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The Schizosaccharomyces pombe DNA repair gene rhp51" encodes a RecA-like protein with the DNA-
dependent ATPase activity required for homologous recombination. The level of the rhp51* transcript is
increased by a variety of DNA-damaging agents. Its promoter has two cis-acting DNA damage-responsive
elements (DREs) responsible for DNA damage inducibility. Here we report identification of Rdp1, which
regulates rhp51™ expression through the DRE of rhp51*. The protein contains a zinc finger and a polyalanine
tract similar to ones previously implicated in DNA binding and transactivation or repression, respectively. In
vitro footprinting and competitive binding assays indicate that the core consensus sequences (NGG/TTG/A) of
DRE are crucial for the binding of Rdpl. Mutations of both DRE1 and DRE2 affected the damage-induced
expression of rhp51*, indicating that both DREs are required for transcriptional activation. In addition,
mutations in the DREs significantly reduced survival rates after exposure to DNA-damaging agents, demon-
strating that the damage response of rhp51* enhances the cellular repair capacity. Surprisingly, haploid cells
containing a complete rdpl deletion could not be recovered, indicating that rdpI™ is essential for cell viability
and implying the existence of other target genes. Furthermore, the DNA damage-dependent expression of
rhp51* was significantly reduced in checkpoint mutants, raising the possibility that Rdpl may mediate damage

checkpoint-dependent transcription of rip51™.

All organisms have developed defense mechanisms to re-
spond to genotoxic materials causing genetic injury. One re-
sponse to DNA damage or DNA synthesis inhibition is to delay
the cell cycle by blocking DNA replication and/or mitotic di-
vision. Another is the transcriptional induction of several genes
whose products may contribute to DNA repair capacity (22).

During past decades, such damage-inducible genes have
been identified and partially characterized for bacteria, yeasts,
and higher eukaryotes (22). In particular, a large number of
genes are induced in response to DNA damage and/or inhibi-
tion of DNA replication in Saccharomyces cerevisiae (22, 49).
These include RNR2 (which encodes a small subunit of ribo-
nucleotide reductase [19, 28]), RNR3 (which encodes a large
subunit of ribonucleotide reductase [20]), CDC9 (which en-
codes DNA ligase [6]), and CDC17 (which encodes DNA poly-
merase I [21]), which are involved in DNA metabolism, and
RAD?2 (which encodes a DNA endonuclease required for nu-
cleotide excision repair [NER] [48]), RAD7 (required for NER
[48]), RADIS (required for postreplication repair [34]), RAD23
(which encodes a uniquitin-like protein required for NER
[41]), RAD51 (which encodes a RecA homolog required for
double-strand break repair [7]), RAD54 (which encodes a pu-
tative DNA helicase required for double-strand break repair
[13]), PHRI (which encodes a photoreactivating enzyme [52]),
and MAG (which encodes 3-methyladenine DNA glycosylase
[12]), which are involved in DNA repair. However, the biolog-
ical significance of the transcriptional induction of these genes
has been uncovered only recently. A study has revealed that
Dunlp serine/threonine protein kinase is involved in the tran-
scriptional activation of RNR2 and has delineated a pathway by
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which the damage signal is transduced to a checkpoint and
transcription response apparatus (65). The repressor protein
Crtlp was found to bind to X boxes on the RNR2 and RNR3
promoters and to mediate repression of the genes by cooper-
ating with the Tuplp-Ssn6p corepressor. DNA damage-in-
duced hyperphosphorylation of Crtlp enables the protein to
dissociate from X boxes, which leads to derepression of RNR2
transcription. This dissociation is also dependent on the
MECI1-RAD53-DUN1 damage-signaling pathway (27). In an-
other damage-inducible gene, PHRI, a 39-bp upstream re-
pressing sequence (URS) is responsible for the damage induc-
tion (51). Rphlp and Gislp have been identified as the
regulators that bind PHRI’s URS (29). Transcriptional regu-
lation mediated by Rphlp, Gislp, and Crtlp is similar in that
derepression is responsible for their damage-inducible expres-
sion.

Despite a great effort to determine otherwise, it was re-
vealed that the Rad53p-Dunlp-Crtlp cascade controls only a
small set of genes, including RNR2 and RNR3 but not UBI4, a
well-known damage-inducible gene encoding a single polypep-
tide consisting of multiple ubiquitin moieties. Presently, PHRI
is the only known target of Rphlp and Gislp. The data
strongly argue for the existence of multiple regulators involved
in the DNA damage response. At present, the Spcl-Atfl cas-
cade involved in a general stress response is the best-charac-
terized transcriptional response to damage in the fission yeast
Schizosaccharomyces pombe (62). Atfl factor is both a struc-
tural and a functional homolog of the mammalian bZip do-
main factor ATF-2 and is a key regulator of a number of target
genes that are involved in stress responses (gpd1™, fbpl™, and
catalase) and in the sexual differentiation pathway (stel1™)
(53, 63). It appears that the S. pombe stress response closely
resembles the mammalian stress response. It may therefore be
a useful model system for studying stress-related events and
the DNA damage response.



VoL. 20, 2000

DAMAGE-DEPENDENT ACTIVATOR OF rp51" 8959

DRE1 DRE2 MCB —
H
+1 rhp51*
192 -183
T ATTGA
1989
PRW-F3 pRW-F3
+pGAD424 | +pGAD14
pPRW-F3 pRW-F3
. +pGAD236 | +pGAD325

FIG. 1. Screening for DRE,,, ,s;+-binding protein. (A) Schematic representation of the rip51 * promoter. Numbering is relative to the first base in the rap51™ coding
sequence. Filled rectangles indicate two decamer DRE sequences (—233 to —224 and —213 to —204), and hatched diamonds indicate two MCBs (—192 to —187 and
—183 to —178). (B) Identification of a positive clone by an X-Gal plate assay. Levels of expression of the lacZ reporter gene between the empty vector and putative
clones were compared by X-Gal assays. A positive clone, pPGAD236, became dark blue, while the parental empty vector (pGAD424) and other putative clones did not

show enhanced B-galactosidase activity.

Thus, to identify novel regulators required for the activation
of repair genes by DNA damage from fission yeast in addition
to S. cerevisiae, we have been studying transcriptional regula-
tion of rhp51™, arecA homolog from the fission yeast S. pombe.
We have previously reported that rap51™ expression is cell
cycle regulated and induced by DNA damage but not by stress
stimuli (30). The induction appears to require two decamer
damage-responsive elements (DREs) commonly found in sev-
eral DNA repair genes of both S. cerevisiae and S. pombe (31).
To define the final effector involved in sensing and transducing
the damage-inducible response, we attempted to identify a
protein(s) that interacts with the DREs of rip51". We report
here that a novel zinc finger protein, Rdpl, isolated by one-
hybrid screening, specifically binds to the DRE in vitro and is
essential for cell proliferation. Furthermore, we show that con-
sensus sequences of the DRE are essential for Rdp1 binding
and that the mutated DREs cause a significant reduction in the
transcriptional induction of rip51™, leading to a decrease in
UV and methyl methanesulfonate (MMS) resistance. Our ob-
servations provide the first evidence that a novel transcrip-
tional activator recognizing common consensus binding se-
quences regulates the damage-inducible response in S. pombe.

MATERIALS AND METHODS

Strains and cell culture. S. cerevisiae strain RH1006 (MATa canl-100 his3-11
his3-15 leu2-3 leu2-112 trpI-1 ura3-52) was used as a host for one-hybrid screen-
ing (a gift from Mark Johnston). S. pombe JAC10 (h* ade6-704 rhp51:ura4™
leul-32:wtDRE-rhp51*-leul ™) and JAC20 (h™" ade6-704 rhp51:ura4™ leul-32:
mDRE-rhp51*-leul ) were derived from transformation of JAC1/51A (h™ ade6-
704 leul-32 rhp51::ura4™) with pJKwt and pJKmD, respectively. The S. pombe
diploid strain used for rpd1 disruption was obtained by a cross between ED665
(h™ ade6-M210 leul-32 ura4-D18) and ED668 (h™" ade6-M216 leul-32 ura4-D18)
from P. Fantes, Edinburgh, Scotland. S. pombe checkpoint mutant strains 1451
(ade6-704 ura4-DI18 leul-32 cdsl:ura4™ chkl:ura4™), 1324 (ade6-704 ura4-D18
leul-32 radl:ura4™*), 1378 (h~ ade6-704 ura4-D18 leul-32 rad3:ura4™), 1161
(ade6-M210/ade6-M216 on Ch16 ura4-D18 leul-32 rad9:ura4™), 941 (h~ ade6-
704 ura4-D18 leul-32 rad17:ura4™*), 1123 (h~ ade6-704 ura4-D18 leul-32 rad26::
ura4™), and Acdsl (ura4-DI18 leul-32 cdsI::ura4™) were generous gifts from Tony
Carr (Sussex University, Falmer, United Kingdom). Strain TE484 (A~ ura4-D18
leul-32 husl::LEU2) was obtained from T. Enoch (Harvard Medical School,

Boston, Mass.). Strain NW158 (h* ade6-M216 ura4-D18 leul-32 chkl:ura4™)
was kindly provided by N. Walworth (University of Medicine and Dentistry of
New Jersey, Piscataway). Yeast cells were grown in YPD (1% yeast extract, 2%
Bacto Peptone, 2% glucose) and YES (0.5% yeast extract plus 3% glucose,
supplemented with appropriate amino acids) for S. cerevisiae and S. pombe,
respectively. Selective media were prepared as described elsewhere (31).

Plasmids. The DNA structures of all plasmids were confirmed by restriction
analysis and in some cases by sequencing.

The reporter plasmids for one-hybrid screening were constructed as follows.
Three tandem copies of the annealed complementary oligonucleotide corre-
sponding to the sequences from —236 to —199 bp containing the DREs of the
rhp517" promoter (DRE,,,5;+) (Fig. 1A) were inserted into the BamHI site of
pRS315HIS (61) to generate the DRE,,,,,5;+-HIS3 plasmid pHis-F3. The 2.0-kb
BamHI-Sall fragment of pHis-F3 was then ligated into the CEN-ARS-URA3
plasmid YCplac33 (23) to create pHis33-F3. The DRE,,,5;+-lacZ reporter plas-
mid pRW3-F3 was constructed by inserting a 150-bp EcoRI fragment of
pHis33-F3 containing three copies of the DREs immediately upstream of lacZ in
the CEN-ARS-TRP] plasmid pRW95-3 (64). The S. pombe ¢cDNA expression
library based on a 2um-LEU2 plasmid, pPGAD GH, was purchased from Clon-
tech (catalog no. XL4000AA).

The truncated cDNA sequence of rdpl™ was generated by PCR using oligo-
nucleotides ORIF-Bam (5'-CACGGGATCCAACACTCCCACCGTAG-3")
and OR540R-EcoR (5'-GGGGTTGGAATCAGGCACTTGAC-3") as primers
and pGAD236 as the template. The 0.5-kb BamHI-EcoRI PCR product was
subcloned into pGEX4T-1 and then used for expression of glutathione S-trans-
ferase (GST)-fused Rdpl.

To disrupt the rdpI™ gene, a 5.3-kb EcoRI-Xhol fragment containing the
entire gene was derived from the cosmid SPACIBI (a gift from Rhian Gwilliam
at The Sanger Centre) and subcloned into pBSIIKS(+) to create plasmid prdp1-
830. The 1.1-kb Ball-Bcll fragment from prdp1-830 was replaced with a 1.8-kb
Hincll-BamHI fragment of ura4™ to create pBS-rdpl::ura4*. The 2.3-kb Sacl-
Hpal fragment of the disruption cassette was used for transformation of yeast.

pJKwt and pJKmD are derivatives of an integration vector, pJK148, containing
wild-type-DRE- and mutated-DRE-driven riip51™" genes, respectively. Site-di-
rected mutagenesis of the DRE sequence was carried out using the single-strand
DNA of the pBluescript-ip51* phagemid and a primer containing DRE muta-
tions (5'-TGTGTCTATTTAGTCTTCATTACCTTGCTAGTACTCTTCAACA
ATTGAAATCGCGTCGGACGCCTTTTAA-3") that changed the DRE core
sequence from AGGTG to CTTCA (italics) as described elsewhere (50). The
resulting plasmid was confirmed by nucleotide sequencing. Wild-type rip51* and
mutated DRE-regulated rip51* copies were subcloned into the pJK148 vector
for chromosomal integration and named pJKwt and pJKmD, respectively. The
pJK148 derivatives were used for integration at the leul-32 locus to create a
stable single-copy background. For integration, the plasmid pJKwt or pJKmD
was linearized with Nrul and used for transformation of the rap51A null mutant
strain JAC1/51A. To confirm stable and precise single-copy integration, robust
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Leu™ transformants were assessed by Southern blotting by using the 1-kb EcoRV
fragment of the leul™ gene as a probe as described elsewhere (36). For each
construct, only the single-copy integrant was selected, and they were named
JAC10 (WtDRE-rhp51™") and JAC20 (mDRE-rAp51™") as described in the legend
to Fig. 5A.

Yeast one-hybrid screening. Two reporter plasmids, pHis33-F3 and pRW3-F3,
were first introduced into RH1006. The Ura™ Trp™ transformants were then
transformed with the cDNA expression library to which the activation domain of
GALA4 was fused and screened for histidine prototrophy. The initial Ura™ Trp™
His™ colonies were rescreened for increased B-galactosidase activity by using an
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) assay (17). Plasmids
from positive clones were recovered in DH5a cells and used to transform naive
RH1006 cells harboring two reporter plasmids to confirm the Ura™ Leu™ His™
phenotype and increased B-galactosidase production. Finally, the insert DNA
from the positive clone was sequenced at the 5’ and 3’ fusion sites using a
Sequenase version 2.0 kit (Amersham).

Expression and purification of the GST fusion protein. Escherichia coli BL21
was used for expression of GST fusion proteins. Expression and purification of
the fusion protein were performed under conditions recommended by the man-
ufacturer (Pharmacia). Briefly, following induction of mid-log-phase cultures of
BL21 with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG), the cells were
lysed with breaking solution (2% Triton X-100, 100 mM NaCl, 10 mM Tris [pH
8.0], 1 mM EDTA [pH 8.0]). Fusion proteins were incubated with glutathione-
Sepharose 4B for 1 h, washed, and eluted with 10 mM reduced glutathione-50
mM Tris (pH 8.0).

Electrophoretic gel mobility shift assay (EMSA) and DNase I footprinting.
One hundred nanograms of GST-Rdp1 was incubated with a 5 nM concentration
of the 3?P-end-labeled double-stranded oligonucleotide in a volume of 20 pl.
Unlabeled competitors were prepared by hybridization of oligonucleotide pairs
(see Fig. 4A). The final binding solution contained 4 mM Tris-HCI (pH 8.0), 40
mM MgCl,, 40 mM NaCl, 1 uM ZnCl,, 10% glycerol, 100 pg of bovine serum
albumin per ml, and 5 mM dithiothreitol. Competition experiments with unla-
beled oligonucleotides typically employed a 5- to 100-fold molar excess of DNA
relative to the concentrations of radiolabled probes. After 20 min of incubation
on ice, DNA-protein complexes were separated on a 4% native polyacrylamide
gel containing 0.25X Tris-borate-EDTA.

DNA footprinting was performed as previously described (31). 3?P-labeled
probes were prepared by treating the oligonucleotide 51SB (5'-AGTAGGGAT
GTGAGG-3") with T4 polynucleotide kinase. PCR was performed using labeled
51SB and unlabeled UASIa (5'-AGCTTCGTTCCCTATCTCGTGA-3') as
primers and p51-420 (30) as the template. The 140-bp PCR product was cleaned
and gel purified using a ProbeQuant G-50 micro column (Pharmacia), followed
by electrophoresis in 6% polyacrylamide gel. Binding reactions were carried out
in 20 pl with a 10 nM concentration of the **P-labeled probe, 500 ng of poly(dA-
dT), and 200 ng of GST-Rdpl. The binding buffer was as the same as that used
in the EMSA. Following 20 min of incubation at room temperature, 1 U of
DNase I (Promega) and 1 pl of 50 mM CaCl, were added to the reaction. The
reaction was allowed to proceed on ice for 30 s to 2 min and then stopped by the
addition of 20 wl of stop solution containing 1% sodium dodecyl sulfate (SDS),
200 mM NaCl, 20 mM EDTA, and 40 pg of tRNA per ml. After extraction with
phenol and precipitation with ethanol, the products were analyzed on an 8%
polyacrylamide gel containing 7 M urea. The gel was dried and exposed to a
phosphorimage analyzer (model BAS1500; Fuji).

Northern blot analysis and UV survival test. Total RNA from S. pombe cells
was isolated by extraction with phenol-chloroform-SDS (33). A 30-pg sample of
the total RNA was separated on a 1.2% agarose gel containing 0.67 M formal-
dehyde and transferred onto Nytran membrane. After stringent washes, the blot
was exposed to X-ray film or the phosphorimage analyzer. To detect the rip51™*
transcripts, a 0.4-kb EcoRI fragment corresponding to an internal region of the
rhp51™" open reading frame (ORF) was labeled by the random primer method
(31) and then used as a probe.

A survival test was performed as previously described (32). For UV survival,
mid-log-phase cells were serially diluted to a final density of 4 X 10° cells/ml in
distilled water. Four hundred cells were plated on YES and irradiated with
various doses of UV using a Stratalinker 1800 (Stratagene). Plates were incu-
bated at 30°C for 4 to 5 days, and colonies were counted. The relative survival of
strains was calculated as the ratio of the number of colonies on UV-irradiated
plates relative to the number of colonies on unirradiated plates. For MMS
(Sigma-Aldrich, St. Louis, Mo.) survival, exponentially growing cells were di-
rectly plated onto rich medium in the presence of MMS at doses indicated in the
figures. Colonies were counted after 4 to 5 days of growth at 30°C.

Selective spore germination analysis. For analysis of the rdpIA phenotype in
liquid culture, a wild-type strain (ura4-D18/ura4-DI18 ade6-M210/ade6-M216
leul-32/leul-32 h™"/h ™) and the strain with an rdpl deletion (rdpl*/rdpl:ura4*
ura4-D18/ura4-D18 ade6-M210/ade6-M216 leul-32/leul-32 h*/h ™) were grown in
YES to mid-log phase and then sporulated in ammonium-free minimal media for
4 days. These cells were treated with 1% glusulase (Sigma) at 25°C overnight and
washed two times with distilled water. Spores were collected by centrifugation at
1,500 X g for 20 min. For germination, the spores (2 X 107 to 2 X 10%) were
inoculated into minimal medium and incubated at 30°C and then harvested at
various times. These cells were fixed in 70% ethanol and stained with 4',6-
diamidino-2-phenylindole (DAPI) (0.1 mg/ml). The nuclear morphology was
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examined using an inverted system microscope, model IX150, supplemented with
fluorescence accessories (Olympus Optical Co. Ltd., Tokyo, Japan).

RESULTS

Identification of Rdpl as a putative regulator acting
through the DRE,, s;+. We have previously shown that the
damage-inducible expression of rhp51™" requires the 69-bp re-
gion between positions —254 and —185 of its promoter. The
69-bp region contains two DRE elements (5'-GTAGGTGTT
A-3’" and 5'-CTAGGTAACA-3") (Fig. 1A) (33), to which
DNA-binding proteins bind (31). To identify these DRE,, ,5;+-
binding proteins, we used the yeast one-hybrid system. Three
copies of the DRE as bait were inserted into the minimal
promoter regions of two reporter genes, HIS3 and lacZ, cre-
ating plasmids pHis33-F3 (URA3 marker) and pRW3-F3
(TRPI marker), respectively. The reporter plasmids were used
to transform RH1006 together with the S. pombe cDNA library
(LEU2 marker). Approximately 3 million Ura® Leu" Trp*
transformants were tested for histidine prototrophy, and 25
His™ clones were obtained and examined for B-galactosidase
activity. Only one of these clones, designated pGAD236,
turned dark blue on X-Gal indicator plates (Fig. 1B). The
plasmid with a 1.5-kb cDNA insert was recovered, and its
nucleotide sequence was determined. Its ORF was identical to
the sequence of the cosmid SPACIB1.01 available from the
Sanger Centre (http:/www.sanger.ac.uk/pombe.html), which
had not been characterized previously. We have named it
rdpl™ (stands for rhp51"-DRE-binding protein). rdpl™ en-
codes a C,H, zinc finger protein of 478 amino acid residues,
with a calculated molecular mass of 53 kDa. The deduced
amino acid sequence of the Rdpl protein included several
putative phosphorylation sites by protein kinase C and casein
kinase II but did not show significant overall homology to any
of the known proteins in the protein database. In Fig. 2A and
B, the deduced ORF of 478 amino acids is aligned with S.
cerevisiae RAP1, which is involved in transcription and telo-
meric silencing (54), and with the human homeodomain gene
HOXA13 (35). Here, we have aligned the ORF only with these
two genes because their deduced amino acid sequences
showed the highest similarities among many proteins showing
homology with Rdp1. Interestingly, the region having obvious
sequence similarity among them was restricted to the ~100-
amino-acid stretch surrounding the polyalanine tract impli-
cated in the control of transcription (24).

Rdpl1 specifically binds to the DRE,,,,+ in vitro. To verify
that Rdp1 can bind to the DRE sequence in vitro, we examined
its DNA-binding properties using EMSA. Recombinant GST-
fused Rdpl protein was expressed in E. coli, purified, and
tested for specific high-affinity binding to the DRE,, s+
EMSA was performed with **P-labeled DRE,,, 5,+ and 100 ng
of GST-Rdpl1 protein. The results of EMSA demonstrate that
Rdpl indeed binds to the DRE with high affinity (Fig. 3A, lane
2). The sequence-specific binding was confirmed by competi-
tion assays in which a homologous oligonucleotide competed
much more efficiently for the binding than the nonspecific
competitor (Fig. 3A, compare results with DRE and UAST).
Multiple DNA-protein complexes were detected in EMSA,
which might be due to Rdp1 binding at each DRE sequence or
to oligomerization of Rdpl at a single binding site (Fig. 3A).

To determine the region within DRE,;, ,s;+ to which Rdpl
binds, DNase I footprinting was performed. As shown in Fig.
3B, GST-Rdpl1 protected only the region between —234 and
—201, which includes the two DREs. Together, these data
strongly suggest that Rdp1 binds DRE,,,,5,+ and regulates the
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FIG. 2. Protein domains of Rdpl. (A) Alignment of Rdp1 with other transcription factors. The Rdp1 shows a limited but significant homology with RAP1 (S.
cerevisiae) and many homeodomain proteins from higher eukaryotes. The amino acid sequences from RAP1 and human HOXA13 (hHox13) were aligned with Rdp1
by the CLUSTAL W program, and output was generated by Genedoc. Black and gray shadows indicate identical and homologous amino acids, respectively. (B)
Schematic diagram of the Rdp1 protein domain. The gray rectangle of Rdp1 indicates a region homologous with the activation domain of RAP1 and the polyalanine

tract of HOXA13. Percentages indicate sequence identities (and similarities).

damage response of rip51" by binding to the two DRE se-
quences.

Definition of Rdp1 binding specificity. To further define the
binding specificity of Rdpl, we compared the abilities of oli-
gonucleotides containing mutations within the DRE to com-
pete with the wild-type sequence in vitro. In our previous
report, comparisons of sequences within the 5’ regulatory re-
gions of damage-inducible genes, including rip51", RNR2,
RADS5I1, PHRI, and MAGI, have revealed the presence of a
consensus 10-bp sequence (5'-CGT/AGGT/ANGC/AC/A-3")
(31). Thus, we introduced several mutations into the highly
conserved five bases within the DREs (AGGTG and AGGTA
in DRE1 and in DRE2, respectively) (Fig. 4A). As shown in
Fig. 4B, oligonucleotides containing a single mutation in each
DRE (oligonucleotides CG,TG and AGT,G) were still able to
compete significantly for Rdp1 binding, while oligonucleotides
ATGTG, AG,CG, and AT,CG hardly competed. Also, those
containing mutations in all five bases completely abolished the
competition (oligonucleotide CT,CA [lanes 15 and 16 in Fig.
4B]), indicating that NGG/TTG/A is required for specific bind-
ing.

Mutations within the two DREs cause a significant decrease
in both damage-dependent activation of rhp51* and UV sur-
vival. To determine if NGG/TTG/A within the DRE is func-
tionally involved in the damage-inducible expression of

rhp517", we made plasmids harboring the rip51" gene with
intact DRE (pJKwt) or with five-base-mutated DRE (pJKmD)
and then integrated them at the leul-32 locus in the rip51-
deficient strain JAC1/51A to generate the JAC10 and JAC20
strains, respectively (Fig. SA). Precise single-copy integration
was confirmed by Southern blot analysis (data not shown). The
mRNA levels of rip51™* in JAC10 and JAC20 with or without
MMS treatment or UV irradiation were assessed by Northern
blot analysis (Fig. 5B). The basal-level expression of rip51*
was not influenced by the mutation in the DRE. In contrast,
damage-inducible transcription was significantly reduced, by
~50%, in JAC20, which contains the mutated DRE (Fig. 5C).
These results indicated that the consensus binding sequences
within the DREs mediate the transcriptional activation of
rhp51" in response to DNA damage.

To determine whether the down-regulation of rap51™* with
mutated DRE results in reduced repair capacity, we tested the
survival rates of JAC10, JAC20, and JAC1/51A following UV
irradiation or MMS treatment. As shown in Fig. 5D and E,
DRE mutations decreased the UV and MMS survival rates
and the relative reduction in survival was reflected in reduced
rhp517" expression. These results strongly argue for the notion
that the damage response of rip51™, controlled by the DREs,
contributes to cell survival following DNA damage.
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FIG. 3. Rdpl specifically binds to DRE,,,,,5;+ in vitro. (A) EMSA to test the
binding specificity and affinity of Rdp1 to DRE,,,5;+. A **P-labeled DRE oli-
gonucleotide (5 nM), either without (lane 1) or with (lanes 2 to 12) GST-Rdpl,
was incubated and electrophoresed as described in Materials and Methods. In
lanes 3 to 12, the indicated unlabeled competitor was added. Competitor con-
centrations were as follows: in lanes 3 and 8, 25 nM; in lanes 4 and 9, 50 nM; in
lanes 5 and 10, 100 nM; in lanes 6 and 11, 250 nM; and in lanes 7 and 12, 500 nM.
Arrows indicate the DNA-protein complexes. (B). Footprinting of Rdp1 on the
upstream regulatory region of rap51" containing the two DREs. End-labeled
DNA fragments containing the two DRE,, ,5,+s were incubated without (lanes 2
and 3) or with (lanes 4 and 5) GST-Rdp1 protein and subsequently subjected to
DNase I digestion as described in Materials and Methods. The region protected
from DNase I digestion is indicated by asterisks.

The rdpl™ is essential for cell growth and viability. To
examine the effect of loss of function on cell viability and
growth, we constructed a strain by targeted disruption of
rdpl™. The 1.1-kb Ball-Bcll fragment containing almost the
entire coding region of Rdpl was replaced with the 1.8-kb
ura4* gene fragment (Fig. 6A). The disruption cassette for
rdpl was transformed into a diploid strain (ED665/ED668),
and only stable Ura™ transformants were analyzed by Southern
blotting for the heterozygous genotype rdpl™* /rdp1::ura4™ (Fig.
6B). Unexpectedly, the tetrads of the rdpl */rdpl::ura4™ het-
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erozygotes revealed that only one or two of the four spores
were viable (Fig. 6C, right plate) and they were all auxotrophs
for uracil requirement (data not shown), indicating that the
disruption of rdpl™* by the ura4™ fragment was lethal. To
confirm the above data, we made two different additional sets
of disruptions with the N-terminal third of the ORF or the
entire ORF deleted and tested the effect of disruption on cell
viability. The experiments also supported that rdp1::ura4™ dis-
ruption was lethal (data not shown). Thus, we concluded that
the rdpl™ gene is essential for cell viability. The analysis by
flow cytometry did not show a clear difference between the
DNA profiles of wild-type and rdpIA spores (data not shown).
Nevertheless, most of the nonviable germinating rdp1A spores
arrested in an elongated and deformed shape with an abnor-
mal nuclear structure, implying the possible involvement of
Rdpl in cell cycle progression (Fig. 6D, right plate).

DNA damage checkpoints are involved in transcriptional
induction of rhp51™* in response to DNA damage. Recent re-
ports demonstrated that DNA damage checkpoint genes con-
trol the transcriptional induction of a DNA damage regulon
(DDR) in the budding yeast S. cerevisiae (1, 16). We ques-
tioned primarily if Rdpl mediates rip51" expression con-
trolled by the damage checkpoint. Before seeking an answer to
this question, we aimed to understand whether DNA damage
checkpoint genes are required for transcriptional induction of
rhp51* in response to DNA damage. Exponentially growing
radlA, rad3A, rad9A, radl7A, rad26A, huslA, cdslA, chkIA,
and cdsIA-chkIA cells were treated with either UV irradiation
or MMS. A significant decrease (~30 to 50%) in the transcrip-
tional induction of rhp51™ was observed in all checkpoint mu-
tants except in cdsIA and chklIA single mutants compared with
the level of induction in the wild-type strain (Fig. 7). The data
revealed that the DNA damage response of the DNA repair
gene rhip51" requires a damage checkpoint pathway, thus im-
plying the existence of DDR control by checkpoints.

DISCUSSION

In this paper, we have identified the protein encoded by
rdpl™* as a DNA damage-responsive activator of rip51™* ex-
pression. A C,H, zinc finger protein, Rdpl, recognizes NGG/
TTG/A sequences found in the previously defined DRE,, 5+
Furthermore, we have shown that mutations of the Rdpl-
binding sites in DRE,,,,5;+ abolish Rdp1 binding in vitro and
also reduce rhp51™" expression and cell survival in response to
DNA damage. Surprisingly, despite the fact that rhp51™ is not
an essential gene, loss of function of rdpI™ resulted in cell
death, indicating that rdpI™* has an essential function in cell
growth and viability in addition to regulation of rhp51 ™" expres-
sion.

The deduced amino acid sequence of Rdpl shows one par-
ticularly interesting region of polyalanine tract near the center
that has 30 to 40% identity with many homeodomain proteins,
including human HOXA13 (24) and other transcription factors
such as mouse Zic2 (3). Interestingly, we found that the trans-
activation domain of Rdpl, defined by the effect of the GAL4
binding domain-Rdp1 hybrids on the expression of lacZ fused
to the upstream activating sequence of GAL, indeed contains
a 12-residue polyalanine tract (data not shown). However, in
another study, such tracts were proposed to repress transcrip-
tion directly and the minimal repressor domains of Kriippel,
Engrailed, and Evenskipped were also determined to contain
alanine-rich sequences (24). In addition, it has been proposed
that polyalanine tracts act as flexible spacer elements between
functional domains (35). Taken together, the results of these



VoL. 20, 2000

DRE1
DRE
CG,TG
ATGTG
AGT,G
AG,CG
AT,CG

w
14
(=]

CG,TA

Competitor

No competitor

DAMAGE-DEPENDENT ACTIVATOR OF rip51" 8963

DRE2

tatttaGTAGGIGTTACCcttgctagtaCTAGGTAACAattga
tatttaGTCGGTGTTACCttgctagtaCTCGGTAACAattga
tatttaGTATGTGTTACCttgctagtaCTATGTAACAattga
tatttaGTAGTTGTTACCcttgctagtaCTAGTTAACAattga
tatttaGTAGGCGTTACcttgctagtaCTAGGCAACAattga
tatttaGTATTCGTTACcttgctagtaCTATTCAACAattga
tatttaGTCTTCATTACCttgctagtaCTCTTCGACAattga

GST-Rdp1
O o

5 & o 8 §
= () o - =
< < < < )

) ) ) ) ) e—) —]

o wehenie bbb

i

™1

123 45 6 7 89 10 11 1213 14 15 16

FIG. 4. Determination of the binding consensus sequences by EMSA. (A) Nucleotide sequences of competitors used. Sites changed relative to the sequence of
wild-type DRE are indicated by gray boxes. (B) Competition assay. The radiolabeled DRE was incubated with GST-Rdp1 with or without the indicated unlabeled
competitor. Two concentrations are shown for each competitor, 100 nM (lanes 3, 5, 7, 9, 11, 13, and 15) and 500 nM (lanes 4, 6, 8, 10, 12, 14, and 16). Lane 1 contains
the DNA substrate only, and lane 2 contains the substrate and GST-Rdp]1 protein without competitor. Arrows indicate the bound DNA-protein complexes.

studies provide interesting implications for the role of the
polyalanine tract in the control of rap51™ transcription.
Several S. pombe genes, including uvil5™*, uvi31™, UVDE,
and rhpl6™, are DNA damage-inducible genes (5, 14). Of
these, uvi31™, UVDE, and rhpl6™ contain a putative sequence
homologous to DRE,,,,5,+ (5, 14, 37), suggesting the presence
of a DDR controlled by DRE,,,,5,+. Like the AG, sequence,
which has been defined as the URS of S. cerevisiae PHRI, the
NGG/TTG/A sequence recognized by Rdpl is found to be
much too open in the fission yeast genome database to be
meaningful. Nevertheless, it may be significant that one or
more NGG/TTG/A sequences are found within 500 bp of the
translational start sites of most of the DNA repair, checkpoint,
and metabolism genes of fission yeast, even though they have
not yet been tested for their damage inducibility (radl™, rad8™,
rad9*, radl3*, radl5*, radl7*, rad21", rad22", rad24”,
rad26™, rad32", rhp6™ rhp54™, rhp55™, rhp57*, cdsl™, chkl™,
and spdmel™ [2, 8, 10, 11, 25, 39, 40, 43, 44, 46, 57, 58, 59]). As
mentioned in a previous report, one or more NGG/TTG/A

sequences are also found in the promoters of several of the
known damage-inducible DNA repair and metabolism genes
of S. cerevisiae (PHRI, RAD2, RAD16, RAD51, DDR48, RNR2,
RNR3, and MAG3) (31). Thus, although a transcriptional reg-
ulator of the DNA damage response conserved between the
two yeasts has not been found thus far and we failed to find an
Rdpl homolog in the S. cerevisiae genome, Rdpl may be a
candidate for this common type of regulator. Identification of
another target(s) of Rdpl would enable us to further under-
stand the roles of this protein.

In S. cerevisiae, at least four different proteins, Rphlp,
Gislp, Crtlp, and Swi6p, are known as regulators of damage-
inducible DNA repair genes (26, 27, 29, 55). The DNA damage
response by S. pombe rdpl™ differs in one important aspect
from that by the above-mentioned transcription factors. Rdp1
acts as a positive regulator of rip51 ™ expression, while Rphlp,
Gislp, and Crtlp are damage-responsive repressors. However,
one cannot exclude the possibility that Rdpl may be switched
to become an activator through modulation by other interact-
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FIG. 5. Effect of mutated DREs on rip51* expression and survival after treatment with UV and MMS. (A) Illustration of the rip51* gene structure in a host strain
harboring wild-type DRE (JAC10) or mutated DRE (JAC20). Mutated bases are indicated by dots under the bases. (B) mRNA levels of rip51™* following UV
irradiation or MMS treatment. Exponentially growing cells were exposed to 0.1% MMS or 180 J of UV light per m? and postincubated for 1 h. Total RNAs were
extracted, and rap51" mRNA levels were assessed by Northern blotting. Symbols: C, mock treatment; M, 0.1% MMS treatment; U, 180 J of UV irradiation per m?.
(C) Relative rhip51* mRNA levels after DNA damage. The data were obtained from five independent experiments and normalized to data with act! . The error bars
indicate standard deviations. Symbols: C, mock treatment; M, 0.1% MMS treatment; U, 180 J of UV irradiation per m2. (D) Comparison of UV sensitivities. Cells were
exposed to UV light at the indicated doses on YES plates, and the surviving colonies were counted after 4 to 5 days. The data points are averages from at least three

independent experiments, and the error bars indicate standard deviations. (E) Comparison of MMS sensitivities. The MMS survival test was performed as described
in Materials and Methods.
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was replaced with the 1.8-kb ura4™ gene as described in Materials and Methods. (B) Southern blot to confirm rdp! " /rdpl::ura4™ heterozygotes. The 3.3-, 2.17-, and
1.2-kb fragments were detected in the heterozygote when it was probed with the 3.3-kb EcoRYV fragment of rdp1 ™. Lanes: 2 and 6, heterozygotes with rdpI* /rdp1::ura4™;
1, 3, 4, and 5, wild-type homozygotes. (C) Tetrad analysis of the rdpl*/rdpI:ura4™ heterozygote. The spores were microdissected onto YES plates and incubated for
4 days at 30°C. Heterozygotic tetrads produced only one or two viable spores with the Ura™ phenotype, while most of tetrads from the wild-type diploid showed four
viable spores with uracil auxotrophy. (D) Terminal morphology of wild-type and rdpIA spores after germination. The rdpI*/rdpl™ and rdpl™* /rdp1::ura4* diploid strains
were sporulated, and the resulting spores were inoculated into minimal medium supplemented with uracil for the wild-type spores or uracil-free medium for the
rdpl:ura4” spores. Germinating cells were stained with DAPI and examined by fluorescence microscopy. Left plate, germinating wild-type spores (22 h); right plate,

germinating rdpIA spores (22 and 24 h). Scale bar, 10 pwm.
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blots were hybridized with 32P-labeled rap51™ or actl* DNA probes and autoradiographed. Symbols: C, mock treatment; M, 0.1% MMS treatment; U, 180 J of UV

irradiation per m?.

ing proteins. The best example is the bZip domain factor Atfl,
which is involved in the transcriptional regulation of stress-
related genes (53, 62, 63). A recent study suggested that Atfl
is converted from a repressor to a transcriptional activator by
Spcl (mitogen-activated protein kinase) activity, at least in the
response of the catalase gene to UV (15). Both Rdp1 and Atfl
seem to resemble each other in the fact that they are required
for the increased levels of catalase or rhp51 ™" expression that is
part of the UV response (15). Furthermore, Swi6p is a bifunc-
tional regulator that acts depending on the promoter context
of the target. The Hrr25p-Swi6bp pathway controls the tran-
scriptional activation of RNR2 and RNR3 (26), while Rad53-
dependent phosphorylation of Swi6p is involved in down-reg-
ulation of CLNI and CLN2 in response to DNA damage (55).
Similar to the way Swi6p behaves in cyclin gene expression, the
two Mlul cell cycle box (MCB) elements adjacent to DRE,, ,5;+
appear to act as upstream repressing sequences because mu-

tations in the MCB caused derepression of rip51™" and re-
duced damage inducibility (our unpublished observations).
Furthermore, loss of function in the MCB-binding factors
resl™, res2™, and rep2™ (4, 42, 45) results in the same pheno-
types with respect to rap51* expression (unpublished data).
Together, these data suggest that damage-dependent activa-
tion and repression of rhip51™ required Rdpl and MCB-bind-
ing factors, respectively. Thus, it is possible not only that there
are multiple DNA damage-responsive regulators but also that
the signal transduction pathway involved in the regulation of
the DDR differs depending on the promoter context of the
target.

Despite a long-time interest and effort, the biological signif-
icance of the transcriptional induction of DNA repair genes is
still unclear. In particular, failure to induce RAD54, a DNA
repair gene in S. cerevisiae, appeared not to affect DNA repair
or recombination phenotypes, raising significant questions
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about the physiology of damage-dependent induction (13).
However, the present study indicates that the transcriptional
activation of rip51™" is required for cellular repair capacity,
implying the presence of an SOS-like response in yeast.

Several recent studies strongly argue that the DNA damage
checkpoint is linked directly or indirectly to the DNA damage-
dependent transcriptional response in addition to the delay of
cell cycle progression (1, 16, 27, 29, 38). In particular, recent
observations suggested that all damage-checkpoint genes, in-
cluding RADY9, MEC1, and RADS3 of S. cerevisiae, control the
induction of a large regulon of >15 genes whose roles are in
DNA repair and metabolism, indicating that this DDR may be
reminiscent of the SOS response of bacteria (1, 16, 60). For the
fission yeast, a number of damage checkpoint genes involved in
sensing abnormal DNA structures and transducing the damage
signal to effector molecules have been identified and well char-
acterized (9, 18, 47, 56). However, no one has ever tested
whether the checkpoint pathway regulates the transcriptional
induction of DNA damage-inducible genes in S. pombe. Inter-
estingly, we also found that the transcriptional activation of
rhp517" in response to DNA damage was significantly reduced
in all the checkpoint-defective strains of S. pombe tested, im-
plying the existence of DDR control by the checkpoint path-
way as in S. cerevisiae. Considering that Rdp1 was found to be
a key regulator of DNA damage-dependent expression of
rhp51*, Rdpl may be one of the best candidates to act as a
mediator that links the DNA damage-signaling cascade by
means of checkpoints and damage-dependent induction of
rhp517* transcription. Our previous report and this study indi-
cate that Rdpl may cooperate with MCB-binding proteins for
the maximal activation of damage-dependent transcription of
rhp51*. To confirm this hypothesis, further experiments re-
main to be performed. Of particular interest is whether Rdpl
indeed mediates damage checkpoint-dependent induction of
rhp51* expression.
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