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The protein kinase Chk2, the mammalian homolog of the budding
yeast Rad53 and fission yeast Cds1 checkpoint kinases, is phos-
phorylated and activated in response to DNA damage by ionizing
radiation (IR), UV irradiation, and replication blocks by hydroxyu-
rea (HU). Phosphorylation and activation of Chk2 are ataxia telan-
giectasia-mutated (ATM) dependent in response to IR, whereas
Chk2 phosphorylation is ATM-independent when cells are exposed
to UV or HU. Here we show that in vitro, ATM phosphorylates the
Ser-GIn/Thr-GIn (SQ/TQ) cluster domain (SCD) on Chk2, which
contains seven SQ/TQ motifs, and Thr68 is the major in vitro
phosphorylation site by ATM. ATM- and Rad3-related also phos-
phorylates Thr68 in addition to Thr26 and Ser50, which are not
phosphorylated to a significant extent by ATM in vitro. In vivo,
Thr68 is phosphorylated in an ATM-dependent manner in response
to IR, but not in response to UV or HU. Substitution of Thr68 with
Ala reduced the extent of phosphorylation and activation of Chk2
in response to IR, and mutation of all seven SQ/TQ motifs blocked
all phosphorylation and activation of Chk2 after IR. These results
suggest that in vivo, Chk2 is directly phosphorylated by ATM in
response to IR and that Chk2 is regulated by phosphorylation of the
SCD.

NA damage activates a response pathway that arrests the

cell cycle to provide time for repair of damage and induces
the transcription of genes that facilitate repair (1). Defects in this
DNA damage response pathway can result in genomic instability,
a mutagenic condition leading to cancer predisposition (2). Key
regulators of the DNA damage response pathway are the phos-
phoinositide kinase homologs ataxia telangiectasia-mutated
(ATM) and ATM- and Rad3-related (ATR), the protein kinases
Chk1 and Chk2, and the tumor suppressor protein p53 (1, 3).
ATM controls cell cycle arrest in Gy and G. Control of G, arrest
by ATM is thought to involve maintenance of Cdc2 in a
tyrosine-phosphorylated state (1), but precisely how ATM reg-
ulates Cdc2 has been unclear. Recently, Chk2, the mammalian
homolog of the budding yeast Rad53 and fission yeast Cdsl
checkpoint kinases (4-6), was cloned and found to link ATM and
Cdc2 (7, 8). In response to ionizing radiation (IR), Chk2 is
rapidly phosphorylated and activated in an ATM-dependent
manner, and in vitro, Chk2 phosphorylates Cdc25C on Ser216 (7,
8), which interferes with Cdc25C’s ability to activate Cdc2 (9). In
Chk2~/~ mouse embryonic stem cells, maintenance of G2 arrest
and reduced Cdc2 kinase activity in response to IR is defective
(10). These results suggested a model in which ATM controls G
arrest in part by activating Chk2.

The functional role of ATR and Chkl in the checkpoint
pathway is not fully understood. Overexpression of ATR par-
tially suppresses cells lacking ATM, and overexpression of a
kinase-defective ATR mutant in wild-type cells abrogates G,/M
arrest after exposure to IR (11) and increases sensitivity of cells
to IR and UV (12), suggesting an overlapping function between
ATM and ATR. Chkl1 is modified in response to DNA damage
and can phosphorylate Ser216 on Cdc25C in vitro (13). Recently,
ATR ™/~ blastocyst cells were found to die with chromosome
fragmentation, implying an essential role for ATR in the DNA

replication checkpoint (14), and mouse embryonic stem cells
lacking Chkl1 have a defective G,/M DNA damage checkpoint
(15). Furthermore, in response to UV, HU, and IR, Chkl is
found to be phosphorylated on Ser345, and the phosphorylation
in response to UV is ATR dependent (15). ATR and Chkl
disruptions both lead to peri-implantation embryonic lethality in
mice (14-16). Thus, Chkl is regulated by ATR (15).

ATM-dependent G1 arrest in response to IR is achieved by
activation of p53 (17), which acts as a sequence-specific DNA-
binding transcription factor to induce transcription of the Cdk
inhibitor p21CIPVWAFL (18 '19). Activation of p53 in response to
DNA damage is accomplished by both increasing its protein
levels and by increasing its transcriptional activity. The increase
in p53 levels in response to DNA damage is caused by decreased
degradation of p53, and phosphorylation of Ser20 on p53 is
required for the decrease in p53 degradation (20-22). Recently,
Chk?2 was found to phosphorylate Ser20 on p53 in vitro (10, 23,
24), and we have found that Chk2 is required for increased
stability of p53 in response to IR (10), providing a possible
mechanism for regulation of p53 stability by Chk2.

Transcriptional activation of p53 is mediated by acetylation
and phosphorylation of p53. Acetylation of p53 by histone
acetyltransferases CBP/p300, which function as a coactivator
for p53-mediated transcription (25, 26), is shown to enhance
sequence-specific DNA binding of p53 (27). Phosphorylation
of Serl5 on p53 was found to increase the interaction with
CBP/p300 and acetylation of p53 (28). ATM phosphorylates
Serl15 in vitro, and in response to IR, Ser15 is phosphorylated
in an ATM-dependent manner, suggesting that Ser15 is phos-
phorylated by ATM in vivo (29, 30). However, Serl5 is
phosphorylated in an ATM-independent manner when cells
are exposed to UV, indicating that a kinase distinct from ATM
phosphorylates Serl5. A candidate kinase is ATR, which
phosphorylates Serl5 in vitro, and overexpression of kinase
dead ATR interferes with phosphorylation of Serl5 after
exposure of cells to IR or UV (31).

ATM-dependent phosphorylation of Chk2 is seen only when
cells are damaged by IR. Chk2 is phosphorylated in an ATM-
independent manner in response to UV or HU (7, 8, 32-34).
Thus, Chk2 phosphorylation parallels p5S3 phosphorylation on
Ser15. These results prompted us to examine Chk2 phosphory-
lation by ATM and ATR. In this study we report that Chk2 is
phosphorylated on Thr68 by both ATM and ATR in vitro, and
that Thr68 is phosphorylated in an ATM-dependent manner in
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vivo when cells are exposed to IR but in an ATM-independent
manner when cells are treated with UV or HU. Furthermore,
Chk2 was found to be regulated by phosphorylation of the
N-terminal Ser-Gln/Thr-Gln (SQ/TQ) cluster domain (SCD).

Materials and Methods

Plasmids. Full-length Chk2 cDNA with Ndel site at its first ATG
was constructed in pBluscript by replacing a Kpnl-Ncol frag-
ment of a Chk2 cDNA clone with a double-stranded oligonu-
cleotide with a Ndel site. pBSChk2-KD, a plasmid having kinase
dead Chk2 with substitution of Asp347 by Ala, was created by
PCR. pGST-Chk2 and pGST-Chk2-KD were respectively con-
structed by ligating a Ndel-EcoRI fragment of full-length Chk2
from pBSChk2 and pBSChk2-KD into pGEX2TKcs. To make
pGST-Chk2-KD2, Ala-substitution at Lys249 was introduced by
PCR. pGST-SQ/TQ was made by ligating Ndel-Apal (blunt-
ended) fragment (1-96 amino acids) from pBSChk2 into Ndel-
EcoRI (blunt-ended) sites of pGEX2TKcs. pGST-ASQ/TQ was
constructed by ligating a Apal (blunt-ended)-EcoRI fragment
(99-543 amino acids) from pBSChk2-KD into NcoI(blunt-
ended)-EcoRI sites on pGEX2TKcs. pRetFLAG-Chk2,
retrovirus vector encoding FLAG-tagged human Chk2, was
constructed in pBabe-puro (35). Site-directed mutagenesis for
replacement of SQ/TQ with Ala-Gln (AQ) was performed by
PCR, and all mutations were confirmed by DNA sequencing.
Plasmids expressing FLAG-ATM-WT and FLAG-ATM-KD
(30) were from M. Kastan (St. Judes Children’s Hospital,
Memphis, TN), and FLAG-ATR-WT and FLAG-ATR-KD (31)
were from R. Abraham (Duke University, Durham, NC).

Production of Anti-Phospho-Chk2 Antibodies. Rabbit polyclonal
anti-phospho-Thr68 antibodies were raised against a peptide
containing phospho-Thr68 [ETVST(-PO4)QELYS] and were
affinity-purified using a column of the antigen peptide. The
affinity-purified anti-phospho-Thr68 antibodies were further
purified by passage through a column of a non-phospho-Chk2-
peptide (ETVSTQELYS) to deplete contaminated antibodies
reactive with unphosphorylated antigen.

Western Blotting. Cells were lysed in 20 mM Tris*HCl buffer (pH
8.0) containing 100 mM NaCl, 0.5% Triton X-100, 10 mM NaF,
1 mM NazVOy, 2 ug/ml aprotinin, 2 png/ml leupeptin, 2 png/ml
antipain, and 1 mM phenylmethylsulfonyl fluoride (PMSF) for
15 min at 4°C. After centrifugation at 10,000 X g for 10 min, cell
extracts were incubated with anti-Chk2 antibodies and protein
A-Sepharose (Amersham Pharmacia) for 1 h at 4°C. The
precipitated Sepharose beads were washed four times with 20
mM Tris'HCI buffer (pH 8.0) containing 100 mM NaCl, 0.1%
Triton X-100, 10 mM NaF, 1 mM Na3zVOy, 2 ug/ml aprotinin,
2 wg/ml leupeptin, 2 ug/ml antipain, and 1 mM PMSF and then
applied to SDS-PAGE and transferred to nitrocellulose mem-
branes. After blocking with 5% nonfat-milk in 50 mM Tris-HCI
(pH 7.5), 100 mM NaCl, and 0.05% Tween 20, the membranes
were incubated with anti-phospho-Thr68 antibodies and 100
pg/ml non-phospho-Chk2-peptides (ETVSTQELYS), and then
horseradish peroxidase-conjugated anti-rabbit IgG antibodies
(Promega), followed by detection by enhanced chemilumines-
cence (Amersham Pharmacia). To reprobe with anti-Chk2 an-
tibodies, membranes were washed twice with 50 mM glycine (pH
2.0) and then twice with 50 mM TrissHCI (pH 7.5), 100 mM
NaCl, 0.05% Tween 20 before blocking with 5% nonfat-milk in
50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.05% Tween 20.

In Vitro ATM/ATR Kinase Assay. ATM kinase assay with immuno-
precipitated ATM from normal and AT lymphoblast cells was
carried out as described (29). ATM-WT, ATM-KD, ATR-WT,
and ATR-KD proteins were expressed as FLAG-tagged protein
in 293T cells by transfection of the expression vector for ATM
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(28) or ATR (29). DNA transfection into 293T cells was per-
formed with lipofectamine and Opti-MEM (GIBCO/BRL).
Forty-eight hours after transfection, cells were lysed by sonica-
tion in 50 mM TrissHCl buffer (pH 7.5) containing 50 mM
B-glycerophosphate, 150 mM NaCl, 10% glycerol, 1% Tween 20,
1 mM NaF, 1 mM NazVOy, 1 mM PMSF, 2 pg/ml aprotinin, 2
pg/ml leupeptin, 2 ug/ml antipain, and 1 mM DTT. After
centrifugation at 10,000 X g for 10 min, FLAG-tagged proteins
were immunoprecipitated with anti-FLAG M2 antibodies (Sig-
ma) and protein A/G-Sepharose (Santa Cruz Biotechnology)
and washed four times with the lysis buffer, twice with 50 mM
Triss'HCl buffer (pH 7.5) containing 0.5 M LiCl, and then three
times with 20 mM Hepes (pH 7.4), 10 mM MgCl,, and 10 mM
MnCl,. Kinase reactions contained immunoprecipitated FLAG-
tagged proteins bound to protein A/G-Sepharose and GST-
Chk?2 substrates in 20 mM Hepes (pH 7.4), 10 mM MgCl,, 10 mM
MnCl,, 25 uM ATP, and 15 uCi [y-**P]JATP for 30 min at
30°C. Proteins were separated by SDS-PAGE and visualized
by autoradiography.

Retrovirus-Mediated Expression of Human Chk2 in Chk2-/~ Mouse
Embryonic Fibroblast (MEF) Cells. pRetFLAG-Chk2 or the empty
vector was transfected into Phoenix-eco cells (36), and, after
48 h, viral supernatants were harvested and used to infect
immortalized Chk2~/~ MEF cells (10). Forty-eight hours after
infection, cells were treated with or without 20 Gy of ionizing
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Fig. 1. Phosphorylation of Chk2 by ATM. (A) Chk2 phosphorylation by ATM
from normal lymphoid cells. Immunoprecipitates with anti-ATM antibodies
from normal lymphoblastoid cell lines (L40 and C3ABR) or AT lymphoblastoid
cell lines (AT59 and L6) were incubated with [y-32P]ATP and KD Chk2 fused to
GST (GST-Chk2-KD) or p53-N47 (29). The control reaction was carried out
without immunoprecipitate (No kinase). Proteins were resolved by SDS-PAGE
and visualized by autoradiography. (B) Chk2 phosphorylation by transfected
ATM. Immunoprecipitates with anti-FLAG from 293T cells transfected with the
vector expressing FLAG-tagged wild-type ATM (ATM-WT) or kinase dead ATM
(ATM-KD) were incubated with GST-Chk2-KD and [y-32P]ATP. Proteins were
resolved by SDS-PAGE and visualized by autoradiography or Western blotting
with anti-FLAG antibodies.
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Fig. 2. Mapping ATM phosphorylation sites on Chk2. (A) Domain structure
of human Chk2. SQ/TQ, Ser-GIn and Thr-GIn cluster domain; FHA, fork-head
associated domain; Kinase, kinase domain; O, SQ and TQ motifs. (B) Phosphor-
ylation of the SQ/TQ-cluster domain on Chk2 by ATM. Immunoprecipitates
with anti-FLAG from 293T cells transfected with FLAG-ATM were incubated
with [y-32P]ATP and GST-SQ/TQ, GST-ASQ/TQ, or GST. Regions of SQ/TQ and
ASQ/TQ fused to GST are shown in A. Proteins were resolved by SDS-PAGE and
visualized by autoradiography.

radiation (IR), and cell extracts were prepared as described
previously (7).

Results and Discussion

To examine Chk2 phosphorylation by ATM, an in vitro ATM
kinase assay was performed, with GST-Chk2-KD as substrate.
GST-Chk2-KD is defective for kinase activity because of sub-
stitution of the catalytically essential Asp347 residue with Ala.
This mutation prevents autophosphorylation of Chk2, which
might complicate detection of phosphorylation by ATM. ATM
immunoprecipitates from the normal lymphoblastoid cell lines
L40 and C3ABR phosphorylated GST-Chk?2 as well as p53-N47
(29), whereas immunoprecipitates obtained from AT lympho-
blastoid cell lines AT59 and L6, which lack the ATM protein, did
not phosphorylate GST-Chk2 and p53-N47 (Fig. 14). To elim-
inate the possibility that an ATM-associated kinase phosphor-
ylated Chk2, transfected FLAG-tagged wild type (WT) or kinase
dead (KD) ATM was immunoprecipitated and used in a Chk2
phosphorylation assay. Immunoprecipitates from ATM-WT ex-
pressing cells phosphorylated GST-Chk2, but immunoprecipi-
tates from cells expressing ATM-KD did not (Fig. 1B). These
results demonstrate that Chk2 is phosphorylated by ATM in
vitro.

ATM is known to phosphorylate Serl5 on p53 (29, 30), and
this Ser residue is followed by Gln. Recently, ATM was found to
phosphorylate multiple Ser residues in the SCD on BRCA1 (37).
Chk2 has nine SQ/TQ motifs; seven of them are located in its
N terminus, and two are in its kinase domain (Fig. 24). This
N-terminal SCD, in addition to the kinase and fork head-
associated domains, is conserved in Chk2, Rad53, and Cdsl. To
determine the ATM phosphorylation sites on Chk2, we made
two deletion mutants of Chk2: GST-SQ/TQ, which contains
seven SQ/TQ motifs in the N terminus, and GST-ASQ/TQ,
which lacks the N-terminal SQ/TQ motifs but contains the fork
head-associated domain and the kinase domain, which is inac-
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Fig. 3. Phosphorylation of Thr68 on Chk2 by ATM. (A) Immunoprecipitates
with anti-FLAG from 293T cells transfected with the vector expressing FLAG-
ATM were incubated with [y-32P]JATP and wild-type GST-SQ/TQ or GST-SQ/TQ
with Alasubstitution atSer19 (S19A), Thr26 (T26A), Ser28 (528A), Ser33 (S33A),
Ser35 (S35A), Ser50 (S50A), or Thr68 (T68A). Proteins were resolved by SDS-
PAGE and visualized by autoradiography. (B) FLAG-ATM was incubated with
[y-32P]ATP and full-length ““wild type’” kinase dead Chk2 fused to GST (WT),
GST-Chk2-KD with Ala substitution at Thr68 (T68A), or Ala substitution at all
seven Thr and Ser in the N-terminal SQ/TQ motifs (7A). Proteins were resolved
by SDS-PAGE and visualized by autoradiography. (C) FLAG-ATM was incu-
bated with [y-32P]ATP and GST-Chk2-KD2 (WT), a full-length "“wild-type”
kinase dead Chk2 fused to GST, or GST-Chk2-KD2 with Ala substitution at
Ser357 (S357A), Thr432 (T432A), or at both Thr68 and Ser357 (T68A/S357A).
Proteins were resolved by SDS-PAGE and visualized by autoradiography.

tivated by the replacement of Asp347 with Ala (Fig. 24). As
shown in Fig. 2B, GST-SQ/TQ was readily phosphorylated by
ATM, whereas GST-ASQ/TQ was very poorly phosphorylated,
suggesting that ATM primarily phosphorylates Ser and/or Thr
residues in the N-terminal SQ/TQ motifs of Chk2.

To further map the ATM phosphorylation sites on Chk2, a
SQ/TQ to AQ substitution was introduced on each SQ/TQ
motif by site-directed mutagenesis. Whereas substitution of
Ser19, Thr26, Ser28, Ser33, Ser35, or Ser50 by Ala did not show
significant reduction in 3?P incorporation into GST-SQ/TQ,
substitution of Thr68 by Ala largely reduced 3?P incorporation
into GST-SQ/TQ (Fig. 34). Quantitative analysis of radioactiv-
ity in GST-SQ/TQ proteins revealed that GST-SQ/TQ(T68A)
was phosphorylated to an extent that was less than 20% of the
level observed for WT GST-SQ/TQ. Furthermore, introduction
of Ala substitution at Thr68 into full-length KD Chk?2 fused to
GST (GST-Chk2-KD(T68A)) resulted in a large reduction of 3P
incorporation into GST-Chk2, compared with “wild type” KD
GST-Chk2 (WT) (Fig. 3B), indicating that Thr68 is the major
phosphorylation site by ATM. It should be noted that 2P
incorporation into GST-Chk2-KD(T68A) is more than GST-
Chk2-KD(7A), in which all Ser and Thr in the N-terminal
SQ/TQ motifs were changed to Ala. Therefore, other Ser or Thr
residues in addition to Thr68 in the N-terminal SQ/TQ motifs
are phosphorylated by ATM (Fig. 3B), although to a significantly
lesser degree than Thr68. Finally, Ala substitutions were intro-
duced into SQ/TQ motifs in the kinase domain of Chk2. Because
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Fig. 4. Phosphorylation of Thr68 in vivo. (A) Phosphorylation of Thr68 in
response to DNA damage in vivo. 293T cells were untreated or treated with 20
Gy IR or 50 J/m? UV radiation and harvested after 2 h, or grown in 1 mM HU
for 24 h before harvesting. Chk2 protein immunoprecipitated with anti-Chk2
antibodies from these cells was immunoblotted with anti-phospho-Thr68 and
anti-Chk2 antibodies. (B) 293T cells were transfected with plasmids expressing
FLAG-tagged wild-type Chk2 (WT), or the T68A mutant Chk2 (T68A) and Chk2
proteins were immunoprecipitated with anti-FLAG antibody from untreated
cells (=) or cells treated (+) with 20 Gy IR. Chk2 was immunoblotted with
anti-phospho-T68 and anti-Chk2 antibodies. (C) ATM-dependent phosphory-
lation of Thr68 in response to IR. AT cells containing the vector alone (—ATM)
and the same cells containing the vector expressing ATM (+ATM) were
untreated or treated with 10 Gy IR or 50 J/m2 UV radiation and harvested after
1 h or were grown in 1 mM HU for 24 h before harvesting. Chk2 immunopre-
cipitated with anti-Chk2 antibodies from cells was immunoblotted with anti-
phospho- and anti-Chk2 antibodies.

Asp347 is close to Ser357, substitution at Asp347 might con-
ceivably affect the phosphorylation of Ser357. Therefore, we
made a second kinase defective mutant, GST-Chk2-KD?2, in
which Lys249 was replaced by Ala, and three SQ/TQ mutants of
GST-Chk2-KD2, which have Ala substitution at Ser357 (S357A),
Thr432 (T432A), or at both Thr68 and Ser357 (T68A/S357A).
Fig. 3C shows that a similar amount of 3P was incorporated into
“wild type” GST-Chk2-KD2 (WT) and mutants of Ser357
(S357A) and Thr432 (T432A). However, 3P incorporation was
largely reduced in the mutant with Ala substitution at both Thr68
and Ser375 (T68A/S357A), compared with a mutant with single
Ala substitution at Ser357 (S357A) (Fig. 3C). From these
findings we concluded that Thr68 is the major in vitro site of
phosphorylation by ATM on Chk2.

To determine whether Thr68 is a phosphorylation site for
Chk2 in vivo, polyclonal rabbit anti-phospho-Thr68 antibodies
were raised against a Chk2 peptide containing phosphorylated
Thr68. Results obtained by ELISA indicated that the anti-
phospho-Thr68 antibodies recognize a Chk2 peptide containing
phosphorylated Thr68, but not unphosphorylated Thr68, and
that the antibodies do not cross-react with Chk2 peptides
containing other SQ/TQ motifs in the phosphorylated state
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Fig. 5. Phosphorylation of Chk2 by ATR. (A) FLAG-tagged wild-type ATR

(ATR-WT) or kinase dead ATR (ATR-KD) was incubated with [y-32P]JATP and
wild-type GST-SQ/TQ (WT) or GST-SQ/TQ with Ala-substitution at Ser19
(S19A), Thr26 (T26A), Ser28 (S28A), Ser33 (S33A), Ser35 (S35A), Ser50 (S50A),
or Thr68 (T68A). Proteins were resolved by SDS-PAGE and visualized by auto-
radiography. (B) FLAG-ATM or FLAG-ATR was incubated with [y-32P]JATP and
wild-type GST-SQ/TQ (WT), GST-SQ/TQ with Ala substitution atsix Ser and Thr
residues in SQ/TQ motifs except Ser19 (S19), Thr26 (T26), Ser28 (528), Ser33
(533), Ser50 (S50), or Thre8 (T68); or GST-SQ/TQ with Ala substitution at all
seven Ser and Thr residues in SQ/TQ motifs (7A). Proteins were resolved by
SDS-PAGE and visualized by autoradiography.

(data not shown). Chk2 protein immunoprecipitated with anti-
Chk2 antibodies from 293T cells treated with IR, UV, or HU and
untreated 293T cells was immunoblotted with anti-phospho-
Thr68 antibodies. Fig. 44 shows that Thr68 on Chk2 is phos-
phorylated in response to IR, UV, or HU in vivo. The anti-
phospho-Thr68 antibody did not react with the T68A Chk2
mutant that was expressed in cells damaged by IR, indicating that
the antibody is highly specific to phosphorylated Thr68 on Chk2
(Fig. 4B). Although phosphorylation and activation of Chk2 in
response to IR is ATM dependent, Chk2 is phosphorylated in an
ATM-independent manner when cells are treated with UV or
HU (7, 8, 32-34). To investigate whether phosphorylation of
Thr68 is ATM dependent or not, Chk2 was immunoprecipitated
from AT cells into which a functional ATM gene or the vector
was reintroduced (7, 38) and subjected to Western blotting with
anti-phospho-Thr68 antibodies. In response to IR, Thr68 is
phosphorylated in cells expressing wild-type ATM cDNA, but
not in cells lacking ATM, and phosphorylation of Thr68 is seen
after UV or HU treatment, regardless of the status of ATM (Fig.
4C). These results indicate that Thr68 is phosphorylated by ATM
in response to IR in vivo and suggest the existence of kinase(s)
other than ATM, which phosphorylates Thr68 on Chk2 in
response to UV or HU treatment.

Because Ser15 on p53 is phosphorylated by not only ATM but
also by ATR in vitro (29-31), we examined in vitro Chk2
phosphorylation by ATR. ATR-WT or ATR-KD was expressed
and immunoprecipitated from 293T cells and used in a Chk2
phosphorylation assay. GST-SQ/TQ was phosphorylated by
ATR-WT but not by ATR-KD (Fig. 54). Whereas Ala substi-
tution at Thr68 resulted in a significant reduction of 3P incor-
poration into GST-SQ/TQ by ATM (Fig. 34), substitution of any

Matsuoka et al.
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Fig. 6. Regulation of Chk2 by phosphorylation of N-terminal SQ/TQ motifs.
(A) Chk2~/~ MEF cells infected with retroviruses encoding empty vector (Vec-
tor), wild-type human Chk2 (WT) or the Chk2 T68A mutant (T68A), or a mutant
with Ala substitution at all seven N-terminal SQ/TQ motifs (7A) were not
treated (—) or were treated (+) with 20 Gy ionizing radiation (IR) and har-
vested after 1 h. Protein from these cells was fractionated by SDS-PAGE and
immunoblotted with anti-human Chk2 antibody. (B) Chk2 was immunopre-
cipitated with anti-Chk2 antibodies from cells in A. Immunoprecipitates were
incubated with GST-Cdc25C (200-256) and [y-32P]ATP. Proteins were resolved
by SDS-PAGE and visualized by autoradiography or Western blotting with
anti-human Chk2 antibodies.

single SQ or TQ with AQ did not show a significant reduction
of phosphorylation by ATR (Fig. 54). This finding suggests that
ATR phosphorylates multiple Ser and Thr residues in the
N-terminal SCD. To determine the sites of in vitro phosphory-
lation by ATR, kinase assays were carried out with GST-SQ/TQ
mutants, which have an Ala substitution at six of the seven Ser
and Thr residues in the SQ/TQ motif, so that each mutant has
only a single SQ or TQ motif. ATM efficiently phosphorylated
wild-type GST-SQ/TQ (WT) and GST-SQ/TQ(T68), a mutant
that has intact Thr68 and six Ala substitutions at other SQ/TQ
motifs, but *?P incorporation into GST-SQ/TQ mutants that
have intact Ser or Thr at Ser19 (S19), Thr26 (T26), Ser28 (528),
Ser33 (S33), or Ser50 (S50) was as poor as GST-SQ/TQ(7A), in
which all seven SQ/TQ motifs are changed to AQ (Fig. 5B).
These results are completely consistent with the notion that
Thr68 is the major in vitro phosphorylation site by ATM.

ATR phosphorylated GST-SQ/TQ mutants that have intact
Thr26 (T26), Ser50 (S50), or Thr68 (T68), at levels that were as
much as 20-40% of the phosphorylation of wild-type GST-
SQ/TQ (WT), but other mutants that have intact Ser19 (S19),
Ser28 (S28), and Ser33 (S33) were phosphorylated as poorly as
GST-SQ/TQ(7A) (Fig. 5SB). Because Ala substitution at Thr26,
Ser28, Ser33, or Ser35 could possibly affect phosphorylation of
the adjacent Ser and/or Thr residues in the SQ/TQ motif by
altering the recognition sequence for ATR, we are unable to
exclude the possibility of phosphorylation of Ser28, Ser33, and
Ser35 by ATR. However, these results indicate that Thr26, Ser50,
and Thr68 could be phosphorylated by ATR in vitro and
demonstrate that ATM and ATR have overlapping but distinct
substrate specificities in vitro.

Finally, to explore the function of SQ/TQ phosphorylation,
retroviruses expressing wild-type human Chk2, the T68A Chk2
mutant, or a mutant in which all seven SQ/TQ motifs in the SCD
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were changed to AQ, were introduced into Chk2~/~ MEF cells
(10). In these retroviruses human Chk2 is expressed at a level
similar to that of endogenous Chk2 in human cell lines (data not
shown). Wild-type human Chk2 expressed in Chk2~/~ MEF cells
shows the same mobility shift on SDS-PAGE as the endogenous
Chk2 does in human cells (7), suggesting that it is correctly
phosphorylated in response to IR (Fig. 64). Substitution of
Thr68 with Ala reduced the amount of fully phosphorylated
Chk2 by 50%, and Ala substitution at all seven SQ/TQ motifs
abolished the mobility shift altogether, indicating that phosphor-
ylation of Thr68 is not solely responsible for the shift in
electrophoretic mobility after IR (Fig. 64). Kinase assays with
Chk2 immunoprecipitated from these cells revealed that T6SA
Chk2 mutants displayed a significantly reduced IR induction of
kinase activity (75% reduction relative to wild-type activation).
The mutant Chk2 lacking all SQ/TQ motifs in the SCD did not
show any activation by IR (Fig. 6B). These results suggest that
phosphorylation of the SCD regulates Chk2 activation in re-
sponse to IR.

The results shown here indicate that Chk2 is a direct substrate
of ATM both in vitro and in vivo, and that Thr68 is the major site
of phosphorylation in vitro and is phosphorylated in response to
DNA damage in vivo. Although substitution at Thr68 largely
reduced 3?P incorporation into GST-Chk2-KD, further reduc-
tion in 32P incorporation into GST-Chk2-KD was observed when
all seven SQ/TQ motifs in the N terminus were changed to AQ
(Fig. 3B). Thus, there must be additional “minor” in vitro
phosphorylation sites in the N-terminal SQ/TQ motifs. These
results are consistent with those obtained from the in vivo
experiments on the expression of wild-type and mutant Chk2 in
Chk2~/~ MEF cells, in which the Chk2 T68A mutant showed
partial phosphorylation and activation in response to IR that was
dependent upon the remaining six SQ/TQ motifs in the SCD
(Fig. 6). Although we were unable to identify these “minor” sites,
by the use of additional anti-phospho antibodies, Ser28 was also
found to be phosphorylated in an ATM-dependent manner when
cells were damaged by IR (data not shown). This finding
indicates that sites other than Thr68 could be phosphorylated by
ATM or an unidentified ATM-dependent kinase in vivo.

We have previously shown that phosphatase treatment of
Chk2 from IR-treated cells reduces its kinase activity, which is
activated upon IR (7). Thus, phosphorylation of Chk2 can
activate Chk2 kinase activity. However, we were not able to
detect activation of Chk2 when the wild-type GST-Chk2 was
phosphorylated by ATM in vitro (data not shown). We may have
failed to detect activation of Chk2 in this instance because only
a small fraction of the Chk2 was phosphorylated by ATM in this
reaction. It is also possible that an additional protein that binds
and activates phosphorylated Chk2 in vivo is absent from the in
vitro reaction. Alternatively, it is possible that all of the phos-
phorylation sites necessary for Chk2 activation are not accessible
to ATM and therefore are not phosphorylated in vitro when
Chk?2 is fused to GST and/or ATM is bound to Sepharose beads.

In response to UV or HU treatment, Thr68 is phosphorylated
in an ATM-independent manner, indicating phosphorylation of
Thr68 by a kinase other than ATM. ATR phosphorylates Chk2
on Thr68 in vitro, and phosphorylation of Thr68 in response to
IR occurs later in cells lacking ATM (data not shown). Phos-
phorylation of Serl5 on p53 in response to IR is also delayed in
ATM mutant cells (39), and ATR is suggested to phosphorylate
Ser15 in late phase in response to IR (31). Therefore, we believe
ATR is likely to phosphorylate Thr68 on Chk2 in vivo. ATR also
phosphorylates Thr26 and Ser50 in vitro. Further experiments
will be required to determine whether these sites are phosphor-
ylated by ATR in vivo.
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