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The checkpoint kinase Cds1 (Chk2) plays a key role in cell cycle checkpoint responses with functions in cell
cycle arrest, DNA repair, and induction of apoptosis. Proper regulation of Cdsl is essential for appropriate
cellular responses to checkpoint-inducing insults. While the kinase ATM has been shown to be important in
the regulation of human Cdsl (hCdsl), here we report that the kinases ATR and DNA-dependent protein
kinase (DNA-PK) play more significant roles in the regulation of Xenopus Cdsl (XCdsl). Under normal cell
cycle conditions, nonactivated XCds1 constitutively associates with a Xenopus ATR complex. The association of
XCds1 with this complex does not require a functional forkhead activation domain but does require a putative
SH3 binding region that is found in XCds1. In response to double-stranded DNA ends, the amino terminus of
XCdsl is rapidly phosphorylated in a sequential pattern. First DNA-PK phosphorylates serine 39, a site not
previously recognized as important in Cds1 regulation. Xenopus ATM, ATR, and/or DNA-PK then phosphor-
ylate three consensus serine/glutamine sites. Together, these phosphorylations have the dual function of in-
ducing dissociation from the ATR complex and independently promoting the full activation of XCds1. Thus, the
checkpoint-mediated activation of XCdsl requires phosphorylation by multiple phosphoinositide 3-kinase-

related kinases, protein-protein dissociation, and autophosphorylation.

During the eukaryotic cell cycle, distinct biochemical pro-
cesses such as DNA replication and cell division must be co-
ordinated to ensure integrity of the genome. Genomic insults
resulting from both external and internal events are constantly
disrupting these essential processes and placing cell duplica-
tion at risk. Consequently, organisms have developed cell cycle
checkpoints, elaborate signal transduction pathways that mon-
itor for atypical cell cycle progression. For example, in the event
of DNA damage, the DNA damage checkpoint induces a cell
cycle arrest while simultaneously activating either DNA repair
or apoptotic pathways (14, 55). Defects in the DNA damage
checkpoint system allow for continued cell division in the pres-
ence of damaged or unreplicated DNA, leading to genomic
instability (61).

Phosphoinositide 3-kinase-related kinases (PIKKs) are prin-
cipal components of the DNA damage checkpoint pathway (1).
These proteins are characterized by their large size (>200 kDa)
and by the presence of a highly conserved phosphoinositide
3-kinase-like catalytic domain. In addition, although these ki-
nases contain a putative lipid kinase domain, they appear to
function principally as protein kinases (1). Checkpoint-associ-
ated PIKKs are conserved in all eukaryotic organisms from
yeast to humans. In the yeasts Schizosaccharomyces pombe and
Saccharomyces cerevisiae, Rad3 and Mec1 have been shown to
be essential for checkpoint induction after UV, ionizing radi-
ation, and DNA replication blocks (12). In metazoans, the
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PIKKs ATR, ATM, and DNA-dependent protein kinase (DNA-
PK) play multiple, possibly redundant roles during a check-
point response. ATM is involved in the checkpoint response to
ionizing radiation, while ATR seems to play a primary role in
checkpoints induced by UV irradiation or DNA replication
blocks (59). DNA-PK, which has essential functions in V(D)J
recombination, as well as in nonhomologous end joining, is
also associated with the checkpoint response (59).

In addition to the PIKKSs, two downstream kinase families
have been implicated as playing important functions in the
checkpoint pathway. These are the checkpoint kinases Chkl
and Cdsl (Chk2). In fission yeast, Chkl is essential for G,/M
checkpoint induction in the event of DNA damage, while
Cdsl is involved in checkpoint activation following replica-
tion blocks (45). Both Chk1l and Cds1 phosphorylate Cdc25C,
a mitotic phosphatase required for entry into mitosis. This phos-
phorylation both inhibits Cdc25 activity directly and allows for
the binding of 14-3-3 proteins, leading to relocalization of
Cdc25 out of the nucleus (45). Chkl and Cdsl have also been
linked with the checkpoint-dependent stabilization of Mik1, a
Wee-like kinase involved in the maintenance of G, phase (45).
Cdsl and Chkl function in a similar manner in metazoans (6,
40). In mammalian cells, Chkl and Cdsl have been shown to
play roles in modulating the functions of cell cycle and cell
cycle checkpoint proteins Cdc25A, Cdc25C, p53, and BRCAL1
(6, 40). Furthermore, Cds1 targets p5S3 and other factors in-
volved in the induction of the apoptotic pathway (49, 60).

We are particularly interested in understanding the regula-
tion of Cds1 activity during cell cycle checkpoints. Members of
the Cds1 family are serine/threonine kinases that typically con-
sist of three distinct domains: an amino-terminal SQ/TQ clus-
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ter domain (SCD), a central forkhead activation (FHA) do-
main, and a carboxyl-terminal kinase domain (6). The SCD is
named for the presence of multiple serine-glutamine and/or
threonine-glutamine (SQ/TQ) motifs that are possible phos-
phorylation sites preferred by the checkpoint-activated PIKKs
ATM, ATR, and DNA-PK (1). The SCD of human Cdsl
(hCdsl) possesses a total of seven such sites, several of which
are phosphorylated during a checkpoint response. Although
the function of many of these SQ/TQ phosphorylations re-
mains unclear, the phosphorylation of a particular site, threo-
nine 68, is essential for hCds1 checkpoint-mediated activation
and for the interaction of Cdsl with other factors during the
checkpoint response (4, 37, 39, 41). The FHA domain is also
required for hCdsl kinase function, and mutations in this re-
gion have been linked to a variant form of Li-Fraumeni syn-
drome and to some forms of colon cancer (7, 15, 35). Structural
studies have shown that the hCdsl FHA domain has a strict
binding preference for phosphorylated threonine residues
(36). Accordingly, there have been several reports suggesting
that the checkpoint-mediated activation of hCdsl is the result
of Cds1/Cdsl dimerization that is governed by the binding of
the FHA domain from one Cdsl molecule to phosphorylated
threonine 68 of a second Cds1 molecule (2, 3, 58). This dimer-
ization promotes the subsequent phosphorylation of key resi-
dues in the kinase domain of hCdsl, leading to complete ki-
nase activation (33). The checkpoint-induced phosphorylations
and activation of the Cdsl1 family of kinases are accompanied
by a gel mobility shift on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gels (9, 10, 20, 38).

In mammals, regulation of Cdsl1 has been linked primarily to
the activity of ATM. In particular, ATM has been shown to be
essential for the activation of hCdsl in response to ionizing
radiation, directly phosphorylating hCds1 on threonine 68 (4,
10, 37-39, 41). ATR, on the other hand, has been linked chiefly
with Chkl, activating Chk1 after UV irradiation-induced DNA
damage and after DNA replication inhibition (59). Although
ATR can phosphorylate hCdsl in vitro (39), it has yet to be
linked with hCds1 regulation in vivo. However, hCdsl does
become activated in ATM-deficient cell lines and in ATM-
independent checkpoints induced by UV irradiation and DNA
replication inhibition, suggesting that PIKKs besides ATM
may be involved in hCds1 activation (10, 24, 38, 52). In S. cere-
visiae, the ATR homolog Mecl has been shown to phosphor-
ylate the checkpoint protein Rad9, which then appears to func-
tion as a scaffold for the binding and autophosphorylation of
Rad53, the S. cerevisiae Cdsl homolog (53). Potential Rad9
homologs found in S. pombe, Mrcl, and mammals, BRCAL,
p53 binding protein 1, and Mdcl, have all been shown to in-
teract with Cds1 and to regulate its function (34, 37, 51, 56).
However, it is unclear whether these proteins play a scaffolding
role during Cdsl1 activation.

Interestingly, although phosphorylation of threonine 68 ap-
pears to play a central role in Cds1 activation in mammals, this
residue is not conserved in Cdsl homologs that are found in
Xenopus and other species. In fact, Xenopus Cdsl (XCdsl)
does not possess any TQ motifs, sites that could perform the
FHA binding and dimerization functions that are mediated by
the hCds1 phosphothreonine 68 epitope (20). Despite the ab-
sence of a site equivalent to threonine 68, XCds1 is regulated
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in a checkpoint-dependent manner (20, 27), suggesting that
Cdsl is regulated differently in humans and Xenopus.

The Xenopus cell-free egg extract system has been effectively
used to examine various aspects of cell cycle checkpoints, in-
cluding the roles of Chkl and Cdsl in checkpoint responses
(20, 31, 50). In this study, we used this system to examine the
regulation of XCdsl and the role that the PIKKs play in this
regulation. We found that a complex exists in Xenopus extracts
that contains Xenopus ATR (XATR) and XCdsl. This com-
plex is disrupted upon the induction of specific XCds1-activat-
ing checkpoints. In addition, we found that an early step in the
checkpoint-mediated activation of XCdsl is the phosphoryla-
tion of a non-SQ site (serine 39) by DNA-PK. XCdsl is sub-
sequently phosphorylated on its three SQ sites by ATM, ATR,
and/or DNA-PK, and together these modifications promote
the dissociation of XCdsl from the XATR complex. Mutant
forms of XCdsl that lack these PIKK phosphorylation sites fail
to dissociate from XATR and are defective in the ability to be-
come activated during a checkpoint response. Finally, we found
that disruption of the putative FHA domain in XCds1 does not
disrupt the association of XCds1 with XATR. Instead, a pre-
dicted SH3 binding domain is required for this association. In
sum, our results indicate that XCdsl1 is regulated through pro-
tein-protein interactions and through phosphorylation by mul-
tiple checkpoint PIKKs during cell cycle checkpoints.

MATERIALS AND METHODS

Antibodies. Recombinant XATR (amino acids 2351 to 2654) (21, 22), Xenopus
ATM (XATM; amino acids 1066 to 1224, based on a partial cDNA) (46), and
XCds1 (amino acids 1 to 197; GenBank accession no. AAG59884) (18, 20) were
used to immunize rabbits and generate antisera (Covance Research Products,
Inc., Denver, Pa.). Anti-XATR and anti-XATM antibodies were purified from
the respective antiserum by affinity chromatography against the immunizing
antigen, and the anti-XCds1 antibodies were purified by affinity chromatography
against the first 86 amino acids of XCds1 as previously described (42). Rabbit
polyclonal antibodies were also generated against the carboxyl-terminal peptide
(CTP) of XATR (EATDENLLSOMYLGWAPYM; Zymed Laboratories Inc.,
San Francisco, Calif.) and purified against the immunizing peptide or recombi-
nant XATR (amino acids 2351 to 2654) as previously described (42). This XATR
CTP antibody was used to immunoprecipitate XATR in coimmunoprecipitation
experiments, while the XATR (2351 to 2654) antibody was used for Western
blotting and to immunoprecipitate XATR for kinase assays. Additional antibod-
ies used were anti-Myc (Ab-1, clone 9E10; Calbiochem-Novabiochem Corp., San
Diego, Calif.), anti-glutathione S-transferase (anti-GST) (Z-5; Santa Cruz Bio-
technology, Santa Cruz, Calif.), anti-Flag (Sigma-Aldrich Corp., St. Louis, Mo.),
and anti-Ku70 (N3H10; Covance Research Products, Inc.). Western blotting was
performed as previously described (42). Commercial antibodies were used as
described by the manufacturers.

Expression plasmids. Full-length XCds1 (matching the sequence with Gen-
Bank accession no. AAG59884) was amplified from a Xenopus oocyte library (11)
via PCR. The XCds1 35-517 and 87-517 deletion mutant forms were prepared by
amplifying the appropriate fragments from this construct. The XCdsl 3AQ
(S10A, S13A, S29A), N324A, and R117W mutant forms were prepared via
PCR-directed mutagenesis as previously described (23). The XCds1 S39A, 4A
(S10A, S13A, S29A, S39A), P55A, 4A P55A, 6A (S10A, S13A, S29A, S39A,
T355A, T359A), and 2TA (T355A, T359A) mutant forms were prepared via the
QuikChange site-directed mutagenesis kit as described by the manufacturer
(Stratagene, La Jolla, Calif.). Full-length XCds1 and all XCds1 derivatives and
mutant forms were subcloned into pCS2+ (54) and sequenced for accuracy.

The pCS2+XCdsl constructs were either used directly to produce 3S-labeled
recombinant XCdsl as previously described (42) or subcloned into a modified
pET28a vector (Calbiochem-Novabiochem Corp.) to create versions of the ap-
propriate XCds1 constructs that have both a 5" six-His tag and a 3" Flag tag for
protein expression (see below). The various GST-XCds1 N86 constructs were
prepared by amplifying the fragment encoding the first 86 amino acids of the
appropriate XCdsl pCS2+ plasmids. These fragments were then cloned into
pGEX 4T2 to create pGEX 4T2 XCds1 N86 and derivatives and sequenced for
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accuracy. To prepare pFastBac HT-XCds1-Myc, XCdsl was amplified via PCR
and subcloned into pCS2+MT (54) to create a 3’ Myc-tagged version of XCds1.
The XCds1-Myc fragment was then subcloned into pFastBac HTc (Invitrogen
Corp., Carlsbad, Calif.) to create pFastBac HT-XCds1-Myc with a 5’ six-His tag
and a 3’ Myc tag and sequenced for accuracy. To create pGEX 4T2 Xp53 N39,
Xenopus p53 (Xp53; GenBank accession no. AAC60746) was amplified from a
Xenopus cDNA library (11) via PCR. This construct was subsequently used to
amplify a fragment encoding the first 39 amino acids of Xp53, which was sub-
cloned into pGEX 4T2 (Pharmacia) to create a GST-Xp53 fusion protein. This
construct was sequenced for accuracy. pGEX 4T2 XCdc25C (amino acids 254 to
316) was prepared as previously described (20). pGEX 2T hCds1 N92-WT and
-T68A were gifts from Clare McGowan.

Recombinant protein production and purification. The various recombinant
H6-XCds1-Flag, GST-XCds1 N86, GST-hCds1 N92, GST-XCdc25, and GST-
Xp53 N39 proteins were produced in the Rossetta E. coli strain (Calbiochem-
Novabiochem Corp.) from the appropriate pET 28a-Flag XCds1, pGEX 4T2
XCds1 N86, pGEX 4T2, pGEX 2T hCds1 N92, pGEX 4T2 XCdc25C, and pGEX
4T2 Xp53 N39 constructs as suggested by the manufacturers, except that induc-
tion was at 25°C and for 50 min (all pET 28a-Flag XCds]1 constructs; pET System
Manual [Calbiochem-Novabiochem Corp.]) or for 1 h (all pGEX constructs;
GST Gene Fusion System Handbook [Amersham Biosciences Corp., Piscataway,
N.J.]). Briefly, recombinant H6-XCds1-Flag lysates were prepared by resuspend-
ing the cells in lysis buffer (50 mM NaHPO, [pH 7.6], 300 mM NaCl, 0.5% Triton
X-100, 10 mM imidazole, 5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride
[PMSF]), followed by sonication on ice. The lysates were clarified by centrifu-
gation, and the resulting supernatant was bound to Ni-iminodiacetic acid beads
as previously described (30, 42). The bound beads were washed three times with
10 bed volumes of lysis buffer modified to contain 500 mM NaCl. The purified
XCdsl proteins were eluted from the beads with elution buffer (25 mM HEPES
[pH 7.5], 150 mM NaCl, 250 mM imidazole, 1 mM PMSF, PCL protease inhib-
itors [10 ug each of pepstatin, chymostatin, and leupeptin/ml]) and then dialyzed
against 10 mM HEPES (pH 7.6)-150 mM NacCl and then quantified and stored
at —80°C until use. The recombinant GST-XCdsl N86, GST-hCdsl N92,
GST-XCdc25, and GST-Xp53 N39 proteins were prepared as described for
H6-XCds1-Flag purification except that cells were resuspended in 1X phosphate-
buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, containing 1.4
mM KH,PO,, 1 mM PMSF purified on glutathione beads (Amersham Bio-
sciences Corp.), and eluted with 10 mM glutathione (Sigma-Aldrich Corp.) as
described by the manufacturer (GST Gene Fusion System Handbook [Amersham
Biosciences Corp.]). Recombinant H6-XCds1-Myc was produced in Sf9 insect
cells and purified by nickel column chromatography as previously described (30,
42).

Xenopus egg extracts, shifting assays, and coimmunoprecipitations. Normal
Xenopus egg cell cycle cytostatic factor extracts (mitotic or interphase) or aphidi-
colin-induced checkpoint extracts were prepared as previously described (42, 43).
Single-stranded DNA (ssDNA) checkpoints were induced by adding PhiX virion
ssDNA (New England Biolabs, Beverly, Mass.) to a final concentration of 50
ng/pl. Double-stranded DNA (dsDNA) end checkpoints were prepared by add-
ing plasmid DNA that was predigested with Hpall (29 cleavage sites per plas-
mid) to a final concentration of 30 to 50 ng of DNA/ul. After the addition of
DNA, interphase and checkpoint-induced extracts were activated (cycled) by the
addition of CaCl, (0.4 mM) and incubation at 22°C for the indicated time before
being processed. Where indicated, wortmannin was added to 100 M prior to
CaCl, activation. Mitotic extracts were kept on ice without CaCl, addition for the
indicated time before being processed. Unless noted otherwise, extracts were
supplemented with cycloheximide (CHX; 100 wg/pl) to block entry into mitosis
after interphase.

The total-extract samples used for shift analysis were 2 pl of the extract taken
at the indicated time, frozen on dry ice, and stored at —80°C until needed. For
the samples treated with lambda phosphatase, 2 ul of extract was taken at the
indicated time, diluted to a final volume of 50 pl containing 1X lambda phos-
phatase buffer, 2 mM MnCl,, and 200 U of lambda phosphatase (New England
Biolabs), and then incubated at 30°C for 30 min. The reaction was terminated by
addition of SDS-PAGE sample buffer and processing on a 10% gel.

In the experiments in which the shifting and/or association of *3S-labeled
recombinant XCds1 was examined in nondepleted extracts, a 5% volume of the
appropriate 3°S-labeled XCds1 preparation was added 10 min prior to CaCl,
activation. In the experiments in which GST-XCds1 N86 fusion proteins were
added to the extracts, recombinant protein was added to the extracts to a final
concentration of 5 to 10 ng/pl 10 min prior to CaCl, activation. In the experi-
ments in which the shifting and/or association of 3°S-labeled recombinant XCds1
were examined in XCdsl-depleted extracts, extracts were depleted of endoge-
nous XCds1 (see below) before activation or any other modification (addition of
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DNA, proteins, CHX, wortmannin, or CaCl,). In these depletion—add-back
experiments, the appropriate recombinant XCdsl was then added to a final
concentration of 2 ng/ul along with a 5% volume of the appropriate *°S-labeled
XCdsl preparation 10 min prior to CaCl, activation. In the experiments in which
the shifting of GST-Xp53 N39, GST-XCdsl N86, or 3>S-labeled XCdsl was
examined in Ku-depleted extracts, extracts were depleted of endogenous Ku (see
below) before activation or any other modification (addition of DNA, proteins,
CHX, wortmannin, or CaCl,). Either GST-Xp53 N39 was then added to a final
concentration of approximately 20 ng/ul or GST-XCdsl N86 or *S-labeled
XCdsl was added as described above 10 min prior to CaCl, activation.

For Myc-tagged XCds1 coimmunoprecipitation experiments, recombinant H6-
XCds1-Myc was added to the egg extracts at a final concentration of 2.5 ng/ul 10
min prior to CaCl, activation. Both ATR and Myc-tagged XCds1 coimmuno-
precipitations were performed after the extracts had been incubated for the
indicated time, or for 90 min if not noted otherwise, and after the total-extract
samples had been taken. Two hundred microliters of the extracts was moved to
ice and made 0.3% NP-40. Next, the extracts were precleared by rotation for 20
min at 4°C in the presence of 1 pg of nonspecific antibody (rabbit anti-mouse
immunoglobulin G [IgG; ICN Pharmaceuticals, Inc., Aurora, Ohio] for the
XATR immunoprecipitations or goat anti-mouse IgG [ICN Pharmaceuticals,
Inc.] for the Myc immunoprecipitations) and 10 wl of swelled protein A beads
(Sigma-Aldrich Corp.). After removal of the clearing beads, the precleared
extracts were rotated for 1.5 h at 4°C in the presence of the immunoprecipitating
antibody: 5 to 10 pg of anti-XATR CTP antibody (XATR immunoprecipitation),
2 pg of anti-Myc antibody (Myc-XCdsl immunoprecipitation), 5 to 10 wg of
rabbit anti-mouse IgG (control immunoprecipitation for XATR immunoprecipi-
tations), or 2 pg of goat anti-mouse IgG (control immunoprecipitation for Myc
immunoprecipitations). After binding the primary antibody, 10 pl of swelled
protein A beads (for anti-XATR or rabbit control) or protein G beads (Pierce
Biotechnology Inc., Rockford, Ill.) (for anti-Myc or mouse control) was added,
and the reaction mixtures were rotated for an additional 1 h at 4°C. The immu-
noprecipitated proteins bound to beads were washed three times with 1 ml of IP
wash buffer A (25 mM HEPES [pH 7.5], 0.45% NP-40, 25 mM NaF, 1 mM
NaOVO,, 50 mM B-glycerol phosphate, 14 mM EGTA, 10 mM MgCl,) and then
resuspended in SDS-PAGE sample buffer and immediately processed for
SDS-7% PAGE.

XCds1 and Ku immunodepletion. Endogenous XCds1 was depleted from 600
pl of nonactivated (mitotic) egg extract by two consecutive rounds of immu-
nodepletion. Briefly, anti-XCds1 antibody—protein A beads were prepared by
binding 40 pg of anti-XCds1 antibodies to 75 pl of swelled protein A beads for
1 h at 4°C with rotation. For mock depletion controls, 40 pg of rabbit anti-mouse
IgG was used in place of the anti-XCds1 antibody. The antibody-protein A beads
were then added to the extract, and the extract was rotated for 35 min at 4°C. The
beads were removed, and the extract was subjected to a second round of deple-
tion. After the second depletion, any free anti-XCdsl or control antibody re-
maining in the extracts was removed by three consecutive washes (with rotation
for 12 min each time at 4°C) with 20 pl of swelled protein A beads.

Endogenous Xenopus Ku70 was depleted from 50 pl of nonactivated (mitotic)
egg extract by two consecutive rounds of immunodepletion. Briefly, anti-Ku70
antibody-protein G beads were prepared by binding 25 pl of anti-Ku70 antibod-
ies (Covance N3H10; Covance Research Products, Inc.) to 25 ul of swelled pro-
tein G beads for 1 h at 4°C with rotation. For mock depletion controls, 20 pg of
goat anti-mouse IgG (ICN Pharmaceuticals, Inc.) was used in place of the anti-
Ku70 antibody. The antibody-protein G bead mixture was then added to the
extract, and the extract was rotated for 40 min at 4°C. The beads were removed,
and the extract was subject to a second round of depletion. After the second deple-
tion, any free anti-Ku70 or control antibody remaining in the extracts was removed
by a wash (with rotation for 12 min at 4°C) with 25 pl of swelled protein G beads.

Immunoprecipitation of recombinant XCds1 for kinase assays. XCds1 deple-
tion—add-back extracts were prepared as described above and incubated at 22°C
for 75 min, and then recombinant XCds1 was recovered by immunoprecipitation
after the total-extract samples had been taken. One hundred microliters of the
extracts was moved to ice and made 0.5% NP-40. Next, the extracts were rotated
for 1 h at 4°C in the presence of the immunoprecipitating antibody, 5 to 10 pg
of anti-Flag M2 (Sigma-Aldrich Corp.). After binding of the primary antibody, 10
wl of swelled protein G beads was added and the reaction mixtures were rotated
for an additional 1 h at 4°C. The immunoprecipitated proteins bound to beads
were washed once with 1 ml of IP wash buffer B (25 mM HEPES [pH 7.5], 150
mM NaCl, 0.5% NP-40, 25 mM NaF, 1 mM NaOVO,, 50 mM B-glycerol
phosphate, 14 mM EGTA, 10 mM MgCl,, 1 mM PMSF, PCL protease inhibi-
tors) containing 1 pM microcystin, twice with IP wash buffer B, and twice with
XCDsl kinase buffer (10 mM Tris [pH 7.5], 10 mM MgCl,, 1 mM dithiothreitol
[DTT]) containing 1 mM PMSF and PCL protease inhibitors. Immunoprecipi-
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tates (IPs) were resuspended in 100 wl of kinase buffer and processed immedi-
ately for kinase assays (see below). In addition, in all cases 25 pl of the resus-
pended IP was treated with lambda phosphatase (as described above) and then
subsequently subjected to anti-XCds1 Western blotting to confirm equal recov-
ery of recombinant XCdsl1.

Immunoprecipitation of XATR and XATM for kinase assays. XATR and
XATM were immunoprecipitated from Xenopus mitotic extracts (see above).
One hundred microliters of extract was diluted with 700 wl of dilution buffer (50
mM Tris [pH 7.5], 150 mM NacCl, 1% Tween 20, 0.3% NP-40, 1 mM NaF, 1 mM
NaOVO,, PCL protease inhibitors). The diluted extract was precleared by add-
ing 1 pg of rabbit anti-mouse IgG and 75 ul of diluted protein A beads (20%
slurry of protein A beads preswelled in dilution buffer) and then rotating the
extract for 30 min at 4°C. After removal of the clearing protein A beads, 3 pg of
either anti-XATR (2351-2654) or anti-XATM antibody was added to the pre-
cleared extract, followed by rotation at 4°C for 2 h. A 75-pl volume of diluted
protein A beads was then added, followed by rotation for an additional 1 h at
4°C. XATR- or XATM-bound beads were recovered and washed once with 1 ml
of Dilution Buffer, twice with 1 ml of dilution buffer containing 500 mM LiCl,
and twice with 1 ml of ATR/ATM kinase buffer (20 mM HEPES [pH 7.5], 50 mM
NaCl, 10 mM MgCl,, 10 mM MnCl,, 1 mM DTT) with PCL protease inhibitors
added. The washed beads were resuspended in 50 pl of kinase buffer and used
immediately.

In vitro kinase assays. For XCdsl1 basal kinase assays, 200-p.g samples of the
various recombinant H6-XCds1-Flag proteins were incubated with 1 ug of
GST-XCdc25 (amino acids 254 to 316) in XCds1 kinase buffer (10 mM Tris [pH
7.5], 10 mM MgCl,, 1 mM DTT), containing 10 pM ATP and 10 wnCi of
[y->*P]ATP in a final volume of 50 pl for 20 min at 22°C before termination by
the addition of SDS-PAGE sample buffer and immediate processing for SDS-
10% PAGE to visualize both the XCdsl autophosphorylation product and the
phosphorylated XCdc25 substrate.

To measure the activation of XCds1 during the checkpoint response, recom-
binant XCds1 was recovered after treatment in interphase of checkpoint extracts
(see above) and then kinase assays were performed in a final volume of 50 pl
(diluted with XCdsl kinase buffer) containing 10 ul of the H6-XCds1-Flag IP
slurry, 1 pg of GST-XCdc25 (amino acids 254 to 316), 10 p.Ci of [y-*2P]ATP, and
10 pM ATP. The reaction mixtures were rotated for 20 min at 22°C before
termination of the reactions by addition of SDS-PAGE sample buffer and im-
mediate processing for SDS-10% PAGE.

XATR and XATM kinase assays were performed in a final volume of 50 .l
(diluted with ATR/ATM kinase buffer) containing 25 pl of the XATR or XATM
IP slurry, the indicated Cdsl substrate, 10 p.Ci of [y-*>P]ATP, and 10 uM ATP.
The reaction mixtures were rotated for 30 min at 22°C before termination by the
addition of SDS-PAGE sample buffer and immediate processing for SDS-8 to
12% step PAGE.

For DNA-PK kinase assays, 20 U of DNA-PK (Promega Corp., Madison,
Wis.) was incubated in a 50-pl reaction mixture with DNA-PK kinase buffer (50
mM HEPES [pH 7.5], 100 mM KCI, 10 mM MgCl,, 0.2 mM EGTA, 0.1 mM
EDTA, 1 mM DTT), 200 ng of sheared salmon sperm, 4 pg of bovine serum
albumin, 200 uM ATP, 15 uCi of [y->*P]ATP, and the indicated XCds1 substrate
for 30 min at 30°C. Reactions were terminated by the addition of SDS-PAGE
sample buffer and immediate processing for SDS-10% PAGE.

RESULTS

The constitutive association between XATR and XCdsl is
disrupted under checkpoint conditions that activate XCdsl1. In
humans, Cds1 (hCds1/Chk2) has been shown to associate with
a variety of cell cycle checkpoint proteins, including BRCAL,
p53 binding protein 1, and Mdcl (34, 37, 56). Given that
checkpoint PIKKs have been shown to play an essential role in
checkpoint-mediated hCds1 activation, we were interested in
determining whether XCds1 and checkpoint PIKKs also asso-
ciate. We added recombinant, Myc-tagged XCdsl protein to
Xenopus mitotic extracts and recovered the recombinant XCds1
by anti-Myc immunoprecipitation. Western blotting of anti-
Myc IPs indicated that XATR, but not XATM, associates with
recombinant XCdsl in Xenopus egg extracts (Fig. 1A; data not
shown). To confirm these results, we performed the reciprocal
experiment: immunoprecipitation of endogenous XATR or
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XATM from noncheckpoint and checkpoint conditions, fol-
lowed by blotting for the presence of endogenous XCdsl. As
reported previously, XCds1 displays a large molecular weight
shift in extracts that are checkpoint arrested with either ssDNA
or dsDNA ends, consistent with the phosphorylation and acti-
vation of XCdsl during a checkpoint response (20). In con-
trast, XCds1 does not shift in normal cell cycle extracts or in
extracts arrested with the replication inhibitor aphidicolin, in-
dicating a lack of activation (Fig. 1B, total extract).

These same extracts were subjected to immunoprecipitation
with antibodies against XATM and XATR or with control
antibodies, followed by blotting for the presence of endoge-
nous XCdsl. Consistent with the anti-Myc immunoprecipita-
tion results, we observed that XCdsl coimmunoprecipitated
with XATR under mitotic, interphase, and DNA replication
checkpoint conditions (Fig. 1B, middle parts). This interaction
is independent of DNA, since XCdsl coimmunoprecipitated
with XATR in extracts in which no nuclei were present. Again,
we were unable to identify an association between XATM and
XCdsl under any of the conditions tested (data not shown).
Although we were unable to detect this association, it should
be noted that this is a negative result that does not formally
rule out an association between XATM and XCds1. However,
our positive results do establish that XATR and XCdsl asso-
ciate as part of a complex in Xenopus egg extracts.

Interestingly, we found that the association between XCdsl
and XATR was disrupted under particular cell cycle check-
point conditions that lead to XCds1 activation, suggesting that
this interaction may play a regulatory role. Whereas nonacti-
vated XCdsl coimmunoprecipitated with XATR in DNA rep-
lication checkpoint extracts, activated XCdsl failed to coim-
munoprecipitate with XATR in extracts with checkpoints
induced by ssDNA or dsDNA ends (Fig. 1B). Equal amounts
of XATR were immunoprecipitated under all of the extract
conditions tested, indicating that the specific loss of coim-
munoprecipitating XCds1 under some extract conditions was
not due to differences in XATR recovery (Fig. 1B). Together,
these results suggest that nonactivated XCdsl constitutively
associates with XATR in Xenopus extracts and that this asso-
ciation is disrupted during specific XCdsl-activating check-
point responses.

A caveat to this interpretation is that our anti-XCds1 anti-
body is less effective at recognizing checkpoint-modified XCds1
from ssDNA and dsDNA extracts than it is at recognizing
XCdsl1 from the other cell cycle extracts (Fig. 1B, total extract
lanes; data not shown). To address this issue, we used radio-
labeled, recombinant XCds1 as a marker of XCds1 activation
and XATR association in Xenopus extracts. Like endogenous
XCdsl, **S-radiolabeled XCds1 is activated (as judged by the
gel mobility shift) in a checkpoint-dependent manner (Fig. 1C,
total extract). Furthermore, recombinant, radiolabeled XCds1
coimmunoprecipitated with XATR in a checkpoint-sensitive
manner similar to endogenous XCds1 (Fig. 1C). Given that re-
combinant XCdsl behaves similarly to endogenous XCdsl in
Xenopus extracts, we used radiolabeled, recombinant XCds1
proteins as reporters of XCdsl function in subsequent exper-
iments.

Next, we examined the timing of XCdsl modification and
dissociation during a checkpoint response. Recombinant, ra-
diolabeled XCdsl was added to extracts either in the absence
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FIG. 1. XCds1 and ATR are part of a complex during the normal cell cycle but not during a checkpoint (CP) response. (A) Endogenous XATR
coimmunoprecipitates with recombinant, Myc-tagged XCds1 that was added and recovered from a Xenopus mitotic extract. Total extract, Myc IP,
and control IP were processed for Western blotting (WB) as indicated. (B) Endogenous XCdsl is modified (shifted) in extracts with CPs induced
by ssDNA or dsDNA ends but not in nonperturbed mitotic (no DNA, M phase) or interphase (I phase) extracts or in extracts with CPs induced
by inhibition of DNA replication. Note that only nonmodified XCds1 coimmunoprecipitates with endogenous XATR. Total extract, XATR IP, and
control IP were processed for WB as indicated. Arrows indicate unshifted XCds1 (XCds1) and shifted XCdsl (XCds1-S). (C) Recombinant,
358-labeled XCds1 associates with endogenous XATR in a CP-sensitive fashion. Total extract, XATR IP, and control IP were processed for
autoradiography to detect the labeled Cds1 or for WB to detect XATR. (D) The dsDNA end CP induces a rapid dissociation of *S-labeled
recombinant from endogenous XATR, an interaction that is stable in normal extracts (I phase). Samples were processed at the indicated times
after addition of CaCl, to the extracts either for direct SDS-PAGE and autoradiography (total extract) or for immunoprecipitation (IP) followed
by autoradiography or WB. (E) The PIKK inhibitor wortmannin (WM) prevents shifting and dissociation of **S-labeled recombinant XCds1 from
endogenous XATR. Interphase extracts (I phase), dSDNA CP extracts (CP), and dsDNA CP extracts containing 100 pM wortmannin (CP+WM)
were prepared and processed as described for panel C.

(interphase) or in the presence of dsSDNA ends (dssDNA CP).
Aliquots were removed at various times after the extract began
cycling (time zero) and then subjected to immunoprecipitation
with either anti-XATR or control antibodies (Fig. 1D). During
a checkpoint response, a significant portion of XCds1 is mod-
ified between 7 and 15 min post extract activation, as judged by
the appearance of the higher-migrating form of XCdsl1, and
by 30 min, most of the XCdsl is fully modified (total extract,
Fig. 1D). As discussed below, this change in apparent mo-
lecular weight is the result of multiple phosphorylation
events. The coimmunoprecipitation analysis of these same
samples shows that XCdsl rapidly dissociates from XATR
upon checkpoint activation (Fig. 1D, middle parts). In fact,

most of the XCdsl is lost from XATR IPs as early as 7 min,
regardless of whether the XCdsl1 is fully modified. In contrast,
in the normal cell cycle extract XCdsl does not appear to be
modified nor is there a change in the amount of XCds1 that
coimmunoprecipitates with XATR throughout the time course
of the experiment. Thus, it appears that XCds1 tightly associ-
ates with XATR under noncheckpoint conditions but then
rapidly dissociates from XATR at the onset of XCds1 activa-
tion. Furthermore, the time course of the dissociation experi-
ment suggests that complete modification of the XCds1 pro-
tein is not required for its dissociation from the XATR
complex.

Because PIKK activity has been shown to be required for
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the delineation of the hCdsl FHA (36). The amino terminus of XCdsl is expanded to show the SCD (residues 1 to 41) and the potential PIKK
phosphorylation sites that were mutated (serines 10, 13, 29, and 39). Also expanded is the amino-terminal portion of the FHA (residues 42 to 86),
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were mutated in the FHA domain (residues 42 to 191) and the kinase domain (residues 192 to 517) are also indicated. (B) Table listing the various
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to measure the basal kinase activities of the various recombinant XCds1 constructs. At the top is a Coomassie-stained gel that indicates the amount
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XCdsl1 checkpoint-dependent activation (20), we tested wheth-
er PIKK activity is also essential for the checkpoint-dependent
dissociation of XCds1 and XATR (Fig. 1E). Addition of wort-
mannin, a potent PIKK inhibitor, to dsDNA checkpoint ex-
tracts inhibits XCds1 activation, as determined by the loss of
the XCds1 gel mobility shift (Fig. 1E, top [total extract]).
Significantly, XATR immunoprecipitation under these same
conditions shows that XCds1 remains in a complex with XATR
(Fig. 1E, middle parts). Thus, the checkpoint-mediated dissocia-
tion of XCds1 from XATR, as well as the activation of XCdsl,
appears to require PIKK activity, presumably provided by one
or more of the checkpoint PIKKs (ATR, ATM, or DNA-PK).

XCdsl1 is predicted to be a multidomain phosphoprotein.
The three predicted domains of the XCdsl protein are illus-
trated in Fig. 2A. The overall checkpoint-dependent modi-
fication and activation of XCds1 appear to be the result of
phosphorylation events: checkpoint-activated XCdsl that is
subsequently treated with lambda phosphatase loses its gel

mobility shift and kinase activation (20). Therefore, we rea-
soned that dissection of the XCdsl gel mobility shift might
provide information regarding the mechanisms of XCds1 reg-
ulation. Through examination of each of the three XCds1 do-
mains, we identified residues that may be important for the
XCdsl1 checkpoint-dependent hyperphosphorylation and the
regulation of XCdsl activity. In the amino-terminal SCD of
XCdsl there are no TQ motifs but there are three SQ motifs,
at serines 10, 13, and 29. These sites are putative phosphory-
lation sites for checkpoint PIKKs and may play a role in XCds1
regulation. Additionally, serine 39, although not an SQ/TQ
site, was identified as a predicted DNA-PK phosphorylation site
(44). The XCdsl FHA domain is a prime candidate for protein-
protein interactions, either through self-dimerization or possibly
in association with other checkpoint proteins such as XATR (3,
33, 58). Additionally, we identified a putative SH3 domain bind-
ing site (PXXP) that may also be involved in protein-protein
associations (5, 10). Finally, activation of hCds1 has been shown
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to require phosphorylation on two kinase domain activation loop
threonines (33, 47). Phosphorylation of the analogous residues
in XCdsl, threonines 355 and 359, may be required for XCds1
activation. To test these possibilities, we prepared four groups
of XCdsl mutants: putative PIKK phosphorylation site mutants
(3AQ [S10A, S13A, S29A], S39A, 4A [3AQ, S39A], and 35-517),
putative XCdsl protein-protein interaction mutants (R117W
and P55A), kinase domain mutants (N324A and 2TA [T355A,
T359A]), and mutants that span multiple domains (87-517 and
4A P55A) (Fig. 2B).

We first asked whether any of these mutations disrupt the
basal kinase activity of XCdsl by purifying recombinant ver-
sions of these XCds1 mutants from bacteria and performing in
vitro kinase assays with a fragment of XCdc25 as a substrate
(Fig. 2C). Mutation of any or all of the potential PIKK phos-
phorylation sites (3AQ, S39A, 4A, and 35-517) and/or muta-
tion of the putative SH3 domain binding site (P55A and 4A
P55A) did not appear to significantly affect XCds1 autokinase
activity (Fig. 2C, middle part) or the ability of XCds1 to phos-
phorylate XCdc25 (Fig. 2C, bottom part). In contrast, mutation
or partial loss of the putative FHA domain (R117W and 87-517)
or mutation in the kinase domain (N324A and 2TA) eliminated de-
tectable kinase activity. Thus, while the potential PIKK phosphor-
ylation sites may play a role in the checkpoint-mediated activation
of XCdsl, they are not directly required for basal XCdsl ac-
tivity. Conversely, the integrity of the XCdsl FHA domain, as
well as the kinase activation loop and catalytic sites, is required.

The checkpoint-dependent gel mobility shift and activation
of XCds1 require autophosphorylation of XCds1 on conserved
activation loop threonines. We next asked which of the puta-
tive phosphorylation sites in XCds1 are phosphorylated in cell
extracts and which sites play a role in XCds1 regulation. Ra-
diolabeled versions of various XCds1 constructs were prepared
to serve as reporters of XCds1 gel mobility shifting in Xenopus
checkpoint extracts. Initially, we added these constructs to
extracts that contained endogenous XCdsl. The shifting pro-
file of the radiolabeled reporter wild-type (WT) XCdsl or
kinase-dead (N324A) XCdsl1 is similar to that observed with
endogenous XCdsl, indicating that the modifications leading
to XCdsl1 shifting can occur in trans (Fig. 3A, compare to Fig.
1; data not shown). In contrast, the checkpoint-induced shift-
ing of the XCdsl T355/359A mutant (2TA) is significantly
reduced. This result suggests that the XCdsl activation loop
threonines are phosphorylated in a checkpoint-dependent man-
ner and that these sites are responsible for most of the XCds1
checkpoint-dependent gel mobility shift.

It has been shown that the phosphorylation of the two acti-
vation loop threonines in hCdsl is the direct result of hCdsl
kinase activity, either in cis or in trans (33, 47). To determine
whether this is the case in Xenopus, we used immunodepletion
to create a Xenopus extract environment devoid of endogenous
XCdsl1 (Fig. 3B). We then added trace levels of radiolabeled
XCdsl as a reporter to determine whether XCds1 activation
loop threonines 355 and/or 359 could be phosphorylated in a
checkpoint extract lacking XCds1 activity. In contrast to the
checkpoint-dependent shifting that was observed in mock-de-
pleted extract, in XCds1-depleted extracts, the reporter failed
to undergo the degree of shifting consistent with the phosphor-
ylation of threonines 355 and/or 359 (Fig. 3C). This result
suggests that XCdsl1 is the principal kinase responsible for the
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phosphorylation of the activation loop threonines and for the
ultimate activation of XCdsl1 in extracts. However, it is impor-
tant to note that the XCds1 reporter retains a minimal degree
of shifting in the depleted extracts. This minor shifting, which
is wortmannin sensitive (data not shown), is reminiscent of the
shifting of the XCdsl T355A, T359A mutant (2TA) during a
checkpoint event (Fig. 3A). This minor shift suggests that
XCdsl is still modified in checkpoint extracts even in the ab-
sence of appreciable XCdsl activity.

We next asked if we could restore complete XCds1 check-
point-dependent shifting or activation by adding back purified
recombinant XCdsl to the depleted extracts. Western blot anal-
ysis indicates that the amount of recombinant XCdsl added to
the depleted extract is similar to the amount of endogenous
XCdsl found in nondepleted extracts (2 ng/wl) (Fig. 3B; data
not shown). The gel mobility difference between recombinant
and endogenous XCdsl is the result of the added amino-ter-
minal six-His and carboxyl-terminal Flag tags. As shown in Fig.
3C, adding back of recombinant WT XCds1, but not kinase-
dead XCds1 N324A, restores most of the XCds1 gel mobility
shifting in dsDNA end checkpoint extracts. Together, these re-
sults suggest that functional XCdsl is responsible for the phos-
phorylation of the activation loop threonines and that these
posttranslational modifications are responsible for most, but
not all, of the checkpoint-dependent gel mobility shift of XCds1.

To confirm that the autophosphorylation-mediated shifting
of XCdsl is essential for the checkpoint-dependent activation
of XCdsl, we repeated the depletion—add-back experiment
with either WT or kinase-dead recombinant XCdsl added to
interphase or dsDNA end checkpoint extracts. We then recov-
ered the extract-modified forms of XCdsl1 by anti-Flag immu-
noprecipitation and examined their kinase activity in vitro (Fig.
3D). As shown in Fig. 3C, WT XCdsl undergoes a major
checkpoint-dependent gel mobility shift in the checkpoint ex-
tract (Fig. 3D, top, compare lanes 1 and 2). Significantly, this
shift corresponds to a small but reproducible twofold activa-
tion of recombinant WT XCdsl (Fig. 3D, middle, compare
lanes 1 and 2). In contrast, kinase-dead XCds1 (N324A) un-
dergoes only the minor gel mobility shift in the checkpoint
extract and exhibits background levels of kinase activity (Fig.
3D, top and middle, compare lanes 3, 4, and 5). To confirm
that equal levels of recombinant XCds1 were recovered during
the anti-Flag immunoprecipitation, a portion of the sample
was treated with lambda phosphatase and subjected to anti-
XCdsl Western analysis (Fig. 3D, bottom). Together, these
results show that recombinant XCds1 can be shifted and acti-
vated in a Cdsl-dependent manner in Xenopus cell-free check-
point-activated extracts.

PIKKs phosphorylate the SCD of XCdsl during a check-
point response. Having established that the major checkpoint-
induced gel mobility shift of XCdsl is due to autophosphory-
lation on the conserved activation loop threonines (T355 and
T359), we turned our attention to the minor XCdsl-indepen-
dent shift. We first prepared an XCdsl deletion construct in
which the amino-terminal 86 residues were removed. This XCds1
87-517 construct fails to undergo any noticeable degree of check-
point-dependent gel mobility shifting (Fig. 4A). This result,
combined with the amino-terminal location of the predicted
PIKK phosphorylation sites (Fig. 2A), led us to focus on the
first 86 amino acids of XCdsl in our next series of experiments.
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FIG. 3. Autophosphorylation of XCdsl on conserved activation loop threonines (T355 and T359) is responsible for most of the checkpoint-
induced mobility shift and activation of XCdsl. (A) T355 and T359 are required in cis for the full checkpoint-induced shift of XCdsl. WT and
kinase-dead (N324A) XCdsl, but not kinase-dead T2A (T355A, T359A) XCdsl, are modified in a WT-like manner in dsDNA end checkpoint-
induced extracts. Indicated *S-labeled recombinant XCds1 proteins were added to either interphase (I) or dsDNA end-induced checkpoint (CP)
extracts. Samples were processed for autoradiography at the indicated times (minutes) after the addition of CaCl,. Unmodified XCdsl1 is indicated
by a line, full shifted XCdsl is indicated by a bracket, and minor shifted XCdsl1 is indicated by a line with an asterisk. (B) Immunodepletion (Dep)
of endogenous XCds1 and add back (Ad-Bk) of recombinant XCdsl to equivalent levels. In all cases, total extract was processed for Western
blotting (WB) against anti-XCds1 antibodies. Results are shown for predepletion (Pre-Dep), after mock depletion (Mock Dep), after XCdsl
depletion (XCdsl Dep), and after XCds1 depletion with the add back of recombinant H6-XCds1-Flag (XCdsl Dep + Ad-Bk). Recombinant
H6-XCds1-Flag runs at a higher molecular weight than endogenous XCds1 because of the presence of amino- and carboxyl-terminal six-His and
Flag tags. (C) Activated XCdsl is responsible for the full shift of XCds1 through autophosphorylation. Mock- or XCds1-depleted extracts were
examined for the ability to shift an XCds1 reporter construct (**S-labeled XCds1) with or without the replacement (Ad-Bk) of the depleted XCdsl
with WT or kinase-dead (N324A) XCdsl to endogenous XCds1 levels (panel B; data not shown). The full checkpoint-induced XCds1 gel mobility
shift (bracket) is restored by the addition of recombinant WT XCds1 but not that of kinase-dead XCdsl. However, even in the absence of
functional XCds1, a minor shift is observed. Samples were taken from the extracts at the indicated times and processed as described for Fig. 1D.
Labels are as in panel A. (D) Recombinant WT, but not kinase-dead, XCdsl becomes activated in dsSDNA end checkpoint extracts. Xenopus
extracts were subjected to depletion of endogenous XCds1 (lanes 1 to 5) and add back of recombinant WT (lanes 1 and 2) or kinase-dead (N324A,
lanes 3 and 4), Flag-tagged XCds1 or nothing (—, lane 5), as described for panels B and C. After cycling of interphase (I phase) or dsSDNA end
checkpoint (CP) extracts, samples were taken (total extract) and/or subjected to anti-Flag immunoprecipitation. Immunoprecipitated XCds1-Flag
was then used for in vitro kinase assays with GST-XCdc25 (amino acids 254 to 316) as a substrate (kinase assay) or treated with lambda
phosphatase (PPase) and then used for Western blotting (WB: XCds1).

We prepared a GST fusion protein containing the amino-
terminal 86 amino acids of XCdsl (N86 WT), along with a
mutant fusion protein in which all three SQ sites were mutated
to AQ (N86 3AQ). These fusion proteins were added to nor-
mal or checkpoint-induced extracts for various periods of time
and under different conditions (Fig. 4B). As expected, neither
fusion protein is subject to a gel mobility shift under normal
cell cycle conditions (Fig. 4B, lanes 1 and 2 and lanes 7 and 8).
In contrast, induction of the checkpoint by dsDNA ends led to
modification of both constructs; however, the degree of the gel

mobility shift differs greatly (Fig. 4B, asterisks, compare lanes
4 and 10). These shifts are abolished by lambda phosphatase
treatment (Fig. 4B, lanes 6 and 12), indicating that the shift-
inducing modifications are phosphorylations. Additionally,
these phosphorylations are wortmannin sensitive (Fig. 4B,
lanes 5 and 11). Together, these shifting results suggest that the
first 86 amino acids of XCdsl contains SQ and non-SQ sites
that are phosphorylated during the checkpoint response by a
wortmannin-sensitive kinase(s).

We performed systematic mutations of the SQ sites and



9976 McSHERRY AND MUELLER Mot. CELL. BiOL.

A B cP cP

o o

] g

S L3 @

Time: ©A 2 & PV O o ¥ XCdst , -é?a?'l §§
CP i e o e o - 87-517 oSS o S o
Time: s So F T Fo F S

XCds1 N86 WT XCds1 N86 3AQ

C D

O .0
TiPe: QA LR PRHIE N86 Time: © 4 A2 a9 19 ® PR 4 A0 a0 B @\'19\‘30
wrt cP :?
T )
Rt L L T TN T ek iiedi} )
__ XCds1 N86 S39A XCds1 N86 S39E
WB: GST WB: GST

QO
E Time: 0 2 PP PV O o 358 XCdsi

— . = * A

cP

- -, =" 0

QO
Time: o =¥ &Y o

CP ...-;!5

S —
XCds1: T2A 6A

FIG. 4. XCdsl is phosphorylated on multiple PIKK sites during a checkpoint (CP) response. (A) The first 86 amino acids of XCds1 are required
for all CP-induced gel mobility shifts. **S-labeled recombinant XCds1 87-517 was added to dsDNA CP extract and processed as described for Fig.
3A. (B) The amino-terminal 86 amino acids of XCds1 are phosphorylated by wortmannin (WM)-sensitive kinases on SQ and non-SQ sites during
the CP response. WT GST-XCds1 N86 (WT) (lanes 1 to 6) and a mutant GST-XCds1 N86 in which all three SQ sites are mutated to alanine (3AQ)
(lanes 7 to 12) were added to interphase (I) extracts (lanes 1, 2, 7, and 8), to dSDNA end CP extracts (lanes 3, 4, 9, 10), or to dsDNA end CP extracts
treated with WM (lanes 5 and 11) for the indicated periods of time before being processed for Western blotting (WB) analysis with anti-GST
antibodies. In lanes 6 and 12, the 120-min CP time point was treated with lambda phosphatase (PPase) before being processed for WB analysis.
Asterisks indicate the shifted species. (C) A fragment comprising the amino-terminal 86 amino acids of XCdsl is phosphorylated on a non-SQ site
within 7 min of CP activation and subsequently phosphorylated on multiple SQ sites during the CP response. WT GST-XCds1 N86 or mutant forms
of GST-XCds1 N86 lacking two (2AQ) or three (3AQ) of the SQ sites found in XCds1 were added to interphase (I) or dsSDNA end CP extracts.
Samples were taken at the indicated times before being processed as described for panel B. SO denotes the unshifted N86 fragment, while S1, S2,
and S3 denote various degrees of shifting. (D) Serine 39 is required for all CP-induced phosphorylations of the N86 fragment of XCds1. Mimicking
the phosphorylation of serine 39 with glutamic acid restores subsequent phosphorylations of this fragment. GST-XCds1 N86-S39A or -S39E was
added to dsDNA CP extracts. Samples were processed, and the shifted species were labeled as in panel C. (E) The PIKK phosphorylation sites
contribute to the minor shifting of full-length XCds1 independent of autophosphorylation. Full-length, 33S-labeled recombinant XCds1 with the
two activation loop threonines, T355 and T359, converted to alanine (T2A) or these same mutated sites combined with conversion of the PIKK phos-
phorylation sites, S10, S13, S29, S39, to alanine (6A) were added to dsSDNA CP extracts and processed as for Fig. 3A. The top part shows the extended
time course, while the bottom part shows an independent experiment with the 0- and 120-min samples loaded in adjacent lanes for comparison.

monitored the modification of these constructs in normal or the shifts is due to phosphorylation of serine 10 and/or 13.
checkpoint cell cycle Xenopus extracts. In dsDNA end check- Finally, the XCds1 N86 3AQ mutant, with all three SQ motifs
point extracts, we found that the WT and all mutant SQ con- mutated, undergoes only the early, 7-min, gel mobility shift.

structs underwent a similar gel migratory shift within 7 min The serine at position 39 was predicted to be a potential
(Fig. 4C, shift S1), approximately at the time when full-length DNA-PK phosphorylation site (44). We empirically tested
XCdsl dissociates from the XATR-containing complex (Fig. whether this site was phosphorylated in cell extracts by creating
1D). The WT XCds1 N86 fragment (WT) then undergoes two a mutant construct with this serine changed to alanine (XCdsl
additional shift-inducing phosphorylations (Fig. 4C, S2 and N86 S39A). Strikingly, mutation of this single site prevented
S3). In contrast, the XCdsl N86 2AQ mutant, with two of the phosphorylation of the remaining SQ sites as no appreciable
three SQ motif serines (10 and 13) mutated to alanine, displays shifting was observed with this XCds] mutant fragment (Fig.
only one additional shift (S2). This result indicates that one of 4D). This result suggests that phosphorylation of S39 may be
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required for subsequent phosphorylation of the SQ sites. To
test this hypothesis, we created a phosphorylation mimic at
position 39 by changing the serine to glutamic acid (S39E).
Although not as efficient as the WT fragment, this construct
was modified and underwent the two additional mobility shifts
expected from SQ phosphorylation of serines 29 and 10 and/or
13 (S2 and S3, Fig. 4D).

Finally, we asked whether phosphorylation of full-length
XCdsl was dependent on these PIKK phosphorylation sites in
the cell extract. Recall that most, but not all, of the full-length
XCdsl checkpoint-induced shifting is caused by XCdsl auto-
phosphorylation on T355 and T359 (Fig. 3). To test the role of
the PIKK phosphorylation sites, we prepared a full-length,
radiolabeled XCds1 mutant in which all six residues that we
had identified as being modified during a checkpoint response
(S10, S13, S29, S39, T355, and T359) were mutated to alanine
(XCdsl 6A). We then added this construct to Xenopus check-
point extracts and compared the checkpoint-dependent shift-
ing of this mutant with that of an XCds1 mutant with only T355
and T359 mutated (2TA). The shifting of the XCdsl 6A mu-
tant is reduced compared to that of the 2TA mutant, suggest-
ing that phosphorylation of the amino-terminal sites contrib-
utes to the overall shifting of full-length XCds1 (Fig. 4E).
However, it appears that the XCds1 6A mutant retains a minor
degree of checkpoint-dependent gel mobility shifting. This re-
tention suggests that additional sites of checkpoint-dependent
XCdsl modification are yet to be identified.

Phosphorylation of the XCdsl SCD is required for XCds1
activation and dissociation from the XATR-containing com-
plex. The wortmannin sensitivity of XCdsl shifting and disso-
ciation (Fig. 1E) and the mutagenic analysis of XCds1 (Fig. 4)
suggest that PIKK-mediated phosphorylation of the amino-
terminal SCD may be required for XCdsl activation and XCds1
dissociation from the XATR-containing complex. To test this
hypothesis, we created depletion-add-back extracts in which
the endogenous XCdsl was depleted and replaced with equiv-
alent levels of recombinant, full-length WT or SCD phosphor-
ylation site mutant forms of XCds1 (Fig. 5A; data not shown).
We then monitored the ability of these recombinant XCdsl
proteins to undergo checkpoint-dependent gel mobility shift-
ing, ATR dissociation, and activation (Fig. 5B and C).

The XCdsl 3AQ mutant, which lacks the three SQ sites,
undergoes a checkpoint-induced gel mobility shift that is al-
most as large as that observed with WT XCdsl1 (Fig. 5B, top
two parts). In addition, the time courses of WT and 3AQ
XCds1 shifting are similar. Together, these results suggest that
phosphorylation of the XCdsl SQ sites is not required for
phosphorylation of other XCdsl sites, including the T355 and
T359 autophosphorylation sites that are associated with com-
plete XCdsl checkpoint-induced shifting. In contrast, the
XCds1 S39A mutant is partially defective in its checkpoint-
dependent response. The gel mobility shifting of the XCds1
S39A mutant is reproducibly delayed and reduced compared
to the shifting of the WT or the 3AQ mutant construct (Fig.
5B, third part). The defect in the checkpoint-dependent gel
mobility shift of the XCds1 4A mutant, in which all four PIKK
phosphorylation sites are mutated to alanine, is even more
pronounced, suggesting that the additional loss of phosphory-
lation at the SQ sites exacerbates the checkpoint defect of the
XCdsl S39A mutant (Fig. 5B, bottom part). Thus, the com-
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FIG. 5. Checkpoint-induced phosphorylation of the four PIKK
sites is required for the activation of XCds1 and for dissociation of Cdsl
from XATR. (A) Xenopus extracts were subjected to depletion of endog-
enous XCdsl and add back of recombinant XCdsl1 as described for Fig.
3B. (B) Mutations of 3AQ, S39A, and all four PIKK sites (4A) have slight,
intermediate, and severe effects, respectively, on the full checkpoint-in-
duced XCds1 gel mobility shift (bracket) that is indicative of Cdsl acti-
vation. The WT and mutant (3AQ, S39A, or 4A) forms of recombinant
XCdsl1 were used to replace the endogenous XCds1 in depletion (Dep)-
add-back (Ad-Bk) experiments performed as described for Fig. 3C.
(C) Mutation of all four PIKK sites prevents dissociation of XCds1 from
XATR during a checkpoint response and XCds1 activation. The indicated
WT and mutant (3AQ, N324A, 4A) forms of recombinant XCds1 were
used to replace the endogenous XCdsl in depletion-add-back experi-
ments. These extracts were cycled as interphase (I) or dsSDNA end check-
point (CP) extracts and then subjected to association-dissociation analysis
as described for Fig. 1C. Additionally, XCds1 immunoprecipitation and in
vitro kinase assays (kinase assay) were performed as described for Fig. 3D.

bined phosphorylation of both the SQ and serine 39 sites in the
XCds1 SCD is essential for the checkpoint-dependent gel mo-
bility shifting of XCdsl. Furthermore, in conjunction with the
lack of gel mobility shifting of the XCdsl N86 S39A mutant
fragment (Fig. 4D), these results suggest that phosphorylation
of serine 39 is a critical event in the complete modification of
XCdsl.

We then went on to determine whether the direct phosphor-
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ylation of the XCds1 amino terminus by the checkpoint PIKKs
is also responsible for the checkpoint-induced dissociation be-
tween XCdsl and XATR (Fig. 5C, top and middle parts). As
in the previous set of experiments, these experiments were
performed with XCds1 mutant extracts that were prepared by
depleting endogenous XCdsl and replacing it with various
recombinant forms of XCds1; however, in this case, the XCds1
depletion—add-back extracts were either cycled as interphase
or checkpoint extracts. We then subjected these to XATR or
control immunoprecipitation as described previously (Fig. 1C).
Both WT XCds1 and the 3AQ mutant associate with XATR in
a checkpoint-sensitive manner, similar to endogenous XCdsl
(Fig. 5C, compare to Fig. 1B). In both cases, XCds1 associates
with the ATR-containing complex under interphase conditions
(Fig. 5C, lanes 1 and 3) and dissociates from the complex upon
checkpoint activation (Fig. 5C, lanes 2 and 4).

The kinase-dead XCds1 N324A mutant also associates with
XATR in interphase extracts (Fig. 5C, lane 5). However, in the
checkpoint extract the dissociation of the kinase-defective
XCdsl mutant from the XATR complex was compromised,
with a significant amount of XCds1 remaining associated with
XATR (Fig. 5C, lane 6). This result indicates that XCdsl
activity is required during a checkpoint response to induce
complete dissociation of XCdsl from the XATR complex.
However, it is interesting that the XCds1 mutant underwent a
partial, minor gel mobility shift in the checkpoint extract (Fig.
5C, lane 6, total-extract lanes, line with asterisk), and the
shifted form of XCdsl1 preferably dissociates from XATR in
the checkpoint extract while the unshifted fraction remained
associated (Fig. 5C, lane 6, compare the two migrating species
of XCds1 N324A in the total extract to those that coprecipitate
with XATR). As shown in Fig. 3C, kinase-dead XCds1 does
not undergo a major checkpoint-dependent gel mobility shift
in an extract background that lacks XCds1 activity. This major
shift is observed in the WT and 3AQ depletion-add-back ex-
periments (lanes 1 to 4) and is associated with complete XCds1
activation due to XCdsl autophosphorylation (Fig. 5C, kinase
assay) (20). Instead, the XCdsl kinase-dead mutant displays
only the minor shift due to phosphorylation of the XCds1 SCD.
This result suggests that the checkpoint-induced phosphoryla-
tions on the amino terminus of XCdsl not only promotes
XCdsl activation but also appears to play a direct role in
inducing the dissociation of XCdsl1 from the XATR complex.

To test this possibility, we performed the depletion—add-
back experiment with a full-length XCdsl mutant that cannot
be modified, XCdsl 3AQ, S39A (4A), and asked if it would
associate and dissociate from the ATR complex. The XCdsl
4A mutant fails to undergo significant checkpoint-dependent
modification, as determined by the lack of a gel mobility shift
(Fig. 5C, total-extract lanes 7 and 8). Significantly, this mutant
coimmunoprecipitates with the ATR complex under both in-
terphase and checkpoint conditions (ATR IP, Fig. 5C, lanes 7
and 8). Taken together, these results indicate that the dissoci-
ation of XCdsl from the ATR-containing complex requires
phosphorylation of the SCD of XCdsl. Furthermore, while
XCdsl activity is needed for efficient dissociation, the phos-
phorylation of sites in the SCD alone promotes some degree of
checkpoint-induced dissociation.

Finally, we investigated whether SCD phosphorylation is
required for checkpoint-mediated activation of XCds1. Similar
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to the results shown in Fig. 3D, WT, but not kinase-dead
(N324A), XCdsl is activated twofold during the checkpoint
response (Fig. 5C, kinase assay, lanes 1 and 2 and lanes 5 and
6). In addition, the mutant XCdsl1 protein that lacks the three
SQ phosphorylation sites (3AQ) undergoes nearly WT levels
of activation (1.9-fold; Fig. 5C, kinase assay, lanes 3 and 4).
This result is consistent with the nearly WT levels of shifting
observed with this mutant (Fig. 5B and C). Conversely, the 4A
mutant that lacks all of the SCD phosphorylation sites is poorly
activated during the checkpoint response (1.3-fold; Fig. 5C,
kinase assay, lanes 7 and 8). Again, this result is consistent with
the deficient shifting of this mutant (Fig. 5B and C). Thus,
mutant XCdsl proteins that cannot be phosphorylated in the
SCD fail to shift, dissociate from ATR, or get activated during
a checkpoint response.

ATR, ATM, and DNA-PK phosphorylate XCds1 with differ-
ent specificities. We next sought to identify the kinase(s) re-
sponsible for the phosphorylation of the XCds1 SQ motifs and
serine 39 during a checkpoint response. Although XCds1 phos-
phorylates other sites in XCdsl (T355 and T359) (Fig. 3), it
does not phosphorylate any sites in the amino-terminal 86-
amino-acid fragment of XCdsl (data not shown). The wort-
mannin sensitivity and the identity of the phosphorylated sites
suggest that the checkpoint PIKKs (ATM, ATR, and/or DNA-
PK) might be responsible for this phosphorylation. To test this,
we asked whether the checkpoint PIKKs could phosphorylate
the amino terminus of XCdsl in vitro. Antibodies against
XATR and XATM were used to immunoprecipitate these two
checkpoint kinases from Xenopus extracts (Fig. 6A). Both
XATR and XATM phosphorylate recombinant GST fusions of
Xp53, human BRCAL, and Xenopus Chkl in an SQ-specific
and caffeine-sensitive manner, indicating that these immuno-
precipitated kinases are functional (data not shown).

We next examined the ability of XATM and XATR to phos-
phorylate the amino terminus of human Cds1, which has been
previously shown to be a substrate for human ATR and ATM
(4, 39, 41). Both XATR and XATM phosphorylate the WT
hCds1 fusion protein (Fig. 6B). Furthermore, as in the case of
human ATR and ATM, XATR and XATM phosphorylate the
hCdsl threonine 68 mutant (T68A) less efficiently than the WT
hCdsl fragment (WT). Thus, the high specificity for the hCdsl
T68 site is conserved between human ATR and XATR and
human ATM and XATM.

We then tested XATM and XATR for the ability to phos-
phorylate XCdsl. In contrast to control immunoprecipitations,
both kinases phosphorylate the XCdsl N86 WT fragment ef-
ficiently (Fig. 6C). However, while mutation of the three SQ
sites (3AQ) significantly reduces that ability of XATR to phos-
phorylate the N86 fragment (80% reduction), the same muta-
tion has little effect on the level of XATM-mediated phosphor-
ylation (25% reduction). We observed a similar lack of SQ
specificity when we performed in vitro kinase assays with re-
combinant human ATM and the XCdsl 3AQ substrate, sug-
gesting that the SQ-independent phosphorylation is not due to
contaminants in the XATM IP (data not shown). Finally, we
found that both XATM and XATR appear to be unable to
phosphorylate serine 39, because mutation of this site in com-
bination with the 3AQ mutation (4A) did not reduce further
the phosphorylation of the XCdsl fragment by either kinase
(Fig. 6C). Together, these results suggest that XATR is a
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FIG. 6. ATR, ATM, and DNA-PK phosphorylate XCds1 with different specificities. (A) XATR and XATM were immunoprecipitated from
Xenopus egg extracts and either subjected to Western blot (WB) analysis with the respective antibodies or used in in vitro kinase assays (B and
C). (B) XATR and ATM possess kinase specificity similar to that of human ATR and ATM, preferentially phosphorylating threonine 68 of hCds1.
(Top [kinase assay]) Immunoprecipitated control, XATR, and XATM were used in in vitro kinase assays with a GST fusion of the first 92 amino
acids of hCds1 as the substrate. This substrate was either WT or mutated so that the TQ at position 68 was changed to AQ (T68A). (Bottom
[loading control]) Coomassie staining shows that equal amounts of the hCds1 substrates were used. (C) XATR and XATM phosphorylate XCds1
on SQ sites but not on serine 39. (Top [kinase assay]) Immunoprecipitated control, XATR, and XATM were used in in vitro kinase assays with
a GST fusion of the first 86 amino acids of XCds1 as the substrate. This substrate was either WT or mutated so that the three SQ sites were changed
to AQ (3AQ) or so that the 3AQ mutant was combined with an S39A substitution (4A). (Bottom [loading control]) Coomassie staining shows that
equal amounts of the XCds1 substrates were used. (D) DNA-PK phosphorylates XCds1 on serine 39 and SQ sites. (Top [kinase assay]) The same
XCdsl substrates used in panel C and an S39A XCds1 mutation were used in in vitro kinase assays with human DNA-PK as the kinase. (Bottom
[loading control]) Coomassie staining shows that equal amounts of the XCds1 substrates were used.

candidate kinase that can phosphorylate the three SQ sites of
XCdsl. Furthermore, while XATM can phosphorylate the first
86 amino acids of XCdsl, most of this phosphorylation is at
some other, non-SQ, site(s). Finally, both XATR and XATM
are unlikely candidates for the checkpoint-dependent phos-
phorylation of XCdsl serine 39.

In general, the checkpoint PIKKs (ATR, ATM, and DNA-
PK) have been shown to exhibit strict phosphorylation site
specificity in vitro, requiring SQ/TQ motifs for phosphoryla-
tion (1, 29). However, DNA-PK has been shown to exhibit a
higher degree of flexibility in its phosphorylation site prefer-
ence in vivo (13). While DNA-PK has not been previously
implicated in Cdsl regulation, this PIKK is involved with var-
ious cell cycle checkpoint components (19, 59). We used re-
combinant human DNA-PK for our studies. DNA-PK effi-
ciently phosphorylates a WT Xp53 fragment but not an SQ
mutant fragment (S14A) of Xp53, showing that this human

kinase phosphorylates a Xenopus checkpoint substrate with
conserved specificity (data not shown). As with XATR and
XATM, DNA-PK phosphorylates XCdsl N86 WT effectively,
and as with XATR, mutation of the three SQ sites (3AQ)
diminishes phosphorylation to 40% of WT levels. However, in
contrast to XATR and XATM, the additional mutation of S39
to alanine (4A) causes a significant reduction in phosphoryla-
tion (10% compared to that of the WT, Fig. 6D). Furthermore,
mutation of the serine 39 site alone (S39A) reduces the level of
phosphorylation compared to that of the WT fragment (60%
reduction). These results suggest that DNA-PK is the wort-
mannin-sensitive kinase responsible for serine 39 phosphory-
lation during a checkpoint response. In sum, all three check-
point PIKKs, ATM, ATR, and DNA-PK, can phosphorylate
XCdsl in vitro. However, only DNA-PK can phosphorylate
XCdsl on serine 39.
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FIG. 7. Depletion of the DNA-PK subunit XKu70 impairs checkpoint (CP)-dependent phosphorylation of the XCdsl SCD and phosphory-
lation of full-length XCds1 that is indicative of activation. (A) XKu70 is specifically depleted from extracts. Xenopus extract was subject to XKu70
(XKu70 Dep) or control antibody (Mock Dep) depletion. Samples of the predepletion, mock depletion, and XKu70 postdepletion extracts were
analyzed by Western blotting (WB) with anti-Ku70 and anti-XCdsl1 antibodies. (B) The CP-dependent, wortmannin (WM)-sensitive shifting of
GST-Xp53 N39 is not affected by XKu70 depletion. GST-Xp53 N39 (Xp53) was added to mock- or XKu70-depleted extracts and then cycled as
interphase (I) or dsSDNA end CP extracts either with or without WM. Samples were taken at 120 min and processed as described for Fig. 4B. Shifts
are indicated by SO and S1. (C) Depletion of XKu70 eliminates the CP-dependent gel mobility shifting of the GST-XCdsl N86 fragment.
GST-XCds1 N86 (WT) was added to mock- or XKu70-depleted dsDNA end CP extracts. Samples were taken at the indicated times and processed
as described for Fig. 4B. (D) XKu70 depletion eliminates the CP-dependent gel mobility shifting of full-length XCds1. Full-length, **S-labeled
XCdsl (WT) was added to mock- or XKu70-depleted dsDNA end CP extracts. Samples were taken at the indicated times and processed as

described for Fig. 3.

Depletion of Xenopus Ku70 disrupts checkpoint-dependent
phosphorylation and activation of XCdsl. DNA-PK is a het-
erotrimeric complex consisting of DNA-PK, Ku70, and Ku80;
all subunits are required for catalytic activity (48). Therefore,
to further explore the role of DNA-PK in the regulation of
XCdsl, we removed the DNA-PK activity by depleting Xeno-
pus Ku70 (XKu70) from Xenopus extracts (32). Immunodeple-
tion of XKu70 effectively removed XKu70, but not XCdsl,
from the extract (Fig. 7A). To confirm that depletion of XKu70
does not disrupt the overall checkpoint response, we examined
the gel mobility shifting of Xp53 in XKu70-depleted extracts.
Like human p53, Xp53 is multiply phosphorylated in a check-
point-dependent fashion. For example, the amino terminus of
Xp53 has a potential PIKK phosphorylation site (SQ) and is
phosphorylated in a dsDNA checkpoint-dependent manner,
directly and/or indirectly, by ATR, ATM, and/or DNA-PK (17)
(Fig. 7B; data not shown). We observed that the phosphoryla-
tion of an amino-terminal Xp53 GST fusion protein (GST-
Xp53 N39) in Xenopus dsDNA end checkpoint extracts results
in a gel mobility shift. Furthermore, GST-Xp53 N39 undergoes
equal levels of checkpoint-dependent gel mobility shifting in
mock-depleted and XKu70-depleted extracts, suggesting that
at least some aspects of the checkpoint response remain intact.
Finally, although depletion of XKu70 has little effect on the
checkpoint-induced shifting of Xp53, this shift is wortmannin

sensitive. Together, these results suggest that XATR and/or
XATM are functional in XKu70-depleted extracts.

We then examined the gel mobility shifting of the amino-
terminal GST-XCds1 N86 fragment in these depleted extracts.
Strikingly, depletion of XKu70 disrupts the checkpoint-depen-
dent gel mobility shift of the XCdsl fragment (Fig. 7C, com-
pare mock- and Ku70-depleted parts). This result is compara-
ble to the loss of shifting observed with the GST-XCds1 N86
S39A fragment (Fig. 4D). Together, these results suggest that
Xenopus DNA-PK is responsible for the phosphorylation of
XCdsl on serine 39.

Finally, we asked whether depletion of XKu70 had any effect
on the complete shifting of full-length XCds1 that is associated
with XCdsl activation. Compared to that of the mock-depleted
control, depletion of XKu70 leads to loss of full-length XCdsl
checkpoint-dependent shifting (Fig. 7D) and suggests that in
the absence of Ku70, XCds1 cannot be activated. Thus, DNA-
PK plays an essential function in the dsDNA end checkpoint
response by inducing XCdsl modification and activation in
Xenopus extracts.

Different regions within the XCds1 FHA domain have dis-
tinct functions in XCdsl activation and XATR association.
The results presented so far suggest two possible mechanisms
of XCds1 activation. The first possibility is that phosphoryla-
tion of XCdsl by the checkpoint PIKKs leads to dissociation
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from the XATR-containing complex and that this allows for
subsequent XCds1 activation by autophosphorylation. The sec-
ond possibility is that these PIKK-mediated phosphorylations
of XCds1 have a direct role in activating XCds1 and are re-
quired for XCdsl activation independent of their role in pro-
moting the disassociation between XATR and XCdsl. To ex-
amine these two possibilities, we sought to better understand
the molecular nature of the interaction between XCdsl and
XATR. First, we focused on the XCdsl FHA domain. This
domain has been shown to participate in protein-protein in-
teractions, principally through their association with phosphor-
ylated threonine residues (36). The hCdsl FHA domain has
been implicated by a number of groups as being involved in
self-activation of hCds1 via dimerization (2, 3, 47, 58). Second,
when we examined the amino-terminal portion of the XCds1
FHA domain, we noticed a proline-rich region highlighted by
the presence of a putative SH3 domain binding site, identified
by the residues PXXP (prolines 52 and 55, Fig. 2A). A similar
site has been noted, but not tested, in the FHA domain of
hCds1 (10). Although XATR does not possess an SH3 domain,
it is possible that the association between XATR and XCdsl is
indirect, mediated by SH3 domain-possessing adaptor proteins.

We prepared two mutant XCdsl1 proteins. The first, XCdsl
R117W, contains a mutation analogous to an hCdsl mutation
(R145W) that is associated with Li-Fraumeni syndrome and
colon cancer and putatively disrupts the hCdsl FHA domain
(7, 35, 36). The second, XCdsl P55A, disrupts the potential
XCds1 SH3 domain binding site. In vitro, XCdsl P55A pos-
sesses basal kinase activity, suggesting that the mutation does
not disrupt the kinase function of XCdsl (Fig. 2C). On the
other hand, the XCdsl R117W mutant has negligible kinase
activity in vitro, indicating that this mutation causes loss of
XCdsl kinase function, as well as disrupting the putative FHA
domain (Fig. 2C). When XCdsl depletion-add-back check-
point extracts were supplied with the recombinant XCdsl
R117W mutant, the gel mobility shift of this mutant was sig-
nificantly delayed and reduced (Fig. 8A). In contrast, when
similar experiments were performed with the recombinant
XCdsl P55A mutant, this construct underwent a checkpoint-
dependent gel mobility shift similar to that of WT XCdsl.
Consistent with these shifting results, in vitro kinase assays
with recombinant XCdsl1 recovered from interphase or check-
point extracts indicate that while XCdsl R117W fails to be-
come activated, the XCdsl P55A mutant experiences nearly
WT levels of activation (1.8-fold) (Fig. 8B, kinase assay). Thus,
the putative FHA domain, but not the putative SH3 binding
domain, is required for the XCdsl activation in checkpoint-
activated extracts.

We next examined the ability of the putative FHA and SH3
binding domain mutants to associate with and dissociate from
the XATR-containing complex. The XCdsl R117W mutant
associates with the ATR complex in interphase but does not
dissociate from it under checkpoint conditions (Fig. 8B, middle
parts, lanes 1 and 2). Thus, although this FHA domain muta-
tion disrupts XCds1 kinase activity and impairs the ability of
XCdsl to become activated during a checkpoint response, it
does not appear to affect the interaction between XCds1 and
XATR. In contrast, the XCdsl P55A mutant, which is acti-
vated in a checkpoint-dependent manner similarly to the WT,
failed to associate with XATR under any of the cell cycle
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FIG. 8. Different regions within the XCds1 FHA domain have dis-
tinct functions in XCdsl shifting, activation, and dissociation. (A)
While mutation of the SH3 domain binding site (P55A) has little effect
on the shifting of full-length XCdsl, mutation of the FHA domain
(R117W), loss of the SCD (35-517), or combination of the SH3 do-
main binding site mutation with the PIKK phosphorylation site muta-
tions largely eliminates this shift. Depletion—add-back experiments
were done as described for Fig. 5B. Labels are as in Fig. 3A. (B) The
R117W mutation blocks the checkpoint-induced dissociation, while
the P55A and 4A P55A mutations block the association under all
conditions, of XCds1 with XATR-containing complexes. Additionally,
in vitro kinase assays indicate that only the P55A can be activated by
dsDNA end checkpoints. Experiments were performed as described
for Fig. 3D and 5C.

condition tested (Fig. 8B, middle parts, lanes 3 and 4, compare
the level of [**S]XCds1 in the control IP to the level in the
ATR IP). These results suggest that the putative XCdsl SH3
binding domain, but not the FHA domain, plays a critical role
in XCds1-XATR association. Additionally, since the XCdsl
P55A mutant undergoes a WT-like gel mobility shift and acti-
vation in checkpoint extracts, the association with the XATR
complex does not appear to be required for XCdsl activation
during the checkpoint response.

Phosphorylation of the amino-terminal SCD activates XCds1.
PIKK-mediated phosphorylation of XCdsl is required for the
dissociation of XCdsl from XATR-containing complexes and
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for the complete activation of XCdsl (Fig. 1E and 5B and C).
This led us to ask by what mechanism PIKK phosphorylation
and subsequent dissociation promote complete XCds1 activa-
tion. It could be that the amino-terminal SCD of XCds1 func-
tions as a negative regulator of XCds1 activation. As a negative
regulator, this region could function by sequestering XCdsl in
an ATR-containing complex under noncheckpoint conditions
or it could function as an autoinhibitory region (AIR), similar
to what has been observed with the regulatory domain of Chk1
(28). Alternatively, the PIKK phosphorylations may serve in a
direct activation role. In this situation, covalent modification of
the amino terminus of XCds1 during the checkpoint response
would be required for subsequent activation independent of
XATR association-dissociation.

To test these possibilities, we designed two types of XCdsl
mutant constructs. The first was a deletion mutant that lacks
the first 34 amino acids of XCds1 (XCds1 35-517). This con-
struct possesses WT levels of basal kinase activity (Fig. 2C).
When tested in a depletion—add-back experiment similar to
that shown in Fig. 3C, the XCds1 35-517 deletion mutant failed
to undergo any significant checkpoint-dependent gel mobility
shift, suggesting that it is defective in checkpoint-dependent
activation (Fig. 8A). Thus, it is unlikely that the amino-termi-
nal region of XCdsl containing the SQ sites is an AIR. Instead,
it appears that this region of XCdsl may play an active role in
XCdsl checkpoint-dependent activation.

The second construct was a modification of the association-
independent XCds1 P55A mutant. This modified mutant not
only lacked the putative SH3 binding domain (P55A) but also
the four PIKK phosphorylation sites (4A: 3AQ and S39A). In
in vitro kinase assays, this XCdsl 4A P55A mutant has basal
kinase activity similar to that of the XCds1 P55A mutant (Fig.
2C). As predicted, the XCds1 4A P55A mutant, like the XCds1
P55A mutant, failed to associate with XATR under any of the
cell cycle conditions tested in our deletion-add-back extracts
(Fig. 8B, compare the level of [*>S]XCdsl in the control IP to
that in the ATR IP). However, unlike the PSSA mutant, the 4A
P55A mutant has a reduced molecular weight shift and is
poorly activated (1.3-fold) under checkpoint conditions (Fig.
8A and B, lower parts). Together, these results suggest that the
amino terminus of XCdsl functions mechanistically as an ac-
tivator and not as an inhibitor during the checkpoint response.
Furthermore, phosphorylation of the amino terminus of XCdsl
by the PIKKSs is required not only for the dissociation of XCds1
from the complex but also for the direct activation of XCdsl.

DISCUSSION

The link between defective checkpoint response pathways
and an increased incidence of cancer highlights the need to
maintain efficiently functioning checkpoint pathways. Of par-
ticular importance is the regulation of effectors of checkpoint
responses such as the checkpoint kinase Cdsl. This kinase
modifies the activity of the cell cycle machinery through phos-
phorylation of key factors and is involved in all aspects of a
checkpoint event: cell cycle arrest, DNA repair, and induction
of apoptosis. Therefore, proper regulation of Cds1 function is
essential to ensure timely and appropriate responses to a
checkpoint signal.

In this work we show that three checkpoint PIKKs, XATM,
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XATR, and DNA-PK, are involved in XCdsl regulation during
a checkpoint response. Interestingly, our data indicate that a
complex including the checkpoint kinases XATR and XCds1
exists during an unperturbed cell cycle, an association that is
mediated through a predicted SH3 domain binding region within
XCdsl. This association appears to be rapidly disrupted during
specific checkpoint responses in which XCds1 is activated. Dis-
ruption of the XCds1-XATR association is driven in part by
PIKK-mediated phosphorylation of multiple sites within the
amino-terminal SCD of XCds1. Furthermore, phosphorylation
of XCdsl on serine 39 by DNA-PK is essential for promoting
XCds1-XATR dissociation and for inducing subsequent phos-
phorylation of XCdsl on amino-terminal SQ sites and kinase
domain autophosphorylation sites. Together, these modifica-
tions lead to the activation of XCds1 during a checkpoint.

Like the activation of hCdsl, it appears that the activation of
XCdsl requires checkpoint PIKK activity. However, the lack of
an analogous hCds1 threonine 68 residue suggests that XCds1
uses an alternative means of activation. Although the phos-
phorylation of XCds1 by the checkpoint PIKKs is an essential
step in XCdsl activation, it is improbable that any of the
resulting phosphorylated serines functions as a direct XCds1
FHA binding site. The XCds1 FHA domain is highly similar to
that found in hCdsl, particularly around residues that bind the
phosphothreonine epitope (36). Thus, like its human counter-
part, the XCdsl FHA domain is predicted to bind phospho-
threonine, making it unlikely that any of the XCdsl serines
phosphorylated by the checkpoint PIKKs would serve as a
putative XCdsl FHA binding site. While our results do not
allow us to formally eliminate this possibility, we hypothesize
that the PIKK-mediated phosphorylations of XCds1 may play
an alternative role during XCds1 activation. Although the phos-
phorylation of XCds1 serine 39 appears to be a critical event
for XCdsl1 activation, the additional loss of phosphorylation on
the XCdsl SQ sites seems to enhance the activation defect,
suggesting that these phosphorylations may function in an ad-
ditive manner. Together, phosphorylation of the four PIKK
sites in XCdsl appears to directly induce dissociation from
XATR, perhaps a required first step in XCds1 activation. How-
ever, dissociation is probably not the only function of these
phosphorylations. Specifically, the 4A PS5A XCds1 mutant that
neither associates with ATR nor gets phosphorylated by the
PIKKs fails to undergo activation during a checkpoint response.
Thus, the phosphorylations of the XCds1 SCD seem to play dual
roles: XCdsl release from the XATR complex and XCds1 acti-
vation.

Our results indicate that the amino terminus of XCdsl has
an essential function during a checkpoint response. We exam-
ined the possibility that the XCdsl SCD has a negative regu-
latory function that is relieved by phosphorylation, similar to
the AIR of Chkl (28). However, when we tested an XCdsl
SCD deletion construct (XCds1 35-517) in Xenopus checkpoint
extracts, we found that this mutant failed to undergo the gel
mobility shift that is associated with Cdsl activation, suggesting
that this mutant is activation defective. This is the opposite of
what would be predicted by removing an inhibitory domain.
Instead, these results support the idea that when the XCdsl
amino-terminal SCD is phosphorylated, it plays an activating
role in XCdsl1 regulation.

Given the importance of human ATM kinase activity for the
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activation of hCdsl, the results of our in vitro kinase assays
with Xenopus checkpoint PIKKs were intriguing. XATM ex-
hibited a lack of SQ/TQ specificity when phosphorylating XCdsl1,
phosphorylating the XCdsl 3AQ mutant fragment only mar-
ginally less than the XCdsl WT construct. This is in contrast to
XATR, in which mutation of the three XCds1 SQ motif serines
nearly abolished the ability of XATR to phosphorylate XCds1.
We are currently evaluating XCdsl for the presence of an
additional XATM phosphorylation site(s) and the possible sig-
nificance of these modifications in regard to XCds1 regulation.

The results indicating that DNA-PK is the kinase responsi-
ble for the phosphorylation of XCdsl serine 39 were also un-
expected. Phosphorylation of the non-SQ serine 39 site in XCds1
appears to be a critical event in XCdsl activation, suggesting a
function for DNA-PK in Cdsl activation not previously ob-
served. Consistent with these results is the observation that
XCds1 becomes activated during checkpoint responses in-
duced by dsDNA ends, a checkpoint condition under which
DNA-PK would also be active. An intriguing connection be-
tween these two checkpoint kinases is their involvement in
p53-dependent apoptosis (8, 25, 57). While DNA-PK has not
been shown to be involved in the regulation of hCds1, hCdsl
does possess a residue analogous to XCdsl serine 39. Inter-
estingly, a recent study suggests that hCds1 and DNA-PK func-
tion synergistically through a latent population of p53 to in-
duce apoptosis in mouse embryo fibroblasts (26), linking the
two kinases by function.

While our results indicate that XCdsl is a substrate of
XATR, the association between these two checkpoint kinases
is more complex than would be expected from a kinase-sub-
strate interaction and suggests an additional form of regula-
tion. We favor the hypothesis that the association between
XATR and XCdsl is in the form of a multiprotein complex.
The observation that the putative SH3 domain binding region
of XCdsl is required for the interaction between XCdsl and
XATR raises the possibility that XCdsl interacts with an SH3
domain-possessing protein. However, the absence of a pre-
dicted SH3 domain in XATR suggests that the XATR-XCds1
interaction may be indirect. Interestingly, recent studies have
suggested a potential interaction between hCds1 and the SH3
domain-possessing tyrosine kinase c-Abl mediated by the
checkpoint protein BRCA1. BRCA1 has been shown to inter-
act in vivo with both hCdsl and c-Abl, suggesting a common
intermediate for these checkpoint kinases (16, 34). It is worth
noting that the associations between BRCA1 and hCdsl and
BRCALI and c-Abl are disrupted during cell cycle checkpoints,
similar to what we observed with the interaction between
XATR and XCdsl. However, an interaction between Cds1 and
c-Abl has not yet been shown experimentally. The involvement
of multiple regions of the Cdsl1 FHA domain in protein-pro-
tein interactions is not unprecedented. For example, BRCA1
has been shown to interact with hCds1 through multiple, dis-
tinct regions of the hCdsl FHA domain (36).

In a noncheckpoint situation, it would be essential for the
cell to ensure that checkpoint kinases such as XCds1 are main-
tained in an inactive state to prevent interference with normal
cell cycle progression. The association between XCdsl1 and this
checkpoint complex may serve as a form of regulation. For
example, a BRCA1 mutation that disrupts its ability to associ-
ate with c-Abl results in constitutively high levels of c-Abl
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FIG. 9. Model of XCdsl regulation. (A) In an unperturbed cell
cycle, XCdsl has low activity and is found in a complex with XATR
and possibly other proteins. Formation of this complex requires an
intact putative SH3 binding domain (PXXP) in XCdsl. (B) Upon
checkpoint induction, PIKKs phosphorylate the amino-terminal SCD
of XCdsl, first on serine 39 (within 7 min) and then on the remaining
SQ sites. These phosphorylations promote the dissociation of XCds1
from the XATR-containing complex and cause a minor gel mobility
shift of XCds1. (C) Full activation of XCds1 is mediated by autophos-
phorylation of XCds1 on the activation loop threonines (T355 and T359),
and these phosphorylations cause the major gel mobility shift of XCds1.

activity (16). In a similar fashion, XCdsl may be kept in an
inactive state, at least in part, through protein-protein interac-
tions under normal cell cycle conditions.

On the basis of this work we propose a model detailing how
the checkpoint kinase XCds] is regulated during a checkpoint
response in Xenopus cell extracts (Fig. 9). In an unperturbed
cell cycle, XCdsl is found in a complex containing the check-
point PIKK XATR and possibly other proteins. This associa-
tion is mediated through a putative SH3 domain binding site
within XCds1 (Fig. 9A). In response to DNA damage (ssDNA
or dsDNA ends) the DNA damage checkpoint pathway is
activated, leading to the phosphorylation of several key resi-
dues in the amino-terminal SCD of XCdsl. First, serine 39 is
phosphorylated by DNA-PK. The SQ sites are then phosphor-
ylated by XATR, XATM, and/or DNA-PK. Together, these
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phosphorylations perform the dual functions of inducing XCds1
release from the XATR-containing complex and promoting
XCdsl1 activation (Fig. 9B). Although phosphorylation of the
SCD is required for XCdsl activation independently of XATR
release, autophosphorylation of activation loop threonines 355
and/or 359 is thought to be the key event in obtaining fully
functional XCdsl (Fig. 9C). Activated XCdsl then proceeds
with its function during a checkpoint response, phosphorylat-
ing multiple cell cycle and cell cycle checkpoint proteins.
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