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DNA replication stress triggers the activation of Check-
point Kinase 1 (Chk1) in a pathway that requires the
independent chromatin loading of the ATRIP–ATR
(ATR-interacting protein/ATM [ataxia-telangiectasia
mutated]–Rad3-related kinase) complex and the Rad9–
Hus1–Rad1 (9–1–1) clamp. We show that Rad9’s role in
Chk1 activation is to bind TopBP1, which stimulates
ATR-mediated Chk1 phosphorylation via TopBP1’s ac-
tivation domain (AD), a domain that binds and activates
ATR. Notably, fusion of the AD to proliferating cell
nuclear antigen (PCNA) or histone H2B bypasses the re-
quirement for the 9–1–1 clamp, indicating that the 9–1–1
clamp’s primary role in activating Chk1 is to localize the
AD to a stalled replication fork.
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Genotoxic damage activates conserved checkpoint sig-
naling pathways that maintain genomic stability by
regulating cell cycle progression, triggering apoptosis,
and influencing DNA repair (Zhou and Elledge 2000;
Abraham 2001). One pathway that is potently activated
by replication stress leads to activation of Checkpoint
Kinase 1 (Chk1), which promotes cell survival by block-
ing the firing of replication origins, preventing entry into
mitosis, stabilizing stalled replication forks, and facili-
tating DNA repair (Cimprich 2003; Chen and Sanchez
2004). This pathway is initiated when the replicative
DNA polymerases stall and large tracts of single-
stranded DNA are created by the uncoupling of the rep-
licative helicase from the advancing replication fork
(Byun et al. 2005). The single-stranded DNA is then
coated by replication protein A (RPA) (Walter and New-
port 2000; Byun et al. 2005), which signals the indepen-
dent recruitment of two checkpoint complexes: the
ataxia-telangiectasia mutated (ATM)–Rad3-related ki-
nase–ATR-interacting protein (ATR–ATRIP) complex

and the Rad9–Hus1–Rad1 (9–1–1) complex. The ATRIP–
ATR complex is bound to DNA by a direct interaction
between ATRIP and RPA (Zou and Elledge 2003; Ball et
al. 2005, 2007; Kim et al. 2005; Namiki and Zou 2006). In
contrast, loading of the 9–1–1 complex requires several
steps. First, DNA polymerase � is recruited, which in
turn recruits the clamp loader, Rad17-replication factor
C (RFC) (You et al. 2002; Lee et al. 2003; Byun et al.
2005). Second, the Rad17–RFC then loads the proliferat-
ing cell nuclear antigen (PCNA)-like 9–1–1 complex onto
chromatin in a reaction that is analogous to the loading
of PCNA onto sites of DNA replication (Bermudez et al.
2003; Ellison and Stillman 2003). Although the binding
of the ATRIP–ATR complex and the loading of the 9–1–1
complex occur independently of one another, both
events are essential for optimal ATR-mediated Chk1
phosphorylation and activation (Melo and Toczyski
2002).

Despite the tremendous progress that has been made
in deciphering the biochemical functions of the 9–1–1
complex and the in-depth understanding of the signals
that lead to the loading of the 9–1–1 clamp, it has re-
mained unclear how the chromatin-bound 9–1–1 com-
plex initiates and propagates the Chk1-activating signal.
Several studies have demonstrated that Rad9 orthologs
in Schizosaccharomyces pombe (Furuya et al. 2004), Sac-
charomyces cerevisiae (Wang and Elledge 2002), and hu-
mans (Makiniemi et al. 2001; St. Onge et al. 2003) inter-
act with their respective TopBP1 orthologs (Cut4, Dpb11,
and TopBP1). However, the significance of the Rad9–
TopBP1 interaction in 9–1–1 function has not been ex-
plored. Here we show that the role of the 9–1–1 clamp is
to recruit TopBP1, which then triggers ATR-mediated
Chk1 phosphorylation. Thus, TopBP1 is a molecular
bridge that links the independently recruited 9–1–1 and
ATRIP–ATR complexes, leading to checkpoint activa-
tion.

Results and Discussion

Rad9 has two predicted domains (Rauen et al. 2000; Ven-
clovas and Thelen 2000; Roos-Mattjus et al. 2003). The
N-terminal two-thirds of the protein (∼270 amino acids)
forms a PCNA-like structure that associates with Hus1
and Rad1 to yield the 9–1–1 clamp complex (Fig. 1A). In
contrast, the C-terminal ∼120 amino acids, dubbed the
tail, are not required for formation of the 9–1–1 clamp
(Rauen et al. 2000). The tail is heavily phosphorylated,
with multiple sites having been identified (Chen et al.
2001; St. Onge et al. 2001, 2003; Roos-Mattjus et al.
2003). Although these sites are not required to generate
the 9–1–1 clamp or for genotoxin-triggered loading of the
clamp onto chromatin, a Rad9 mutant in which all the
sites were simultaneously mutated could not facilitate
Chk1 phosphorylation (Roos-Mattjus et al. 2003). Initial
analyses of the phosphorylation sites revealed that
Ser272, a site phosphorylated by ATM and ATR (Chen et
al. 2001), was not essential for Chk1 phosphorylation
(Roos-Mattjus et al. 2003). The individual roles of the
other sites, however, were not explored. Therefore, to
identify the Rad9 phosphorylation site(s) important in
Chk1 activation, we created a series of mutants in which
phosphorylation sites were individually added back to
Rad9-9A (Fig. 1A), a mutant that lacks nine C-terminal
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phosphorylation sites and does not facilitate Chk1 phos-
phorylation (Roos-Mattjus et al. 2003). Next, we gener-
ated a series of mutants in which individual phosphory-
lation sites were restored. Transient expression of wild-
type Rad9 in Rad9−/− DT40 cells (Kobayashi et al. 2004)
restored hydroxyurea (HU)-induced Chk1 phosphoryla-
tion to levels seen in parental (wild-type) DT40 cells (Fig.
1B), whereas Rad9-9A did not enhance Chk1 phosphory-
lation. Analysis of the “add-back” mutants revealed that
only one—Rad9-9A + Ser387—restored Chk1 phosphory-
lation nearly as well as wild-type Rad9, demonstrating
that this site alone is sufficient for Chk1 phosphoryla-
tion (Fig. 1B).

Ser387 is constitutively phosphorylated (St. Onge et al.
2003) and conserved among vertebrate Rad9 proteins. To
identify its role in checkpoint signaling, we asked
whether this site was important in binding other check-
point proteins that might participate in Chk1 activation.
Rad9 was previously reported to interact with TopBP1
(Makiniemi et al. 2001; St. Onge et al. 2003), a check-
point protein that plays a role in Chk1 activation (Par-
rilla-Castellar and Karnitz 2003). Intriguingly, TopBP1
also contains eight BRCA 1 C-terminal (BRCT) domains
(Fig. 2A), which function as specific phosphoserine/phos-
phothreonine-binding domains (Manke et al. 2003; Yu et
al. 2003), thus raising the possibility that phospho-

Ser387 participates in TopBP1 binding. Indeed, when we
examined the binding of TopBP1 to wild-type Rad9,
Rad9-9A, and the panel of add-back mutants, only wild-
type Rad9 and Rad9-9A + S387 bound TopBP1 (Fig. 1C).

To identify the region of TopBP1 that interacts with
Rad9, we created a series of TopBP1 fragments (Fig. 2A)
and examined their abilities to bind Rad9. Full-length
TopBP1 and the N-terminal half of TopBP1, which con-
tains BRCT domains 1–5 interacted with Rad9, whereas
the C-terminal half of TopBP1 did not interact (Fig. 2B).
Because tandem BRCT domains frequently fold into
compact structures that interact with phosphoserine/
threonine-binding motifs, we further subdivided the N-
terminal half of TopBP1 into three fragments containing
the tandem BRCT domains 1 and 2, the tandem BRCT
domains 4 and 5, and another fragment containing the
BRCT domain 3. Coexpression studies revealed that the
fragment containing BRCT domains 1 and 2 avidly in-
teracted with Rad9, whereas fragments containing BRCT
domain 3 and BRCT domains 4 and 5 did not interact
with Rad9 (Fig. 2B). Likewise, the isolated BRCT 1 and 2
domains interacted with an 11-amino-acid peptide cen-
tered around phospho-Ser387 but did not bind the non-
phosphorylated version of the peptide (Fig. 2C), thus
demonstrating that these tandem BRCT domains bind to
phosphorylated Ser387. To assess whether the BRCT do-

Figure 1. Rad9 Ser387 is involved in Chk1 phosphorylation. (A) Constructs used in this study. Rad9 and TopBP1 are not drawn to scale. Rad9
PCNA-like N-terminal domain and tail are indicated. P in tail indicates intact phosphorylation sites, whereas A indicates phosphorylation sites
mutated to Ala. BRCT domains in TopBP1 are indicated; AD is the activation domain. (B) Rad9−/− DT40 cells were transiently transfected with
empty vector (EV) and vectors encoding untagged wild-type Rad9 (WT); Rad9-9A (9A), the mutant lacking nine C-terminal phosphorylation
sites; and Rad9-9A to which the indicated phosphorylation sites were restored (denoted as Rad9-9A + site). Following treatment with 10 mM
HU for 1 h, transfected Rad9−/− DT40 cells and parental (wild-type) DT40 cells were lysed, separated by SDS-PAGE, and sequentially immu-
noblotted for phospho-Ser345-Chk1, Chk1, and Rad9. The multiple bands present in the Rad9 immunoblots are due to various forms of
phosphorylated Rad9 (Volkmer and Karnitz 1999). The dotted line indicates the juxtaposition of nonadjacent regions of the same gel. (C) Lysates
from HEK293 cells transiently transfected with empty vector (EV) or vectors encoding S-tagged wild-type Rad9 (WT), Rad-9A (9A), or the
indicated Rad9-9A add-back expression plasmids were precipitated with S-protein agarose beads. Bound proteins were sequentially immuno-
blotted for endogenous TopBP1 (top) and Rad9 (middle). The multiple bands present in the Rad9 immunoblots are due to various forms of
phosphorylated Rad9 (Volkmer and Karnitz 1999). (Bottom) A portion of the lysate was also immunoblotted to demonstrate equal TopBP1 levels
in all samples.
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mains 1 and 2 were important in the Rad9–TopBP1 in-
teraction in the context of the full-length TopBP1, we
examined the interaction of Rad9 with full-length
TopBP1 or a mutant lacking BRCT domains 1 and 2.
Consistent with the fragment interaction assays, dele-
tion of BRCT domains 1 and 2 from full-length TopBP1
completely disrupted the interaction between Rad9 and
TopBP1 (Fig. 2D). Collectively, these results suggest that
Rad9 and TopBP1 interact via a phospho-Ser387–BRCT 1
and 2 interaction.

The interaction between Rad9 and TopBP1 raised the
question of whether this interaction was indeed impor-
tant for Chk1 activation. If the inability of Rad9-9A to
facilitate Chk1 activation was due to a lack of interac-
tion with TopBP1, we reasoned that constitutively teth-
ering TopBP1 to the C-terminal tail in Rad9-9A by cre-
ating a chimeric Rad9-9A–TopBP1 fusion protein (Fig.
1A) would restore Rad9-9A’s ability to enhance Chk1
phosphorylation. Consistent with this prediction, the
Rad9-9A–TopBP1 fusion facilitated Chk1 phosphoryla-
tion as well as wild-type Rad9, even when expressed at
lower levels than wild-type Rad9 (Fig. 3A). Notably, ex-
pression of TopBP1 alone in Rad9−/− cells did not com-
pensate for the Rad9 deficiency (Supplementary Fig. 1),
demonstrating that TopBP1 must be linked to Rad9 to
overcome a Rad9 deficiency.

We next asked which region of TopBP1 is required for
Chk1 activation in the context of a Rad9–TopBP1 fusion.
In addition to BRCT domains, recent work demonstrated
a region located between BRCT 6 and 7 (Fig. 2A), now
dubbed the activation domain (AD), was important for
ATR activation in Xenopus egg extracts (Kumagai et al.
2006). Therefore, we asked whether the TopBP1 AD par-
ticipated in Chk1 phosphorylation triggered by the Rad9-
9A–TopBP1 fusion. To disable the AD, we mutated the

conserved tryptophan to arginine (W1145R) or deleted
four highly conserved amino acids (WDDP, amino acids
1145–1148) that are essential for the AD to activate ATR
(Kumagai et al. 2006). When expressed transiently in
Rad9−/− DT40 cells, neither Rad9-9A–TopBP1�WDDP
(Fig. 3A) nor Rad9-9A–TopBP1 W1145R (data not shown)
restored Chk1 phosphorylation in HU-treated cells (Fig.
3A), demonstrating that the TopBP1 AD is necessary for
Rad9-facilitated Chk1 phosphorylation.

To assess whether the TopBP1 AD was sufficient to
restore HU-induced Chk1 phosphorylation, we fused the
30-kDa AD to the C-terminal tail of Rad9-9A (Fig. 1A).
Expression of the Rad9-9A–AD fusion enhanced Chk1
phosphorylation as effectively as did Rad9-9A fused to
full-length TopBP1 (Fig. 3B), thus indicating that the AD
plays a critical role in Rad9-mediated Chk1 phosphory-
lation.

Previous work showed that the Rad9 C-terminal tail
was important for Chk1 phosphorylation (Roos-Mattjus
et al. 2003). To test whether the tail had another role in
Chk1 phosphorylation aside from its role in associating
with TopBP1, we created a “tailless” fusion between
Rad9 and TopBP1 AD (Rad9 �tail–AD). This fusion di-
rectly linked the AD to the N-terminal portion of Rad9
that is predicted to fold into a PCNA-like clamp (Fig.
1A). Like Rad9-9A–AD, Rad9 �tail–AD also facilitated
HU-induced Chk1 phosphorylation (Fig. 3B).

Figure 3. Rad9 activates Chk1 by binding TopBP1. Rad9−/− (A,B) or
Rad17−/− (C–E) DT40 cells were transiently transfected with the
indicated plasmids and treated with 10 mM HU for 1 h, and lysates
were separated by SDS-PAGE and sequentially immunoblotted to
detect phospho-Ser345-Chk1 and Chk1. To detect fusion protein and
Rad17 expression, the samples were immunoblotted to detect S-
tagged fusions (A–C,E), Rad17 (D), or PCNA (D). Transfections were
with empty vector (EV); vectors expressing S-tagged wild-type Rad9
(WT), Rad9-9A (9A), Rad9-9A fused to full-length TopBP1 (9A–
TopBP1), Rad9-9A–TopBP1 in which the WDDP motif in the AD
was deleted from TopBP1 (9A–TopBP1–�WDDP), Rad9-9A fused to
the TopBP1 AD (9A–AD), a tailless Rad9 fused to the AD (�tail–AD),
Rad17, or H2B fused to the TopBP1–AD (H2B–AD); or a vector ex-
pressing PCNA fused to the Rad9 tail (PCNA–Rad9 tail) or the
TopBP1 AD (PCNA–AD). The multiple bands present in the Rad9
immunoblots are due to various forms of phosphorylated Rad9
(Volkmer and Karnitz 1999). Asterisk indicates nonspecific immu-
noreactive bands (A) or putative degradation products of the PCNA
fusion proteins (D).

Figure 2. TopBP1 BRCT domains 1 and 2 bind Rad9. (A) Schematic
map of TopBP1 showing the BRCT domains, the AD, and the S-
tagged constructs used in this study: full-length TopBP1 (FL); the
N-terminal half of TopBP1 (N1/2); the C-terminal half of TopBP1
(C1/2); fragments encoding BRCT 1 and 2 (1 + 2), BRCT 3 (3), and
BRCT 4 and 5 (4 + 5); and TopBP1 lacking BRCT 1 and 2 (�1 + 2).
(B,D) HEK293 cells were transfected with empty vector (EV) or vec-
tors encoding AU1-tagged Rad9 and the indicated S-tagged TopBP1
proteins shown in A. Lysates were precipitated with S-protein aga-
rose beads. Bound proteins were sequentially immunoblotted for
Rad9 (top) and S-tagged TopBP1 (middle). (Bottom) A portion of the
lysate was immunoblotted with Rad9 to show equal expression. The
multiple bands present in the Rad9 immunoblots are due to various
forms of phosphorylated Rad9 (Volkmer and Karnitz 1999). (C)
HEK293 cells were transfected with empty vector or a vector ex-
pressing S-tagged TopBP1 BRCT 1 and 2 domains (1 + 2). (Top) Ly-
sates were precipitated with nonphosphorylated (Pep) or phosphory-
lated (P-Pep) Ser387 Rad9 peptide covalently linked to beads. (Bot-
tom) A portion of the lysate was immunoblotted to demonstrate
equal expression of the BRCT 1 + 2 domains.
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Rad9 is an integral part of the 9–1–1 clamp complex,
which must be loaded onto chromatin by Rad17 to trig-
ger Chk1 activation. To determine whether the Rad9–
TopBP1 fusions also had to be loaded onto chromatin to
enhance Chk1 phosphorylation, we expressed the Rad9–
TopBP1 fusions in DT40 cells that lack Rad17 (Kobaya-
shi et al. 2004), the clamp loader for the 9–1–1 complex
(Zou et al. 2002, 2003; Bermudez et al. 2003; Ellison and
Stillman 2003). As shown in Figure 3C, Rad17−/− DT40
cells have a defect in HU-induced Chk1 phosphorylation
that is corrected by expression of Rad17. Notably, none
of the Rad9–TopBP1 fusions stimulated Chk1 phos-
phorylation above that seen in cells transfected with
empty vector, thus demonstrating that Rad9 fused to ei-
ther full-length TopBP1 or that the AD, like wild-type
Rad9, must be loaded by the Rad17 clamp loader to aug-
ment Chk1 activation.

These findings raised the possibility that the sole role
for the 9–1–1 heterotrimeric complex in the Chk1 acti-
vation process is to localize the TopBP1 AD to the
stalled replication fork. To address this question, we
sought a way to localize the TopBP1 to stalled replica-
tion forks in the absence of a functional 9–1–1 complex.
To disrupt the function of the clamp, we again used
Rad17−/− DT40 cells to prevent 9–1–1 clamp loading. To
localize the TopBP1 to the stalled forks in the absence
of loaded 9–1–1 clamp, we fused either the Rad9 tail or
the TopBP1 AD to PCNA (Fig. 1A), a homotrimeric
clamp that is present at stalled forks. When expressed in
Rad17−/− DT40 cells, PCNA linked to the Rad9 tail
or the TopBP1 AD restored Chk1 phosphorylation to lev-
els comparable to those seen when Rad17 was re-ex-
pressed in the Rad17-deficient cells (Fig. 3D). Similarly,
tethering the AD to chromatin by fusing it to H2B also
facilitated Chk1 phosphorylation (Fig. 3E). Taken to-
gether, these results demonstrate that recruitment of
the TopBP1 AD to chromatin, either via the 9–1–1 com-
plex, fusion to PCNA, or tethering to histone octamers,
facilitates replication stress-induced Chk1 phosphoryla-
tion.

Replication stress induces apoptosis in DT40 cells
lacking Rad9 or Rad17 (Fig. 4A,B), possibly because these
cells have defects in Chk1 activation, a kinase that is
important for cells to survive replication fork stalling
(Zachos et al. 2003). To address the role of the 9–1–1
complex and TopBP1 in preventing replication stress-
induced apoptosis, we transiently expressed various
Rad9–TopBP1 fusions in Rad9−/− DT40 cells and treated
them with HU. In the absence of Rad9 or in cells ex-
pressing Rad9-9A (the mutant lacking the tail phos-
phorylation sites), HU triggered robust apoptosis (Fig.
4A). In contrast, HU-induced apoptosis was blocked by
the expression of wild-type Rad9, Rad9–TopBP1, Rad9–
AD, or Rad9 �tail–AD. Likewise, in cells lacking Rad17,
expression of PCNA fused to the Rad9 tail or the TopBP1
AD blocked HU-induced cell death as effectively as did
expression of Rad17 (Fig. 4B). Taken together, these re-
sults demonstrate that the same fusions that restore
Chk1 activation also block HU-induced apoptosis, sug-
gesting that a major role of the 9–1–1 complex in pre-
venting HU-induced apoptosis is to activate Chk1,
which in turn facilitates cell survival.

It has long been known that the ATRIP/ATR complex
and the 9–1–1 clamp are independently loaded onto chro-
matin at sites of genotoxic stress, where they collabora-
tively participate in Chk1 phosphorylation and activa-

tion. However, the mechanism by which the 9–1–1 com-
plex contributes to this process has remained enigmatic.
A recent study shed light on the interplay between the
9–1–1 complex and ATR in S. cerevisiae (Majka et al.
2006). Using a reconstituted system of purified proteins,
this work showed that the S. cerevisiae 9–1–1 complex
(Ddc1, Mec3, and Rad17) directly activated the ATR ho-
molog (Mec3) to phosphorylate multiple substrates, in-
cluding the kinase Rad53.

In contrast, the results presented here suggest that
higher eukaryotes have evolved a more complex mecha-
nism for ATR-mediated Chk1 activation. In this model,
TopBP1 plays a critical intermediary role by linking the
9–1–1 complex and ATR and by regulating Chk1 activa-
tion in response to replication stress (Fig. 4C). At sites of
DNA polymerase stalling, MCM DNA helicase is un-
coupled from the stalled replicative polymerase (Byun et
al. 2005), exposing large tracts of single-stranded DNA
that are then coated by RPA (Walter and Newport 2000;
You et al. 2002). The DNA-bound RPA signals the bind-
ing of the ATRIP–ATR complex (Zou and Elledge 2003)
and the DNA polymerase �-primase complex (You et al.
2002). DNA polymerase �-primase complex then ini-
tiates DNA synthesis on the unwound DNA (Michael
et al. 2000), triggering Rad17-dependent clamp loading
of the 9–1–1 complex (You et al. 2002; Zou et al. 2003;
Byun et al. 2005). While ATR can phosphorylate some
substrates, such as Hus1 and Rad1, in the absence of the
Rad9 tail (Lupardus and Cimprich 2006), several studies
have demonstrated that the Rad9 tail is critical for Chk1
phosphorylation (Roos-Mattjus et al. 2003; St. Onge et
al. 2003; Lupardus and Cimprich 2006). Here we show
that the role of the 9–1–1 complex in Chk1 activation is
to localize TopBP1, bound to the phosphorylated Rad9
tail via TopBP1 BRCT 1 and 2, to the stalled fork. The
Rad9-tethered TopBP1 AD can then interact with the
ATRIP/ATR complex. Thus TopBP1 links the indepen-
dently recruited 9–1–1 and ATRIP/ATR complexes, lead-
ing to ATR-mediated Chk1 phosphorylation, and cell
survival.

Figure 4. Chk1 activation correlates with cell survival. Rad9−/− (A)
or Rad17−/− (B) DT40 cells were cotransfected with the indicated
plasmids (described in Fig. 3) and pEGFP-N1. The following day,
EGFP-positive cells were purified by fluorescence-activated cell
sorting, treated with HU, and stained with Hoechst 33258. For each
sample, 250 cells were examined by microscopy. Apoptotic cells
were identified based on nuclear morphology. Error bars indicate
standard deviation of three to four independent experiments. (C)
Model of Rad9’s role in Chk1 activation. See the text for details.
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Materials and methods

Cell culture and transfection
Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Wild-type, Rad9−/−, and Rad17−/− DT40 cells were grown as
described previously (Kobayashi et al. 2004). HEK293 cells (5 × 10 to
8 × 106 per transfection) were transfected by electroporation as described
previously (Volkmer and Karnitz 1999) using a total of 40 µg of DNA per
transfection and a 230-V, 20-msec pulse in a 0.4-cm cuvette with a BTX
T 820 electroporator. Following electroporation, the cells were replated
in DMEM supplemented with 10% FBS and cultured for 14–20 h before
harvest. DT40 cells (20 × 106 per transfection) were collected by centrifu-
gation, resuspended in 0.35 mL of freshly prepared cytomix buffer (van
den Hoff et al. 1992), mixed with 40 µg of DNA in 50 µL of cytomix, and
electroporated with two sequential 270-V, 10-msec pulses in a 0.4-cm
cuvette. Following electroporation, the cells were cultured in growth
medium for 14–20 h, divided into two equal parts, treated with vehicle or
10 mM HU for 1 h, and harvested.

Western blotting
DT40 cells were lysed directly in 2× SDS-PAGE sample buffer or as
described previously (Roos-Mattjus et al. 2003). Lysates were separated
by SDS-PAGE (10% gel), transferred to Immobilon-P (Millipore), and im-
munoblotted, as indicated, with a rabbit monoclonal antibody recogniz-
ing P-Ser345-Chk1 (133D3; Cell Signaling Technology); mouse mono-
clonal antibodies recognizing S-peptide (Hackbarth et al. 2004), Chk1
(G-4; Santa Cruz Biotechnology), or PCNA (PC10; Santa Cruz Biotech-
nology); or rabbit polyclonal antisera recognizing Rad17 (Volkmer and
Karnitz 1999), Rad9 (Volkmer and Karnitz 1999), or TopBP1 (BL893;
Bethyl Laboratories).

Interaction experiments
HEK293 cells transiently transfected with the indicated plasmids were
lysed in 50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM MgCl2, and 1%
Triton X-100, and were freshly supplemented with Complete protease
inhibitor (Roche Applied Science), 0.4 mM phenylmethylsufonyl fluo-
ride, 20 µM phosphoramidon, 20 µM E64, 20 nM microcystin-LR, 1 mM
sodium orthovanadate, and 10 mM �-glycerol phosphate for 5 min on ice.
Post-nuclear lysates were incubated with 10 µL of packed S protein-
agarose (Novagen) to capture the S-peptide-tagged proteins for 1 h at 4°C,
and the precipitates were washed three times with lysis buffer containing
only 1 mM sodium orthovanadate and 10 mM �-glycerol phosphate. The
peptide-binding experiments were performed with nonphosphorylated
peptide (CPVLAEDSEGEG) and phosphorylated Ser387 peptide (CPV-
LAED-p-SEGEG) covalently linked via the N-terminal Cys residue to
SulfoLink beads (Pierce Biotechnology) using lysates from cells trans-
fected with empty vector or the S-tagged TopBP1–BRCT1 + 2 expression
vector. For all binding experiments, bead-bound proteins were released
by heating in 2× SDS-PAGE sample buffer and were separated by SDS-
PAGE.

Apoptosis assays
Rad9−/− or Rad17−/− DT40 cells were electroporated as described above
with pEGFP-N1 (Clontech) and the indicated plasmids and were cultured
for 14–18 h. EGFP-expressing cells were purified by fluorescence-acti-
vated cell sorting and were treated with 10 mM HU for 6 h. Cells were
then processed, and apoptosis was quantitated as described (Karnitz et al.
2005).
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