can function as a Sum1-repressive element as well.) Ume6 bound to URS1 elements in the promoter (again only
one is shown for simplicity) recruits the Isw2/Sin3-Rpd3 repression complex. (B) After the induction of meiosis, Imel is recruited to the NDT80 promoter, where
it is initially prevented from activating transcription of NDT80 by the presence of the Sum1/Rfm1/Hstl complex. Phosphorylation by Ime2 and Cdk1 recruits
Cdc7 to the promoter, allowing Cdc7-dependent phosphorylation of Suml. (C) This phosphorylation may promote dissociation of Hst1l and Sum1 as well as
affecting the affinity of Sum1 for the MSE. In the absence of the deacetylase, nucleosomes near Sum1 become acetylated (represented by a yellow star), which acts
to weaken Sum1’s repressive function. Weakened repression then allows Imel-dependent NDT80 transcription. (D) Ndt80 protein replaces Sum1 on the MSEs,
thereby starting the positive feedback loop.

Why does sumI-12A fail to phenocopy the complete arrest of
cdc7-as +PP1 cells? One possibility is that not all of the Cdc7-
dependent sites on Suml were mutated. Cdc7 phosphorylation
often occurs redundantly on proteins, with a cloud of negative
charge being more important than the specific amino acids that
are mutated (64, 68, 71). In fact, no MS data were obtained for
~30% of the Sum1 protein, so several sites may have been missed.
Alternatively, Cdc7-dependent phosphorylation may need to oc-
cur on more than one protein. For example, if the mechanism by
which Cdc7 antagonizes Hst1 is to disrupt the interaction between
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Suml and Rfm1/Hst1, then Cdc7-dependent phosphorylation of
either Rfm1 or Hstl may be sufficient to dissociate the complex
even in the absence of Suml phosphorylation. Studies of Cdc7
phosphorylation of the Mcm2-7 helicase found that mutation of
the Cdc7 sites on MCM4 or MCM6 alone was not sufficient to
create a growth defect, but combining the mcm4 and mcm6 phos-
phomutants killed the cells (64).

Both Cdkl and Cdc7 are present in vegetative cells and yet do
not interfere with Sum1 repression. Given that the four Cdkl sites
important for relieving Suml repression are constitutively phos-
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phorylated, it is Cdc7 phosphorylation that is specifically pro-
moted during meiosis. The fact that Ime2 is meiosis specific and
that the combined phosphorylation of Ime2 and Cdkl sites pro-
motes meiosis-specific, Cdc7-dependent phosphorylation of
Sum1 indicates that signals from these two kinases are integrated
by Cdc7. One possibility is that Ime2 and Cdk1 phosphorylation
primes Cdc7 phosphorylation of the immediately adjacent up-
stream amino acids, similar to what has been observed for proteins
involved in meiotic recombination and DNA replication (64, 88).
An argument against this idea, however, is the lack of observed
Cdc7-dependent phosphorylation sites immediately upstream of
the Cdkl and Ime2 sites. An alternative hypothesis is that the
cumulative phosphorylation by Cdkl and Ime2 enhances recruit-
ment of Cdc7 to Suml at promoters, thereby enabling Cdc7-
dependent Sum1 phosphorylation (Fig. 8).

Conclusions. Cdc7 is a key regulator of meiosis because of its
role in promoting meiosis-specific chromosomal processes such
as recombination, mono-orientation of homologous chromo-
somes, and meiotic cohesion cleavage. This work adds another
role that Cdc7 plays in the cell—that of a gene-specific regulator of
transcription. The function of Cdc7 as a gene-specific regulator
may be conserved. In fission yeast, mutation of the Cdc7 ortholog,
hsk1, results in a meiotic arrest with normal early gene transcrip-
tion (56). Perhaps Hskl regulates Mei4, a transcription factor
analogous to Ndt80 (1). Furthermore, reduced levels of Cdc7 ki-
nase activity result in defects in spermatogenesis prior to MI in
mammalian cells (35). Whether this is due to transcriptional ef-
fects is not yet known.

Whether Cdc7 is directly involved in coordinating different
meiotic processes is not yet clear. There is not an absolute
dependence on a specific order of events. For example, when
the meiotic arrest due to Cdc7 inactivation is suppressed by
sumIA, meiotic progression occurs even though recombina-
tion and mono-orientation have not. Still it is intriguing to
speculate that in a normal meiosis, Cdc7 helps to ensure that a
linear progression of events occurs. One way in which this
could be regulated is by different processes requiring increas-
ing amounts of Cdc7 activity, similar to what has been pro-
posed for Cdkl-Clb5 in meiosis (23). Further studies are
needed to determine whether and how Cdc7 controls the var-
ious chromosomal events of meiosis.
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