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Genotoxic Stress Prevents Ndd1-Dependent Transcriptional Activation
of G,/M-Specific Genes in Saccharomyces cerevisiae

Syam Kumar Yelamanchi, Jiri Veis, Dorothea Anrather, Helene Klug,* Gustav Ammerer

Department of Biochemistry and Cell Biology, Max F. Perutz Laboratories, University of Vienna, Vienna, Austria

Downregulation of specific transcripts is one of the mechanisms utilized by eukaryotic checkpoint systems to prevent cell cycle
progression. Here we identified and explored such a mechanism in the yeast Saccharomyces cerevisiae. It involves the Mecl-
Rad53 kinase cascade, which attenuates G,/M-specific gene transcription upon genotoxic stress. This inhibition is achieved via
multiple Rad53-dependent inhibitory phosphorylations on the transcriptional activator Ndd1 that prevent its chromatin re-
cruitment via interactions with the forkhead factor Fkh2. Relevant modification sites on Ndd1 were identified by mass spectrom-
etry, and corresponding alanine substitutions were able to suppress a methyl methanesulfonate-induced block in Ndd1 chroma-
tin recruitment. Whereas effective suppression by these Ndd1 mutants is achieved for DNA damage, this is not the case under
replication stress conditions, suggesting that additional mechanisms must operate under such conditions. We propose that bud-
ding yeast cells prevent the normal transcription of G,/M-specific genes upon genotoxic stress to precisely coordinate the timing

of mitotic and postmitotic events with respect to S phase.

ifferent key events in the cell cycle, such as DNA replication,
mitosis, and cytokinesis, can be considered independent cy-
cling processes which are orchestrated and synchronized by
checkpoints to ensure that the genetic information from a mother
cell is faithfully inherited by the daughter cells (1). Various check-
points utilize different mechanisms to halt cell cycle progression
when proper completion of the previous event is compromised.
One such mechanism is to switch off the transcription of genes
necessary to progress through later cell cycle stages. This is exem-
plified by the inhibition of G,/M phase-specific gene transcription
via the morphogenesis checkpoint and the cell wall integrity path-
way in the yeast Saccharomyces cerevisiae (2, 3). G,/M cluster genes
include the mitotic cyclin genes CLBI and CLB2, Polo-like kinase
gene CDCS5, the anaphase promoting complex (APC) factor gene
CDC20, and several other candidates that are involved in the cell
cycle functions through M and early G, phases (4). Transcription
of these genes is regulated by three transcription factors, Mcml,
Fkh2, and Ndd1, and a histone deacetylase complex, Sin3-Rpd3.
Mcml and Fkh2 can be found at the promoters throughout the
cell cycle, in which Fkh2 acts as an adaptor protein recruiting
either the repressor Sin3-Rpd3 during G, phase (5) or the activa-
tor Ndd1 (6, 7) during S, G,, and M phases. Removal of Sin3 from
the promoters after Start leads to derepression of G,/M genes. It is
noteworthy that the derepression step is sufficient to initiate low
levels of transcription that can eventually lead to substantial levels
of the respective mRNAs (5). However, full transcriptional activa-
tion is achieved only when Ndd1 is recruited (7). Both Fkh2 and
Ndd1 are subjected to Cdk-mediated serine and threonine phos-
phorylations (S/T-Ps) (8, 9), which are functionally important.
The interaction between the forkhead-associated (FHA) domain
of Fkh2 and multiple phosphorylated residues on Ndd1 is essen-
tial for the latter to be recruited to G,/M promoters (10). Addi-
tionally, direct phosphorylation of Ndd1 by Cdc5 has been postu-
lated to increase activation of G,/M promoters (11), whereas
Pkcl-dependent phosphorylation was claimed to inhibit Ndd1
function in order to coordinate the timing of mitotic gene tran-
scription with the cell cycle (12).
Here we investigated whether activation of genotoxic stress-
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dependent checkpoint signals during S phase prevent G,/M tran-
scription as well. Our study was instigated by observations made
in Schizosaccharomyces pombe and mammalian cells, where tran-
scription of genes promoting mitosis is known to be downregu-
lated upon genotoxic stress treatment (13, 14). Furthermore,
global transcriptome analysis in the budding yeast revealed that
methyl methanesulfonate (MMS)-treated mecl and rad53 cells
contain higher levels of G,/M-specific gene transcripts than wild-
type cells (15, 16). Nevertheless, until very recently, no further
experimental evidence that would confirm these observations as
well as the role of Mec1 or its downstream kinases, such as Rad53/
Chkl, in the regulation of G,/M transcription came forward.
Induction of genotoxic stress by hydroxyurea (HU) activates
the replication checkpoint, whereas MMS is known to activate
both the replication checkpoint and the DNA damage-induced
G,/M checkpoint in a concentration-dependent manner. Once
activated, these checkpoints block cell cycle progression in S phase
or G,/M phase to provide sufficient time for successful comple-
tion of replication and DNA damage repair. Mecl, a phosphoino-
sitide 3-kinase-like kinase family member and a homologue of
mammalian ATM/ATR kinases, is the principal modulator of
these checkpoints. When DNA damage or stalled replication forks
are detected in a cell, Mecl is activated by different mechanisms,
depending on the cell cycle phase in which the signal is received
(17). Two additional protein kinases, Rad53 and Chkl, serve as
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the most important downstream effectors of Mecl, as they are
activated through a signaling mechanism mediated by Rad9 and
Mrecl (18, 19). These effector kinases regulate many downstream
targets, such as the protein kinase Dunl, to facilitate DNA repair
processes and inhibit cell cycle progression. Anaphase inhibitor
Pdsl1/securin is perhaps the most important downstream target
whose degradation is prevented by Rad53 and Chk1 through var-
ious mechanisms to inhibit anaphase entry (20, 21). Additionally,
Mecl-Rad53 prevents premature chromosome segregation in
HU-treated cells by regulating the spindle dynamics (22).

In this study, we have identified and characterized an addi-
tional mechanism by which the cell cycle progression is prevented
in HU- or MMS-treated cells. In this case, activation of genotoxic
stress-dependent checkpoint pathways suppresses G,/M-specific
gene transcription by obstructing the recruitment of Ndd1 to
G,/M promoters. This inhibition is primarily achieved by pre-
venting the interaction of Ndd1 with the FHA domain of Fkh2.
Our results strongly suggest that in MMS-treated cells, Mec1-
Rad53 dependent modification of Ndd1 is mainly responsible for
the inhibition of Ndd1 function. In HU-treated cells, however,
additional Mec1-Rad53-independent pathways might contribute
to the blockade of Ndd1 chromatin recruitment. Finally, we pres-
ent data that hint at the physiological importance of this regula-
tory phenomenon.

MATERIALS AND METHODS

The S. cerevisiae strains used in this study, unless mentioned otherwise,
were haploid and congenic to strain W303. A list of the strains used in this
study is provided in Table 1. Original sml1, smll mecl, and sm1I rad53
strains were obtained from Maria Pia Longhese (23). rad9 mrc1? strains
were provided by Stephen Elledge (24). Tagging of genes at an endoge-
nous locus was carried out by transformation of PCR-amplified cassettes
as described previously (5). A Rad53-tandem affinity purification (TAP)-
tagged strain was taken from the yeast EUROSCAREF collection. Integra-
tion of NDD1I, wild type or mutant, at the LEU locus was done by trans-
forming the respective plasmids after linearization with the Clal
restriction enzyme. An NDDI-HTBeaq strain was obtained by transform-
ing the PCR-amplified HTBeaq cassette as described previously (25). In all
cases, positive clones were confirmed by PCR-based analysis and/or West-
ern blotting. Strains with multiple mutations were generated by standard
genetic analysis. Standard molecular biology and molecular genetics tech-
niques were used to construct plasmids. NDDI point mutants were gen-
erated by using a QuikChange site-directed mutagenesis kit (Stratagene)
or by whole-gene synthesis (Gene Art; Life Technologies). The circular
minichromosome containing an ADE2 gene (pSKY393) used in chromo-
some loss studies was derived from p3 (26), a kind gift from Franz Klein.
A 4.4-kb region containing the RAD50 gene in p3 was removed by Clal
digestion, and the residual 13-kb fragment was religated to generate
pSKY393. A list of the plasmids used in this study is provided in Table 2.

Yeast media and reagents. Cells were grown in standard yeast extract-
peptone (YEP) or selective medium supplemented with 2% glucose or 1%
raffinose—1% galactose (Raf-Gal). In all experiments, unless specifically
mentioned, 104 mM hydroxyurea (Sigma) and 0.015% methyl methane-
sulfonate (Sigma) were used.

Cell synchronization, FACS, and fluorescence microscopy. Cell syn-
chronization in G, using a-factor was performed as described previously
(5). All conditional GALI-10 NDDI strains were synchronized in G, for 2
h 5 min in YEP-Raf-Gal. When intended, 1% glucose was added to the
culture and a-factor synchronization was prolonged for an additional 50
min in order to suppress NDDI gene transcription. Subsequently, cells
were washed and released in YEP-Raf-Gal or YEP-glucose. Cells for fluo-
rescence-activated cell sorter (FACS) analysis were fixed in 70% ethanol,
stained with propidium iodide, and analyzed with a BD FACSCalibur flow
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TABLE 1 Strains used in this study

Reference or

Strain Genotype source

MK155 MATa NDDI1-HA6::HIS3 6

JV323 MATa nddI:KanMX p[GALI-10 5
NDDI CEN URA3]

JV717 MATa FKH2-HA6::TRP1 This study

JV753 MATa smll::kanMX mecl::HIS3 23

JV754 MATa smll:kanMX 23

SKY101 W303 MATa ade2-1 trpl-1 canl-100 5
leu2-3 his3-11ura3-52 ssdl

SKY170 MATa smll:kanMX mecl::HIS3 23 and this study
NDDI1-HTBeaq::hphMX

SKY174 MATa smll:kanMX 23 and this study
NDDI-HTBeaq::hphMX

SKY260 MATa LEU2::NDDI-HA6 This study

SKY270 MATa nddI:KanMX p[GALI-10 This study
NDDI CEN URA3]
FKH2-MYCI8::HIS3

SKY276 MATa smll:kanMX LEU2::NDD1-HA 23 and this study

SKY277 MATa smll:kanMX mecl::HIS3 23 and this study
LEU2:NDDI-HA

SKY293 MATa LEU2::p[GALI-10 NDD1-GFP] This study

SKY301 MATa rad9A::HIS3 mrcIA-2::HIS3 24 and this study
URA3-MRC1 GAP-RNRI-TRPI
LEU2:NDDI-HA

SKY303 MATa rad9A::HIS3 mrcIA-2::HIS3 24 and this study
URA3-mrc1*?® GAP-RNRI-TRP]
LEU2:NDDI-HA

SKY324 MATa smll:kanMX rad53::HIS3 23 and this study
LEU2:NDDI-HA

SKY325 MATa smll:kanMX rad53::HIS3 23 and this study
NDDI-HTBeaq::hphMX

SKY361¢ MATa RAD53-TAP::HIS EUROSCARF

collection
SKY362 MATa dunl:kanMX EUROSCARF
collection

SKY363 BY4741 MATa his3A1 leu2A0 met15A0 EUROSCARF
ura3A0 collection

SKY364 MATa ndd1::KanMX LEU2:NDD1-HA This study

SKY365 MATa nddI:KanMX This study
LEU2:NDDI1-CD-10A-HA

“Isogenic to BY4741.

cytometer. For fluorescence microscope analysis, 1 ml of culture was fixed
in ethanol, followed by nuclear staining with Hoechst 33342 (Molecular
Probes) in 1 X phosphate-buffered saline (PBS). Fluorescence microscopy
studies were performed using a personal Delta Vision epifluorescence
microscope from Applied Precision Inc. Data were analyzed using Image]J
software. More detailed protocols for FACS and fluorescence microscopy
are provided in the procedures presented in the supplemental material.
ChIP and coimmunoprecipitation. The protocols used for chroma-
tin immunoprecipitation (ChIP) and multiplex PCR as well as the anti-
bodies used for ChIP have been published previously (5). Quantitative
PCR (qPCR) analysis was performed with primers amplifying the pro-
moter regions of the CLB2, SWI5, ASE1, CDC5, and CDC20 genes and the
GALI-10 promoter region. Primers amplifying the ALD3 and FUSI pro-
moter regions as well as a telomeric region (TELI) were used as internal
immunoprecipitation (IP)-nonspecific DNA controls. (All sequences and
detailed ChIP protocols are available upon request.) qQPCR was done in
triplicate for every ChIP sample, and individual experiments were re-
peated multiple times, as indicated in the appropriate figure legends. In all
ChIP experiments, nonspecific signals were constant and evenly distrib-
uted throughout the experiment. Data are presented as the fold change
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TABLE 2 Plasmids used in this study

Reference
Plasmid ~ Details or source
PAS40 YCplac33 NDDI-HA6 native promoter 5
pIV287  pGBT9 GAL4ppp-1kh2, 506 5
pSKY285  Ylplac128 NDDI-GFP GALI-10 promoter This study
pSKY307  YIplac128 NDDI-HA native promoter This study
pSKY315  Ylplac128 NDDI-CD-8A-HA (821/25/261/286/ This study
384/454/527/530A) native promoter
pSKY324  Ylplac128 NDDI-CD-10A-HA (521/25/261/286/ This study
384/437/440/454/527/530/525A) native promoter
pSKY339  Ylplac128 NDDI-CD-S437/440A—HA native This study
promoter
pSKY379  Ylplac204 NDDI-HA GALI-10 promoter This study
pSKY381  YIplac204 NDDI-CD-10A—HA GALI-10 promoter  This study
pSKY393  YCp50 ADE2 26 and
this
study

over the value for the respective nonspecific DNA control. For coimmu-
noprecipitation, cells were washed twice in ice-cold Tris-buffered saline
buffer and lysed ina 10 mM Tris, pH 8, 150 mM NaCl, 1 mM EDTA, 0.5%
NP-40, 10 mM Na pyrophosphate lysis buffer supplemented with pro-
tease inhibitors. The lysates were incubated overnight at 4°C with 40 pl
pan-mouse IgG Dynabeads. Beads were preequilibrated at 4°C with 0.5%
bovine serum albumin—PBS buffer for at least 1 h prior to use. After IP,
beads were washed four times for 4 min each time with lysis buffer, sus-
pended in 1X Laemmli buffer, and separated on SDS-polyacrylamide
gels.

Northern blot and Western blot analyses. Northern blot analysis was
performed as described elsewhere (5). For Western blot analysis, standard
SDS-PAGE blotting methods were used. Cell extracts were made in 8 M
urea—20 mM Tris, pH 8-300 mM NaCl-20 mM Na-PO,—0.5% NP-40
buffer. To detect hemagglutinin (HA)-tagged Ndd1, anti-HA antibody
(supernatant of 12CA5 hybridoma cells) was used (1:1,000 dilution). An-
ti-alpha-tubulin antibody (Ray Biotech Inc.) was used to detect Tubl.
Anti-protein A antibody (Sigma-Aldrich) was used to detect TAP-tagged
proteins.

Viability and chromosome loss assay. HU and MMS sensitivity as-
says were performed in wild-type cells expressing NDD1-WT(pSKY379)
or NDDI-CD-10A(pSKY381) under the control of the GALI-I10 pro-
moter. Cells were grown to an optical density at 600 nm of 1 in yeast
extract-peptone-dextrose (YEPD). Tenfold serial dilutions of these cul-
tures were spotted on YEP-Raf-Gal plates containing either 50 mM HU or
0.005% MMS and on plain medium plates as a control. Plates were incu-
bated at 30°C and photographed after 3 days. The basic methodology
followed to perform the chromosome loss assay is described elsewhere
(27). For the chromosome loss assay, nddl cells expressing either
Ndd1-WT (SKY364) or Ndd1-CD-10A (SKY365) from an endogenous
promoter were transformed with a centromeric minichromosome URA3
plasmid containing the ADE2 gene (pSKY393). Cells were grown for at
least 5 generations in medium without uracil and plated on respective
plates containing either 50 mM HU or 0.005% MMS and on YEPD plates
as a control. Loss of the minichromosome leads to the formation of pink
sectors in white colonies. At 5 days after incubation at 30°C, colonies with
pink sectors were scored, and the percentage of minichromosome loss was
calculated by the formula (number of colonies with pink sectors/total
number of colonies) X 100.

Ndd1-HTBeagq purification and MS analysis. For all the experiments
involving mass spectrometry (MS), cultures were synchronized in G, as
mentioned above and released into the respective conditions. Cells were
harvested by filtration and deep-frozen in liquid N,. The downstream
protocol used to purify Ndd1-HTBeagq is described elsewhere (25). Pro-
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teins were digested with trypsin or chymotrypsin directly on the beads,
and peptides were separated by reversed-phase chromatography and an-
alyzed in a hybrid mass spectrometer (LTQ-Orbitrap Velos; Thermo
Fisher Scientific). Details are described in the supplemental material. To
identify the phosphorylation sites that are differentially regulated under
certain conditions, we manually integrated the peak areas of the corre-
sponding peptide signals over the elution time in the full scan and put
them in relation to the peak area of the unphosphorylated counterpep-
tides.

The mass spectrometry proteomics data have been deposited in
the ProteomeXchange Consortium database (http://proteomecentral
.proteomexchange.org) via the PRIDE partner repository (28) with the
data set identifier PXD000405.

RESULTS

Genotoxic stress affects transcription of G,/M-specific genes.
Our initial aim was to corroborate observations that implicate
genotoxic stress in the regulation of G,/M-specific transcription.
To reduce the significant noise and variability observed in asyn-
chronous cultures, we used cells synchronized in G, in almost all
experiments. For synchronization, we exclusively used arrest by
pheromone (a-factor), as this treatment leads to a short and
highly synchronous release into S phase of both mother and
daughter cells. From samples isolated at the time points indicated
below, we analyzed the RNA levels of G,/M genes such as CLB2
and SWI5 by Northern blotting. Transcription of these genes was
found to be downregulated upon HU or MMS treatment com-
pared to the transcription in untreated cells (Fig. 1A; see Fig. SIA
in the supplemental material). FACS analysis of the samples indi-
cated that the cell cycle progression was inhibited in S phase upon
HU treatment and G,/M transition upon MMS treatment (Fig.
1B). Significantly, the effect of MMS on G,/M transcription was
dosage dependent; increasing the MMS concentration from
0.0075% to 0.015% increased the degree of suppression of CLB2
transcription (see Fig. S1B in the supplemental material). In the
subsequent studies, we continued to use 0.015% MMS, which
induced a G,/M checkpoint without causing G, or intra-S-phase
arrest. Taken together, our data confirmed the downregulation of
G,/M-specific gene expression upon different genotoxic stress
treatments.

Ndd1 recruitment to G,/M promoters is prevented by geno-
toxic stress. Under physiological conditions, recruitment of the
transcriptional activator Ndd1 to G,/M gene promoters is known
to upregulate their transcription. We therefore suspected that
genotoxic stress might inhibit the function of Nddl, either by
regulating its recruitment to the chromatin or by affecting the
protein stability and nuclear localization. To explore the mecha-
nistic details, we initially examined the G,/M promoter occupa-
tion rates of Ndd1 using ChIP, followed by qPCR analysis. Our
Ndd1 ChIP data confirmed that the recruitment of Ndd1 to vari-
ous G,/M-specific gene promoters, such as CLB2 (Fig. 1C) and
CDC5, CDC20, and ASEI (see Fig. S1C to E in the supplemental
material), was inhibited upon HU or MMS treatment compared
to that for untreated cells. Moreover, speculating that the block in
Ndd1 recruitment might be a general phenomenon associated
with genotoxic stresses, we investigated whether shifting cdc13-1
cells to nonpermissive temperatures produces phenotypes similar
to those produced by HU or MMS treatment. At high tempera-
ture, cdc13-1 cells are known to arrest in G,/M phase due to telo-
mere damage. We found that G,/M transcription and Ndd1 re-
cruitment to the G,/M promoters were inhibited when cdcl3-1
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FIG 1 Genotoxic stress inhibits G,/M-specific gene transcription by preventing Ndd1 promoter recruitment. (A) Induction of genotoxic stress by HU or MMS
downregulates G,/M-specific gene transcription. An NDDI1-HA strain (MK155) was synchronized in G, using a-factor and released into YEPD alone and YEPD
with 0.1 M HU or 0.0075% MMS. CLB2 transcription was analyzed using Northern blot analysis from samples isolated at the indicated time points. Error bars
indicate standard deviations in three independent experiments. fold to, fold expression of CLB2 relative to that of CMDI. (B) DNA content of cells from the
experiment whose results are presented in panel A analyzed by FACS. (C) Recruitment of Ndd1 to G,/M promoters is prevented by genotoxic stress. Ndd1
recruitment to the CLB2 promoter was examined by ChIP, followed by qPCR analysis from samples for which the results are described in panel A. Error bars
indicate standard deviations in three independent experiments. (D and E) The Ndd1 protein is abundant and localized to the nucleus in HU- and MMS-treated
cells. (D) MK155 cells synchronized in G, were released into YEPD with or without HU or MMS. The Ndd1-HA levels in samples isolated at the indicated time
points were detected by Western blotting. Western blotting for alpha-tubulin was performed as a loading control. (E) A wild-type strain expressing NDD1-GFP
from the GALI-10 promoter (SKY293) was synchronized in G, and released into YEP with or without HU or MMS. NDDI-GFP expression was induced by
galactose addition 30 min prior to release. Cells were fixed at 60 min postrelease, and nuclei were stained with Hoechst. Ndd1-green fluorescent protein (GFP)
localization was examined by fluorescence microscopy. DIC, differential inference contrast.
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cells were grown at a nonpermissive temperature (see Fig. S1F in
the supplemental material). Ndd1-HA Western blot analysis
showed that Ndd1 is maintained at high steady-state levels in both
HU- and MMS-treated cells (Fig. 1D), even though NDDI tran-
scripts were slightly reduced in number under these conditions
(see Fig. S2 in the supplemental material). Finally, Ndd1 localiza-
tion studies performed using cells expressing GALI-10 promoter-
driven NDDI-GFP indicated that the intracellular distribution of
Ndd1 remained unaffected by HU or MMS treatment (Fig. 1E).
Taken together, our results suggest that genotoxic stress prevents
the recruitment of Ndd1 to G,/M promoters by mechanisms that
do not depend on either lower protein stability or increased nu-
clear export of Ndd1.

Genotoxic stress indirectly affects Fkh2 occupation at G,/M
promoters. Since promoter occupation of Ndd1 is dependent on
Fkh2, we also tested the occupation rates of Fkh2 during genotoxic
stress conditions. Although a Fkh2 binding signal could be ob-
served at G,/M promoters throughout the cell cycle, one could
measure a substantial increase during S-M phases at time points
that coincided with Ndd1 binding (Fig. 2A and B; see Fig. S3B in
the supplemental material). This increase in Fkh2 binding, how-
ever, could not be found in cells under genotoxic stress (Fig. 2A
and B; see Fig. S3B in the supplemental material). To test whether
this effect was due to loss of Ndd1 interaction or due to genotoxic
signals, we examined Fkh2 abundance at the CLB2 promoter in
Ndd1-depleted cells. An FKH2-MYC strain containing the only
copy of NDDI under the control of the GALI-10 promoter was
synchronized in G, in galactose medium and released into galac-
tose or glucose medium. Depletion of NDDI-mRNA was con-
trolled by Northern blot analysis (see Fig. S3C in the supplemental
material). ChIP data clearly indicated that Fkh2 binding to the
CLB2 promoter was also significantly reduced in the cells in which
NDDI expression was switched off (Fig. 2C and D). Our results
therefore rather support the notion that HU or MMS treatment
only indirectly affects the Fkh2 recruitment signal by preventing
cooperation between the two transcription factors.

The Sin3 deacetylase complex normally binds to the N termi-
nus of Fkh2 during G,. A possible role of Sin3 in inhibiting the
recruitment of Ndd1 by competing for interaction surfaces at
Fkh2 was also excluded, as Sin3 was removed from the G,/M pro-
moters in HU-treated cells with kinetics similar to those in un-
treated cells (see Fig. S2A in the supplemental material). To test
whether promoter context and perhaps additional Mcm1/Fkh2
binding factors provided important parameters for Ndd1 regula-
tion by genotoxic stresses, we used a chimera consisting of the
Gal4 DNA-binding domain (Gal4pg,) and the N terminus of
Fkh2 from amino acids 1 to 306, including the forkhead-associ-
ated (FHA) domain (Gal45p-fkh2, 50), to monitor Ndd1 re-
cruitment to the GALI-10 locus. It has previously been observed
that such a fusion construct consisting of Galdpg,-fkh2, 504 is
sufficient to recruit Ndd1 to GALI-10 promoters (Fig. 2E) (5, 10).
NDDI-HA cells expressing Gal4,p-fkh2, 50, were synchronized
in G, and released into YEPD with or without HU or MMS. In-
terestingly, Ndd1 recruitment to the GALI-10 promoter was still
inhibited upon genotoxic stress (Fig. 2F). The results indicate that
genotoxic stresses can inhibit the recruitment of Ndd1 to chroma-
tin by preventing its interaction with the FHA domain of Fkh2
independently of a natural G,/M promoter context.

A Mecl-Rad53-dependent signal inhibits the recruitment of
Ndd1 to G,/M promoters upon MMS treatment. The Mecl ki-
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nase cascade, including Rad9 plus Mrcl as scaffolds and Rad53
plus Chk1 and Dunl as downstream kinases, is known to regulate
DNA repair processes and inhibition of cell cycle progression as
the main conduit of the DNA damage-induced G,/M checkpoint.
Each of these kinases was therefore an obvious candidate for or-
chestrating the inhibition of G,/M-specific gene transcription
upon MMS treatment. If it is indeed important, deletion of these
genes should relieve the inhibitory effect of genotoxic stress on
G,/M-specific transcription. To test this assumption, we analyzed
CLB2 mRNA levels and Ndd1 recruitment kinetics in the respec-
tive kinase mutant strains. Since a deletion of SMLI is essential for
the viability of mecl and rad53 cells, we used a smll strain as the
wild-type equivalent. We observed that deletions of MECI or
RADS53 in this background significantly relieved the inhibition of
CLB2 transcription and Ndd1 recruitment to the CLB2 promoter
upon MMS treatment (Fig. 3A and B; for the results of FACS
analysis, see Fig. S4 in the supplemental material). A much less
significant increase in transcription, however, was observed in a
dunl mutant (Fig. 3C), implying that the inhibition of transcrip-
tion of G,/M-specific genes upon MMS treatment is largely car-
ried out by a Mecl-Rad53-dependent mechanism.

Multiple signals affect Ndd1 recruitment during HU expo-
sure. Study of the behavior of Ndd1 in HU-treated mecI and rad53
cells gave the impression that the regulatory mechanism in this
case is more complex. We found that under these conditions a
deletion of RAD53 could not suppress the transcriptional reduc-
tion as effectively as MMS exposure conditions could. Although a
mecl strain would give higher values of CLB2 RNA production
than the rad53 strain, it still did not restore the levels to those
obtained with no treatment (Fig. 4A). The corresponding mea-
surements for Ndd1 chromatin recruitment indicated similar de-
ficiencies in the suppression effects of the mutants (Fig. 4B; for the
results of FACS analysis, see Fig. S4 in the supplemental material).
To investigate any possible role of Tell and Chkl1 in providing a
bypass to the Mec1-Rad53 signals, we examined the effect of HU
in mutants affecting the scaffolding elements Rad9 and Mrcl. For
this purpose, we measured the CLB2 promoter occupancy rates of
Ndd1 in an HU-treated rad9 mrcl strain expressing either wild-
type MRCI or a checkpoint-defective MRCI allele, mrc1*< (24).
Our results indicated that deletion of RAD9 with additional inac-
tivation of Mrc1 could not suppress the HU-induced inhibition of
Ndd1 recruitment (Fig. 4C). Overall, these results therefore sup-
port the notion that additional Mecl-independent signals con-
tribute to the downregulation of G,/M-specific genes upon HU
treatment.

Identification of genotoxic stress-induced phosphorylations
in Ndd1 by MS. There are at least two possible mechanisms
through which the negative regulation of Ndd1 could occur in a
phosphorylation-dependent manner. Checkpoint kinases might
prevent activating phosphorylation events on Ndd1 S/T-P motifs
by downregulating Cdk activity. Alternatively, they could pro-
mote the phosphorylation of other sites which inhibit Ndd1 func-
tion. As mentioned previously, Cdk-dependent S/T-P phospho-
rylations are essential for the recruitment of Nddl to G,/M
promoters (8, 9). To distinguish between these explanations, we
performed an MS analysis of Ndd1 purified from sml1, smll mecl,
and sml11 rad53 strains grown in YEPD with or without HU or
MMS. To avoid extract-dependent modifications, purification of
HTBeaq-tagged Ndd1 was performed by tandem affinity purifica-
tion under denaturing conditions as described previously (25).
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FIG 2 Genotoxic stress indirectly affects Fkh2 recruitment kinetics by preventing Ndd1 interaction with the FHA domain of Fkh2. (A to D) Fkh2 recruitment
to G,/M promoters is indirectly affected by genotoxic stress. (A) An FKH2-HA strain (JV717) was synchronized in G, and released into YEPD with or without
HU or MMS. Fkh2 recruitment to the CLB2 promoter was examined by ChIP, followed by qPCR analysis. (B) Cell cycle analysis of the samples from the
experiment whose results are presented in panel A by FACS. (C) A conditional GAL promoter-driven NDDI strain (GALpr-NDD1I) expressing FKH2-MYC
(SKY270) was synchronized in G, and released into YEP-Raf-Gal (Ndd1) or YEP-glucose (ndd1). Fkh2 recruitment to the CLB2 promoter was examined by
ChIP, followed by qPCR analysis. (D) Cell cycle analysis of the samples whose results are presented in panel C by FACS. (E and F) Interaction of Ndd1 with the
FHA domain of Fkh2 is inhibited by genotoxic stress. (E) Model describing important domains in full-length Fkh2 (i) and the GAL4,5,-Fkh2 FHA domain
fusion construct (Gal4,zp-fkh2, 5.6) (ii) and a model showing fusion protein-mediated recruitment of Ndd1 to the GALI-10 promoter (iii). (F) An NDDI1-HA
strain transformed with GAL45,-fkh2, 5,5 (pJV287) was synchronized in G, and released into YEPD with or without HU or MMS. Ndd1 recruitment to the
GALI-10 promoter was examined by ChIP, followed by qPCR analysis. The results of cell cycle analysis of the samples by FACS are shown to the right. In all
panels, error bars indicate standard deviations in at least two independent experiments.
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FIG 3 The inhibitory effect of MMS on G,/M gene transcription and Ndd1 recruitment is dependent on Mecl and Rad53. (A) Deletion of MECI or RAD53
abrogates the inhibitory effect on mitotic gene transcription by MMS treatment. Northern blot analysis of CLB2 mRNA isolated from sml1 (JV754), smlI mecl
(JV753), and smll rad53 (SKY324) cells released into YEPD with or without MMS after G, arrest. (B) Ndd1 recruitment to G,/M promoters is reestablished in
MMS-treated mecl or rad53 mutants. Ndd1-HA ChIP followed by qPCR analysis targeted to the CLB2 promoter was performed with the lysates of smll
(SKY276), smll mecl (SKY277), and smll rad53 (SKY324) cells released into YEPD with or without MMS after G, arrest. (C) DUNI deletion has only a minor
effect on G,/M gene transcription in MMS-treated cells. Northern blotting was used to analyze CLB2 mRNA isolated from wild-type (SKY363) and dunl
(SKY362) cells released into YEPD with or without MMS after G, arrest. In all panels, error bars indicate standard deviations in at least three independent

experiments.

Complete MS data for Ndd1 purified from various strains and
conditions is provided in Table S1 in the supplemental material.
As shown in the phosphorylation site map of Ndd1 (Fig. 5A), we
identified 43 phosphorylation sites with a site probability of more
than 75% within 89% sequence coverage. Sites which were also
identified in previous studies (8, 11, 12, 16) were differentially
represented. Of these 43 high-confidence sites, 14 were S/T-P sites
and 29 were non-S/T-P sites. To identify the phosphorylation sites

February 2014 Volume 34 Number 4

that were differentially regulated under certain conditions, we
manually quantified them by evaluating and comparing the inte-
grated peak areas of the corresponding peptide signals. Such a
calculation for different S/T-P sites (serines 157, 168, 254, and 357
and threonines 179, 183, 265, 277, and 332) revealed that the level
of phosphorylation of all sites, except S157, in MMS-treated sml1
cells was in the same range as that in untreated cells (Fig. 5B). In
contrast, S157 was downregulated severalfold. In rad53 cells
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FIG 4 HU-induced inhibition of G,/M-specific transcription is only partially dependent on the Mec1-Rad53 pathway. (A) Deletion of MECI could partially
suppress HU-induced inhibition of mitotic gene transcription, whereas RAD53 deletion had only a lesser effect. Northern blotting was used to analyze CLB2
mRNA isolated from smll (JV754), smll mecl (JV753), and smll rad53 (SKY324) cells released into YEPD with or without HU after G, arrest. (B) The kinetics
of Ndd1 recruitment to G,/M promoters are partially reestablished in HU-treated mecl cells, whereas in the rad53 mutant, Ndd1 remains absent from the
promoter. Ndd1-HA ChIP followed by qPCR analysis targeted to the CLB2 promoter was performed with the lysates of sml1 (SKY276), smll mecl (SKY277), and
smll rad53 (SKY324) cells released into YEPD with or without HU after G, arrest. (C) Deletion of either RAD9 or MRCI could not suppress HU-mediated
inhibition of Ndd1 recruitment to G,/M promoters. Ndd1-HA ChIP followed by conventional multiplex PCR analysis was performed with the lysates of mrcI
rad9 cells expressing either MRC1 (SKY301) or mrc1*? (SKY303) released into YEPD with or without HU after G, arrest. ALD3 and FUSI promoter-specific
primers were used as negative controls. In all panels, error bars indicate standard deviations in at least three independent experiments. WCE, whole-cell extract.

treated with MMS, S157 phosphorylation reverted back to normal
levels. Furthermore, phosphorylation of S157, S254, and S357 was
significantly downregulated in HU-treated cells. Interestingly,
phosphorylation of S157 and S254 was still downregulated in HU-
treated rad53 or mecl cells, hinting at differences due to the stress
regimen. More importantly, our data show that phosphorylation
of S/T-P sites is not significantly influenced by the MMS treat-
ment, suggesting that activating modifications are still in full op-
eration. However, this cannot be said with respect to HU treat-
ment, as we observed downregulation in some of them. Finally,
quantification of several non-S/T-P sites (serines 25, 285, 286, 288,
384, 437, 440, 450, 454, 525, 527, and 530 and threonine 452)
indicated that the phosphorylation of these sites was upregulated
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in HU- or MMS-treated smlI cells (Fig. 5C). Not surprisingly,
these phosphorylations were downregulated or missing in rad53
or mecl cells treated in the same way. These measurements clearly
show that genotoxic stress induces upregulation of multiple
Mecl- and Rad53-dependent phosphorylations on Ndd1 inde-
pendently of the status of activating modifications.

To further substantiate a more central role of Rad53 in Ndd1
regulation, we tested whether one could obtain biochemical evi-
dence for their interaction by coprecipitation experiments. A
strain coexpressing Rad53-TAP and Ndd1-HA was synchronized
and released into normal or MMS- or HU-containing medium.
Extracts were prepared 60 min after release, and the presence of
Ndd1-HA in the Rad53-TAP pulldowns was measured by West-
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FIG 5 Ndd1 is phosphorylated in a Mec1-Rad53-dependent manner upon genotoxic stress. (A) Ndd1 is a highly phosphorylated protein. A phosphorylation site
map of Ndd1 derived by fusing the data from different MS runs obtained with Ndd1-HTBeaq purified from various strains and conditions is shown. Big and bold
letters, phosphorylation sites identified in our studies; underlines, sites identified in previous studies (8, 11, 12, 16); green, serine and threonine phosphorylation
sites; red, sites upregulated in HU- or MMS-treated sml1 cells; brown, sites whose phosphorylation was not altered significantly; blue, sites for which quantifi-
cation data are not available. Sequence coverage is highlighted in a light blue background. (B and C) Relative quantification ratios of different phosphorylation
sites (S/T-P and non-S/T-P) identified on Ndd1. Fold ratios of phosphorylated peptides over unphosphorylated peptides are provided (the value for am
unphosphorylated peptide is set to 1).
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FIG 6 Rad53 interacts with Ndd1 under both physiological and genotoxic
stress conditions. Coimmunoprecipitation of Ndd1 with Rad53. A RAD53-
TAP strain (SKY361) expressing NDDI-HA on a centromeric plasmid
(pAS40) was synchronized in G, and released into YEPD with or without HU
or MMS. At 60 min after release, samples were collected and the interaction of
Rad53 with Ndd1 was examined by Rad53-TAP immunoprecipitation, fol-
lowed by Ndd1-HA Western blotting. Two percent and 10% of the lysates were
used as inputs for detecting Ndd1-HA and Rad53-TAP, respectively. Lysates
from cells that did not express one of the tags were used as negative controls.

ern blotting. A distinct positive interaction signal could be ob-
served for Ndd1-HA under both stress-induced and uninduced
conditions, not only providing supportive evidence for a close
interaction but also suggesting a constitutive relationship between
the two factors, as has been previously observed for other Rad53
interactors (Fig. 6) (29).

Multiple genotoxic stress-induced phosphorylations pre-
vent Ndd1 recruitment and activation of G,/M-specific promot-
ers. To study the regulatory role of these induced sites, we generated
sets of the respective alanine (S — A) or valine (T — V) substitutions
in various combinations and named them Ndd1 checkpoint-defec-
tive (NDD1-CD) mutants (Fig. 7A). These mutant versions of
Ndd1 were tested for viability, transcriptional activation, and re-
cruitment to the CLB2 locus and recruitment to the GALI pro-
moter via the Gal4-FHA domain fusion. None of the mutants
showed significant defects for activation and recruitment under
normal conditions (Fig. 7D and data not shown; see Fig. S5B in the
supplemental material). Within this mutant Ndd1 collection, we
identified Ndd1-CD-2A, which contained the S437/440A muta-
tion and which exhibited higher binding to the CLB2 promoter
upon MMS treatment (Fig. 7B). Notably, these two serine residues
were conserved among the homologues of Ndd1 in various fungal
species (Fig. 7C). We identified another mutant Ndd1-CD-8A
which exhibited a slight increase in binding to the CLB2 promoter
compared to that for the wild-type Ndd1 after MMS treatment
(Fig. 7B). Finally, Ndd1-CD-10A, made by combining the muta-
tions in Ndd1-CD-2A and -8A, was able to circumvent the MMS
effect significantly in comparison to wild-type Ndd1 (Fig. 7D).
Although the Ndd1-CD-10A mutant was more strongly recruited
to the CLB2 promoter upon MMS treatment than wild-type
Ndd1, the recruitment was still lower than that for untreated cells.
Even CLB2 mRNA transcription was not completely restored by
the Ndd1-CD-10A mutant after MMS treatment (see Fig. S5B in
the supplemental material). The additional mutations made in the
Ndd1-CD-11A mutant did not show any further additive effect
compared to the effect seen in the Ndd1-CD-10A mutant (see Fig.
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S5C and D in the supplemental material). Strikingly, in MMS-
treated cells, Ndd1-CD-10A was able to bind the GALI-10 pro-
moter with mediation by Gal4z,-fkh2, 6, with the kinetics al-
most being comparable to that for untreated cells (Fig. 7E). This
difference in behavior between normal promoters and the artifi-
cial recruitment system gave a strong hint that the Ndd1-FHA
domain interaction may not constitute an exclusive target of the
checkpoint. Of course, we could have also missed some of the
important phosphorylations on Ndd1, as identifying the complete
phosphorylation status of a protein via MS studies is not always
feasible. Moreover, Ndd1-CD-10A that had lost most of its re-
sponsiveness to MMS treatment was still not able to effectively
bind to CLB2 upon HU treatment (Fig. 7D). It also could not
suppress the loss of recruitment in the artificial Gal4-FHA domain
system (Fig. 7E). This difference between HU and MMS treatment
again indicates the involvement of additional signaling systems
during replication stress.

Inhibition of G,/M-specific transcription during genotoxic
stress is physiologically relevant. Considering the role of Pds1 as
the main checkpoint target for anaphase arrest, we wanted to ad-
dress the question of how relevant the inhibition of G,/M tran-
scription is for maintaining genomic integrity and cell viability
during genotoxic stress. When expressed from the native pro-
moter, the Ndd1-CD-10A mutation did not confer any increased
sensitivity toward HU or MMS treatment (data not shown). How-
ever, when overexpressed under the control of the GALI-10 pro-
moter, Ndd1-CD-10A became toxic in HU- and MMS-treated
cells, whereas it did not show any abnormal effects without such
treatment (Fig. 8A). Ndd1-WT overexpression did not reveal any
abnormal effects. We further tested whether Ndd1-CD-10A ex-
pression at native levels would possibly cause an increase in chro-
mosome loss under HU or MMS treatment. As an indicator, we
used a strain expressing a minichromosome (pSKY393) contain-
ing the ADE2 gene. Loss of this plasmid leads to the formation of
pink sectors in otherwise white colonies. Indeed, a strain express-
ing Ndd1-CD-10A showed a significant increase in sector forma-
tion when grown on HU or MMS in comparison to that for a
strain expressing Ndd1-WT (Fig. 8B). While both induction of
spontaneous chromosome loss and increased cell death by Ndd1-
CD-10A during MMS treatment are in accordance with our re-
sults described in the previous section, similar results with HU
treatment seemed to contradict our earlier observations. How-
ever, one has to note that both physiological assays were done
under conditions of chronic HU exposure, whereas G,/M expres-
sion and Ndd1 recruitment experiments were done with synchro-
nous cultures over a limited time window. Thus, under chronic
HU exposure conditions, the effects of Mecl-Rad53-induced
phosphorylations seemed to be relevant for cell adaptation and
recovery. The importance of Ndd1 downregulation during geno-
toxic stress was further emphasized in HU- or MMS-challenged
mecl mutants that exhibit premature spindle elongation and nu-
clear division (22). Under conditions of artificial Ndd1 depletion,
these abnormal phenotypes were completely reversed (see Fig. S6
and S7 in the supplemental material).

DISCUSSION

In this study, we have confirmed previous observations that con-
nected DNA damage with low levels of expression of G,/M-spe-
cific genes. We extended these observations by showing that the
lack of transcriptional activation must be mainly due to a block in
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FIG 7 MMS-dependent phosphorylations of Ndd1 prevent its recruitment to the CLB2 promoter as well as its interaction with the FHA domain of Fkh2. (A)
Model showing a series of Ndd1 checkpoint-defective mutants (NDDI1-CD) used in the experiments whose results are presented in panels B, D, and E. (B)
Conditional GAL promoter-driven NDDI strains (based on strain JV323) expressing either NDDI-WT-HA, NDDI-CD-2A-HA, or NDDI-CD-8A-HA from
endogenous promoters were synchronized in G, and released into YEP-glucose with MMS. Ndd1 recruitment to the CLB2 promoter was examined by ChIP,
followed by qPCR analysis. Error bars indicate standard deviations in three independent experiments. (C) Pairwise sequence alignment of various Ndd1
homologues indicates that S437 and S440 and the surrounding amino acids in the yeast S. cerevisiae Ndd1 are conserved in other yeast species. S. kluyveri,
Saccharomyces kluyveri; E. gossypii, Eremothecium gossypii; C. albicans, Candida albicans; Z. rouxii, Zygosaccharomyces rouxii; K. lactis, Kluyveromyces lactis; K.
thermotolerans, Kluyveromyces thermotolerans. (D and E) Recruitment of Ndd1-CD-10A mutant to the CLB2 promoter (D) as well as its FHA domain-mediated
recruitment to the GALI-10 promoter (E) is significantly reestablished upon MMS treatment but is still abolished in HU-treated cells. A conditional GAL
promoter-driven NDDI strain (JV323) expressing either NDD1-WT-HA and GAL4p,5,-fkh2, 505 ot NDD1-CD-10A—HA and GAL4,5p-fkh2,_ 54, Was synchro-
nized in G, and released into YEP-glucose with or without MMS or HU. Ndd1 recruitment to the CLB2 and GALI-10 promoters was examined by ChIP, followed
by qPCR analysis. The data sets used for Ndd1-WT releases were the same as those used for the experiment whose results are shown in Fig. 2F. Error bars indicate
standard deviations in at least two independent experiments.
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FIG 8 Ndd1-CD-10A increases genomic instability and sensitivity toward
genotoxic stress. (A) Overexpression of the NDDI-CD-10A allele is detrimen-
tal for growth upon genotoxic stress. Tenfold serial dilutions of wild-type cells
expressing either Ndd1-WT (pSKY379) or Ndd1-CD-10A (pSKY381) under
the control of the GALI-10 promoter were spotted on YEP-Raf-Gal plates with
or without HU or MMS. Plates were photographed after 3 days of incubation
at30°C. (B) Ndd1-CD-10A expressed from an endogenous promoter increases
spontaneous chromosome loss upon HU or MMS treatment. Cells expressing
Ndd1-WT (SKY365) or Ndd1-CD-10A (SKY366) along with a circular
minichromosome plasmid containing the ADE2 gene (pSKY393) were plated
on YEP-glucose plates with or without MMS or HU. Percent minichromo-
some loss was determined by calculating the ratio of the number of colonies
exhibiting pink sectors, indicating minichromosome loss, to the total number
of colonies.

the chromatin recruitment of the transcriptional activator Ndd1
(see the accompanying paper by Edenberg et al. [30]). Although a
recent analysis suggested a link between Ndd1 modification and
transcriptional changes during genotoxic stress, it did not provide
any detailed mechanistic insights (16). Here we showed by muta-
tional analysis of the modification sites that Rad53-dependent
phosphorylation of Ndd1 indeed forms an important basis during
MMS treatment. However, our analysis also indicated that an
early block of DNA synthesis by HU treatment must induce addi-
tional regulatory branches (see the model in Fig. 9). These findings
opened important questions not only about the structural basis of
regulation but also about the physiological relevance of transcrip-
tional regulation in coordinating and perhaps fine-tuning mito-
sis-specific events with respect to the S phase.

Over the years, the highly regulated expression of G,/M-spe-
cific genes has revealed itself to be a complicated, multifaceted
process. In its initial phase during G,/S transition, high levels of
Cln-Cdc28 kinase activity remove the repressor Sin3/Rpd3 com-
plex from G,/M promoters, thereby facilitating some albeit minor
promoter activity that occurs independently of Ndd1 (5). Cln-
Cdc28 activity also seems to be involved in the stabilization of the
Nddl1 protein during late G; (S. K. Yelamanchi, unpublished
data). Neither of these two early steps, however, seems to be af-
fected by genotoxic stress. However, our data with presynchro-
nized cells are consistent with the proposal that the chromatin
recruitment of Ndd1 by the forkhead factor Fkh2 is the main
target of genotoxic stress. As the key experiment for this conclu-
sion, we consider our test where an artificial Gal4-FHA domain
fusion not only was able to bind Ndd1 in a cell cycle-regulated
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FIG 9 Model showing two distinct mechanisms by which Ndd1 activity is
regulated upon genotoxic stress. During MMS-induced G,/M arrest, Ndd1
activity is inhibited solely in a Mecl-Rad53-dependent manner (blue lines).
HU-induced deoxynucleoside triphosphate depletion blocks cell cycle pro-
gression in S phase (red lines) and inhibits Ndd1 activity by unknown mech-
anisms along with Mec1-Rad53.

fashion but also responded to the genotoxic stress signals. The
results clearly implicate the FHA-Ndd1 interaction and, as an ex-
tension, the phosphorylation status of Ndd1 as perhaps the pre-
dominant parameter of the regulation.

According to well-founded views, Ndd1 binding eventually
leads to a rapid increase in Clb2-Cdc28 kinase activity after S
phase via a positive-feedback mechanism in which Ndd1 phos-
phorylation by mitotic cyclin-dependent kinase (CDK) and in-
creased affinity between the FHA domain and hyperphosphory-
lated Ndd1 are thought to play a central role (8, 10, 11). The
question is therefore whether DNA damage or replication stress
acts on the Ndd1 function indirectly via a decrease in its CDK-
mediated phosphorylation or directly by causing an increase in
modifications that interfere with binding. We have provided here
an extensive and reproducible set of data on Ndd1 phosphoryla-
tion sites from wild-type and rad53 mutants treated or not treated
with genotoxic stress. The data mainly support the second notion,
although one has to be aware that it is still a major challenge to
obtain reliable posttranslational modification information by
mass spectrometry and also arrive at unambiguous quantitative
interpretations. Nevertheless, in combination with our genetic
analysis, we think that it is safe to conclude that the loss of tran-
scription, at least by MMS-induced damage, must rely mainly on
Rad53-dependent Ndd1 phosphorylation and not on the decrease
in the activating modifications.

With regard to HU-attenuated G,/M transcription, the mass
spectrometry results point to a combination of both mechanisms.
This conclusion is supported by the genetic suppression data that
suggest a more differentiated situation in the case of replication
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stress. Whereas mecl rad53 cells or NDDI alleles with alanine
substitutions at genotoxically induced phosphorylation sites (e.g.,
NDDI-CD-10A) bypass the effects of MMS on G,/M transcrip-
tion, this is not the case with the HU treatment. RAD53 deletions
and NDDI-CD-10A have no significant effect on Ndd1 recruit-
ment upon HU treatment, whereas mecI cells can at least partially
rescue G,/M transcription under these conditions, although one
has to note that this suppression never reaches the levels observed
without treatment. Thus, even though HU or MMS treatment
effectively downregulates G,/M-specific transcription, one cannot
escape the notion that differences exist in the mechanisms utilized
to achieve this inhibition. There are several possibilities for the
reasons why Rad53 deficiency or even Mec1 deficiency alone is not
sufficient to suppress the HU effect. Among these possibilities are
functional redundancies of the two genotoxic signaling cascades
(Mecl and Tell) and their cooperation with additional signaling
systems. For example, one might argue that active Tell in HU-
treated mecI cells activates Chkl to an extent sufficient for repres-
sion of G,/M transcription. This argument is most likely invalid,
because when cells of a rad9 mrcI*< strain (a strain that is incapa-
ble of activating Rad53 and Chk1 [24]) were treated with HU,
Ndd1 was still not recruited to G,/M promoters. Inhibition of
Ndd1 recruitment to G,/M promoters in HU-treated cells could
occur because cells are blocked very early in S phase in our exper-
imental setup. Indeed, we have observed that the activating phos-
phorylations are slightly reduced in cells treated with HU. Never-
theless, we cannot yet exclude the possibility that HU treatment
modulates additional cellular signal systems that contribute to a
blockade in Ndd1 recruitment. Obvious candidates for this effect
might be signals induced by morphogenetic abnormalities, as a
substantial cross talk between their checkpoint signals and the
Mecl-induced signals has been found to occur (29, 31, 32). For
example, protein kinase C was shown to downregulate Ndd1
function (12).

What is the physiological significance of checkpoint regulation
of G,/M transcription? During genotoxic stress, downregulation
of G,/M-specific transcription substantially decelerates late cell
cycle events from initiation of anaphase to mitotic exit, suggesting
that the cell might obtain more time for necessary repair steps.
Indeed, overriding the transcriptional block by Ndd1-CD-10A
leads to increased genomic instability and low cell survival under
conditions of chronic application of genotoxic stress. Finally, this
identification of a connection between DNA damage and tran-
scriptional attenuation in budding yeast aligns the checkpoint
strategies of this organism with those documented for S. pombe
and mammalian cells (13, 14).
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