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ATR (ATM and Rad3-related), a PI kinase-related kinase (PIKK), has been implicated in the DNA structure checkpoint
in mammalian cells. ATR associates with its partner protein ATRIP to form a functional complex in the nucleus. In this
study, we investigated the role of the ATRIP coiled-coil domain in ATR-mediated processes. The coiled-coil domain of
human ATRIP contributes to self-dimerization in vivo, which is important for the stable translocation of the ATR-ATRIP
complex to nuclear foci that are formed after exposure to genotoxic stress. The expression of dimerization-defective ATRIP
diminishes the maintenance of replication forks during treatment with replication inhibitors. By contrast, it does not
compromise the G2/M checkpoint after IR-induced DNA damage. These results show that there are two critical functions
of ATR-ATRIP after the exposure to genotoxic stress: maintenance of the integrity of replication machinery and execution
of cell cycle arrest, which are separable and are achieved via distinct mechanisms. The former function may involve the

concentrated localization of ATR to damaged sites for which the ATRIP coiled-coil motif is critical.

INTRODUCTION

The checkpoint pathway for validating the structure of DNA
is an evolutionarily conserved genome surveillance system
that guarantees the correct transmission of genetic informa-
tion to descendants (Sancar ef al., 2004). Damage-sensor
proteins are used by the pathway to detect DNA damage
and to initiate signal transduction cascades. The signal trans-
ducers activate p53 and inactivate cyclin-dependent kinases
to inhibit the progression of the cell cycle. In higher eu-
karyotes, a lack of components involved in this regulation
generally leads to embryonic lethality (Brown and Balti-
more, 2000; de Klein et al., 2000; Liu et al., 2000; Takai ef al.,
2000; Weiss et al., 2000; Budzowska et al., 2004; Hopkins et al.,
2004), which indicates that this checkpoint system is indis-
pensable to the development of multicellular organisms
with complex genomes. This is probably because DNA rep-
lication in these organisms involves the risk of DNA lesions
that should be repaired before the consecutive mitosis.
Recent studies have revealed that the phosphoinositide
kinase-related kinase (PIKK) family of proteins has a prom-
inent role in the response to DNA structural abnormalities
(Abraham, 2001; Shiloh, 2001). After the exposure to geno-
toxic stress, a paralogous set of PIKKs, ATM and ATR in
mammals, governs critical regulation points through the
phosphorylation of numerous proteins involved in check-
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point function and DNA repair, thereby coordinating these
processes (Kim et al., 1999). ATM and ATR are believed to
act in parallel pathways that respond to different types of
DNA stress, including double-strand breaks (DSBs) and rep-
lication blockage (Brown and Baltimore, 2003). Based on the
observations that ATM and ATR do not require other check-
point proteins for stress-induced activation, these proteins
are assumed to sense the presence of lesions (Zou et al., 2002;
Sancar et al., 2004). In fact, evidence indicating the direct
association of PIKKs with damaged DNA sites has accumu-
lated (Smith et al., 1999; Suzuki et al., 1999; Unsal-Kacmaz et
al., 2002; Dart et al., 2004).

Biochemical studies have addressed the mechanism of
DNA damage-induced activation of PIKKs. ATM is held
inactive as a dimer under normal conditions and is rapidly
activated by intermolecular autophosphorylation followed
by dimer dissociation after IR treatment (Bakkenist and
Kastan, 2003). By contrast, ATR is constantly associating
with the interacting protein ATRIP, but the size of the ATR-
ATRIP protein complex is controversial (Cortez et al., 2001;
Unsal-Kacmaz and Sancar, 2004; Bomgarden et al., 2004). In
yeast, the ATRIP counterparts Rad26 and Ddc2 are essential
for the kinase activity of the ATR orthologues both in vivo
and in vitro (Wolkow and Enoch, 2002; Takata et al., 2004),
suggesting that they form a functional complex. Moreover, a
quantitative regulation mechanism exists to maintain the
protein levels of ATR and ATRIP (Cortez et al., 2001); this
appears to be mediated, at least in part, by negative feedback
through the ATRIP carboxyl terminal region (Itakura et al.,
2004a). The activation mechanism of the ATR kinase remains
to be elucidated, but the recruitment of the ATR-ATRIP
complex to single-stranded DNA coated with replication
protein A (RPA) appears to be required for activation to
occur (Zou and Elledge, 2003). In addition, an RPA-indepen-
dent mode of ATR activation was recently suggested (Bom-
garden et al., 2004; Cortez et al., 2004; Dodson et al., 2004).
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In contrast to the highly conserved structures of the ATR
orthologues, less similarity has been observed among the
ATRIP counterparts (Cortez et al., 2001). The coiled-coil mo-
tif, however, is commonly shared among divergent organ-
isms from yeasts to mammals, but its function is poorly
understood. In this work, we focus on the function of the
coiled-coil domain in the ATRIP protein. We present evi-
dence that ATRIP forms as a homodimer through the coiled-
coil domain. Moreover, our results suggest a critical role of
the dimerized ATRIP in maintaining the integrity of chro-
mosomes during instances of disturbed DNA replication via
the regulation of the intranuclear localization of ATR. The
G2/M checkpoint-function of ATR appears to operate in the
absence of the normal ATRIP coiled-coil configuration,
which indicates that the ATRIP coiled-coil domain is vari-
ably required depending upon the type of DNA damage.

MATERIALS AND METHODS

Cell Culture and Reagents

A549 human cells were grown at 37°C in DMEM medium (Sigma, St. Louis,
MO) containing 10% fetal bovine serum and 1% penicillin-streptomycin (In-
vitrogen, Carlsbad, CA). Aphidicolin (Sigma) was added to the medium at a
concentration of 10 ug/ml. The cells were irradiated with 10 Gy of X-radiation
using X-ray irradiation equipment (MBR-1520A-2, Hitachi Medico, Tokyo,
Japan) or with UV radiation using a UV cross-linker (Stratagene, La Jolla, CA).
Knockdown of ATR and ATRIP with small interference RNA was performed
as described previously (Itakura et al., 2004a).

To construct cells expressing tagged versions of ATRIP, A549 cells were
infected with retroviral vectors as described previously (Sekoguchi et al.,
2003), and stably integrated cells were selected by adding puromycin (Sigma)
to the medium at a concentration of 3 pg/ml.

Antibodies

The following antibodies were used: N-19 (Santa Cruz Biotechnology, Santa
Cruz, CA) and ab-2 (Oncogene, Boston, MA) for ATR, M2 (Sigma) for FLAG,
9E10 (Babco, Richmond, CA) and 2272 (New England Biolabs, Beverly, MA)
for Myc, 9H8 (NeoMarkers, Fremont, CA) for RPA p34, sc-8408 (Santa Cruz
Biotechnology) for Chk1, 2344 and 2341 (New England Biolabs) for phospho-
Chk1 Ser 317 and 345, respectively, 3421 for phospho-Rad17 Ser645, 06—182
(Upstate Biotechnology, Lake Placid, NY) for ERK, AC-15 (Sigma) for B-actin,
and B-5-1-2 (Sigma) for a-tubulin. Antibodies against ATRIP and phospho-
ATRIP Ser68, Ser72 were previously described (Itakura et al., 2004a, 2004b).
Rabbit polyclonal antibody against ORC1 (Tatsumi et al., 2003) was kindly
provided by Dr. C. Obuse (Kyoto University).

Construction of Plasmids

The pMX-based hATRIP expression plasmids were previously described
(Itakura ef al., 2004a). ATRIP-LG mutations were introduced using a
Quikchange site-directed mutagenesis kit (Stratagene). To insert the FLAG tag
into ATRIP, a BamHI site was created immediately before the first ATG codon,
and the tag sequence from pCMV-FLAG (Stratagene) was inserted. An ATRIP
mutant immune to siRNA-mediated silencing was constructed as described
previously (Ball ef al., 2005) and was introduced via the pMX-puro retroviral
vector. To construct a retroviral vector expressing short hairpin RNA
(shRNA) against ATRIP, duplexed oligonucleotide encoding shRNA was
cloned into pSHAG-1 (a gift from G. Hannon) harboring the U6 promoter.
Then, the fragment corresponding to the U6 promoter and the shRNA was
transferred to the retroviral vector pQCXIN (BD Biosciences Clontech, San
Jose, CA). The sequence of the oligonucleotide was as follows: 5'-ACA TGC
CAT CTA ATA ATC TGT GGA CCT TGA AGC TTG AAG GTIT CAC AGG
TTA TTG GAT GGC ATG TCA ATT TTT T-3".

Western Blotting, Immunoprecipitation, and In Vitro
Kinase Assay

Western blot analysis and immunoprecipitation were performed as previ-
ously described (Itakura et al., 2004a). The in vitro kinase assay for ATR was
performed as previously described (Takata et al., 2004). Briefly, the immuno-
precipitates were resuspended in 20 ul of kinase buffer (20 mM HEPES, pH
7.4, 50 mM NaCl, 10 mM MgCl,, 10 mM MnCl,, 1 mM dithiothreitol [DTT])
containing cold 5 uM ATP and 10 uCi of [y-*2P]JATP and were incubated at
30°C for 30 min. For use as an exogenous substrate, 1 ug of PHAS-T (Strat-
agene) was added to the reaction. The Chkl kinase activity was assessed
using a K-LISA Checkpoint activity kit (Calbiochem, La Jolla, CA), using
immunoprecipitates with anti-Chk1 antibody (PC423, Calbiochem).

5552

Isolation of Chromatin Fraction

The cells were fractionated as previously described (Mendez and Stillman,
2000). The cells (3 X 106 cells) were resuspended in 200 ul buffer A (10 mM
HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1
mM DTT, complete mini-EDTA-free [Roche, Indianapolis, IN], 0.1 mM phe-
nylmethylsulfonyl fluoride, and 0.1% Triton X-100) and incubated for 5 min
on ice. The insoluble fraction was collected by low-speed centrifugation (4
min, 1300 X g, 4°C). The soluble fraction was further clarified by high-speed
centrifugation (15 min, 20,000 X g, 4°C) to remove cell debris and insoluble
aggregates. The insoluble fraction was washed once in buffer A, and then half
of the fraction was treated with 0.2 U micrococcal nuclease for 3 min at 37°C
in buffer A, and the other half was incubated without nuclease. After washing
twice in buffer B (3 mM EDTA, 0.2 mM EGTA, and 1 mM DTT), the final
chromatin pellet was resuspended in sample buffer and sheared by sonica-
tion.

ATRIP-RPA-single-stranded DNA Interaction

Human RPA heterotrimer was purified from A549 cells using gel filtration
and single-stranded DNA (ssDNA) affinity columns. A549 cells expressing
ATRIP or ATRIP-LG were lysed in lysis buffer, and the cleared lysates were
incubated with Dynabeads-coated 100mer ssDNA with or without RPA for
2 h at 4°C as described previously (Ball et al., 2005).

Mitotic Spreads
Mitotic spreads were prepared as previously described (Nghiem et al., 2001).

Gel Filtration

For gel filtration experiments, the cells were lysed in lysis buffer at 4°C for 30
min. The lysates were passed through a 27-gauge needle five times and
clarified by centrifugation at 13,000 X ¢ for 30 min. The supernatants were
further clarified through Ultrafree-CL (Millipore, Billerica, MA) and loaded
onto a HiLoad 26/60 Superdex 200 prep-grade column (Amersham Bio-
sciences, Piscataway, NJ). The proteins were eluted at 1 ml/min with gel
filtration buffer containing 50 mM HEPES, pH 7.4, 150 mM NaCl, and 1 mM
EDTA. An eluant volume of 1.5 ml was collected per fraction.

Sequential Labeling of DNA with Chlorodeoxyuridine and
Iododeoxyuridine

The in vivo labeling of DNA with chlorodeoxyuridine (CldU) and iodode-
oxyuridine (IdU) was performed as previously described (Dimitrova and
Gilbert, 2000). The cells were grown on slides and were fixed with cold 70%
ethanol, stored at 4°C for more than 30 min, and incubated in 1.5 N HCI in
0.5% Triton X-100 for 30 min at RT. The slides were subjected to immunoflu-
orescence using anti-BrdU monoclonal antibodies 2B1 (MBL, Nagoya, Japan;
for the detection of IdU) and BU1/75 (for the detection of CldU; AbCam,
Cambridge, United Kingdom).

Flow Cytometric Analysis

The cells were collected by trypsinization, washed with phosphate-buffered
saline (PBS), fixed with 70% ethanol, and stored at —20°C. Immediately
preceding the analysis, the cells were washed with PBS and permeabilized
with 0.25% Triton X-100 in PBS for 15 min. After washing with 1% bovine
serum albumin in PBS, the cells were incubated with anti-MPM2 antibody
(Upstate Biotechnology) for 3 h and then incubated with FITC-conjugated
anti-mouse IgG (Sigma) in 10 ug/ml RNase (Wako, Osaka, Japan) for 30 min.
The cells were collected by centrifugation, resuspended in 10 ug/ml pro-
pidium iodide (Wako), and analyzed using a FACSCalibur flow cytometer
(Becton Dickinson, Lincoln Park, NJ).

RESULTS

Dimerization of ATRIP through Its Coiled-coil Domain

The coiled-coil motif is commonly shared among the ATRIP
counterparts of divergent organisms from yeasts to mam-
mals. We created a mutant (hereafter referred to as ATRIP-
LG) by substituting a glycine for each of four leucine resi-
dues that are normally located at residues 123, 144, 185, and
188 in the coiled-coil domain (Figure 1A). These mutations
were expected to disrupt the a-helices that are important for
the integrity of the coiled-coil and to cause the resultant
protein to have a compromised secondary structure as esti-
mated by the Multicoil Scoring Form program (http://
multicoil.Ics.mit.edu/cgi-bin/multicoil).

To examine the effect of the coiled-coil mutation, we in-
troduced a retrovirus-based expression unit for the Myc-
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Figure 1. The coiled-coil motif is essential A
for dimerization of ATRIP. (A) Schematic of iled-coil d
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tagged version of the wild-type or the coiled-coil-defective
ATRIP protein into human A549 cells. The coiled-coil mu-
tant protein and the wild-type protein were expressed from
the same promoter and were comparably present, indicating
that the mutation did not affect the stability of the protein
(Figure 1B). In addition, ectopic expression of the two ATRIP
species resulted in the reduction of endogenous ATRIP pro-
tein as previously described (Itakura et al., 2004a); therefore,
the occurrence of any dominant effects could be effectively
presented by the expression of the mutant protein.

We first performed an immunoprecipitation study with
the anti-ATR and anti-Myc antibodies. As shown in Figure
1C, the wild-type ATRIP and the LG-mutant protein associ-
ated with endogenous ATR. The mutant protein, however,
was coimmunoprecipitated with ATR in a lower yield com-
pared with the wild-type ATRIP. With regularity, a reduced
amount of ATR was recovered with the Myc-tagged
ATRIP-LG (Figure 1C). Furthermore, when the wild-type
ATRIP-Myc was immunologically isolated with the anti-
Myc antibody, endogenous ATRIP protein was corecovered
as well, except with the ATRIP-LG-Myc (Figure 1C, right).
All of these data suggest a dominant effect of ATRIP-LG
expression on the stoichiometry of ATR and ATRIP in the
complex.

The corecovery of ATRIP-Myc with endogenous ATRIP
protein suggests that ATRIP forms a homo-multimer in
vivo. To examine this possibility directly, we established
cells in which two alternatively tagged ATRIP proteins, i.e.,
ATRIP-Myc and FLAG-ATRIP, were expressed simulta-
neously. We observed reciprocal coimmunoprecipitation of
the two ATRIP species using anti-Myc and anti-FLAG anti-
bodies, confirming multimerization of the ATRIP proteins
(Figure 1D). Moreover, the interaction was completely abol-
ished when ATRIP-LG-Myc was expressed instead of
ATRIP-Myc (Figure 1D). Therefore, multimerization of
ATRIP requires the normal conformation of the coiled-coil
domain.
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Next, we analyzed the protein complex containing ATR-
ATRIP by gel-filtration column chromatography. ATR was
eluted as a protein complex of more than 1000 kDa as
previously reported (Figure 1E; Wright ef al., 1998; Bomgar-
den et al., 2004). The majority of the endogenous ATRIP
coeluted with ATR; full-length Myc-tagged ATRIP was re-
covered in fractions with ATR (fractions 30-32, correspond-
ing to a molecular weight of ~1000 kDa) as well as in
fractions without ATR (fractions 34-36, corresponding to a
molecular weight of 500-600 kDa). By contrast, ATR-free
ATRIP-LG-Myc protein eluted at a size that corresponded to
half of the ATRIP-Myc (fractions 40-42, 250-300 kDa).
These observations suggest that wild-type ATRIP forms a
dimer and that the dimerization is not mediated via an
interaction with ATR.

ATRIP Dimer Is Stable after DNA Damage

We have shown that ATRIP is phosphorylated by ATR after
exposure to genotoxic stress (Itakura et al., 2004b). The mod-
ification does not require dimerization, because ATRIP-LG
was phosphorylated effectively after UV treatment (Figure
2A). A recent study showed that the activation of ATM is
mediated through autophosphorylation and dimer dissoci-
ation (Bakkenist and Kastan, 2003), raising the possibility
that ATRIP is activated in a manner similar to that of ATM.
However, this is not the case: ATRIP dimerization and its
association with ATR did not exhibit any detectable changes
after DNA damage (Figure 2B). Furthermore, the phospho-
rylation-defective ATRIP-68A72A mutant was proficient at
dimer formation (Figure 2C). We conclude that ATRIP is
stable as a dimer, irrespective of the ATR kinase activity.

ATRIP-LG Mutant Protein Is Defective in Recruitment to
Nuclear Foci

We have shown that the amino terminal domain plus the
coiled-coil domain of ATRIP is sufficient for its recruitment
to sites of DNA damage (Itakura et al., 2004a). We addressed
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Figure 2. ATRIP dimer is stable after DNA damage. (A) ATRIP-LG
is normally phosphorylated by ATR after DNA damage. A549 cells
infected with retrovirus harboring ATRIP-Myc or ATRIP-LG-Myc
or a control virus were treated with UV (20 J/m?). After 1 h, cells
were collected and subjected to immunoblotting using antibodies
against ATR, ATRIP and phospho-ATRIP S68572. (B) Dimerization
of ATRIP is unaffected after exposure to genotoxic stresses. ATRIP
cells expressing ATRIP-Myc or ATRIP-Myc/FLAG-ATRIP were
treated with aphidicolin (10 pg/ml), UV (20 J/m?), or IR (10 Gy).
The cell lysates were subjected to immunoprecipitation using anti-
bodies against myc or FLAG, followed by immunoblotting using
anti-Myc and anti-FLAG antibodies. (C) Phosphorylation-defective
ATRIP is proficient in dimer formation. A549 cells expressing
ATRIP-Myc, ATRIP-Myc/FLAG-ATRIP, or ATRIP-S68A,S72A-
myc/FLAG-S68A,S72A were untreated or treated with UV (20
J/m?). After 1 h, the cell lysates were subjected to immunoprecipi-
tation, followed by immunoblotting as in B.

the possibility that the coiled-coil defect would affect the
intranuclear dynamics of ATRIP.

The ATR-ATRIP complex is recruited to chromatin in a
cell-cycle-dependent manner (Hekmat-Nejad et al., 2000;
Dart et al., 2004). To examine whether the coiled-coil confor-
mation is essential for ATRIP to associate with chromatin,
we performed subcellular fractionation using differential
centrifugation and compared the recovery of ATRIP in the
chromatin (P3) fraction. As shown in Figure 3A, part of the
endogenous ATRIP protein was recovered in the P3 fraction
in an asynchronous condition, as described previously
(Bomgarden et al., 2004). The recovery was greatly reduced
after cells were arrested at M-phase by the spindle inhibitor
TN16, and was significantly increased after treatment with
aphidicolin (Figure 3B). We did not find any difference in
recovery or nuclease sensitivity between the wild-type and
ATRIP-LG mutant protein (Figure 3, B and C). These obser-
vations suggest that the coiled-coil mutation does not affect
the ability of ATRIP to associate with chromatin. Moreover,
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to bind to chromatin. (A) Chromatin association of ATRIP. A549
cells were subjected to subcellular fractionation (see Materials and
Methods), and the fractions were immunoblotted with antibodies
against ATRIP, RPA p34, ERK (cytoplasmic marker), and ORC1
(chromatin marker). The fractions are as follows: S2, soluble frac-
tion; M1, micrococcal nuclease fraction; S3, solubilized nuclear frac-
tion; and P3, chromatin-nuclear matrix-bound fraction. (B)
ATRIP-LG mutant protein is able to associate with chromatin. A549
cells harboring a control vector or ATRIP-LG-Myc were untreated
or treated with 150 ng/ml TN16 for 12 h or 10 pg/ml aphidicolin for
24 h were subjected to subcellular fractionation as in A and were
immunoblotted with antibodies against ATRIP and PRA p34. (C)
The chromatin association of ATRIP is nuclease-sensitive. The P3
fraction in B was subjected to micrococcal nuclease treatment and
was immunoblotted. (D) In vitro association of ATRIP with RPA.
Lysates of the A549 cells expressing ATRIP-Myc or ATRIP-LG-Myc
were incubated with beads bound to single-stranded DNA that had
been coated with RPA or mock coated. After washing, the proteins
bound to the beads were subjected to immunoblotting using the
anti-Myc antibody. RPA subunits p70 and p34 were visualized by
silver staining of the gel.

ATRIP
PA

the ATRIP-LG protein still retained the ssDNA-interacting
activity that was facilitated by RPA (Figure 3D), suggesting
that the coiled-coil domain is not required for interaction
with RPA-ssDNA.
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After DNA lesions are produced in the nucleus, ATR-
ATRIP is translocated to form multiprotein complexes with
other proteins involved in the repair process and is detected
as protein foci under microscopic observation (Wang et al.,
2000; Goldberg et al., 2003; Lou et al., 2003; Stewart et al.,
2003). We examined the possible contribution of the ATRIP
coiled-coil domain to this dynamic behavior.
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IR aphidicolin IR

We established A549 cells expressing a GFP-tagged pro-
tein of the wild-type ATRIP or the LG mutant. The amount
of endogenous ATRIP protein was reduced as before, owing
to the feedback regulation of ATRIP expression in these cells
(unpublished data). As shown in Figure 4, these fusion
proteins were uniformly dispersed in the nuclei that lacked
DNA damage. When the cells were treated with aphidicolin
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or IR, ATRIP-GFP formed nuclear foci that were costained
with RPA (Figure 4, A, C, and D), which is consistent with
previous reports (Zou and Elledge, 2003). By contrast, the
leucine to glycine mutations diminished the formation of
foci and compromised the translocation of endogenous ATR
to the foci (Figure 4, B and E). Thus, the coiled-coil domain
of ATRIP is important for the recruitment of the ATR-ATRIP
complex to nuclear foci after DNA damage. However, RPA
foci were developed in the ATRIP-LG-expressing cells (Fig-
ure 4A), indicating that the formation of RPA foci occurs
upstream of the ATR-ATRIP recruitment.

Effect of ATRIP-LG on ATR Kinase Activity

The translocation of ATR-ATRIP to the foci after DNA dam-
age has been shown to be dependent on the kinase activity
of ATR (Barr et al., 2003). To examine the possibility that the
phenotype caused by the disruption of the ATRIP coiled-coil
is mediated by a reduction in the ATR activity, we examined
the in vitro kinase activity of ATR isolated from cell lysates
using anti-ATR antibody. As shown in Figure 5A, the ATR
immunocomplex from vector-infected cells possessed caf-
feine-sensitive  phospho-transferring  activity — against
PHAS-1. Moreover, the activity was comparable when ATR
was isolated from cells expressing ATRIP-Myc or ATRIP-
LG-Myec. As the ATRIP-LG protein was predominantly co-
immunoprecipitated with ATR, we concluded that the ab-
sence of the coiled-coil structure in the associated ATRIP
does not affect ATR kinase activity in vitro.

Next, we investigated the activation of ATR in vivo by
assessing the phosphorylation level of ATR target molecules
after DNA damage. Rad17 is a member of a variant clamp
loader that is involved in loading the PCNA-like Rad9-
Rad1-Husl complex, and its damage-induced phosphoryla-
tion has been shown to be dependent on ATR (Bao ef al.,
2001). As shown in Figure 5B, the phosphorylation levels of
Rad17-Ser645 after treatment with aphidicolin were compa-
rable between control and ATRIP-LG-infected cells (Figure
5B), suggesting that ATR is normally activated in vivo, even
when the ATRIP coiled-coil is defective.

Chk1 is the critical target of ATR kinase in the checkpoint
pathway. Ser317 and -345 in Chk1 are important phosphor-
ylation sites, and alanine substitution of those serine resi-
dues diminishes the activation of the kinase after exposure
to genotoxic stress (Zhao and Piwnica-Worms, 2001). There-
fore, we next addressed whether the ATRIP coiled-coil was
critical for ATR-mediated activation of Chkl by examining
the phosphorylation status of Chkl using antibodies that
were specific to phospho-Ser317 and -Ser345. In cells that
were infected with a control or ATRIP-Myc-expressing vec-
tor, Ser317 and -345 were phosphorylated after aphidicolin
treatment. By contrast, the expression of ATRIP-LG caused a
reduction in the lower mobility species that could be de-
tected with the anti-Ser317 antibody, but the phosphoryla-
tion at both serine residues was significantly induced (Fig-
ure 5B). Therefore, although ATR is activated after DNA
damage in ATRIP-LG cells and can phosphorylate Rad17
and Chkl, the coiled-coil mutation significantly affects the
modification at site(s) other than Ser317 and Ser345 of Chk1.

Then, we then examined whether the expression of
ATRIP-LG affected the activation of Chkl kinase after
aphidicolin treatment. As shown in Supplementary Figure 1,
Chkl kinase activity assayed in vitro was stimulated after
the treatment even in cells expressing the coiled-coil-defec-
tive ATRIP protein, suggesting that activation of Chk1 does
not require the ATRIP coiled-coil domain. However, the
activation appears to be reduced slightly by the expression
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Figure 5. Effect of ATRIP-LG expression on ATR kinase activity in
vitro and in vivo. (A) ATRIP-LG did not affect associated ATR
kinase activity in vitro. A549 cells expressing ATRIP-Myc or ATRIP-
LG-Myc or a vector control were lysed, and the lysates were sub-
jected to immunoprecipitation using anti-ATR antibody. Immuno-
precipitates were monitored for their ability to phosphorylate
PHAS-1 (Stratagene) or were analyzed by immunoblotting with
anti-ATR and anti-ATRIP antibodies. Caffeine was added to a final
concentration of 10 mM in the kinase reaction. (B) Modification of
ATR target proteins in ATRIP-LG-expressing cells. A549 cells as in
A were untreated or treated with aphidicolin for 24 h. The cells were
collected, and the lysates were immunoblotted using antibodies
against Chk1, phospho-Chkl Ser317, phospho-Chk1 Ser345, phos-
pho-Rad17 Ser645, and B-actin. (C) Effect of ATRIP-LG expression
on IR-induced Chkl modification. A549 cells were untreated or
irradiated with 10 Gy IR and incubated for 1 h, and the lysates were
immunoblotted as in B.
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of ATRIP-LG. Thus, the ATRIP coiled-coil domain may con-
tribute to full activation of Chk1 upon replication blockage.

ATRIP-LG Cells Failed to Resume DNA Replication after
Aphidicolin Treatment

Replication blockage causes a decrease in the mitotic cell
fraction, which is believed to be attributable, at least in part,
to cell cycle arrest via a checkpoint-dependent mechanism.
Recent studies have shown that Chkl is important to the
replication checkpoint because it maintains the stability of
stalled replication forks (Feijoo et al., 2001; Zachos et al.,
2005). Our previous results suggested that the expression of
ATRIP-LG affected the Chk1 status; therefore, we examined
the cell cycle behavior of ATRIP-LG-expressing cells after
their exposure to replication inhibitors.

After aphidicolin or hydroxyurea treatment, cells with
G2/M DNA content were reduced because of inhibition of
DNA synthesis. When the cells were released from the
aphidicolin-induced arrest, wild-type ATRIP-expressing
cells efficiently restarted the cell cycle, although greater than
40% of the cells expressing ATRIP-LG persisted with 1C
DNA contents (Figure 6A). This suggests that the expression
of ATRIP-LG inhibits the recovery of the normal cell cycle
from the replication block.

The budding yeast ortholog of ATR, Mecl, has been
shown to be involved in the maintenance of replication forks
(Lopes et al., 2001; Tercero and Diffley, 2001; Cha and Kleck-
ner, 2002; Cobb et al., 2003). One explanation for the com-
promised cell cycle recovery in the ATRIP-LG-expressing
cells is the loss of integrity of the DNA replication machin-
ery during aphidicolin treatment. Thus, we further exam-
ined in detail the effect of the coiled-coil defective ATRIP on
the integrity of stalled replication forks.

We adopted a cytological method using sequential label-
ing of replicated DNA with IdU and CldU. Without inhib-
iting the progression of the replication fork, nuclear zones
that were labeled by IdU and CldU were adjacent in all cell
types. This staining pattern was essentially unaffected in the
vector-infected cells even when the sequential labeling was
interrupted by aphidicolin treatment for 24 h. By contrast,
we observed a significantly higher proportion of ATRIP-LG
cells in which CldU was not incorporated into the nuclei
despite the initial IdU labeling (Figure 6, B and C). This
result suggests that cells expressing the ATRIP-LG mutant
are defective at maintaining stalled replication forks, thereby
impairing the resumption of DNA replication after replica-
tion blockage is relieved.

Aberrant Cell Cycle Behaviors of Cells Expressing ATRIP-
LG during Aphidicolin or UV Treatment

The stabilization of stalled replication forks during replica-
tion arrest is important for the inhibition of mitosis (Zachos
et al., 2005). The loss of viable replication structures causes
premature cell cycle progression to the M phase, which is
manifested by abnormal chromosomal condensation with
extended mitotic spindles. When cells that were treated with
siRNA targeted against ATR were incubated with aphidico-
lin, premature chromosomal condensation proceeded and
was evident as abnormally condensed chromatin (Figure
7A), spindle formation (Figure 7B), and increased MPM2-
positive cells in the FACS analysis (Figure 7C). Similarly, we
found that a significant fraction of ATRIP-LG cells restarted
the cell cycle prematurely during the aphidicolin treatment,
as measured by the accumulation of cells with M-phase
characteristics (Figure 7, A-C). The aberrant cell cycle be-
havior was also manifested after UV treatment, when the
ATRIP-LG-expressing cells showed a higher incidence of
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Figure 6. Cells expressing ATRIP-LG fail to resume DNA replica-
tion after aphidicolin treatment. (A) FACS analysis. A549 cells in-
fected with retrovirus harboring ATRIP-Myc or ATRIP-LG-Myc or a
control virus were treated with aphidicolin (10 ug/ml) for 24 h and
released to aphidicolin-free medium with 150 ng/ml TN16 for 24 h.
The cells were fixed, stained with PI, and subjected to FACS anal-
ysis. (B) Loss of stalled replication fork integrity in ATRIP-LG-
expressing cells. In the left panel, the cells were labeled with IdU for
15 min and subsequently labeled with CldU for 15 min. In the right
panel, the sequential labeling was interrupted by aphidicolin treat-
ment for 24 h. After fixation, the incorporated IdU and CldU were
detected with mouse 2B1 and rat BU1/75 monoclonal antibodies in
combination with Alexa Fluor 594 anti-mouse IgG (red) and Alexa
Fluor 488 anti-rat IgG (green), respectively. Dotted circles indicate
IdU-positive, CldU-negative cells. (C) The ratio of IdU-positive,
CldU-negative cells to IdU-positive cells. The ratio under the
ATRIP-knocked down condition is shown as a control.

premature chromosomal condensation with G1 DNA con-
tent and a reduced accumulation of cells with G2 DNA
content (Figure 8). These results are consistent with the
hypothesis that the expression of ATRIP-LG reduces the
integrity of replicating chromosomes upon DNA damage,
thereby disrupting the ATR-dependent replication check-
point.

Proficient IR-induced G2/M Checkpoint in ATRIP-LG-
expressing Cells

The response to IR-induced double-strand breaks involves
ATM, which is another PIKK family protein in mammals. A

5557



E. Itakura et al.

>

Figure 7. Expression of ATRIP-LG pro-
motes premature chromatin condensation
(PCC) after aphidicolin treatment. (A) PCC
quantified by microscopic observation. A549
cells infected with retrovirus harboring

ATRIP-Myc or ATRIP-LG-Myc or a control
vector were untreated or treated with 10
g/ ml aphidicolin. After 24 h, the cells were
collected by trypsinization, resuspended in

KCl for 10 min, and fixed with Carnoy’s fix-
ative. A total of 1000 cells was examined by
microscopic observation. (B) PCC quantified
by spindle formation. A549 grown on slides
were untreated or treated with aphidicolin
for 24 h. The cells were fixed with 4% para-
formaldehyde and stained with anti-a-tubu-
lin antibody and PI. A total of 1000 cells was
counted. Green, tubulin; red, PI. (C) PCC

quantified by anti-MPM2 antibody. The cells
as in A were fixed with 70% ethanol and
stained with anti-MPM2 antibody (M phase
marker) and PI. A total of 20,000 cells was

examined by FACS. In all of the graphs, the
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previous study using a Cre/lox-conditional ATR allele re-
vealed that both ATM and ATR play critical roles in the
IR-induced checkpoint; they both contribute to the early
delay in M-phase entry, but only ATR regulates a majority of
the late phase (2-9 h post-IR; Brown and Baltimore, 2003). In
agreement with the previous results, we found that repres-
sion of ATR using the RNA interference technique caused a
defect in the maintenance, but not in the establishment, of
G2/M arrest after IR. The coiled-coil mutation in ATRIP did
not induce either of the defects: ATRIP-LG cells were ar-
rested in G2/M at 1 h, and the arrest was maintained for
6-24 h (Figure 9 and unpublished data). Consistently, Chk1
modification after IR treatment occurred comparably in
ATRIP-LG cells (Figure 5C). These observations suggest that
the coiled-coil domain of ATRIP is unimportant for the
maintenance of G2/M arrest after IR-induced DNA damage.

DISCUSSION

We previously mapped two functional domains of ATRIP,
the amino terminus, associated with intranuclear localiza-

5558

data are the averages = SD of three indepen-
dent experiments.

tion, and the carboxy terminus, associated with the ATR-
binding domain (Itakura ef al., 2004a). In agreement with our
results, a recent report showed that the loss of the ATR-
associating domain within ATRIP led to defects in the re-
cruitment of ATR to sites of damage and in checkpoint
signaling induced by ATR (Falck et al., 2005). In this study,
we show that the coiled-coil, which is the third domain that
is evolutionarily conserved among ATRIP counterparts, is
critical to the nuclear dynamics of the ATR-ATRIP complex.
The coiled-coil-defective ATRIP showed unique characteris-
tics: it associated with chromatin at a normal level, but
showed diminished recruitment to sites of DNA damage.
Moreover, the mutant lost stalled replication fork integrity,
but did not affect the G2/M checkpoint induced by IR. Our
results clearly indicate that the coiled-coil domain is critical
to the function of the ATR-ATRIP pathway in response to
replication stress. Furthermore, a “separation of function”
characteristic of the coiled-coil mutant suggests that the
ATR-ATRIP complex fulfills two separable functions, i.e.,
the maintenance of replication forks and execution of cell
cycle arrest signals, via distinct mechanisms.

Molecular Biology of the Cell
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Figure 8. Abnormal S-phase checkpoint in ATRIP-LG-expressing
cells after UV treatment. A549 cells infected with retrovirus harbor-
ing ATRIP-Myc or ATRIP-LG-Myc or a control virus were treated
with UV (20 J/m?). The cells were further incubated with 150 ng/ml
TN16, and collected at intervals. The fixed cells were stained with PI
and anti-MPM2 antibody, and analyzed by FACS.

One possible explanation for the phenotype caused by
ATRIP-LG expression is the hypomorphic activity of the
ATR-ATRIP pathway in cells expressing the endogenous,
wild-type ATRIP protein. However, we think that this pos-
sibility is less likely, because complete repression of endog-
enous ATRIP by RNAi did not alter the phenotypes of the
ATRIP-LG-expressing cells (Supplementary Figure 2). More-
over, cells of Seckel syndrome patients, who are thought to
have a hypomorphic allele of ATR (O’Driscoll et al., 2003),
show defects in response to replication stress as well as in
the G2/M checkpoint (Alderton et al., 2004). Instead, we
prefer a model in which the response to replication stress
requires the stable or concentrated localization of ATR-
ATRIP to damaged sites and the execution of the cell cycle
arrest signal for which concentrated localization may not be
essential. This model is consistent with a recent observation
showing that the assembly of ATR-ATRIP onto sites of DNA
damage is not a prerequisite for ATR activation based on an

vector
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assay detecting ATR-dependent phosphorylation of Chkl
Ser345 (Ball et al., 2005).

A recent study has shown requirement of the ATRIP
coiled-coil domain for ATR-dependent checkpoint signaling,
using a mutant ATRIP (ATRIPA112-225) in which the do-
main is completely deleted (Ball and Cortez, 2005). The
effects caused by deletion of the coiled-coil domain are es-
sentially similar to those by ATRIP-LG; expression of
ATRIPA112-225 leads to the loss of ATRIP dimerization and
to compromised localization to damage-induced nuclear
foci. However, expression of ATRIPA112-225 affects DNA
damage-induced phosphorylation of Chk1 Ser345, which is
contrasted with proficient modification of Chkl Ser345 in
cells expressing ATRIP-LG. This discrepancy may be due to
the types of mutations used. It appears that dimerization is
not the sole role for the coiled-coil domain of ATRIP (Ball
and Cortez, 2005). ATRIPA112-225 is assumed to lack all
functions related to the domain, whereas ATRIP-LG may
still retain some functions that contribute to Chk1 phosphor-
ylation.

Mechanism of Protein Assembly Mediated by ATRIP
Coiled-coil

We have shown that the amino-terminal domain plus the
coiled-coil domain of ATRIP is sufficient for ATRIP recruit-
ment to sites of DNA damage (Itakura ef al., 2004a), which
was consistent with the observation that ATRIP without the
amino terminus lacked the RPA-ssDNA binding activity and
was defective at translocating to sites of DNA damage (Ball
et al., 2005). Interestingly, the truncation of the ATRIP amino
terminus caused the simultaneous loss of activity for chro-
matin binding and focus translocation (Ball et al., 2005),
whereas the coiled-coil defect led to the loss of only the latter
(present study). These observations indicate that chromatin
association and accumulation at damage-induced foci may
represent different modes of ATR-ATRIP activation. Indeed,
differential requirements for recruitment to damaged chro-
matin and sequestration into foci have been previously
shown, in which histone H2AX is essential only for the DNA
damage-induced focus formation of several factors includ-
ing Nbsl and Brcal (Celeste et al., 2003).

The precise mechanism underlying ATR-ATRIP focus for-
mation remains unknown. It has been shown that ATRIP-
RPA-ssDNA interaction is not sufficient for ATR-ATRIP lo-
calization to sites of DNA damage (Ball ef al., 2005). Several
distinct mechanisms of ATRIP localization have been sug-
gested (Zou and Elledge, 2003; Bomgarden et al., 2004; Un-
sal-Kacmaz and Sancar, 2004). We hypothesize that chroma-
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Figure 9. IR-induced G2/M checkpoint is
normal in ATRIP-LG-expressing cells. (A) Ef-
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tin association by the ATR-ATRIP complex, which is not
affected by the ATRIP-LG mutation and is probably medi-
ated by ATRIP-RPA-ssDNA interaction, contributes to the
initial activation of ATR that leads to the phosphorylation of
Ser645 of Rad17 as well as Ser317 and -345 of Chk1. Corrob-
orating this hypothesis is the previous finding that the phos-
phorylation of Radl7 by ATR, which is proficient in
ATRIP-LG cells, occurred on chromatin (Zou et al., 2002).
RPA has been shown to be required for recruitment of
ATRIP to aphidicolin-induced foci (Itakura et al., 2004a; Ball
et al., 2005), and in this study we show that the ATR-
ATRIP-LG complex is defective in accumulation at sites of
DNA damage in spite of retaining the RPA-interacting ac-
tivity. Thus, the latter mode of ATR-ATRIP localization,
which requires a normal configuration of the ATRIP coiled-
coil, may be mediated by stable or enhanced contact with
replication components in addition to the interaction with
RPA. One candidate for another interacting molecule is
MCMY protein enriched in stalled replication forks (Cortez
et al., 2004) because MCMY is required for stable localization
of ATR to damage-induced foci (Tsao et al., 2004).

Function of ATR-ATRIP upon Replication Stress

ATR has been shown to be important for cellular responses
to genotoxic stress during S and G2/M phases (Dimitrova
and Gilbert, 2000; Tibbetts et al., 2000; Heffernan et al., 2002),
but the exact role of ATR in the S-phase checkpoint is still
elusive. The loss of ATR induces chromosomal breaks after
release from aphidicolin treatment (Casper ef al., 2002). Chk1
is phosphorylated by ATR after exposure to genotoxic stress,
including treatment with aphidicolin, HU, or UV irradiation
(Zhao and Piwnica-Worms, 2001), and the ATR-mediated
phosphorylation of Chkl is essential for the checkpoint re-
sponse in Xenopus (Guo et al., 2000). However, ATR knock-
out cells in mice can arrest the cell cycle after aphidicolin
treatment despite the lack of detectable phosphorylation of
Chkl1 (Brown and Baltimore, 2003). These data suggest that
ATR is important for maintaining integrity in the replicating
chromosomes, but that ATR is not directly involved in cell
cycle arrest in the S phase. A recent study using Chkl-
deficient DT40 chicken cells suggests that Chkl maintains
the replication checkpoint indirectly by preserving the in-
tegrity of replication structures, rather than regulating it
directly (Zachos et al., 2005).

We note that the modification status of Chk1 upon repli-
cation blockage is apparently affected by the coiled-coil mu-
tation, and consequently the cells showed a phenotype re-
lated to the defective activity of the Chkl kinase. This
implies that some of the events downstream from ATR in
the signaling cascade, including Chk1 activation, are depen-
dent on the correct localization of the ATR-ATRIP complex,
but ATR appears to be activated, at least partially, unless
ATR-ATRIP accumulates at sites of DNA damage.

The checkpoint-dependent phosphorylation of Chkl is a
multistep process that includes autophosphorylation
(Kumagai ef al., 2004). Moreover, the process involves acti-
vation of the ATR-ATRIP complexes at replication forks
(Kumagai et al., 2004). Claspin is thought to be a component
of replication forks (Lee et al., 2003; Sar et al., 2004), to
interact with both ATR and Chkl and to affect the Chkl
status (Jeong et al., 2003; Kumagai and Dunphy, 2003; Kuma-
gai ef al., 2004) in Xenopus. Mrcl, a yeast homolog of Claspin,
interacts directly with the DNA replication machinery (Ka-
tou et al., 2003) and is also important for the Mecl-depen-
dent activation of downstream effectors upon replication
stress (Alcasabas ef al., 2001; Tanaka and Russell, 2001). The
concentrated localization of ATR-ATRIP to stalled replica-
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tion sites, which requires the ATRIP coiled-coil, may be
involved in S-phase-specific activation of the ATR-Claspin-
Chk1 pathway, but further studies are necessary to elucidate
the mechanism.

G2/M Function of ATR

In contrast to several of the defects in response to replication
stress, the IR-induced G2/M checkpoint is little affected by
the expression of ATRIP-LG. This suggests that the accumu-
lation of the ATR-ATRIP complex at foci is not necessarily
essential for its function in the G2/M checkpoint. As shown
in this study, IR-induced modification of Chkl appears to
differ from that which occurs upon replication blockage;
interestingly, our results suggest that the normal coiled-coil
configuration of ATRIP is required only for the latter pro-
cess. Our study sheds light on the functional difference of
the ATR-ATRIP complex in signal transduction to down-
stream effectors such as Chkl, after distinct types of DNA
damage.
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