
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/01/$04.0010 DOI: 10.1128/MCB.21.10.3289–3301.2001

May 2001, p. 3289–3301 Vol. 21, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Fission Yeast Rad17 Associates with Chromatin in Response
to Aberrant Genomic Structures

MIHOKO KAI,1 HIROYUKI TANAKA,2 AND TERESA S.-F. WANG1*

Department of Pathology, Stanford University School of Medicine, Stanford, California 94305-5324,1 and
Department of Biochemistry and Molecular Biology, The University of Tokyo

Graduate School of Medicine, Bunkyo-ku, Tokyo 113-0033, Japan2

Received 13 October 2000/Returned for modification 5 December 2000/Accepted 26 February 2001

Fission yeast checkpoint protein Rad17 is required for the DNA integrity checkpoint responses. A fraction
of Rad17 is chromatin bound independent of the other checkpoint proteins throughout the cell cycle. Here we
show that in response to DNA damage induced by either methyl methanesulfonate treatment or ionizing
radiation, increased levels of Rad17 bind to chromatin. Following S-phase stall induced by hydroxyurea or a
cdc22 mutation, the chromatin-bound Rad17 progressively dissociates from the chromatin. After S-phase
arrest by hydroxyurea in cds1D or rad3D cells or by replication mutants, Rad17 remains chromatin bound.
Rad17 is able to complex in vivo with an Rfc small subunit, Rfc2, but not with Rfc1. Furthermore, cells with
rfc1D are checkpoint proficient, suggesting that Rfc1 does not have a role in checkpoint function. A checkpoint-
defective mutant protein, Rad17(K118E), which has similar nuclear localization to that of the wild type, is
unable to bind ATP and has reduced ability in chromatin binding. Mutant Rad17(K118E) protein also has
reduced ability to complex with Rfc2, suggesting that Lys118 of Rad17 plays a role in Rad17-Rfc small-subunit
complex formation and chromatin association. However, in the rad17.K118E mutant cells, Cds1 can be
activated by hydroxyurea. Together, these results suggest that Rad17 binds to chromatin in response to an
aberrant genomic structure generated from DNA damage, replication mutant arrest, or hydroxyurea arrest in
the absence of Cds1. Rad17 is not required to bind chromatin when genomic structures are protected by
hydroxyurea-activated Cds1. The possible checkpoint events induced by chromatin-bound Rad17 are dis-
cussed.

For maintaining genome integrity following replication per-
turbation or DNA damage, eukaryotic cells employ checkpoint
mechanisms to delay or arrest the cell cycle, allowing cells to
recover from the perturbation or to repair the damage (10, 19,
20). In fission yeast, a group of gene products named Rad1,
Rad3, Rad9, Rad17, Rad26, Hus1, and Cut5 (Rad4) are re-
quired for the checkpoint (1, 33, 39, 41, 42). Five of the check-
point gene products, Rad1, Rad3, Rad9, Rad17, and Hus1, are
evolutionarily conserved from yeast to humans (8, 33). These
checkpoint proteins are thought to function as sensors and
transducers in signaling both replication perturbation and
DNA damage by activating two downstream kinases, Cds1 and
Chk1. These kinases ultimately have an effect on the cell cycle
machinery to delay or arrest the cell cycle to prevent inappro-
priate mitotic entry in maintaining genome integrity (5, 12, 13,
22, 29, 32, 39, 40, 60).

Recent studies have shown that the checkpoint proteins
form complexes. In fission yeast and human cells, Hus1 and
Rad1 form a stable complex in a Rad9-dependent manner (21,
55). Further studies have shown that Hus1 exists in several
forms. The main form, Hus1B, participates in the complex with
Rad1 and Rad9 (8). Rad3 has been shown to complex with
Rad26 and phosphorylates Rad26 in response to g radiation in
G2 cells independent of other checkpoint proteins (9), suggest-

ing that this type of damage can activate Rad3 kinase directly
(27).

Rad17 and its budding yeast homologue RAD24 each con-
tain five domains with sequence homology to replication factor
C (Rfc) (17). Rfc is an evolutionarily conserved five-subunit
protein complex. During DNA replication, the Rfc complex
recognizes the primer-template junction of the initiation DNA
structure synthesized by polymerase a and loads the proces-
sivity clamp, PCNA, onto DNA to allow polymerase d to syn-
thesize the main bulk of the DNA (56, 61). Genetic evidence
has shown that several Rfc subunits not only function as the
PCNA clamp loader in replication, but they are also required
for the cell cycle checkpoint (24, 30, 31, 38, 43, 45, 46). Fur-
thermore, budding yeast Rad24p and fission yeast Rad17 have
been shown to coimmunoprecipitate with Rfc5p and Rfc3,
respectively (30, 43, 44). Coprecipitation of budding yeast
Rad24p with all four of the small subunits of Rfc proteins
(Rfc2p, Rfc3p, Rfc4p, and Rfc5p) but not with Rfc1p has also
been reported (15). We and others have found that Rad17
exists as a large protein complex independent of the other
checkpoint Rad proteins (8, 16). Although Rad17 does not
associate with the Hus1-Rad1-Rad9 complex, Rad17 is re-
quired for the nuclear localization of Hus1 and Rad9 and
interacts with Rad1 in two-hybrid reactions (8).

Studies of the budding yeast checkpoint proteins have sug-
gested that following DNA damage, aberrant DNA structure
may be first processed by checkpoint proteins Rad17p,
Rad24p, and Mec3p (homologues of Schizosaccharomyces
pombe Rad1, Rad17, and Hus1, respectively) into a structure
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that activates Mec1p (the S. pombe Rad3 homologue). Mec1p
then activates Rad53p and Chk1p (the S. pombe Cds1 and
Chk1 counterparts) for cell cycle arrest (14, 25, 49). The hu-
man homologue of fission yeast Rad1 is thought to encode an
exonuclease, and human Rad9 has been reported as having
39-to-59 exonuclease activity in vitro (3, 35). Finding that fission
yeast Rad3-Rad26 responds to damage independently of other
checkpoint proteins (9, 27) suggests that Rad17 and the Rad1-
Rad9-Hus1B complex may have a role in processing the aber-
rant DNA structure.

To begin to investigate this hypothesis, we focused on
Rad17. We have recently reported that a fraction of the cel-
lular Rad17 protein is chromatin bound throughout the cell
cycle. Importantly, chromatin binding of Rad17 is independent
of other checkpoint proteins and the Cds1 and Chk1 kinases
(16). This finding (16) and the findings by others (15, 30, 31,
43) describing the association of Rad17 with Rfc proteins raise
the following questions. (i) What are the chromatin binding
statuses of Rad17 in response to DNA damage and replication
perturbation? (ii) Does a checkpoint-defective mutant Rad17
protein bind to chromatin? (iii) Is a fraction of the Rfc small
subunits always in complex with Rad17 for checkpoint func-
tion? (iv) Is Rfc1 not involved in the checkpoint process but
only in replication? Here we describe the chromatin associa-
tion of wild-type and a checkpoint-defective Rad17 protein in
response to DNA damage and various S-phase perturbations.
Similar to reports by others (15, 31), we showed that Rad17
coprecipitates with Rfc2 but not with Rfc1. We have further
demonstrated that rfc11 is not involved in the checkpoint func-
tion and that residue Lys118 of Rad17 is required for ATP
binding of Rad17, complex formation with Rfc2, and chroma-
tin association. Together our data suggest that Rad17, in a
complex with the small subunits of Rfc, associates with chro-
matin in response to an aberrant genomic structure. This com-
plex is not required to associate with the chromatin when the
genomic structure is protected by the hydroxyurea-activated
Cds1. We discuss the possible events induced by the chroma-
tin-bound Rad17-Rfc small-subunit complex in functioning as
a part of the checkpoint process.

MATERIALS AND METHODS

Yeast strains, plasmids, media, genetics, and molecular techniques. All yeast
strains were constructed by standard fission yeast genetic techniques as described
previously (18), and resulting mutants were isolated by tetrad analysis. Where
necessary, strains were also confirmed for the presence of either the hemagglu-
tinin (HA) or myc epitope tags by Western blotting with the respective mono-
clonal antibody. Fission yeast cells were grown in rich media (YE5S) or Edin-
burgh minimal media with appropriate supplements as described earlier (28).
Molecular biological techniques were performed according to prior methods
(26). Myc-tagged rad17 and rad17.K118E strains (17) and pREP41-myc-rad171

and pREP41-rad17.K118E plasmids were generous gifts from A. M. Carr.
Chromatin fractionation assay. Chromatin fractionation of myc-tagged Rad17

or myc-tagged Rad17(K118E) was performed as described previously (16) with
the following modifications. Logarithmically growing cells (5 3 108 cells) were
harvested in 1 mM sodium azide by centrifugation and were washed sequentially
with 25 ml of STOP buffer (0.9% NaCl, 1 mM NaN3, 50 mM NaF, 10 mM
EDTA), 25 ml of double-distilled water, and 10 ml of 1.2 M sorbitol. Cells were
resuspended in 1.125 ml of CB1 (50 mM sodium citrate, 40 mM EDTA, 1.2 M
sorbitol) to which 125 ml of CB1 containing 10 mg of lysis enzymes (L2265;
Sigma), 10 mg of Zymolyase-20T (ICN), and 2.5 ml of b-mercaptoethanol were
added. Digestion of cells was monitored by removing 2 ml of cell sample and
adding an equal volume of 10% (wt/vol) sodium dodecyl sulfate (SDS). When
cell lysis reached approximately 90% after zymolyase treatment, the digestion
was terminated by adding an equal volume of ice-cold 1.2 M sorbitol. Sphero-

plasts were harvested by centrifugation at 290 3 g for 4 min and were washed
twice with 1.2 ml of 1.2 M sorbitol. Finally, the spheroplasts were resuspended in
425 ml of 1.2 M sorbitol, frozen in liquid nitrogen, and stored at 280°C. Samples
were subsequently thawed on ice and lysed by the addition of 50 ml of 103 lysis
buffer (500 mM potassium acetate, 20 mM MgCl2, 200 mM HEPES [pH 7.9]). To
the lysates, a Complete Protease Inhibitor EDTA-Free Tablet (Roche Molecular
Biochemical) and 20 ml of 25% Triton X-100 (TX-100) were added. Samples
were incubated on ice for 10 min, and 50 ml was removed and boiled in an equal
volume of 23 SDS sample loading buffer. This was analyzed as the total protein
fraction (designated Total). Extracts were subsequently fractionated into soluble
and pellet fractions by centrifugation at 12,000 3 g for 15 min in a bench-top
microcentrifuge. Supernatant was removed and boiled in an equal volume of 23
SDS sample buffer (designated Sup). An insoluble chromatin-enriched pellet
fraction was washed once with the lysis buffer without TX-100 and digested with
DNase I (100 U; Stratagene) in the presence of 5 mM MgSO4 and protease
inhibitors on ice for 30 min. The DNase I-digested chromatin-enriched frac-
tion was centrifuged for 5 min at 14,000 3 g. Supernatant was designated the
chromatin fraction (designated Chr), while the pellet was designated the cellu-
lar scaffold and debris. The chromatin binding of myc-Rad17 and myc-
Rad17(K118E) was detected by an anti-myc monoclonal antibody (9E10).

Preparation of cell extract. Logarithmically growing cells were washed in 20 ml
of HB buffer (25 mM Tris-HCl [pH 7.5], 15 mM MgCl2, 15 mM EGTA, 1 mM
dithiothreitol [DTT], and proteinase inhibitors as described above) with the
addition of 300 mM NaCl and 1% TX-100. Cells were disrupted with glass beads
(425 to 600 mm; Sigma) in the above buffer and centrifuged at 14,000 3 g for 15
min at 4°C. Supernatant was diluted to 150 mM NaCl–0.5% TX-100 by HB buffer
for immunoprecipitation. For preparation of cell extracts from cells expressing
an epitope-tagged protein from the nmt1 promoter of pREP41, cells were first
grown in medium containing thiamine to repress overexpression. Cells were then
harvested by centrifugation, washed with distilled water to remove thiamine,
reinoculated into thiamine lacking minimal medium with appropriate nutritional
selection, and grown for 18 h.

Immunofluorescence analysis. For nuclear localization analysis, anti-myc an-
tibody (9E10) was used at 1:1,000 dilution and the secondary antibody (goat
anti-mouse immunoglobulin Alexa 488; Molecular Probes) for immunofluores-
cence was used at 1:250 dilution. The immunofluorescence protocol was as
described previously (36), with modification of in-cell-wall digestion with 0.2 mg
of Zymolyase 20T (ICN) per ml in buffer for 8 to 10 min at room temperature.
DNA was stained with propidium iodide. For photography, cells were dried on
polylysine-coated coverslips and mounted in 50% glycerol and phosphate-buffered
saline (PBS).

Construction of epitope-tagged rfc11 and rfc21 strains. Three-HA or 13 myc
epitope tags were independently constructed at the C terminus of rfc11, and the
three-HA tag was constructed at the C terminus of rfc21 by a PCR method
followed by G418 selection exactly as described previously (2).

Construction of the rfc1D strain and analysis of the phenotype of the rfc1D

germinating spores. A heterozygous diploid (rfc11/rfcD) was constructed by
one-step gene replacement by replacing the 1.7-kb EcoRI-PstI fragment of
rfc11 with a 1.8-kb ura41 gene cassette as illustrated in Fig. 6A. The 3.8-kb
SpeI-HindIII fragment containing the disrupted rfc1 gene was transformed into
a diploid strain (h1/h2 leu1-32/leu1-32 ura4-D18/ura4-D18 ade6-M210/ade6-
M216). Stable transformants were selected and verified as heterozygous diploids
by Southern blot analysis. The heterozygous diploid cells were sporulated on
MEA medium for 7 days. Spores derived from the rfc11/rfc1D heterozygous
diploid were washed with double-distilled water and then incubated at 30°C for
18 h in 40 ml of water containing 0.1 ml of helicase (IBF) followed by three
further washes with water. The spores were cultured in minimal medium con-
taining adenine and leucine at 30°C to induce preferential germination of ura41

and rfc1D spores. Germinating spores were collected every 2 h, fixed with 70%
ethanol, stained with 49,69-diamidino-2-phenylindole (DAPI), and analyzed.

Purification of his-myc-tagged Rad17 and myc-tagged Rad17(K118E) from
fission yeast cells. Rad17 was purified as a side fraction of a large-scale fission
yeast DNA polymerase a-primase purification protocol, details of which will be
published elsewhere (R. E. Davis and T. S. Wang, unpublished). Briefly, 225 g of
fission yeast cells containing his-myc-rad171 at their endogenous genomic loci
(17) were disrupted with glass beads (425 to 600 mm; Sigma) in 23 lysis buffer
which contains 300 mM HEPES (pH 7.9), 1 M KCl, 20% glycerol, 1 mM EDTA,
2 mM DTT, and proteinase inhibitors (6 mM leupeptin, 2 mM pepstatin A, 2 mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride). Crude cell lysates were
centrifuged at 8,000 3 g for 15 min at 4°C. The supernatant was collected,
recentrifuged at 90,000 3 g for 90 min, diluted to 500 mM KCl, and then applied
to a fast-flow Q-Sepharose column pre-equilibrated in 13 lysis buffer to remove
nucleic acids. The flow-through fraction was collected and diluted with dilution
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buffer (1 mM EDTA, 1 mM DTT, 10% glycerol, 100 mM KPO4). Phosphocel-
lulose resin equilibrated in the same buffer was added to the flow-through
fraction and rotated end to end at 4°C. The phosphocellulose resin was washed
three times with wash buffer (1 mM EDTA, 1 mM DTT, 10% glycerol, protease
inhibitors as described above) plus 100 mM KPO4, pH 7.5. Proteins were eluted
with wash buffer plus 350 mM KPO4, pH 7.5. After dialysis against a buffer (20
mM Tris-HCl [pH 7.5], 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol,
and protease inhibitors), the eluates were loaded onto a high-resolution Q-
Sepharose column. Proteins were eluted from the high-resolution Q-Sepharose
column with a gradient of 50 to 1,000 mM NaCl. The myc-his-tagged Rad17
protein eluted from the column was monitored by Western blot analysis and was
eluted at approximately 800 mM NaCl. Fractions containing the myc-his-Rad17
protein were pooled, dialyzed against MCAC buffer (20 mM Tris-HCl [pH 7.9],
500 mM NaCl, 10% glycerol, protease inhibitors), and loaded onto a Ni1-
agarose column (1 ml) pre-equilibrated in the MCAC buffer. The column was
washed with five column volumes of MCAC buffer, and myc-his-Rad17 protein
was eluted by an MCAC buffer containing 100 mM imidazole. The myc-his-
tagged Rad17 protein was monitored by Western blotting with an anti-myc
monoclonal antibody (9E10). Purified myc-Rad17 protein was dialyzed against
the dialysis buffer and was used for ATP binding studies. Mutant Rad17(K118E)
protein was purified from the rad17D strain harboring a pREP41-rad17.K118E
plasmid by using the same protocol.

ATP binding assay. A 20-ml reaction mixture containing 0.2 mg of purified
Rad17 protein or Rad17(K118E) protein in a solution containing 25 mM Tris-
HCl (pH 7.5), 3 mM MgCl2, 1 mM DTT, 50 mg of bovine serum albumin per ml,
0.2 mg of 96-mer oligonucleotide or M13 DNA, and 10 mM [g-32P]ATP (0.33
mCi/nmol) was incubated at room temperature for 20 min. The reaction mixtures
were irradiated with short-wave UV light in a Stratalinker (Stratagene) for 20
min on ice, and the cross-linked products were loaded onto SDS–8% polyacryl-
amide gels. The gels were dried and exposed to PhosphorImager screens or
X-ray films.

Immunoprecipitation and Western blotting. One milligram of total cell extract
was diluted to 300 ml with HB buffer plus 150 mM NaCl and 0.5% TX-100. The
diluted cell extract was then incubated with protein G agarose (Calbiochem)
which had been prebound with anti-HA monoclonal antibody (3F10 high affinity;
Boehringer Mannheim). Immunocomplexes were collected by centrifugation and
washed four times with 1 ml of HB buffer, boiled in SDS sample buffer, and
fractionated on SDS–8% polyacrylamide gels. Proteins were transferred to poly-
vinylidene difluoride membranes (Bio-Rad). The membranes were blocked with
Blotto (PBS, 1% fat-free milk powder, 0.05% Tween 20) and incubated in Blotto
plus anti-HA monoclonal antibody (12CA5) (1:1,000 dilution) or anti-myc anti-
body (9E10) at a dilution of 1:1,000. The membranes were then washed in Blotto
and incubated with horseradish peroxidase-conjugated secondary antibody (1:
2,000 dilution). Chemiluminescent detection of horseradish peroxidase-conju-
gated secondary antibodies was carried out (NEM).

Cds1 kinase assay. Cds1 kinase assays were performed as previously described
(22) with the following modifications. Cell lysates were prepared from the myc-
tagged Cds1 strain by glass bead disruption in HB buffer plus 150 mM NaCl as
described above. Cds1 protein was immunoprecipitated from 1 mg of soluble
protein in a 300-ml volume using protein G plus A agarose (Calbiochem) which
had been prebound with anti-myc monoclonal antibody (9E10). Immunocom-
plexes were collected by centrifugation and washed four times with 1 ml of HB
buffer plus 150 mM NaCl and further washed once with kinase buffer (10 mM
HEPES [pH 7.5], 75 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 1 mM DTT).
Twenty microliters (50% slurry) of the immunocomplex-containing beads were
incubated with 10 ml of 23 kinase buffer, 5 mCi of [g-32P]ATP, 1 ml of 2 mM
ATP, and 5 ml of myelin basic protein (1 mg/ml stock) at 30°C for 15 min. One
third of the sample was removed and analyzed by Western blotting as a protein-
loading control. Reactions were terminated by being boiled in an equal volume
of 23 SDS sample buffer, and samples were fractionated on 15% SDS gels. Gels
were dried and exposed on PhosphorImager screens or X-ray films.

Flow cytometry analysis. Cells were harvested, washed in water, and fixed in
70% ethanol prior to staining with DAPI, as described earlier. DNA contents
were measured using a FACScan system and CellFIT cell cycle analysis and
LYSISII software (Becton Dickinson).

Cytology analysis. Cells were fixed in 70% ethanol and stained by DAPI as
described previously (53).

RESULTS

DNA damage enhances Rad17 chromatin binding. We have
previously shown that Rad17 binds to chromatin independent

of other checkpoint proteins throughout the cell cycle (16). To
investigate the significance of this finding, we first tested Rad17
chromatin binding in response to DNA damage. Since others
have reported that Rad17 exists in a complex with the small
subunits of the Rfc protein (15, 30, 31, 43), we also used Rfc2
as the representative Rfc small subunit and tested the Rfc2
chromatin binding status. We constructed strains containing
HA epitope-tagged rfc11 or rfc21 at their respective chromo-
somal loci (see Materials and Methods). We first analyzed the
chromatin associations of Rad17 and Rfc2 in response to DNA
damage induced by methyl methanesulfonate (MMS) treat-
ment from the myc-tagged rad171 strain (17) or the HA-
tagged rfc21 strain. Spheroplasts prepared from cells grown in
MMS were made by limited enzymatic digestion followed by
lysis with nonionic detergent. Lysates were then fractionated
into soluble (Sup) and insoluble nuclear pellet fractions. The
insoluble nuclear pellet fraction was treated with DNase I to
release the chromatin-bound proteins as soluble chromatin-
bound protein fractions (Fig. 1A, Chr), leaving an insoluble
pellet of cellular debris and nuclear scaffold-bound proteins.
Histone H4 was used as a control for the chromatin-bound
protein, and tubulin was used as a control for the non-chro-
matin-bound protein. We also tested whether MMS and hy-
droxyurea could affect the chromatin binding of cellular pro-
teins. As shown in the bottom panel of Fig. 1A, tubulin was not
chromatin bound and histone H4 was chromatin bound under
either hydroxyurea or MMS treatment, indicating that the
chromatin binding assay used in our study is a valid analysis.
We also tested the viability of cells in MMS. Following MMS
treatment for 1.5 h, cells with untagged rad171 and strains with
myc-tagged rad171 and HA-tagged rfc21 were 100% viable.
After 3 h of MMS treatment, similar to the wild-type cells, 30
to 35% of the myc-tagged rad171 and HA-tagged rfc21 cells
were viable, whereas less than 1% of the rad17D cells were
viable after 3 h of MMS treatment.

We then analyzed chromatin association of Rad17:myc and
Rfc2:HA in MMS-treated cells. After incubation in MMS for
1.5 and 3 h, a progressive increase of chromatin-bound Rad17
protein was observed (Fig. 1B, left panel). However, there was
no discernable difference in the chromatin-bound Rfc2 protein
levels between cells treated or not treated with MMS (Fig. 1B,
middle). To test whether the enhancement of chromatin asso-
ciation of Rad17 is specific to the MMS-induced damage, we
analyzed the effect of ionizing radiation on Rad17 chromatin
association. Cells with myc-tagged rad171 were irradiated with
250 Gy. At this dosage, more than 70% of the rad171 cells
survived irradiation (17). Similar to the DNA damage induced
by MMS treatment, ionizing radiation induced an increase of
Rad17 binding to chromatin (Fig. 1C). These results indicate
that DNA damage induced by either MMS or ionizing irradi-
ation enhances the Rad17-chromatin association.

We often observed that the myc-tagged Rad17 protein ap-
pears as a doublet with a major protein of higher molecular
mass and a minor protein with lower molecular mass (Fig. 1D).
Both Rad17 protein bands are chromatin bound. Phosphatase
treatment did not reduce the two Rad17 proteins to a single
species, indicating that the slower mobility form is not a phos-
phorylated Rad17 protein. Since the extracts were prepared
under denaturing conditions, the observed lower-molecular-
mass species was not likely to be a degradation product.
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Rad17 responds to S-phase arrest induced by nucleotide
pool depletion and the replication mutant by binding to chro-
matin in different ways. We then investigated the chromatin
association of Rad17, Rfc1, and Rfc2 after 1.5 and 3 h of
incubation of the cells in 12 mM hydroxyurea (Fig. 2A and B).
Since asynchronous fission yeast cells are predominantly in G2

phase, cells had a 2C DNA content before hydroxyurea treat-
ment (Fig. 2A, 0 h FACS profile). After 1.5 h, cells began to
progress into S phase. After 3 h in hydroxyurea, a majority
population of the cells was arrested in early S phase, with a 1C
FACS profile. Interestingly, after 1.5 h in hydroxyurea a large
fraction of the chromatin-bound Rad17 dissociated from the
chromatin, and after 3 h nearly all of the chromatin-bound
Rad17 prior to incubation in hydroxyurea dissociated from the

chromatin (Fig. 2A). The dissociation of Rad17 from the chro-
matin was not due to cell death, since 100% of the cells are
viable after 3 h in hydroxyurea (data not shown). These results
indicate that Rad17 responds to hydroxyurea-induced S-phase
block by dissociating from the chromatin.

We then analyzed the chromatin binding statuses of Rfc1
and Rfc2 in the hydroxyurea-arrested cells. After 3 h of incu-
bation in hydroxyurea, Rfc1 in the rad171 background and
Rfc2 in either the rad171 or rad17D background remained
chromatin bound (Fig. 2B). Since the Rfc1-5 complex is re-
quired for replication, it is not surprising that in spite of Rad17
dissociating from the chromatin or in cells with rad17D, there
are chromatin-bound Rfc1 and Rfc2 proteins for replication
purposes.

FIG. 1. Chromatin binding of Rad17 is enhanced following DNA damage. (A) Schematic outline of the chromatin fractionation assay. Details
of the assay are described in Materials and Methods. Histone H4 and a-tubulin were used as controls for chromatin-bound and non-chromatin-
bound proteins in either hydroxyurea- or MMS-treated or -untreated cells with anti-acetyl-histone H4 (Lys 16) polyclonal antibody (Upstate
Biotechnology) or antitubulin monoclonal antibody, respectively. HU, hydroxyurea. (B) Chromatin association of Rad17 and Rfc2 following MMS
treatment. Cells were grown in 0.05% MMS. At the indicated times, cells were fractionated as outlined for panel A and as described in Materials
and Methods. Spheroplasts were prepared from cells containing rad171:myc (left panel) or rfc21:HA (right panel). Twenty micrograms of total
protein, an equivalent volume of the supernatant (Sup), and five volume equivalents of chromatin-bound proteins (Chr) were fractionated on an
8% SDS gel and analyzed by Western blotting with anti-myc monoclonal antibody (9E10). (C) Chromatin association of Rad17 after ionizing
radiation. Cells containing rad17:myc were irradiated with 250 Gy and recovered by incubation at 25°C for 20 min and fractionated as described
for panel A. (D) Total cell extracts were prepared under denaturing conditions from wild-type (untagged rad171) and myc-tagged rad171 cells and
were probed with anti-myc antibody. The arrows mark the two forms of Rad17:myc.
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FIG. 2. The chromatin binding of Rad17 in response to S-phase
perturbation. (A) The mid-log-phase rad171:myc strain was incubated
in medium containing 12 mM hydroxyurea. At the indicated times, cell
samples were removed for FACS analysis and chromatin fractionation
assay by probing with anti-myc monoclonal antibody. (B) Rfc1 and
Rfc2 were chromatin bound in cells grown in hydroxyurea. Mid-log-
phase cells expressed Rfc1:HA in a rad171 background, or Rfc2:HA in
a rad171 or rad17D background was incubated in medium with 12 mM
hydroxyurea for 3 h. Chromatin fractionation assay was performed and
analyzed by Western blotting and was probed with anti-HA monoclo-
nal antibody. (C) Mid-log-phase cells of rad171:myc in a cdc22-M45
background grown at 25°C were shifted to 36°C for 3 h. Cell samples
grown at 25 and 36°C were removed for chromatin fractionation assay.
(D) Mid-log-phase cells that expressed Rad17:myc from genomic loci
in cdc20 and polats13 backgrounds grown at 25°C were shifted to 36°C
for 2 h. Chromatin fractionation was performed, analyzed by Western
blotting, and probed with anti-myc monoclonal antibody. (E) Mid-log-
phase cells that expressed Rad17:myc from genomic loci in cds1D and
rad3D backgrounds were incubated in media containing 12 mM hy-
droxyurea. Chromatin fractionation assay was performed and analyzed
by Western blotting and was probed with anti-myc monoclonal anti-
body.
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To ascertain that Rad17 dissociates from the chromatin in
response to nucleotide pool depletion caused by hydroxyurea,
we tested the chromatin binding status of Rad17 in response to
S-phase stall induced by cdc22-M45 mutant arrest. cdc22 en-
codes the large subunit of ribonucleotide reductase, which
physiologically mimics the effects of hydroxyurea. We con-
structed a strain with myc-tagged rad171 in a cdc22-M45 back-
ground and compared the chromatin binding status of Rad17
after incubation for 3 h at 25 and 36°C. Similar to that found
in hydroxyurea block, the Rad17 that previously bound to
chromatin at 25°C dissociated from the chromatin after 3 h at
36°C (Fig. 2C). Together, these results indicate that Rad17
dissociates from the chromatin in response to S-phase stall
induced by nucleotide pool depletion.

Finding that Rad17 dissociates from chromatin in response
to S-phase stall induced by hydroxyurea and cdc22-M45 mutant
arrest led us to investigate Rad17 chromatin binding status in
response to S-phase arrest by replication mutants. We con-
structed strains with the myc-tagged rad171 at their genomic
loci in thermosensitive replication mutant backgrounds and
tested the chromatin binding of Rad17 in each strain after
incubation for 2 h at the permissive or nonpermissive temper-
ature (Fig. 2D). Rad17 was chromatin bound in cells arrested
at G1/S phase by cdc20 (polε mutant), consistent with previous
findings (16). Rad17 was also chromatin bound in cells arrested
in early S phase by polats13. Rad17 also remained chromatin
bound in cells arrested in late S phase by mutants of Pold
subunits, cdc27 and cdc1 (data not shown). Thus, Rad17 binds
to chromatin in response to S-phase arrest induced by nucle-
otide pool depletion and by replication mutants by binding to
chromatin in different ways.

Rad17 remains chromatin bound in hydroxyurea-arrested
cds1D cells. Cds1 is thought to have a role in maintaining
genomic integrity. Upon hydroxyurea block, Cds1 kinase is
highly activated and Chk1 becomes phosphorylated in hy-
droxyurea only when Cds1 is absent (22). Phosphorylation of
Chk1 has been correlated to cell cycle arrest (59), while cell
cycle arrest by a replication mutant results in moderate acti-
vation of Cds1 (4, 47) and phosphorylation of Chk1 (4, 11).

Findings that Rad17 dissociates in hydroxyurea-arrested
cells (Fig. 2A) but remains chromatin bound in replication
mutant-arrested cells (Fig. 2D) have led us to analyze the
chromatin binding status of Rad17 in hydroxyurea-treated
cds1D and rad3D cells. After 3 h in hydroxyurea, Rad17 re-
mained on chromatin in cds1D and rad3D cells (Fig. 2E). In
contrast, in cds11 cells Rad17 dissociated from chromatin in a
manner similar to that observed above for Fig. 2A. Rad17
remained chromatin bound in rad3D cells, since Rad3 is re-
quired for Cds1 activation by hydroxyurea (22). These results
suggest that in response to S-phase arrest by hydroxyurea,
Rad17 does not bind to chromatin when Cds1 is fully activated,
whereas Rad17 remains chromatin bound when Chk1 is acti-
vated by hydroxyurea in the absence of Cds1 or in the repli-
cation mutants.

Checkpoint-defective mutant Rad17(K118E) protein local-
izes in the nucleus but has reduced ability to bind chromatin.
To further investigate the relevance of Rad17-chromatin asso-
ciation in the checkpoint process, we analyzed a checkpoint-
defective mutant protein, Rad17(K118E). Mutant rad17.K118E
has a checkpoint-defective phenotype of severity approaching

that of rad17D (17). We first analyzed whether the checkpoint
defect of rad17.K118E is due to the mutant Rad17(K118E)
protein’s inability to enter the nucleus. Both wild-type myc-
tagged Rad17 and mutant myc-tagged Rad17(K118E) ectopi-
cally expressed from the pREP41 vector in rad17D cells were
found localized in the nucleus by immunofluorescence micros-
copy analysis (Fig. 3A).

We then compared the chromatin association status of wild-
type Rad17 and mutant Rad17(K118E). Equal levels of wild-
type myc-Rad17 protein and myc-Rad17(K118E) mutant pro-
teins in total spheroplast lysates (Fig. 3B, Total panel) were
used for comparison. A significant fraction of wild-type Rad17
protein expressed from the pREP41 vector was chromatin
bound (Fig. 3B, Chr, left panel). In contrast, only a nominal
amount of mutant Rad17(K118E) protein was chromatin
bound (Fig. 3B, Chr). Most of the Rad17(K118E) proteins
remained in the soluble cytoplasmic fraction (Fig. 3B, Sup).
Thus, there is a striking difference in chromatin binding ability
between the Rad17 protein from a checkpoint-proficient strain
and that from a checkpoint-deficient mutant strain. Further-
more, the decreased ability of Rad17(K118E) chromatin bind-
ing is not due to a failure of nuclear import.

Cds1 kinase is activated by hydroxyurea in the checkpoint-
defective rad17.K118E mutant. Mutant rad17.K118E is highly
sensitive to g irradiation but exhibits a 50% cell viability after
3 h in hydroxyurea, while rad17D cells under the same condi-
tion have less than 1% cell survival (17). The ability of cells to
maintain viability in hydroxyurea has been attributed to the
checkpoint Rad-dependent activation of the Cds1 protein ki-
nase to prevent accumulation of aberrant DNA structures and
to enable recovery from the stalled replication structure caused
by hydroxyurea arrest (22). We tested whether the Cds1 kinase
activity could be activated in the checkpoint-defective strain of
the rad17.K118E mutant. Cds1 kinase activity in wild-type cells
was highly induced after incubation in hydroxyurea, as ex-
pected. Cds1 kinase was also substantially activated in the
rad17.K118E mutant, whereas Cds1 was not activated by hy-
droxyurea in rad17D cells (Fig. 3C).

Lys118 of Rad17 is involved in ATP binding and complex
formation with Rfc2. We further compared the biochemical
properties of wild-type Rad17 and mutant Rad17(K118E) pro-
teins in vitro. The Lys118 in Rad17 is located within the pro-
posed nucleotide binding site of the Walker type A domain
(17). Molecular modeling of the Rad17 protein has suggested
that Rad17 protein binds ATP via this residue (54). We there-
fore tested the abilities of wild-type Rad17 and mutant
Rad17(K118E) proteins to bind ATP in vitro. Wild-type myc-
tagged Rad17 and mutant myc-tagged Rad17(K118E) proteins
were purified from fission yeast cells (Fig. 4A). Neither the
purified wild-type Rad17 nor the mutant Rad17(K118E) pro-
teins had detectable ATPase activity (data not shown). How-
ever, with identical amounts of wild-type Rad17 or mutant
Rad17(K118E) protein (Fig. 4B, lower panel), only wild-type
Rad17 was able to bind ATP when ATP was added simulta-
neously with either oligonucleotides of 96 bases (96 mer) or
single-stranded M13 DNA followed by cross-linking with UV
irradiation (Fig. 4B, 32P-ATP panel). These results indicate
that mutation of Lys118 to Glu abolishes the ATP binding
capacity of the Rad17 protein. Thus, the Lys118 of Rad17
protein is involved in nucleotide binding.
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Budding yeast Rad24p coimmunoprecipitates with the four
small subunits of Rfc but not with the large subunit, Rfc1p
(15), and the interaction between Rad24p and Rfc5p is re-
quired for checkpoint function (30, 44). We therefore tested
whether the Rad17(K118E) mutant protein could form a com-
plex with the Rfc small subunits in vivo. We transformed either
pREP41-myc-rad171 or pREP41-myc-rad17(K118E) into a
rad17D strain containing either HA-tagged rfc11 or HA-tagged
rfc21 at their respective chromosomal loci (see Materials and
Methods). Strains of rad17D that expressed epitope-tagged
Rad17:myc from pREP41 and Rfc1:HA or Rfc2:HA from their
genomic loci had identical growth rates and sensitivities to
hydroxyurea, UV, and MMS as the wild-type strain (data not
shown), indicating that those strains do not have any significant
biological perturbations. Using these strains, we tested the
coimmunoprecipitation of HA-tagged Rfc1 and HA-tagged
Rfc2 with either myc-tagged Rad17(K118E) or myc-tagged
wild-type Rad17. Anti-myc antibody (9E10) was unable to im-
munoprecipitate the 23-myc-tagged Rad17 under the condi-

tions used. However, the 23-myc-tagged Rad17 is readily de-
tectable by the anti-myc monoclonal antibody in Western
blotting of the crude cell extracts. We therefore used an an-
ti-HA antibody (3F10) to immunoprecipitate HA-Rfc1 or
HA-Rfc2 followed by testing the immunoprecipitates for myc-
Rad17 or myc-Rad17(K118E) by probing with anti-myc anti-
body.

Lysates from rad17D strains that expressed either Rfc1:HA
or Rfc2:HA had comparable levels of Rad17:myc protein (Fig.
5A, cell lysates panel). In immunoprecipitates of anti-HA an-
tibody (3F10), no detectable myc-Rad17 coprecipitated with
HA-Rfc1 from cell lysates of the rad17D strain expressing
Rfc1:HA and Rad17:myc (Fig. 5A, first lane), while the
Rfc1:HA protein was present in the immunoprecipitate (Fig.
5A, third lane). In contrast, from lysates of the rad17D strain
expressing Rfc2:HA and Rad17:myc, coimmunoprecipitation
of Rad17:myc protein and Rfc2:HA was readily detected (Fig.
5A, second lane). These results confirm the findings by others
(15, 30, 31, 43) that fission yeast Rad17, similar to budding

FIG. 3. The checkpoint-defective Rad17(k118E) mutant protein localizes in the nucleus but has reduced ability to bind chromatin. (A)
Logarithmically growing rad17D cells harboring pREP41-myc-rad171 or pREP41-myc-rad17.K118E and wild-type untagged rad171 cells were
harvested and processed for immunofluorescence analysis as described in Materials and Methods. (B) Chromatin fractionation assay was
performed with logarithmically growing rad17D cells harboring pREP41-myc-rad171 or pREP41-myc-rad17.K118E as described in Materials and
Methods. (C) Cds1 kinase activities of the rad171 wild type and mutant rad17.K118E in the presence of 12 mM hydroxyurea. The indicated strains
were grown at 25°C in either the absence or presence of 12 mM hydroxyurea for 3 h. Cds1 was immunoprecipitated from 1 mg of soluble protein
and assayed for kinase activity as described in Materials and Methods (upper panel, 32P). The relative amounts of Cds1 used in the kinase assay
were estimated by Western blotting (lower panel, anti-myc).
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yeast Rad24p, exists in complex with Rfc small subunits in vivo
but not with Rfc1 protein.

We next tested whether the Rad17(K118E) mutant protein
was able to coimmunoprecipitate with HA-tagged Rfc2 (Fig.
5B). With comparable levels of Rfc2:HA being immunopre-
cipitated, the amount of Rad17(K118E):myc mutant protein
coprecipitated with Rfc2 was much smaller than the amount of

wild-type Rad17:myc protein (compare Fig. 5B, left panel, with
the second lane in panel A). Thus, the Rad17(K118E) mutant
protein from the checkpoint-defective strain not only has sig-
nificantly reduced ability to associate with chromatin (Fig. 3B)
and an inability to bind ATP in vitro (Fig. 4B) but also has a
substantially reduced ability to complex with Rfc2 protein (Fig.
5B). These results indicate that Lys118 of Rad17 plays an im-
portant role in ATP binding, in complex formation with Rfc2,
and in chromatin association.

We then investigated whether Rad17-Rfc2 complex forma-
tion could be different in the wild-type and a checkpoint-
defective mutant Rad17 strain following DNA damage and
S-phase perturbation. We compared the ability of wild-type
Rad17 and mutant Rad17(K118E) proteins to complex with
Rfc2 after MMS treatment. After incubation of the rad17D
strains that expressed Rfc2:HA from genomic loci and Rad17:
myc or Rad17(K118E):myc from pREP41 in MMS for 1.5 h,
levels of total Rad17:myc protein expressed and levels of the
Rad17:myc protein coimmunoprecipitated with Rfc2:HA were
comparable in the MMS-treated and untreated cell lysates
(Fig. 5C, left panel). Again, a significantly reduced amount of
mutant Rad17(K118E):myc protein was coimmunoprecipi-
tated with Rfc2:HA (Fig. 5C, right panel). After 1.5 h of
incubation in MMS, the level of mutant Rad17(K118E) pro-
tein in complex with Rfc2 seemed slightly reduced (Fig. 5C,
right panel, compare 1 MMS and 2 MMS lanes). Thus, DNA
damage by MMS treatment does not significantly affect
complex formation between wild-type Rad17 and Rfc2 but
does reduce the ability of the checkpoint-defective mutant
Rad17(K118E) protein to complex with Rfc2.

We next tested whether hydroxyurea could affect the abili-
ties of wild-type Rad17 and mutant Rad17(K118E) proteins to
associate with Rfc2. rad17D strains that expressed Rfc2:HA
from genomic loci and Rad17:myc or Rad17(K118E):myc from
pREP41 were grown in hydroxyurea for 3 h. With comparable
levels of Rad17:myc and Rad17(K118E):myc expressed in ly-
sates of each strain, wild-type Rad17:myc coimmunopre-
cipitated with Rfc2:HA with or without hydroxyurea (Fig.
5D, left panel), whereas significantly reduced amounts of
the Rad17(K118E):myc protein coimmunoprecipitated with
Rfc2:HA protein (Fig. 5D, right panel). Thus, S-phase arrest
by hydroxyurea does not affect the ability of Rad17 to complex
with Rfc2 but further reduces the ability of Rad17(K118E) to
associate with Rfc2.

These experiments suggest that Rad17 exists in a complex
with the small subunits of Rfc protein and differentially asso-

FIG. 4. Purified Rad17 protein, but not the checkpoint-defective
Rad17(K118E) mutant protein, binds ATP in vitro. (A) Silver-stained
polyacrylamide gel of 0.2 mg of purified wild-type Rad17 and mutant
Rad17(K118E) proteins. (B) Wild-type Rad17, but not mutant
Rad17(K118E), binds ATP. [g-32P]ATP was incubated with purified
Rad17 (left panel) or purified mutant Rad17(K118E) protein (right
panel) in the presence or absence of 96-mer oligonucleotide or M13
DNA and was processed as described in Materials and Methods. The
bottom panel shows the Western blot analysis of the purified Rad17
and Rad17(K118E) proteins used for the ATP binding assay.

FIG. 5. Rad17 from a checkpoint-defective mutant, rad17.K118E, has reduced ability to associate with Rfc2. (A) Wild-type Rad17 can complex
with Rfc2 but not with Rfc1. Crude cell lysates were prepared from 5 3 108 rad17D cells expressing either the HA-tagged rfc11 or HA-tagged rfc21

at their endogenous chromosomal loci and myc-Rad17 from pREP41-myc-rad171. Cell lysates (300 ml) containing 1 mg of protein were used for
immunoprecipitation (IP) by anti-HA antibody. The immunoprecipitates were Western blotted with either anti-HA (right panel) or anti-myc
monoclonal antibody (left panel). (B) Mutant Rad17(K118E) from a checkpoint-defective strain has significantly reduced ability to associate with
Rfc2. Lysates from 5 3 108 rad17D cells containing HA-tagged rfc21 at its endogenous chromosomal locus and pREP41-myc-rad(K118E) were
prepared and immunoprecipitated with anti-HA monoclonal antibody, and the immunoprecipitates were analyzed as for panel A. The cell lysate
panels show that all strains have adequate expression of the epitope-tagged proteins. (C) Association of wild-type Rad17 and mutant
Rad17(K118E) proteins with Rfc2 following MMS treatment. Strains described for panels A and B were grown in 0.05% MMS for 3 h. Cells (5 3
108) were removed for immunoprecipitation with anti-HA monoclonal antibody and were probed with anti-myc monoclonal antibody. (D)
Association of wild-type Rad17 and mutant Rad17(K118E) proteins with Rfc2:HA following hydroxyurea (HU) treatment. Cells (5 3 108) from
strains described for panels A and B were grown in media containing 12 mM hydroxyurea for 3 h. Cell lysates were prepared and immunopre-
cipitated with anti-HA monoclonal antibody and Western blotted with anti-myc monoclonal antibody.
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ciates with or dissociates from the chromatin in response to
DNA damage or S-phase stall induced by hydroxyurea.

Cells with rfc1D are checkpoint proficient. Cells with dele-
tions or mutations of RFC2, RFC3, and RFC5 from budding
yeast or fission yeast have been shown to display checkpoint-
deficient phenotypes (31, 38, 43–46). Our finding that Rad17
coimmunoprecipitates with Rfc2 but not with Rfc1 (Fig. 5A)
and the findings by others (15, 31, 38, 43–46) strongly suggest
that the small subunits of Rfc, Rfc2-5, are involved in check-
point function as well as in replication. This raises the question,
are there two distinct types of Rfc complexes in cells, one
essential for DNA replication and having Rfc1 in complex with
Rfc2-5 and another involved in the checkpoint process and
having Rad17 in complex with Rfc2-5? To answer this ques-
tion, we analyzed the phenotype of cells with a deletion of
rfc11. A heterozygous rfc11/rfc1::ura41 diploid was con-
structed as described in Materials and Methods. Tetrad anal-
ysis of the diploid yielded two viable ura42 spores, indicating
that rfc11 is essential for cell viability (Fig. 6B). Analysis of the
phenotype of the germinating spores derived from this het-
erozygous diploid in selective media for germination of rfc1D
spores showed that germinating spores with rfc1D displayed
elongated cell morphology (Fig. 6C). Analysis of the FACS
profiles of the germinating rfc11 wild-type spores showed that
the rfc11 germinating spores completed S phase after 16 h,
displaying a 2C DNA profile. The rfc1D germinating spores
displayed a .2C DNA profile after 14 h which reflected the
elongated cdc phenotype (Fig. 6D and E). This result indicates
that cells in the absence of rfc11 are proficient in cell cycle

checkpoint response. Thus, Rfc1, in contrast to Rfc2 and Rfc3,
does not have a role in checkpoint function.

DISCUSSION

In this study we investigated the significance of Rad17 chro-
matin binding. We showed the following results. (i) Following
DNA damage, increased levels of Rad17 protein bind to chro-
matin. (ii) In response to S-phase perturbation induced by
nucleotide pool depletion, Rad17 dissociates from the chro-
matin, whereas Rad17 remains chromatin bound during repli-
cation mutant arrest. (iii) In contrast to Rad17 protein in cds11

cells, Rad17 remains chromatin bound in hydroxyurea-treated
cds1D cells. (iv) Rad17 protein from a checkpoint-defective
mutant, rad17.K118E, is unable to bind ATP in vitro and has
significantly reduced ability to associate with chromatin and to
complex with Rfc2 in vivo; however, Cds1 kinase can be acti-
vated by hydroxyurea in these mutant cells. (v) Rad17 exists in
a complex with Rfc2 but not with Rfc1. The Rad17 protein
associates with Rfc2 even under DNA damage by MMS or
S-phase stall by hydroxyurea, while Rfc1 is not involved in
checkpoint function. These results suggest that a fraction of
Rad17 in a complex with the small subunits of Rfc proteins
binds to chromatin in response to the aberrant genomic struc-
tures and may function as a part of the checkpoint process. We
discuss this hypothesis below and propose a model of how the
Rad17-Rfc small-subunit complex responds to different repli-
cation and damage structures by differentially binding to chro-
matin (Fig. 7).

FIG. 6. Cells with deletion of rfc1 are checkpoint proficient. (A) Restriction map and open reading frame (ORF) of rfc11. A 1.8-kb ura41 gene
cassette was used to replace 1.7 kb of the EcoRI-PstI coding region as described in Materials and Methods. (B) rfc11 is an essential gene. Spores
derived from the heterozygous diploid rfc11/rfc1D were analyzed by tetrad dissection after incubation on yeast extract agar plates at 30°C for 4 days.
The 2:2 segregation of the germinating spores indicates that rfc11 is essential for cell viability. (C) Germinating rfc1D spores have elongated cell
morphology. Shown are cells derived from a single germinating spore. (D) Cells with rfc1D have intact checkpoint processes. DAPI staining of
germinating rfc1D spores having elongated cell morphology and normal nuclear morphology is shown. (E) FACS profiles. Heterozygous diploid
rfc11/rfc1D and control ura41/ura4D-18 diploid cells were germinated at 30°C in minimal media lacking uracil. Germinating spores were collected
every 2 h, fixed with 70% ethanol, and analyzed by FACS as described in Materials and Methods. The positions of 1C and 2C DNA peaks are
indicated.
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Rad17 binds to chromatin in response to aberrant genomic
structures. We showed in this study that Rad17 binds to chro-
matin (i) following DNA damage (Fig. 1), (ii) following repli-
cation mutant arrest (Fig. 2D), and (iii) in hydroxyurea-ar-
rested cds1D cells (Fig. 2E). DNA damage induced by MMS
treatment or ionizing radiation causes aberrant genomic struc-
tures and Chk1 phosphorylation (59). S-phase arrest by repli-
cation mutants compromises the replication complex or delays
the progression of replication forking, which could result in a
mutagenic genomic structure, such as a long stretch of single-
strand template and double-strand breaks (23, 50). These
could induce a moderate activation of Cds1 and phosphorya-
tion of Chk1 (4, 47). Hydroxyurea treatment highly activates
Cds1 kinase activity, which is thought to protect the genome
from deterioration (22). In cds1D cells, in the absence of Cds1
the aberrant replication complex or structure might further
deteriorate, which induces phosphorylation of Chk1 (22).
Since in hydroxyurea arrested cells damage-induced phos-
phoryation of Chk1 is prevented, hydroxyurea-activated Cds1
is thought to suppress a repair process and Chk1 phosphory-
lation (6). Together, results of these Cds1 studies suggest that
hydroxyurea-activated Cds1 is involved in a process that pre-
vents aberrant genomic structure formation and induction of
Chk1 phosphorylation. We showed here that DNA damage
enhances Rad17 chromatin association (Fig. 1), and Rad17
remains chromatin bound following a replication mutant arrest
and in hydroxyurea-arrested cds1D cells (Fig. 2). Our results
thus suggest that Rad17 binds to chromatin or remains on the
chromatin in response to the aberrant genomic structures that
may lead to phosphorylation of Chk1 to prevent cell cycle
progression (Fig. 7).

How might Rad17 dissociate from the chromatin in hy-
droxyurea-treated cds11 cells? In hydroxyurea-treated cds11

cells, Cds1 kinase is highly activated. Thus, the integrity of the
replication complex or replication fork is being protected from

deterioration into aberrant genomic structures by the activated
Cds1 (22). If Cds1 is activated by hydroxyurea, there would be
no aberrant genomic structure or phosphorylation of Chk1.
Thus, Rad17 is not required to bind to chromatin, resulting in
dissociation from chromatin (Fig. 2A and 7).

Consistent with these notions, rad17D cells in which Cds1
cannot be activated by hydroxyurea (22) are highly sensitive to
hydroxyurea, with less than 1% cell survival after 3 h in hy-
droxyurea, whereas mutant rad17.K118E cells with an activated
Cds1 (Fig. 3C) have 50% cell survival. Moreover, in the
rad17.K118E mutant, Chk1 is not phosphorylated in MMS-
induced DNA damage (data not shown), and mutant Rad17
(K118E) protein has a substantially reduced ability to bind
chromatin (Fig. 5B). Furthermore, rad17D cells with an over-
expression of Rad17(K118E) from pREP41 had 80% cell sur-
vival in hydroxyurea; however, the overexpression of
Rad17(K118E) was unable to suppress the MMS sensitivity of
rad17D cells (data not shown). Together, these results suggest
that a fraction of Rad17 binds to chromatin in response to the
presence of aberrant genomic structures, either participating in
maintaining the genomic integrity or in signalling downstream
checkpoint and repair processes.

These data led us to propose a model where Rad17 is not
required to associate with chromatin when the genomic struc-
tures are being protected by hydroxyurea-activated Cds1.
Rad17 binds to chromatin when genomic structures are aber-
rant without protection by a hydroxyurea-activated Cds1, and
the aberrant genomic structures induce phosphorylation of
Chk1 (Fig. 7).

What event(s) might be induced by Rad17 chromatin bind-
ing? It has been suggested that double-strand-break forma-
tion is intrinsic to S-phase progression (37). One possible event
is that Rad17 remains on the chromatin throughout the cell
cycle, and following recognition of an aberrant genomic struc-
ture by Rad3, additional Rad17 proteins are induced to bind

FIG. 7. A proposed model illustrating how Rad17 binds to chromatin in response to aberrant genomic structures induced by damage,
replication mutant arrest, and hydroxyurea block in the presence or absence of an activated Cds1 kinase. P, phosphorylation.
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chromatin to initiate damage processing. Human Rad1 protein
has been reported to encode a 39-to-59 exonuclease (35), and
human Rad9 has been shown in vitro as being a 39-to-59 exo-
nuclease (3). Rad1 and Rad9 form a protein complex with
Hus1B (8), and molecular modeling has predicted that this
complex has structural similarity to the PCNA sliding clamp (8,
48, 54). In two-hybrid reactions, Rad17 interacts with Rad1
and nuclear localization of Hus1B and Rad9 requires Rad17
(8). Two studies of human checkpoint proteins have also
shown that in response to diverse DNA damage agents and
hydroxyurea, human Rad9 is converted into an extraction-
resistant nuclear form (7). In vitro, human Rad17 interacts
with human Rad1, Rad9, and Hus1 in a checkpoint clamp-
loading complex similar to that of a replication clamp loader
(54). It is possible that chromatin binding of the Rad17-Rfc
small-subunit complex may function as a signal in loading
Rad1-Rad9-Hus1 onto the aberrant DNA structures for pro-
cessing the lesion.

How could mutation of Rad17 at Lys118 to Glu cause a
checkpoint defect? Of the six site-directed mutations intro-
duced into Rad17, the rad17.K118E mutant is the only mutant
that displays a checkpoint-deficient phenotype of severity ap-
proaching that of rad17D (17). Lys118 is in a domain that has
sequence similarity to the Walker type A domain in a proposed
nucleotide phosphate binding P-loop (51, 58). Rad17 protein
purified from the checkpoint-defective rad17.K118E mutant
failed to bind ATP (Fig. 4B). This indicates that the basic
Lys118 residue is indeed a residue critical for ATP binding and
supports the structure-based prediction that Lys118 in the P-
loop directly contacts the phosphate moiety of ATP (54).

The replication complex of Rfc1-5 is the eukaryotic homo-
logue of the prokaryotic replication clamp loader, the g-com-
plex of Escherichia coli Pol III (34, 52). In E. coli Pol III, the
g-complex harnesses energy from ATP binding, which induces
a conformational change of the g-complex, allowing it to load
the b clamp onto DNA for processive DNA synthesis (52). The
predicted molecular model of Rad17 has also suggested that
ATP binding of Rad17 might induce changes in orientation
between the N terminus and linker domains of Rad17 and that
mutation of Lys118 to Glu would result in an unfavorable elec-
trostatic interaction with ATP (54). Similar to the prokaryotic
g-complex clamp loader, ATP binding of Rad17 may induce a
conformational change which may be required for the proper
assembly of the Rad17-Rfc small-subunit complex. The inabil-
ity of the mutant Rad17(K118E) protein to bind ATP may fail
to induce a conformational change of the mutant protein, thus
precluding proper assembly of the Rad17-Rfc small-subunit
complex and chromatin association. Compared to wild-type
Rad17, Rad17(K118E) has a substantially reduced ability to
complex with Rfc2, whereas wild-type Rad17 is able to com-
plex with Rfc2 following replication perturbation or DNA
damage (Fig. 5B, C, and D). Moreover, the reduced ability of
Rad17(K118E) to bind chromatin is not due to its lack of
nuclear import ability (Fig. 3A). Thus, a properly assembled
Rad17–Rfc2-5 complex associating with chromatin may be a
prerequisite for a Rad17-mediated checkpoint process, and
mutation of Lys118 in rad17.K118E would have a checkpoint-
deficient phenotype.

There are two distinct types of Rfc complexes in cells. Rfc is
a five-subunit protein complex that is an essential factor for

DNA replication (57). Genetic studies have shown that Rfc
small subunits, in addition to functioning in replication, are
also involved in the mitotic checkpoint (31, 38, 43, 46). In
support of this notion, we have demonstrated in this study that
cells with a deletion of rfc1 are checkpoint proficient (Fig. 6).
Thus, there are two distinct types of Rfc complexes in cells.
Rfc1-5 complex functions in replication and constitutively
binds to chromatin as a replication-processive clamp loader.
Rfc2-5–Rad17 complex functions in the checkpoint process
and binds to chromatin in response to the presence of aberrant
genomic structures.
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