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KATSUNORI TANAKA, MICHAEL N. BODDY, XIAO-BO CHEN,
CLARE H. McGOWAN, anp PAUL RUSSELL*

Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037
Received 23 October 2000/Returned for modification 4 December 2000/Accepted 20 February 2001

Fission yeast Cdsl is phosphorylated and activated when DNA replication is interrupted by nucleotide
starvation or DNA damage. Cds1 enforces the S-M checkpoint that couples mitosis (M) to the completion of
DNA synthesis (S). Cds1 also controls replicational stress tolerance mechanisms. Cdsl is regulated by a group
of proteins that includes Rad3, a kinase related to human checkpoint kinase ATM (ataxia telangiectasia
mutated). ATM phosphorylates serine or threonine followed by glutamine (SQ or TQ). Here we show that in
vitro, Rad3 and ATM phosphorylate the N-terminal domain of Cdsl at the motif T,,Q,,. Substitution of
threonine-11 with alanine (T11A) abolished Cds1 activation that occurs when DNA replication is inhibited by
hydroxyurea (HU) treatment. The cdsI-T114A mutant was profoundly sensitive to HU, although not quite as
sensitive as a cdsI~ null mutant. Cds1™'* was unable to enforce the S-M checkpoint. These results strongly
suggest that Rad3-dependent phosphorylation of Cdsl at threonine-11 is required for Cdsl activation and

function.

Inheritance of complete and accurate copies of the genome
is the singular goal of cell division. Precise genome duplication
is an intrinsically difficult process that can be strained further
by external agents that interfere with DNA replication or dam-
age DNA. Genome surveillance mechanisms exist to cope with
these problems (16, 21). These systems serve two primary pur-
poses. One purpose is to prevent mitosis when DNA replica-
tion is interrupted or DNA is damaged. These cell cycle check-
points actively couple the onset mitosis to the completion of
DNA replication and repair. The other purpose of genome
surveillance mechanisms is to regulate various repair and rep-
lication systems that help cells survive replicational stress and
DNA damage.

The fission yeast Schizosaccharomyces pombe has served as a
valuable model system for the discovery and investigation of
genome integrity checkpoint mechanisms (35). Genetic studies
of fission yeast have uncovered a group of genes that are
required for arresting cell division when DNA is damaged or
when replication is inhibited with the drug hydroxyurea (HU).
The products of these checkpoint RAD genes include Radl,
Rad3, Rad9, Radl7, Rad26, and Husl (13). Other proteins
such as Cut5 (also known as Rad4) and Rfc3, which are nec-
essary for DNA replication, are also important for both the
DNA replication (S-M) and G,-M DNA damage checkpoints
(38, 40). The most intriguing checkpoint protein may be Rad3,
a very large protein (2,386 amino acids) that is related to
phosphatidylinositol kinases (PIKs) (6). Other PIK-like pro-
teins include human ATM (ataxia telangiectasia mutated),
ATR (ATM and Rad3 related) and DNA-dependent protein
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kinase (20, 39, 43). Although related to phosphatidylinositol
3-kinases, these enzymes function as protein kinases in vivo. In
common with fission yeast Rad3, ATM is required for arrest in
G, phase of the cell cycle in response to DNA damage caused
by ionizing radiation and for slowed replication of damaged
DNA (16, 24, 37). ATM is thought to control G, arrest in part
by activating Cdsl (also known as Chk2) (7, 8, 26), the mam-
malian homolog of the budding yeast Rad53 and fission yeast
Cdsl checkpoint kinases. ATR has been implicated in the
checkpoint response to UV damage and the inhibition of DNA
replication (11, 43). Recently, Chkl phosphorylation was
found to be ATR dependent, suggesting that Chkl1 is regulated
by ATR (19, 25).

Rad3 and the other checkpoint Rad proteins control two
downstream protein kinases in fission yeast. When DNA is
damaged during G, phase, Chkl becomes phosphorylated in a
Rad3-dependent manner (42). Chkl prevents the onset of mi-
tosis by regulation of Cdc25 and Mikl, two proteins that con-
trol the inhibitory phosphorylation of the cyclin-dependent
kinase Cdc2 (2, 17, 18, 34, 36). The significance of Chk1 phos-
phorylation is uncertain, but it correlates with the requirement
for Chkl to arrest cell division in response to DNA damage. It
is unknown if Chkl1 is a direct physiological substrate of Rad3.

Fission yeast Cds1 becomes phosphorylated and activated by
a Rad3-dependent mechanism when DNA is damaged during
S phase or when DNA replication is interrupted with HU or
mutations of several essential genes (9, 24). Cds1 enforces the
S-M checkpoint by regulating Cdc25 and Mik1 (9, 17). In cds!
mutants treated with HU, the onset of mitosis is prevented by
Chkl, but these cells are inviable (9, 10, 24). This fact demon-
strates that Cdsl has replicational stress recovery functions
that are distinct from its cell cycle checkpoint activity. How
Cdsl is regulated is unknown.

Fission yeast Cdsl and its homologs are recognizable by
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TABLE 1. S. pombe strains described in this report

Strain® Genotype Origin or reference
PR109 h~ Our lab stock
NR1604 h~ chkl:ura4™ ade6-M704 Our lab stock
KT2751 h™ cdsl::ura4™ 31
KT2752 h™ cdsl-T8A This work
KT2753 h™ cdsl-T11A This work
KT2754 h™ cdsl-TSATI1A This work
KT2755 h* cdsl-TSATIIA This work
KT2777 h™ cds1-T8A chkl::urad4™ This work
KT2778 h* cdsl-TI11A chkl::ura4™ This work
KT2756 h™ cds1-T8AT11A chkl::ura4™ This work
KT2779 h~ cdsl::ura4” pREP1-GST-Rad3 This work

BF1916 h* nmtl:GST:cdsI:leul ™
BF2504 h™* nmtl:GST:cds1-D312E:leul *
KT2780 h™ nmt1:GST:cdsI-TSAT11A:leul ™

Our lab stock
Our lab stock
This work

“ All are leul-32 ura4-D18.

similar kinase domains, an N-terminal Ser-Gln/Thr-Gln (SQ/
TQ) cluster domain, and a forkhead-associated (FHA) domain
(8, 26). SQ and TQ sequences are the preferred sites of phos-
phorylation by ATM in p53, c-Abl, Brcal, and Nbsl (3, 4, 12,
14, 23). FHA domains are believed to act as protein-protein
interaction domains and in some instances can bind to phos-
phorylated partners (22, 41). Budding yeast Rad53 is unique in
possessing a second C-terminal FHA domain (1).

Several findings link Rad3 to Cdsl. As mentioned above,
Rad3 is necessary for phosphorylation and activation of Cdsl
in vivo (9, 24). Active Cds1 associates with overproduced Rad3
in vivo (30). Furthermore, Cdsl associates with Rad26 when
both proteins are overproduced, and Rad26 forms a protein
complex with Rad3 (15, 24). These findings suggested that
Rad3 might directly activate Cdsl in vivo. Experiments de-
signed to test this hypothesis are described in this report. We
show that Rad3 and human ATM phosphorylate fission yeast
Cdsl at threonine-11. Threonine-11 forms part of a conserved
TQ motif. We report that threonine-11 is crucially important
for Cds1 activation and function in vivo. These studies provide
strong support for the model that Rad3 directly controls Cdsl
activity by phosphorylating Cds1 at threonine-11.

MATERIALS AND METHODS

Fission yeast strains, media, and general techniques. Yeast strains used in this
study are listed in Table 1. Fission yeast strains were grown and used as described
by Moreno et al. (29). Growth media, general biochemical and genetic methods
for fission yeast, and procedures for staining with 4’,6-diamidino-2-phenylindole
(DAPI) have been described elsewhere (29). Yeast cultures were grown at 32°C
in YES medium (0.5% yeast extract, 3% glucose, supplements). HU (Sigma) was
used at the concentrations described.

Site-directed mutagenesis of Cdsl. The 3.3-kb PstI-Spel genomic fragment
containing the cds! gene was cloned from pAL-cds! (31) into pBluescript II
KS(+) to give plasmid pBS-cdsI. The cdsl genomic fragment with an Ndel site
at its first ATG was constructed in pBluescript IT KS(+) by PCR to give plasmid
pBS-cdsIN. Site-directed mutagenesis by PCR changed threonine to alanine at
codons 8 and 11. All mutations were confirmed by DNA sequencing. The Ndel-
Sphl fragment containing the N terminus of Cdsl was replaced with the same
fragment derived from site-directed mutagenesis. The resulting plasmids were
pBS-cds1-T8A, pBS-cds1-T11A, and pBS-cdsI-TSATI1IA.

Expression and purification of glutathione S-transferase (GST) fusion pro-
teins in bacteria. Wild-type and mutant cds/ genes were amplified by PCR to
remove the first ATG and create a BamHI site. BamHI-Sphl fragments contain-
ing the N-terminal domain (amino acids 2 to 41) of Cdsl were cloned into
pUC28 (5) and sequenced. Plasmids pGST-CdsIND, pGST-Cds1™AND, pGST-
Cds1™!AND, and pGST-Cds1™ATIAND were created by ligation of BamHI-
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EcoRI fragments from pUC28-CdsIND, pUC28-Cds1™AND, pUC28-
Cds1™!AND, and pUC28-Cds1T8ATIAND, respectively, into pGEX-2T. Each
plasmid was transformed into Escherichia coli DH5a.

GST-CdsIND protein expression was induced by the addition of isopropyl-B-
p-thiogalactopyranoside (0.2 mM) to exponentially growing cells at an absor-
bance at 600 nm of 0.6 in Luria-Bertani medium plus ampicillin (100 wg/ml) at
25°C. After 16 h at 25°C, cells were collected by centrifugation. Cells were lysed
in Y-PER yeast protein extraction reagent (Pierce) by rotating at room temper-
ature for 1 h and centrifuged at 10,000 rpm for 20 min at 4°C. Glutathione
(GSH)-Sepharose (Pharmacia) was added to the supernatants and incubated at
4°C for 1 h. GSH-Sepharose was washed three times with ice-cold phosphate-
buffered saline.

Integration of site-directed mutagenized cdsI genes into the cdsl locus. Site-
directed mutagenized cds! genes flanked by endogenous chromosomal promoter
and terminator sequences were isolated by digestion of plasmids pBS-cdsI-T84,
pBS-cds1-T11A, and pBS-cdsI-TSAT11A with Pst] and Spel. The PstI-Spel frag-
ments containing mutated cds! genes were transformed into the cdsl:ura4™
strain (31). After 5-fluoro-orotic acid selection, stable integrants of mutagenized
cds] were identified and further confirmed by colony PCR analysis followed by
the direct sequencing of PCR products.

Preparation of S. pombe cell extracts and immunoblotting. Logarithmically
growing cells (about 5 X 10°/ml) were harvested. Pellets were washed with water
and then with STOP buffer (29). Cells were disrupted with glass beads in lysis
buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 5 mM EDTA, 10% glycerol,
0.2% NP-40, leupeptin-aprotinin-pepstatin A [5 wg/ml], 1 mM phenylmethylsul-
fonyl fluoride [PMSF]). Protein extract was cleared at 13,000 rpm in a micro-
centrifuge at 4°C for 10 min and either used fresh or frozen. Cell extracts were
boiled in Sodium dodecyl sulfate (SDS) sample buffer and subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to
Immobilon transfer membranes (Millipore). The membranes were blocked with
TBSM (Tris-buffered saline plus 5% milk) and incubated in Cdsl antiserum
(1:3,000 dilution in TBSM), washed in TBST (Tris-buffered saline plus 0.2%
Tween 20), and incubated with horseradish peroxidase-conjugated rabbit immu-
noglobulin G secondary antibody (1:10,000 dilution; Promega). For the detection
of immunoprecipitated Cds1, horseradish peroxidase-conjugated protein A sec-
ondary antibody (1:1,000 dilution in TBST-0.3% fetal bovine saline; Amersham)
was used. Enhanced chemiluminescence detection (Pierce) was used to visualize
proteins.

Cdsl kinase assay. Cdsl kinase assay with immunoprecipitated Cdsl was
carried out as described elsewhere (9), with the following modification. Cds1
antibody was incubated with protein A-Sepharose (Pharmacia) in lysis buffer at
4°C for 1 h; 2 mg of total extract in 0.5 ml of lysis buffer was incubated with
protein A-Sepharose-bound Cds1 antibody at 4°C for 2 h. Protein A-Sepharose
was washed three times with lysis buffer, collected, and processed for Cds1 kinase
activity. Protein A-Sepharose was mixed with GSH-Sepharose-bound GST-
Weel'52 substrates as described elsewhere (9) and washed two times in kinase
buffer (50 mM Tris-HCI [pH 7.5], 10 mM MgCl,). Mixtures of beads were
incubated with 50 ul of kinase buffer containing 0.25 wl of [y-*>P]ATP and 100
M ATP at 30°C for 30 min. The reaction was stopped by the addition of 20 pl
of 4 X SDS sample buffer. Samples were boiled and subjected to SDS-PAGE
(10% gel).

In vitro Rad3 and ATM kinase assays. ATM immunoprecipitates were pro-
duced essentially as described elsewhere (7, 28). Briefly, 1 mg of HeLa cell lysate
was incubated with 1 pg of anti-ATM antibody (H-248; Santa Cruz) and with
protein A-Sepharose (Pharmacia). The precipitated beads were washed three
times with lysis buffer and three times with kinase buffer (50 mM imidazole [pH
7.4], 50 mM NaCl, 10 mM MnCl,, 10 mM MgCl,, 1 mM dithiothreitol [DTT]).
Kinase reactions were initiated by addition of [y-*?P]ATP. After 15 min at 30°C,
reactions were stopped by addition of SDS sample buffer and analyzed by
autoradiography following SDS-PAGE. GST-CdsIND derivatives purified from
E. coli were used as substrates. ATM and GST-Rad3 activities were sensitive to
the PIK inhibitor wortmannin.

GST-Rad3 was expressed from the full-strength nmtl promoter. Yeast cells
were disrupted with glass beads in lysis buffer (50 mM Tris-HCI [pH 8.0], 150
mM NaCl, 10% glycerol, 1% NP-40, 50 mM NaF, 1 mM Na;VO,, 0.2 mM
4-amidino-PMSF, 1 mM PMSF, 1 mM DTT, protease inhibitor cocktail com-
plete [Roche]. Cell extracts were incubated with GSH-Sepharose at 4°C for 2 h.
GSH-Sepharose was washed three times with lysis buffer and twice with kinase
buffer (25 mM HEPES-KOH [pH 7.5], 50 mM KCI, 10 mM MgCl,, 10 mM
MnCl,, 2% glycerol, 0.1% NP-40, 1 mM Na;VO,, 1 mM DTT); 50 pl of kinase
buffer containing 10 pM ATP, [y-*?P]ATP, 10 mM GSH, 1 mM PMSF, leupep-
tin-aprotinin-pepstatin A (5 pg/ml), and substrate was added to GSH-Sepharose-
bound GST-Rad3. After 25 min at 30°C, reactions were stopped by the addition
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FIG. 1. (A) Domain structure of S. pombe Cdsl. *, SQ and TQ
motifs. (B) Alignment of the N-terminal SQ/TQ cluster domains of the
budding yeast Rad53, fission yeast Cdsl, and D. melanogaster Dmnk.
Alignment was performed by the CLUSTAL W program. Asterisks
and dots show identical and similar amino acids, respectively. TgQq
and T,,Q,, of Cdsl are boxed.

of 20 ul of 4X SDS sample buffer. Samples were boiled and subjected to
SDS-PAGE (15% gel).

RESULTS

ATM phosphorylates threonine-11 in the N-terminal do-
main of Cdsl. PIK-like kinases such as ATM prefer to phos-
phorylate serine or threonine residues followed by glutamine
(SQ or TQ). Cdsl has five SQ/TQ motifs: three in the first 20
amino acids at the N terminus of the protein, one located
between the FHA and kinase domains, and one in the kinase
domain (Fig. 1A). Alignment to Cds1 homologs from budding
yeast (Rad53) (1) and Drosophila melanogaster (Dmnk) (32)
indicated weak homology in the N-terminal SQ/TQ cluster
domains (Fig. 1A). A GST fusion protein that contained the
Cdsl N-terminal SQ/TQ cluster domain (GST-CdsIND;
amino acids 2 to 41) was produced in E. coli. GST-CdsIND
was tested as an in vitro substrate of ATM. In our initial
studies, ATM was used instead of Rad3 because immunopre-
cipitated ATM has a much more robust in vitro kinase activity.

ATM immunoprecipitated from HeLa cells phosphorylated
GST-CdsIND (Fig. 2A). This result prompted us to determine
the phosphorylation site(s). T8Q9 and T11Q12 appeared to be
conserved among the Cds1 homologs aligned in Fig. 1. There-
fore, the relevant threonine codons were mutated to alanine to
produce T8A, T11A, and TSAT11A constructs. These mutated
proteins were expressed as GST-Cds1ND fusion proteins and
tested in the ATM kinase assays. The T8A mutation did not
reduce **P incorporation into GST-Cds1ND (Fig. 2A). In con-
trast, the T11A and TSAT11A substitutions appeared to elim-
inate **P incorporation into GST-CdsIND (Fig. 2A). These
findings indicated that threonine-11 of Cdsl was phosphory-
lated by ATM in vitro.

Rad3 phosphorylates threonine-11 of Cdsl. Having ob-
tained evidence that ATM phosphorylated Cds1 at threonine-
11, we investigated whether Rad3 possessed the same activity.
GST-Rad3 was expressed from the strong nmtl promoter and
then purified with GSH-Sepharose. GST-Rad3 was expressed
in a cdsl™ strain to eliminate the possibility of Cdsl copurify-
ing with GST-Rad3 (30). Consistent with our previous studies
of hemagglutininin epitope-tagged Rad3 expressed and puri-
fied from fission yeast (30), we found that the GST-Rad3

MoL. CELL. BIOL.
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FIG. 2. Phosphorylation of the N-terminal SQ/TQ cluster domain
of Cdsl by ATM and Rad3. (A) Immunoprecipitate with anti-ATM
antibodies from HelLa cells was incubated with [y->*P]JATP and the
N-terminal SQ/TQ cluster domain of Cdsl fused to GST (GST-
CdsIND, GST-Cds1™4, GST-Cds1™'4, and GST-Cds1™AT!4), Pro-
teins were resolved by SDS-PAGE and visualized with a Phosphor-
Imager (Molecular Dynamics). GST-CdsIND substrates were stained
with Coomassie blue. (B) GST-Rad3 was purified from fission yeast
and incubated with PHAS-I and the GST-Cds1ND, GST-Cds1™4, and
GST-Cds1™'4 substrates as described above.

precipitate phosphorylated the model substrate PHAS-I (Fig.
2B). GST-Rad3 phosphorylated the wild-type form GST-
CdsIND (Fig. 2B). The TS8A mutation did not significantly
diminish phosphorylation of GST-Cds1ND by GST-Rad3 (Fig.
2B). In contrast, the T11A mutation appeared to eliminate
phosphorylation of GST-CdsIND by GST-Rad3. Thus, in
these assays, Rad3 and ATM possessed the same substrate
specificity for phosphorylation of threonine-11 in the N-termi-
nal domain of Cdsl.

Threonine-11 is required for Cds1 phosphorylation in vivo.
To evaluate if threonine-11 is important for Cds1 phosphory-
lation in vivo, the T8A, T11A, and TSAT11A mutations were
cloned into full-length cdsi. These constructs were used to
replace the genomic copy of cds!. HU-induced phosphoryla-
tion of Cdsl is observed as a mobility shift in SDS-PAGE (24).
The significance of this phosphorylation is unknown; it corre-
lates with Cds1 activation and may result from autophosphor-
ylation. An HU-induced mobility shift was readily detected
with wild-type Cds1 and mutant Cds1™®* protein (Fig. 3A). In
contrast, the mobility of Cds1™' and Cds1™8AT!'A mutant
proteins was unaltered by HU treatment (Fig. 3A). These
findings demonstrated that threonine-11 is required for the



Vor. 21, 2001
A
null wt TBA T11A  TBAT11A
HU - + - 4+ - + - + - +
Cds1-PO
--------<Cds1 4
B
null wit T8A T11A TBAT11A
HU - + - + - 4+ -+ -+
Cds1
| - — | phosphorylation
Cdst
| - e gn = = @ BB immunobiot
GST-Wee1's2
| - — ] phosphorylation

| GST-Wee1'=2
coomasie-blue

FIG. 3. Phosphorylation and activation of Cds1 kinase of cds/ mu-
tant cells. Logarithmically growing cdsI ™, cdsl~, cdsI-T8A, cds1-T11A,
and cds1-T8ATII1A cells were mock treated or treated with 20 mM HU
for 4 h. Cells were collected, and extract was prepared. (A) Cdsl
mobility was analyzed by immunoblotting. (B) Cds1 immunoprecipi-
tates were analyzed for Cdsl kinase activity in vitro. The autophos-
phorylation of Cds1 and phosphorylation of GST-Wee1'*? were sub-
jected to Phosphorlmager analysis. Cds1 immunoprecipitates were also
analyzed by Cds1 immunoblotting. Cds1 was strongly activated by HU,
whereas Cds1™® activation was intermediate. The activity of Cds1™T!4
and Cds1™AT1A from HU-treated cells was negligible. Recovery of
Cds1 by immunoprecipitation was variable and appeared to fail in the
—HU sample from cdsI-T8AT11A cells. The very small increase in
activity in the HU-treated samples of Cds1™"'* and Cds1™AT!'A might
be attributed to better recovery of Cdsl in these samples or contam-
ination with an HU-stimulated kinase that is not Cds1 (note the small
increase of GST-Weel'*? phosphorylation in the samples from cds! ™~
cells).

phosphorylation-induced mobility shift of Cdsl that occurs in
HU-treated cells.

Threonine-11 is required for Cdsl activation in vivo. To
understand the significance of threonine-11 for Cds1 activity,
kinase assays were performed with wild-type and mutant Cds1
proteins. These proteins were immunoprecipitated from HU-
treated and mock-treated cells. GST-Weel'>2, a fusion of GST
to amino acids 11 to 152 of Weel protein, was used as the Cds1
substrate (9). Autophosphorylation of Cdsl was also moni-
tored. As noted previously, wild-type Cds1 was highly activated
when immunoprecipitated from HU-treated cells (Fig. 3B). In
contrast, Cds1T"'* and Cds1™~T"'4 mutant proteins exhibited
little or no activation in response to HU (Fig. 3B). These
findings established that threonine-11 is required for Cdsl
activation in vivo. Curiously, an intermediate level of activity
was seen in the Cds1™®* sample (Fig. 3B), although an HU-

2.5 mM

casit+
cast-
cds1-T8A
cds1-T11A
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induced mobility shift of Cds1™* was readily detected (Fig.
3A).

HU sensitivity of the cds1-T114 mutant. Cdsl is required for
proper recovery from a DNA replication arrest (31). If threo-
nine-11 phosphorylation is important for Cdsl activation in
vivo, then replacement of threonine-11 with alanine should
render cells sensitive to HU. Serial dilutions of wild-type and
mutant cds! strains were spotted on media containing different
concentrations of HU (Fig. 4). Relative to wild-type cells, the
cds1-T11A and cds1-TS8ATI1A cells showed severe sensitivity
to HU. The mutant strains were unable to form colonies on
media containing 5 mM HU, whereas wild-type cells readily
formed colonies on this medium (Fig. 4). However, on 2.5 mM
HU medium, the cdsI-T114 and cdsI-T8ATI1IA cells grew
slightly better than cdsl™ cells. These findings suggested that
the cds1-T11A4 and cdsl-TSATI1A strains retained very weak
Cdsl activity. The cdsi-T8A cells were not abnormally sensitive
to 25 mM HU (Fig. 4), indicating that Cdsl function was
substantially retained in these cells. However, in 7.5 mM HU
medium, the cdsI-T8A cells grew poorly compared to wild-type
cdsI™ cells. This observation correlated with the reduced ki-
nase activity of Cds1™®* protein (Fig. 3B). Threonine-8 might
be a secondary site of phosphorylation, or mutation of threo-
nine-8 might impair threonine-11 phosphorylation or its regu-
latory effect.

S-M checkpoint defect of the cds1-T8AT114 mutant. Genetic
and biochemical experiments have indicated that Cdsl has
primary responsibility for enforcing the S-M checkpoint in cells
treated with HU. However, cds] mutants arrest division in
response to HU due to the function of Chk1 (9, 24, 44). A chkl
mutant arrests division in response to HU in a Cds1-dependent
manner. We therefore examined the replication checkpoint in
cdsl-T8AT11A and cds1-TSAT11A chkl cells (Fig. 5). HU ar-
rested division in cdsI-T8AT11A cells. The arrest was evident
from the appearance of elongated cells and the absence of
septated cells. In contrast, c¢dsI-TS8ATI11A chkl~ double-mu-
tant cells underwent division after addition of HU (Fig. 5). The
checkpoint defect was apparent from the appearance of cut
cells, in which the DNA visualized with DAPI appeared to be
bisected by the division septum (Fig. 5). Thus, the S-M check-
point appeared to be abolished in cdsl-TSAT11A chkl~ dou-
ble-mutant cells. The relative importance threonine-8 and
threonine-11 was evaluated by examining the response of cds1-
T8A chkl™ and cds1-T11A chkl™ cells to HU. We found that
cdsl-T8A chkl™ cells underwent checkpoint arrest in HU,
whereas cds1-T11A chkl™ cells displayed a profound check-
point defect (Fig. 5). These results demonstrated that
Cds1™!4 is unable to enforce the S-M checkpoint.

7.5mM HU

FIG. 4. HU sensitivity of cds! mutant cells. Fivefold serial dilutions of cdsI™, cds1 ™, cdsI-T8A, cds1-T11A, and cdsI-T8AT11A cells were plated
in YES medium supplemented with 0, 2.5, 5, or 7.5 mM HU and incubated for 5 days at 32°C.
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FIG. 5. Mutant cdsl-T11A and cdsI-TSATI11A cells undergo a Chkl-dependent cell cycle arrest when exposed to HU. Cells of the indicated
genotypes were stained with DAPI after being grown in the absence or presence of 12 mM HU for 4 h at 32°C.

GST-Cds1™AT!4 arrests division when overexpressed.
High expression of GST-Cdsl arrests division in fission yeast
(9). This arrest is suppressed in a strain that expresses
Cdc2¥"¥, a mutant form of Cdc2 that is insensitive to check-
point regulation. GST-Cds1 expression arrests division in a
rad3~ strain, a result that implies that GST-Cds1 has a basal
amount of activity in the absence of regulation by Rad3 (9). If
Cds1™! were defective solely because it cannot be phosphor-
ylated by Rad3, we would expect GST-Cds1™'* and GST-
Cds1T8ATHA to arrest division when overexpressed. Accord-
ingly, strains that expressed wild-type and mutant forms of
Cdsl fused to GST and regulated by the nmtl promoter were
constructed. As observed previously (9), expression of GST-
Cds1 caused a cell cycle arrest, as demonstrated by the appear-
ance of elongated cells that were not septated (Fig. 6). Expres-
sion of GST-Cds1™ATHA caused an identical cell cycle arrest
phenotype (Fig. 6). In contrast, expression of GST-Cds1”3!2E,
which encodes a kinase-inactive form of Cdsl (24), had no
ability to arrest division (Fig. 6). These data support the con-
clusion that Cds1™AT!!4 retains intrinsic kinase activity but
cannot be activated by Rad3.

GST-Cdst

GST-Cds1 T8AT11A

DISCUSSION

Genetic and biochemical studies in fission yeast have
mapped a signal transduction pathway in which replication
interruption caused by HU results in Cdsl activation. Rad3
and at least five other proteins are required for Cdsl activa-
tion. In this report we have explored exactly how Cdsl is
activated, starting with the hypothesis that activation requires
direct phosphorylation by Rad3. The findings in this paper
strongly support this hypothesis. Rad3 phosphorylates threo-
nine-11 of Cdsl in vitro. Cds1™!* mutant protein cannot be
activated by HU, nor can it enforce the S-M checkpoint. More-
over, HU survival of cdsI-T11A cells is highly deficient. We
have not yet formally demonstrated that threonine-11 is phos-
phorylated in vivo, but threonine-11 is required the phosphor-
ylation-induced electrophoretic mobility shift of Cdsl. Impor-
tantly, mutant Cds1™AT"'4 retains the ability to cause a cell
cycle arrest when overexpressed as a GST fusion protein. This
result demonstrates that mutation of the Rad3-directed phos-
phorylation site does not ablate a basal activity of Cdsl but
does prevent the activation of Cdsl. Taken together, these

GST-Cds1D312E

FIG. 6. Overexpression of GST-Cds1™ATHA causes cell cycle arrest. Strains that expressed GST fused to Cds1, Cds1™ATHA or Cds1P312E
(kinase inactive) from the thiamine-repressible nmtI promoter were grown in medium lacking thiamine for 18 h. Cells that expressed Cds1 and

CdslTSATllA

constructs elongated and arrested division as unseptated cells, whereas cells that expressed GST-Cds

1P312E continued division.
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findings strongly suggest that S-M checkpoint and replicational
stress signal transduction pathways require direct phosphory-
lation of Cdsl by Rad3.

In our initial studies we used ATM as a Rad3 surrogate in
the in vitro kinase assays because it is much easier to purify
active ATM from HeLa cells than to purify active Rad3 from
fission yeast. The fact that ATM phosphorylates a site that is
required for Cdsl activation and function in vivo, and which is
also phosphorylated by Rad3 in vitro, reinforces the notion
that ATM and Rad3 are to a significant extent structural and
functional homologs. This idea is further supported by two
recent studies showing that human Cdsl is phosphorylated and
activated by ATM (27, 28). Threonine-68, which is located in
the N-terminal SQ/TQ cluster domain of human Cdsl, was
identified as the important phosphorylation site. Activation of
mutant Cds17°®* by ionizing radiation was substantially dimin-
ished in transfected HeLa cells, consistent with the behavior of
fission yeast Cds1™''* mutant protein. Interestingly, threo-
nine-11 in fission yeast Cdsl and threonine-68 in human Cdsl
are found in the motif TQE, which bears some similarity to the
LSQE motif that was identified as the optimum ATM substrate
motif by a peptide library approach (33). It is probably signif-
icant that these sites in fission yeast and human Cdsl are
almost exactly the same distance from the FHA domain in
each protein. These findings suggest that threonine-11 in fis-
sion yeast Cds1 and threonine-68 in human Cds1 are function-
ally and structurally conserved sites of regulatory phosphory-
lation by Rad3 and ATM, respectively.

The T11A mutation causes an HU-sensitive phenotype that
is not as severe as that caused by a complete deletion of the
cdsI* open reading frame. These data suggest that Cds1 that
is not phosphorylated at threonine-11 has a weak basal activity.
It is possible that Rad3 performs some phosphorylation at
threonine-8. This possibility is consistent with the very mild
HU-sensitive phenotype of a cdsI-T84 mutation and the ap-
parent partial decrease in Cds1™* kinase activity relative to
wild-type Cdsl. However, the TSA mutation does not appear
to significantly decrease phosphorylation of GST-CdsIND by
Rad3 and ATM in vitro, and the c¢ds1-T8AT11A and cdsI-T11A
mutants appear to be equally HU sensitive. Thus, the weak
phenotypes of cdsI-T8A cells might be attributed to a small
effect on the amount of phosphorylation at threonine-11, or
the T8A mutation might weakly impair the activity of Cds1 that
has been phosphorylated at threonine-11.

Roles for human Cds]1 in enforcing cell cycle checkpoints or
promoting survival of DNA damage or replication inhibition
have not been clearly established. In comparison, the biologi-
cal consequences of loss of Cdsl activity in fission yeast are
better understood. Hence, it was possible to more directly
assess the biological consequences of mutation of threonine-11
in fission yeast Cds1. Our studies demonstrated that Cds1™'4
was ineffective as an enforcer of the S-M checkpoint and was
highly defective at promoting cell viability in medium that
contains HU. Thus, our findings not only confirm that a site
that can be phosphorylated by Rad3 is important for Cdsl
activation but also extend this analysis to show that this site is
essential for Cdsl to carry out its biological functions. These
findings, and the recent studies linking ATM to phosphoryla-
tion of Cdsl in human cells, provide a more precise under-
standing of checkpoint signaling.
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Many questions that concern the interaction between Rad3
and Cdsl remain to be answered. Activation of Cdsl appears
to require phosphorylation catalyzed by Rad3, but is this phos-
phorylation sufficient for Cds1 activation? Thus far, there have
been no reports of in vitro activation of Cdsl by immunopre-
cipitated Rad3 or ATM. A second question concerns the cell
cycle specificity of Cdsl activation. In fission yeast, Cdsl is
activated by DNA damage only during S phase. It seems likely
that Cds1 activation requires a protein, a protein complex, or
a protein activity that exists only during S phase. This entity
must somehow link Rad3 to Cdsl. Our future experiments will
be aimed at answering these questions.
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