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Rad17 is critical for the ATR-dependent activation of Chk1 during checkpoint responses. It is known that Rad17 loads the
Rad9-Hus1-Rad1 (9-1-1) complex onto DNA. We show that Rad17 also mediates the interaction of 9-1-1 with the
ATR-activating protein TopBP1 in Xenopus egg extracts. Studies with Rad17 mutants indicate that binding of ATP to
Rad17 is essential for the association of 9-1-1 and TopBP1. Furthermore, hydrolysis of ATP by Rad17 is necessary for the
loading of 9-1-1 onto DNA and the elevated, checkpoint-dependent accumulation of TopBP1 on chromatin. Significantly,
a mutant 9-1-1 complex that cannot bind TopBP1 has a normal capacity to promote elevated accumulation of TopBP1 on
chromatin. Taken together, we propose the following mechanism. First, Rad17 loads 9-1-1 onto DNA. Second, TopBP1
accumulates on chromatin in a manner that depends on both Rad17 and 9-1-1. Finally, 9-1-1 and TopBP1 dock in a
Rad17-dependent manner before activation of Chk1.

INTRODUCTION

Coping with DNA lesions that arise because of cellular
metabolism or external stress is a pivotal part of the cell
cycle. Problematic DNA structures include double-stranded
DNA breaks (DSBs) and stalled replication forks. Cells uti-
lize checkpoint control systems in order to recognize aber-
rant DNA structures and halt further progression of the cell
cycle until repair processes eliminate such defects. Failure in
these responses leads to genomic instability, which can
eventually result in the development of cancer.

Checkpoint systems function as signal transduction cas-
cades that ultimately regulate key cell cycle control pro-
teins such as Cdc25 and Wee1 (Sancar et al., 2004). At the
apex of these pathways, sensor kinases such as ATM and
ATR are involved in the initiation of signaling (Shiloh,
2006; Cimprich and Cortez, 2008). Various other sensors of
DNA structures are also critical for the initial recognition of
DNA lesions. These proteins include the Mre11-Rad50-
Nbs1 (MRN) and the Rad9-Hus1-Rad1 (9-1-1) complexes
(Parrilla-Castellar et al., 2004; Lee and Paull, 2007). The MRN
complex recognizes DSBs and recruits ATM to these sites for
activation. On the other hand, the 9-1-1 complex regulates
activation of ATR by detecting recessed DNA ends at junc-
tions between single-stranded and double-stranded DNA.
These structures arise at both stalled replication forks and
DSBs that have undergone resection.

ATR associates with DNA lesions independently of the
9-1-1 complex. In particular, ATR utilizes a binding partner
called ATRIP to recognize RPA-coated, single-stranded re-
gions at checkpoint-inducing DNA structures (Cortez et al.,
2001; Zou and Elledge, 2003). Another group of checkpoint
control proteins appears to possess functions as both sen-
sors and mediators. Several BRCA1 carboxy-terminal
(BRCT) domain-containing proteins such as 53BP1 and
Mdc1 recognize DSBs by interacting with chromatin-
bound proteins (Stewart et al., 2003; Huyen et al., 2004). On
the other hand, Claspin monitors replication forks by inter-
acting with replisome components (Lee et al., 2005). These
proteins also associate with effector kinases such as Chk1
and Chk2 during checkpoint responses (Schwartz et al., 2002;
Kumagai and Dunphy, 2003; Pellicioli and Foiani, 2005).
ATM phosphorylates Chk2 in a manner that involves MRN,
Mdc1, and 53BP1 (Lee and Paull, 2007; Wilson and Stern,
2008). ATR phosphorylates Chk1 in collaboration with
Claspin (Kumagai et al., 2004). ATR also responds to re-
sected DSBs by a mechanism that depends upon upstream
activation of ATM (Cuadrado et al., 2006; Jazayeri et al., 2006;
Yoo et al., 2007, 2009; Shiotani and Zou, 2009).

The ATR—ATRIP complex undergoes a dramatic in-
crease in kinase activity upon association with TopBP1
(Kumagai et al., 2006; Mordes et al., 2008). TopBP1 and its
yeast homologues (Dpb11/Cut5) are all required for both
DNA replication and checkpoint responses (Navadgi-Patil
and Burgers, 2009). The activation of ATR is mediated by the
ATR-activating domain (AAD) of TopBP1, which is located
in the C-terminal region of the protein outside of its conserved
BRCT motifs. Because TopBP1 can activate ATR in vitro even
in the absence of DNA, it was important to understand how
DNA structures regulate the action of TopBP1 during check-
point responses (Kumagai and Dunphy, 2006). Significantly,
TopBP1 and Dpb11 display dynamic interactions with chro-
matin. Human TopBP1 does not colocalize with proliferat-
ing cell nuclear antigen (PCNA) during a normal cell cycle.
However, it relocalizes to PCNA-containing foci upon inhi-
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bition of replication (Makiniemi et al., 2001). Dpb11 initially
binds to origins of replication and then dissociates from the
DNA during the elongation phase of replication. Dpb11 also
associates with late origins upon stalling of replication forks
(Masumoto et al., 2000). In Xenopus egg extracts, TopBP1
appears to have two modes for interacting with chromatin
(Hashimoto and Takisawa, 2003; Hashimoto et al., 2006).
Binding of TopBP1 to chromatin at low levels is sufficient for
the initiation of DNA replication, but TopBP1 is not neces-
sary for elongation (Van Hatten et al., 2002; Hashimoto and
Takisawa, 2003). In the other mode of binding, TopBP1
accumulates to high levels at stalled replication forks
(Hashimoto and Takisawa, 2003; Hashimoto et al., 2006).
Collectively, these observations have suggested that dy-
namic association of TopBP1/Dpb11 with chromatin may be
important for regulation of checkpoint responses.

At stalled replication forks, long stretches of single-
stranded DNA arise from the uncoupling of helicase and
polymerase activities (Byun et al., 2005). DNA polymerase �
(Pol �) synthesizes short primers on the unwound single-
stranded DNA. At this point, the 9-1-1 complex is deposited
onto the 5� ends of these primers (Parrilla-Castellar et al.,
2004). The 9-1-1 complex shows structural homology with
PCNA, the replicative sliding clamp. Moreover, by analogy
with the loading of PCNA onto the 3� ends of DNA primers
by replication factor C (RFC), 9-1-1 is loaded onto the DNA
with the assistance of Rad17. Rad17 forms a complex with
the four small subunits of the replicative RFC, and this
Rad17-RFC complex binds to chromatin in elevated amounts
upon blockage of replication in Xenopus egg extracts (Jones et
al., 2003; Lee et al., 2003). Rad17 and the RFC proteins belong to
the AAA�-family of ATPases, which contain well-defined do-
mains for binding and hydrolysis of ATP (Hanson and White-
heart, 2005).

Recently, it was found that TopBP1 interacts with the
Rad9 subunit of the 9-1-1 complex upon formation of DNA
replication blockages (Delacroix et al., 2007; Lee et al., 2007).
This interaction requires the phosphorylation of Ser373 in
Xenopus Rad9 (Ser387 in human Rad9). Paradoxically, the
phosphorylation of these residues is constitutive and thus
apparently independent of cell cycle stage or checkpoint
status (St. Onge et al., 2003; Lee et al., 2007). These observa-
tions suggest that there must be more regulatory steps that
determine when TopBP1 would be able to activate ATR. In
previous studies, we found that TopBP1 forms a complex
not only with 9-1-1 but also with Rad17 (Lee et al., 2007).
Here, we have further explored this observation to decipher
the functional significance of the presence of Rad17 in this
complex. We have found that Rad17 acts at multiple points
to promote both the accumulation of TopBP1 on chromatin
during genotoxic stress and the subsequent interaction of
TopBP1 with the 9-1-1 complex.

MATERIALS AND METHODS

Xenopus Egg Extracts
Cell-free extracts from Xenopus eggs and demembranated sperm nuclei were
prepared as described (Murray, 1991). The extracts were activated by addition
of 0.4 mM CaCl2. To keep the extracts in interphase during incubations, 100
�g/ml cycloheximide was added. The DNA replication checkpoint response
was triggered by addition of aphidicolin (50 �g/ml) to extracts containing
sperm nuclei (4000/�l extract). Chromatin pellets were isolated according to
the procedures described previously (Lee et al., 2003).

Antibodies and Immunodepletion
Rabbit polyclonal antisera against Xenopus Rad1 were raised against a bacte-
rially expressed, His6-tagged fragment of the protein (amino acids 31-281) at
a commercial facility (Covance Research Products, Madison, WI) and affinity-

purified with this antigen. Antibodies against Xenopus Rad17, Hus1, TopBP1,
ATR, RPA70, RFC40, and Orc2 were previously described (Guo et al., 2000;
Lee et al., 2003, 2005, 2007; Kumagai et al., 2006). Antisera against Xenopus
Rad9 were kindly provided by Dr. Howard Lindsay (Lancaster University,
Lancaster, United Kingdom; Jones et al., 2003). Control IgG and anti-FLAG M2
agarose beads were purchased from Zymed Laboratories (South San Fran-
cisco, CA) and Sigma (St. Louis, MO), respectively. For immunodepletion of
Rad17, 50 �g total of affinity-purified antibodies were bound to Affi-Prep
protein A beads (Bio-Rad, Richmond, CA) and incubated with 100 �l of
interphase egg extract in two successive rounds (each for 1 h) at 4°C. For
immunodepletion of the 9-1-1 complex, purified antibodies against Rad1
(150 �g total) and Hus1 (50 �g total) were bound to beads as above and
incubated with 100 �l of egg extract in three successive rounds (each 40
min) at 4°C. Immunodepletion of TopBP1 was performed as previously
described (Kumagai et al., 2006).

Recombinant Proteins
35S-labeled Xenopus Chk1 and Rad17 were synthesized in vitro with TnT
reticulocyte lysates (Promega, Madison, WI). Various deletion or amino acid
substitution mutants of Rad17 were generated by PCR-based methods. The
sequences of Rad17 and glutathione-S-transferase (GST) were subcloned into
pFastBac-HTa to generate various His6-GST-Rad17 constructs. Clones of Xe-
nopus Rad1 and Hus1 (gifts from Dr. Karlene Cimprich, Stanford University,
CA), His6-Rad9, and various TopBP1 constructs were described previously
(Lee et al., 2007). Recombinant baculoviruses were produced with Bac-to-Bac
system (Invitrogen, Carlsbad, CA). For production of Rad17-RFC, Sf9 cells
were coinfected with separate recombinant baculoviruses encoding the four
small subunits of human RFC (RFC36, RFC37, RFC38, and RFC40; from Dr.
Jerard Hurwitz, Memorial Sloan-Kettering Cancer Center, New York; Cai et
al., 1996) and various forms of Xenopus Rad17. Expressed proteins were
purified with nickel agarose beads. Purification of GST-p27 was previously
described (Lee et al., 2005).

Protein-binding Assays
Up to 1 �g of His6-Rad9 protein purified from insect cells in a complex with
Rad1 and Hus1 (r9-1-1) was added into 50 �l of interphase egg extract and
incubated for 1 h at 23°C. Two volumes of buffer A (10 mM HEPES-KOH, pH
7.6, 150 mM NaCl, 5 mM EGTA, and 0.5% Triton X-100) and 10 �l of nickel
agarose were added. After incubation for 1 h at 4°C, nickel beads were
recovered, washed, and processed for SDS-PAGE. The FLAG-tagged BRCT
I–II fragment of TopBP1 was used in pulldown assays as previously
described (Lee et al., 2007). For immunoprecipitation assays, typically 2 �g
of purified antibodies coupled to protein A beads were incubated in 100 �l
of egg extract for 1 h.

Chromatin Transfer Experiments
Sperm chromatin (4000/�l) was incubated in interphase egg extracts contain-
ing 2 �M GST-p27 for 35 min. Mixtures were diluted in 10 volumes of buffer
B (20 mM HEPES-KOH, pH 7.5, 80 mM KCl, 2.5 mM K-gluconate, and 10 mM
Mg-gluconate). Diluted samples were overlaid onto 10 volumes of sucrose
cushion (1 M sucrose in buffer B) and spun at 6100 � g for 5 min. After
removal of the supernatant, mock-depleted or TopBP1-depleted extracts were
added to the chromatin pellets in the absence or presence of aphidicolin for a
further 75-min incubation.

RESULTS

The Rad17/9-1-1 Complex Binds to TopBP1 via Ser373 of
Rad9
Binding of TopBP1 to the Rad9 subunit of the 9-1-1 complex
is essential for activation of Chk1 (Delacroix et al., 2007; Lee
et al., 2007). In Xenopus egg extracts, this binding involves
interaction between the Ser373-phosphorylated form of the
C-terminal domain of Rad9 and the region of TopBP1 con-
taining its first two BRCT motifs (BRCT I–II). We observed
that, in addition to the 9-1-1 complex, the isolated BRCT I–II
fragment of TopBP1 also associates with Rad17 in egg ex-
tracts (Lee et al., 2007). To investigate this finding further, we
immunoprecipitated the endogenous Rad17 from egg ex-
tracts with anti-Rad17 antibodies. As shown in Figure 1A,
both TopBP1 and components of the 9-1-1 complex (Rad9
and Hus1) were coimmunoprecipitated with anti-Rad17 but
not control antibodies. These observations establish that
there is a tripartite complex composed of Rad17, the 9-1-1
complex, and TopBP1 in egg extracts.
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We decided to investigate the topology of this tripartite
complex in greater detail. To this end, we produced recom-
binant 9-1-1 complexes containing either wild-type (WT)
His6-Rad9 (r9-1-1-WT) or a mutant version of His6-Rad9 in
which Ser373 had been changed to Ala (r9-1-1-S373A). These
complexes were incubated in egg extracts and recovered
with nickel agarose beads (Figure 1B). We first observed that
TopBP1 was copurified with the r9-1-1-WT complex but not
the r9-1-1-S373A mutant complex. This observation demon-
strates that TopBP1 cannot interact with any part of 9-1-1
independently of S373 on Rad9.

We also noted that Rad17 associated equally well with
both the WT and mutant forms of the 9-1-1 complex. This
finding suggests that Rad17 interacts with 9-1-1 indepen-
dently of TopBP1. To test this idea, we examined whether
Rad17 could bind to TopBP1 in the absence of 9-1-1 complex.
We addressed this question by performing pulldown assays
with the TopBP1 BRCT I–II fragment from egg extracts that
had been depleted of the 9-1-1 complex. For these experi-
ments, we used two antibodies against Rad1 and Hus1 to
ensure complete depletion of the 9-1-1 complex from egg
extracts (see Materials and Methods). Next, we added back
r9-1-1-WT or r9-1-1-S373A to the depleted extracts (Figure
1C). Subsequently, we incubated the FLAG-tagged BRCT
I–II fragment of TopBP1 in these extracts, recovered the
fragment with anti-FLAG antibody beads, and examined the
associated proteins (Figure 1D). Consistent with previous

results, we observed that Rad17 as well as components of
9-1-1 associated with the BRCT I–II fragment in mock-de-
pleted extracts. However, in extracts lacking 9-1-1, there was
no binding of Rad17 to the TopBP1 fragment. Addition of
r9-1-1-WT to the depleted extracts restored binding of Rad17
to the BRCT I–II fragment. By contrast, there was little
restoration of binding in extracts containing the r9-1-1-
S373A mutant complex. Taken together, these observations
suggest that Rad17 does not interact with TopBP1 directly.
Instead, 9-1-1 appears to bridge Rad17 and TopBP1 to form
the tripartite complex.

Rad17 Is Required for the Interaction between 9-1-1 and
TopBP1
Next, we examined the role of Rad17 in the tripartite com-
plex. To this end, we first depleted Rad17 from extracts with
antibodies against Xenopus Rad17 (Figure 2A). Immunoblot-
ting of the extracts indicated that the depletion procedure
did not significantly reduce the amount of Rad9 or TopBP1
in extracts. Therefore, even though we can readily observe a
tripartite complex of Rad17, 9-1-1, and TopBP1 in egg ex-
tracts, it appears that this complex must be very dynamic in
nature. We also prepared a recombinant form of the Rad17
protein containing tandem tags of hexahistidine and GST on
its N-terminal end (His6-GST-Rad17). We purified this pro-
tein from insect cells as a complex with recombinant forms
of the four small subunits of human RFC (referred to as
rRad17). This rRad17 was fully functional in supporting
activation of Chk1 in egg extracts (see below), suggesting
that depletion of Rad17 did not cause any additional per-
turbation of the extracts. We supplemented the depleted
extracts with rRad17 and then performed pulldown assays

Figure 1. Binding of TopBP1 to the Rad17/9-1-1 complex is de-
pendent on Ser373 of Rad9. (A) Control IgG (lane 1) and anti-Rad17
antibodies (lane 2) were used for immunoprecipitation of egg ex-
tracts. Associated proteins were examined by immunoblotting with
indicated antibodies. (B) Recombinant 9-1-1 complexes containing
WT His6-Rad9 (r9-1-1-WT, lane 2) or the S373A mutant form of
His6-Rad9 (r9-1-1-S373A, lane 3) were incubated in interphase egg
extracts. Control buffer was added in lane 1. Nickel agarose beads
were incubated in the extracts, retrieved, and immunoblotted for
the indicated proteins. (C) Mock-depleted (lane 1) and 9-1-1–de-
pleted extracts supplemented with buffer alone (lane 2), r9-1-1-WT
(lane 3), or r9-1-1-S373A (lane 4) were immunoblotted for Hus1 (to
monitor the 9-1-1 complex), TopBP1, and Rad17. (D) Mock-depleted
extracts (lanes 2 and 3) and 9-1-1–depleted extracts supplemented
with buffer alone (lane 4), r9-1-1-WT (lane 5), or r9-1-1-S373A (lane
6) were prepared and incubated for 1 h with anti-FLAG antibody
beads in the absence (lane 2) or presence of the FLAG-tagged BRCT
I–II fragment of TopBP1 (lanes 3–6). The beads were retrieved, and
associated proteins were examined by immunoblotting with indi-
cated antibodies. Anti-Rad9 antibodies detected Rad9 (arrow) as
well as the cross-reacting BRCT I–II band (asterisk). Lane 1 depicts
1.5 �l of initial egg extract.

Figure 2. Rad17 regulates the interaction of 9-1-1 with TopBP1. (A)
Mock-depleted (lane 1) and Rad17-depleted extracts supplemented
with buffer (lane 2) or recombinant Rad17 (rRad17; lane 3) were
immunoblotted for the indicated proteins. (B) The indicated extracts
from A were incubated in the absence (lane 2) or presence of the
FLAG-tagged BRCT I–II fragment of TopBP1 (lanes 3–5) for 1 h with
anti-FLAG antibody beads. The beads were retrieved, and associ-
ated proteins were examined by immunoblotting with indicated
antibodies. Rad9 (arrow) and the cross-reacting BRCT I–II band
(asterisk) are marked. Lane 1 depicts 1.5 �l of initial egg extract.
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with the BRCT I–II fragment of TopBP1 (Figure 2B). Signif-
icantly, we found that depletion of Rad17 completely dis-
rupted the binding of 9-1-1 to the BRCT I–II fragment.
Addition of rRad17 resulted in full restoration of the tripar-
tite complex. Therefore, TopBP1 binds to 9-1-1 in a Rad17-
dependent manner. Because Rad17 associates with 9-1-1 inde-
pendently of TopBP1 (Figure 1), it appears that TopBP1 must
recognize a pre-existing Rad17/9-1-1 bipartite complex.

The absolute requirement for Rad17 in this process sug-
gests that association of Rad17 with 9-1-1 may cause struc-
tural changes within 9-1-1 that allow recognition of S373-
phosphorylated Rad9 by TopBP1. We previously have
shown that an isolated C-terminal fragment of Rad9 (resi-
dues 258-377, referred to as Rad9C) readily binds to both
full-length TopBP1 and the BRCT I–II fragment (Lee et al.,
2007). We also found that binding of Rad9C to TopBP1
occurred even in Rad17-depleted extracts (data not shown).
This observation suggests that separation of Rad9C from the
remainder of the 9-1-1 complex allows access to TopBP1,
which implies that this region of Rad9 is normally inacces-
sible to TopBP1 without the assistance of Rad17. Overall, our
work has revealed a novel role for Rad17 in regulating the
binding between 9-1-1 and TopBP1.

Binding of ATP to Rad17 Is Required for Interaction with
9-1-1 and TopBP1
Thus far, our experiments have suggested that Rad17 and
9-1-1 form a bipartite complex first, and then TopBP1 rec-
ognizes Rad9 to form a tripartite complex. Therefore, it was
important to ask how these steps relate to the sensing of
DNA lesions by checkpoint-regulatory systems. We consid-
ered two possibilities. First, this tripartite complex may form
in the cytosol and/or nucleus and then bind to damaged
DNA. In this case, all three components of the complex
would bind to DNA simultaneously. Alternatively, Rad17/
9-1-1 and TopBP1 may separately recognize damaged DNA
and then form a tripartite complex on the DNA.

To distinguish between these possibilities, we screened for
mutants of Rad17 that might help us to dissect the steps in
the process. Rad17 belongs to the AAA�-family of ATPases.
Members of this family possess an ATP-binding domain
called the Walker-A motif and an ATP-hydrolysis domain
containing the Walker-B, Sensor-1, and Sensor-2 motifs (Fig-
ure 3A; Hanson and Whiteheart, 2005). We generated six
internal deletion mutants of Rad17 and synthesized them in
vitro with rabbit reticulocyte lysates containing [35S]methi-
onine. Next, we incubated these 35S-Rad17 polypeptides in
egg extracts and performed immunoprecipitations with an-
tibodies against Hus1 or RFC40. We also carried out pull-
down assays with the BRCT I–II fragment of TopBP1. The
results of these binding studies (see Supplemental Figure
1A) are summarized in Figure 3A. We found that C-terminal
deletion mutants of Rad17 (�5 and �6) had essentially nor-
mal binding to 9-1-1 and TopBP1. By contrast, any deletion
of the N-terminal half of Rad17 (�1, �2, and �3) resulted in
greatly decreased binding of TopBP1 and 9-1-1, suggesting
that the ATPase domain of Rad17 must be intact for these
interactions. The �4 mutant, which is missing the Sensor-2
domain, showed intermediate defects. Finally, we observed
that the �5 mutant, which lacks residues 411–525 of Rad17,
was completely defective for binding of RFC40, a represen-
tative small RFC subunit.

We proceeded to introduce point mutations into the Walker-A
(K138E) and Walker-B (D221Q) motifs, respectively. The
K138E mutant (or its equivalents in other organisms) was
previously reported to be defective in both binding to 9-1-1
and checkpoint activation in yeast, Xenopus, and humans

(Jones et al., 2003; Majka et al., 2004; Wang et al., 2006).
Moreover, the binding of this mutant to chromatin was
shown to be impaired both in vivo and in vitro. Consistent
with these reports, we observed that the 35S-Rad17-K138E
(Walker A) mutant showed compromised binding to 9-1-1
and chromatin (Supplemental Figure 1, B and C). In addi-
tion, we observed that the 35S-Rad17-K138E protein could
not bind to the BRCT I–II fragment of TopBP1. By contrast,
the 35S-Rad17-D221Q (Walker B) mutant associated well
with 9-1-1, the BRCT I–II fragment, and chromatin. Finally,
we found that the 35S-Rad17-�5 mutant interacted well with
9-1-1 and BRCT I–II, but it could not associate with chromatin.

For further analysis of these mutants, we produced ver-
sions of rRad17 containing the WT, K138E, D221Q, and �5
forms of Rad17 in insect cells. We depleted the endogenous
Rad17 from egg extracts, replaced it with these different
versions of rRad17, and performed pulldown assays with
the BRCT I–II fragment of TopBP1 (Figure 3, B and C).
Consistent with above results, rRad17-K138E failed to sup-
port formation of the tripartite complex with 9-1-1 and
TopBP1 in egg extracts. Thus, it appears that binding of ATP
to Rad17 is required for interaction with 9-1-1 and TopBP1 in
egg extracts. Intriguingly, both the D221Q and �5 mutants
supported formation of the tripartite complex reasonably
well. The D221Q (Walker B) mutant is expected to be defec-
tive for hydrolysis of ATP. Likewise, the �5 mutant, which
cannot interact with the small RFC subunits, may have
reduced ability to hydrolyze ATP relative to the intact
Rad17-RFC complex. These observations suggest that hy-
drolysis of ATP is not required for the interaction of Rad17
with 9-1-1 and TopBP1. Moreover, our results indicate that
the ability of Rad17 to interact with 9-1-1 (and thereby
associate with TopBP1) is intrinsic to Rad17 and indepen-
dent of the small RFC subunits.

Loading of the Rad17/9-1-1 Complex Leads to
Accumulation of TopBP1 at Stalled Replication Forks
We were especially interested in the D221Q mutant be-
cause it still allowed formation of the tripartite complex in
egg extracts and binding of Rad17 to chromatin. There-
fore, we asked whether the ability to form the tripartite
complex in egg extracts is sufficient for the three compo-
nents of the complex to associate stably with chromatin
and support the activation of Chk1. To pursue this issue,
we examined the properties of the various Rad17 proteins in
egg extracts containing reconstituted nuclei and aphidicolin
(Figure 3D). As expected, depletion of Rad17 greatly com-
promised activation of Chk1 owing to the fact that there was
no loading of 9-1-1 onto chromatin in these extracts. We
observed rRad17-WT successfully restored the activation of
Chk1 and loading of 9-1-1. However, all three mutants were
unable to rescue this activation. This failure seemed to be
primarily due to the inability of these proteins to load 9-1-1
stably onto chromatin.

Interestingly, we noticed that the amount of TopBP1 on
chromatin correlated with binding of Rad17/9-1-1 to chro-
matin. For example, in the presence of aphidicolin, TopBP1
and Rad17/9-1-1 bound to chromatin in elevated amounts
(cf. lanes 1 and 2 in Figure 3D). In the absence of Rad17, the
accumulation of TopBP1 on chromatin was greatly reduced.
Addition of rRad17-WT restored this accumulation, but all
three mutants failed to rescue the defect. Importantly, even
though rRad17-D221Q bound well to chromatin, it could not
support the checkpoint-dependent accumulation of TopBP1
because this mutant does not mediate the loading of 9-1-1.

These studies rule out the possibility that formation of
the tripartite complex composed of Rad17/9-1-1/TopBP1
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in whole egg extracts is sufficient for recruitment of TopBP1
to chromatin. Instead, our studies suggest that Rad17/9-1-1
and TopBP1 associate with chromatin in a sequential man-
ner. In other words, Rad17/9-1-1 appears to be required for
the subsequent accumulation of TopBP1. The correlation
between activation of Chk1 and the accumulation of Rad17,
9-1-1, and TopBP1 on chromatin also suggests that these

proteins form a stable tripartite complex after association
with stalled replication forks.

Phosphorylation of Ser373 of Rad9 Is Not Required for
Accumulation of TopBP1 on Chromatin
The Ser373 site of Rad9 is essential for the interaction with
TopBP1. Because the loading of 9-1-1 onto chromatin abso-

Figure 3. Rad17 regulates the chromatin accumulation of 9-1-1 and TopBP1 in an ATP-dependent manner. (A) Various constructs of Rad17
with internal deletions were generated and their binding to BRCT I–II (TopBP1), Hus1 (9-1-1), and RFC40 (RFC) was examined (see
Supplemental Figure 1A). Binding of Rad17 to the indicated proteins is indicated as strong (�), weak (�), or negligible (�). (B) Mock-depleted
(lane 1) and Rad17-depleted extracts supplemented with buffer alone (lane 2), rRad17-WT (lane 3), rRad17-K138E (lane 4), rRad17-D221Q
(lane 5), or rRad17-�5 (lane 6) were immunoblotted for Rad17 and TopBP1. (C) The indicated extracts from B were incubated with anti-FLAG
antibody beads in the absence (lane 2) or presence of the FLAG-tagged BRCT I–II fragment of TopBP1 (lanes 3–8). The beads were retrieved
and immunoblotted for the indicated proteins. Lane 1 depicts 1.5 �l of initial egg extract. Rad9 (arrow) and the cross-reacting BRCT I–II band
(asterisk) are marked. (D) The indicated extracts from B were incubated with sperm chromatin in the absence (lane 1) or presence of
aphidicolin (lanes 2–7). Aliquots of the extracts were incubated with 35S-Chk1. Nuclear fractions from these incubations were processed for
phosphorimaging (top panel). Other aliquots were processed for isolation of chromatin fractions and immunoblotting with indicated
antibodies (bottom panels).
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lutely requires Rad17, it is important to answer the question
of whether Rad9 is ultimately driving the accumulation of
TopBP1 on chromatin. To this end, we immunodepleted the
9-1-1 complex from egg extracts and added back either
r9-1-1-WT or r9-1-1-S373A (see Figure 1C). Next, we added
sperm chromatin to the extracts and incubated them in the
absence or presence of aphidicolin. Finally, we isolated chro-
matin fractions and analyzed bound proteins by immuno-
blotting (Figure 4). We found that binding of TopBP1 to
chromatin was significantly reduced after depletion of 9-1-1
(lanes 2 and 3). Binding of RPA to chromatin was normal,
which suggests that depletion of 9-1-1 does not perturb the
integrity of replication forks. It was shown that RPA con-
tributes to the accumulated binding of TopBP1 onto stalled
replication forks (Hashimoto et al., 2006). Because 9-1-1 re-
quires RPA for binding to primed DNA, our results suggest
that the dependence of TopBP1 on RPA for its accumulation
on chromatin may be explained by the lack of 9-1-1.

Interestingly, binding of Rad17 to chromatin was also
completely lost in the absence of the 9-1-1. Addition of either
r9-1-1-WT or r9-1-1-S373A to the depleted extracts could
restore the association of Rad17 with chromatin (lanes 4 and
5). This dependence of Rad17 on the 9-1-1 complex for
retention on chromatin has not been described previously in
any other system. The accumulation of TopBP1 on chroma-
tin was also restored by addition of r9-1-1-WT. Surprisingly,
we observed that addition of the r9-1-1-S373A mutant com-
plex could also support the accumulation of TopBP1 equally
well. We have previously reported that egg extracts contain-
ing the r9-1-1-S373A mutant complex are defective in the
activation of Chk1 (Lee et al., 2007). Nonetheless, our current
experiments demonstrate that r9-1-1-S373A is able to sup-
port the accumulation of TopBP1 on chromatin. These find-
ings suggest that the presence of Rad17/9-1-1 on chromatin,
but not the phosphorylation of Rad9 on Ser373, is necessary
for this accumulation. Thus, it appears that TopBP1 does not
need to associate with S373-phosphorylated Rad9 for accu-
mulation on chromatin. These observations imply that dock-

ing between TopBP1 and S373-phosphorylated Rad9 occurs
after both proteins have already associated with the DNA.

Elevated Accumulation of TopBP1 on Chromatin Is
Required for Checkpoint Signaling
Even though our results suggest that Rad17/9-1-1 facilitates
the accumulation of TopBP1 under checkpoint-inducing con-
ditions, it is also possible that TopBP1 could stabilize the
binding of Rad17/9-1-1 to chromatin. If this were the case,
the binding of Rad17/9-1-1 and TopBP1 to chromatin would
be mutually regulated. Recent studies have suggested that
TopBP1 directly recruits 9-1-1 to stalled replication forks
(Yan and Michael, 2009). Therefore, we asked whether the
increased binding of TopBP1 to chromatin that we observe
under checkpoint-inducing conditions is required for the
binding of Rad17/9-1-1 to chromatin.

Because TopBP1 is essential for initiation of DNA replica-
tion, we cannot simply remove it from the extracts to inves-
tigate the DNA replication checkpoint. One widely used
method to bypass this requirement involves incubating
chromatin in egg extracts for a short period (in order to
allow minimal binding of TopBP1 to a level that is sufficient
to execute a step for initiation of replication), isolating the
chromatin in a buffer containing moderately high salt (to
strip TopBP1 from the chromatin), and finally transferring
the chromatin to other egg extracts that had been depleted of
TopBP1 (Van Hatten et al., 2002; Hashimoto and Takisawa,
2003; Hashimoto et al., 2006; Yan and Michael, 2009). How-
ever, we found that the salt conditions (250 mM KCl) used
by Yan and Michael in their version of this approach
stripped not only TopBP1 but also a large number of repli-
cation proteins off the DNA (Supplemental Figure 2A). Once
this chromatin was mixed with a second extract, these pro-
teins bound back to chromatin (Supplemental Figure 2B).
These observations suggest that replication forks experience
significant perturbation as a result of the salt-extraction pro-
cedure. We were therefore concerned that this relatively
harsh method might lead to unpredictable results.

To circumvent this problem, we utilized a procedure to
allow limited binding of TopBP1 to chromatin (in amounts
that would be sufficient for DNA replication). To this end,
we first incubated sperm chromatin in interphase egg ex-
tracts containing p27 for 35 min. p27, an inhibitor of Cdk2-
cyclin E, blocks initiation of DNA replication in egg extracts
by preventing the binding of Cdc45 to replication origins.
Incubation with p27 allows only limited binding of TopBP1
to chromatin (Hashimoto and Takisawa, 2003). However,
this amount is sufficient to support the initiation of DNA
replication.

Next, we isolated chromatin from these extracts with a
low-salt buffer (containing 80 mM KCl) that does not alter
the profile of chromatin-binding proteins significantly. Sub-
sequently, we transferred the p27-treated chromatin to
mock-depleted or TopBP1-depleted extracts and assayed
responses to aphidicolin (Figure 5, A and B). In the mock-
depleted recipient extracts, activation of Chk1 occurred nor-
mally (Figure 5B, lanes 1 and 2). Moreover, TopBP1, Rad17,
and Hus1 displayed elevated binding to aphidicolin-treated
chromatin in these extracts.

By contrast, in the TopBP1-depleted recipient extracts
(which contained only the low amount of TopBP1 on chro-
matin that had bound during the initial incubation in p27-
treated extracts), there was little or no activation of Chk1
(lane 3). This observation is consistent with the previous
findings of Hashimoto et al. (2006). We could restore activa-
tion of Chk1 by addition of rTopBP1 to the TopBP1-depleted
extracts (lane 4). Significantly, despite the low amount of

Figure 4. Rad17/9-1-1 complex but not phospho-Ser373 of Rad9 is
required for the checkpoint-related accumulation of TopBP1 at
stalled replication forks. Mock-depleted extracts (lane 1 and 2) and
9-1-1–depleted extracts supplemented with buffer alone (lane 3),
r9-1-1-WT (lane 4), or r9-1-1-S373A (lane 5) were incubated with
sperm chromatin in the absence (lane 1) or presence of aphidicolin
(lanes 2–5). Chromatin fractions were isolated and immunoblotted
with the indicated antibodies.
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TopBP1 on chromatin in these TopBP1-depleted extracts,
Rad17 and Hus1 bound in normal amounts (lane 3). We ob-
served that the levels of Pol � on chromatin were also normal.
Hashimoto et al. (2006) have shown that, under the similar
conditions, ATR, Claspin, and many DNA replication proteins
display normal binding to chromatin. Addition of rTopBP1 led
to increased accumulation of TopBP1 on chromatin, but there
was no effect on Rad17, Hus1, and Pol �. Taken together, these
observations suggest that activation of Chk1 requires accumu-
lation of TopBP1 above the level that is minimally necessary for
replication. Importantly, the binding of Rad17/9-1-1 to chro-
matin is independent of this checkpoint-related accumulation
of TopBP1. We conclude that only a low amount of TopBP1 on
chromatin is sufficient for the binding of Pol �, Rad17, and
9-1-1. Furthermore, the presence of Rad17/9-1-1 on chromatin
is necessary for the accumulation of TopBP1 in amounts suffi-
cient for activation of ATR.

The N-terminal Region of TopBP1 is Sufficient for
Accumulation of Pol �, Rad17, and 9-1-1 on Chromatin
It has been shown that roughly the N-terminal half of
TopBP1 (approximately residues 1-760) is sufficient for sup-
porting full genomic replication in Xenopus egg extracts
(Hashimoto et al., 2006; Yan et al., 2006). However, it was
recently suggested that some portions of the C-terminal half
of TopBP1, including the AAD, are required for the elevated
binding of Pol � and Rad9 to chromatin (Yan and Michael,
2009). To assess these findings, we used TopBP1 proteins
lacking either the AAD (�AAD) or most of the C-terminal
half of the protein (�C; Lee et al., 2007). We immunodepleted
TopBP1 from egg extracts, replaced it with either WT
TopBP1 or these mutants, and then incubated the extracts
with sperm nuclei in the absence or presence of aphidicolin

(Figure 5C). As expected, depletion of TopBP1 blocked the
recruitment of both RPA and Pol � to chromatin because
there was no DNA replication (Figure 5D). Consequently,
there was also complete loss of binding of Rad17 and 9-1-1,
owing to the fact that there is no DNA priming under these
conditions. We found that both �AAD and �C versions of
TopBP1 bound to chromatin as efficiently as the WT protein.
WT TopBP1 restored the normal binding of Pol �, Rad17,
and the 9-1-1. In contrast to the observations of Yan and
Michael (2009), both �AAD and �C TopBP1 proteins also
restored the normal binding of Rad17 and 9-1-1. Further-
more, we observed higher accumulation of Pol � onto chro-
matin in the presence of the two mutant proteins. This effect
is most likely due to the fact that these mutants are defective
for activation of ATR. It is well established that inhibition of
ATR relieves an inhibitory constraint on initiation of repli-
cation (Lee et al., 2003; Luciani et al., 2004; Shechter et al.,
2004). In summary, we conclude that once the N-terminal
domain of TopBP1 fulfills its role in initiation of replication,
Pol � is able to synthesize the primers that serve as the
platform for loading of Rad17/9-1-1.

DISCUSSION

In this study, we have explored the role of Rad17 in estab-
lishing an ATR-activating complex at stalled replication
forks. We have found that Rad17 is essential for mediating
the interaction between Rad9 of 9-1-1 and TopBP1 in egg
extracts. This interaction is crucial for the activation of ATR.
We have also investigated the dynamic nature of the binding
of TopBP1 to stalled replication forks. We found that ele-
vated binding of TopBP1 to stalled replication forks is nec-
essary for activation of Chk1. Moreover, we have shown that

Figure 5. Initial binding of the N-terminal half of
TopBP1 to chromatin is sufficient for the formation
of replication forks. (A) Mock-depleted extracts
(lane 1) and TopBP1-depleted extracts supple-
mented with buffer alone (lane 2) or rTopBP1 (lane
3) were immunoblotted for the indicated proteins.
(B) Sperm chromatin was isolated after a 35-min
incubation in egg extracts in the presence of 2 �M
p27. Next, the p27-treated chromatin was trans-
ferred to mock-depleted extracts (lanes 1 and 2)
or TopBP1-depleted extracts supplemented with
buffer (lane 3) or rTopBP1 (lane 4). Extracts were
incubated in the absence (lane 1) or presence of
aphidicolin (lanes 2–4). Aliquots of the extracts
were incubated with 35S-Chk1. Nuclear fractions
from these incubations were processed for phos-
phorimaging (top panel). Other aliquots were
processed for isolation of chromatin fractions
and immunoblotting with indicated antibodies
(bottom panels). (C) Mock-depleted extracts (lane
1) and TopBP1-depleted extracts supplemented
with buffer (lanes 2) or the indicated versions of
recombinant TopBP1 (lanes 3–5) were immuno-
blotted with anti-TopBP1 (top), anti-FLAG (mid-
dle), and anti-Hus1 antibodies (bottom). (D)
Chromatin fractions from the extracts in C were
immunoblotted with anti-TopBP1 antibodies (top
panel), anti-FLAG antibodies (second panel from
top), and the additional indicated antibodies (bot-
tom panels).
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this elevated binding of TopBP1 requires the prior associa-
tion of both Rad17 and 9-1-1 with chromatin. Interestingly,
however, phosphorylation of Ser373 on Rad9 is not neces-
sary for this accumulation of TopBP1.

On the basis of these observations, we propose the following
model (see Figure 6). First, TopBP1 binds to chromatin at a low
level to promote the initiation of replication. In the event of
replication-fork stalling, Pol � is thought to synthesize multiple
primers along the unwound DNA (Byun et al., 2005). These
primers serve as good substrates for the binding of Rad17/9-
1-1. Rad17 can form a complex with 9-1-1, provided that there
is an adequate supply of ATP. On hydrolysis of ATP by Rad17-
RFC, 9-1-1 becomes loaded onto the primer-template junctions.
This binding of Rad17/9-1-1 onto chromatin seems to induce
either a structural change within chromatin or modulation of
some unknown factor so that TopBP1 may begin to accumulate
on chromatin in the vicinity of 9-1-1. Finally, the accumulated
TopBP1 now recognizes pSer373 on Rad9 through its BRCT
I–II domain. This binding facilitates the interaction of ATR—
ATRIP with the AAD of TopBP1.

Our findings differ in several respects with those in a
recent report suggesting that TopBP1 directly recruits the
9-1-1 complex to stalled replication forks in Xenopus egg
extracts (Yan and Michael, 2009). In our work, we have
observed dynamic binding of TopBP1 to chromatin, which

was originally described by the Takisawa laboratory (Hashi-
moto and Takisawa, 2003; Hashimoto et al., 2006). In partic-
ular, TopBP1 binds to chromatin initially at a low level near
the commencement of replication. Subsequently, the binding
of TopBP1 increases significantly in a manner that depends
on the pre-RC and Cdk2. By the end of replication, the level
of TopBP1 on chromatin decreases to a low level again.
Moreover, TopBP1 displays increased binding to chromatin
containing replication blockages, which is a common behav-
ior for numerous replication and checkpoint proteins. How-
ever, Yan and Michael (2009) did not observe such dynamic
binding. The reason for this discrepancy is unclear. How-
ever, we have further shown that this elevated binding is
necessary for activation of Chk1 (Figure 5B).

Accordingly, we have focused on the issue of what causes
the accumulation of TopBP1 and how it relates to Rad17 and
9-1-1. As discussed above, Rad17/9-1-1 is necessary for the
accumulation of TopBP1. Conversely, we also examined
whether TopBP1 would be necessary for the accumulation of
Rad17 and 9-1-1 under our experimental conditions. Because
TopBP1 is essential for initiation of replication, we designed
our experiments to bypass this early requirement of TopBP1.
Instead of transferring chromatin through a buffer contain-
ing high salt, we used a less disruptive approach in which
we incubated chromatin in egg extracts containing p27,
washed this chromatin in a buffer containing 80 mM KCl
(which does not remove TopBP1), and then transferred the
chromatin to TopBP1-depleted extracts. Under these condi-
tions, replication occurs normally in the TopBP1-depleted
extract because of the presence of the small amount of
TopBP1 that had bound to chromatin in the first p27-treated
extract. We found that the 9-1-1 complex could still bind
normally to stalled replication forks in these TopBP1-de-
pleted extracts. Importantly, activation of Chk1 does not
occur in these extracts because TopBP1 does not accumulate
to the elevated level that is necessary for this activation.
These results clearly demonstrate that TopBP1 is not driv-
ing the accumulation of 9-1-1 on chromatin for activation
of Chk1. To rule out the possibility that the small amount
of TopBP1 on p27-treated chromatin could promote bind-
ing of 9-1-1 to chromatin (albeit under conditions that are
inadequate for activation of Chk1), we also performed chro-
matin-transfer experiments in which we stripped TopBP1 off
chromatin with salt solutions containing up to 250 mM KCl
before addition to TopBP1-depleted extracts. With this pro-
tocol, we observed that 9-1-1 bound to stalled replication
forks in undiminished amounts in the absence of TopBP1
(Supplemental Figure 2B). Because these conditions were
essentially identical to those of Yan and Michael, it is unclear
why we obtained different results.

It has also been reported that TopBP1 is necessary for the
recruitment of Rad1 to etoposide-damaged chromatin (Parrilla-
Castellar and Karnitz, 2003). However, etoposide generates
DSBs, and the role of TopBP1 in response to DSBs appears to
bear significant differences from its role at stalled replication
forks (Cuadrado et al., 2006; Jazayeri et al., 2006; Yoo et al.,
2007; Shiotani and Zou, 2009; Yoo et al., 2009). In particular,
DSBs must undergo resection before activation of ATR. This
process leads to the generation of single-stranded DNA and
recessed DNA ends, both of which are necessary for this
activation. Interestingly, TopBP1 also interacts with the
MRN complex (Shiotani and Zou, 2009; Yoo et al., 2009), a
major regulator of resection in yeast and vertebrates (Lee
and Paull, 2007; Williams et al., 2007; Rupnik et al., 2008).
Therefore, it is possible that TopBP1 might be required in
some way for appropriate processing of DSBs so that Rad1
can be recruited to recessed DNA ends.

Figure 6. Summary of Rad17-mediated interaction between 9-1-1
and TopBP1 at stalled replication forks. See text for detailed discussion.
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Our studies raise the question of what causes the elevated
accumulation of TopBP1 on chromatin during a checkpoint
response. On damaged DNA, 9-1-1 functions as a recruiting
center for multiple proteins involved in DNA repair and
replication processing (Parrilla-Castellar et al., 2004; Helt et
al., 2005). These proteins include Pol � and Pol � (DNA
translesion synthesis), Myh (base excision repair), and Fen1
and DNA ligase I (Okazaki fragment processing). Also, our
laboratory has observed that phosphorylation of the helicase
BLM depends upon Rad17 (Li et al., 2004). Interestingly,
BLM forms a complex with proteins such as BRCA1, MRN,
ATM, and RFC (Wang et al., 2000), a number of which have
also been implicated in the regulation of TopBP1. Another
possibility would be histone variants such as phosphory-
lated H2AX. For example, once Rad17 loads 9-1-1 onto chro-
matin, these proteins may promote exposure of �-H2AX for
recruitment of TopBP1. Because ATR also phosphorylates
H2AX upon stalling of replication (Ward and Chen, 2001;
Syljuasen et al., 2005), this initial modification may increase
the accumulation of TopBP1 for further activation of ATR
and thus create a positive feedback loop. Indeed, it was
shown in human cells that TopBP1 accumulates in �-H2AX–
containing foci at the sites of DSBs in a Rad9-dependent
manner (Greer et al., 2003). Therefore, it seems interesting to
pursue the idea that 9-1-1–mediated modification on chro-
matin components may direct accumulation of TopBP1 at
sites of damaged DNA.

Thus far, Rad17 has been known as a checkpoint clamp
loader that deposits the checkpoint clamp 9-1-1 onto DNA.
Studies on the replicative RFC and PCNA suggest that RFC
undergoes conformational change upon binding to ATP,
which is essential for association with PCNA (Bowman et al.,
2004; Indiani and O’Donnell, 2006; Bloom, 2009). Binding to
DNA results in activation of the ATPase of RFC, and the
resulting hydrolysis of ATP powers the opening of the PCNA
ring. After loading of PCNA onto DNA, RFC dissociates from
PCNA in order to catalyze another cycle of loading. By con-
trast, our work suggests that Rad17 needs to remain associated
with 9-1-1 on DNA. In particular, Rad17 is required for the
interaction between Rad9 and TopBP1. Therefore, unlike RFC-
PCNA, Rad17 seems to be in contact with 9-1-1 even after
loading onto DNA. Consistent with this idea, we have not
observed dissociation of Rad17 from chromatin as long as 9-1-1
remains on the DNA. Moreover, 9-1-1 is likewise critical for the
retention of Rad17 on chromatin (Figure 4). Collectively, these
observations reveal a novel role of Rad17 in establishing and
maintaining an active checkpoint complex.

This regulatory role of Rad17 sheds light on some puzzling
issues regarding the phosphorylation of Ser373 in Rad9. We
find that, even though this site is constitutively phosphory-
lated, TopBP1 can associate efficiently with Rad9 only when
Rad17 is associated with the 9-1-1 complex. This finding im-
plies Rad17 may elicit some structural change that allows
TopBP1 to dock with Rad9 (Figure 2). We can observe a soluble
tripartite complex of Rad17, 9-1-1, and TopBP1. However, this
soluble complex appears to be relatively unstable. Instead, our
results suggest that this complex is more stable once all three
components have associated with chromatin. Moreover, it ap-
pears that the Rad17-RFC complex must hydrolyze ATP in the
process of loading 9-1-1 onto DNA in order for Rad17-RFC,
9-1-1, and TopBP1 to form this final assemblage on chromatin.
Significantly, this mechanism would render the interaction
between 9-1-1 and TopBP1 dependent on the presence of a
checkpoint-inducing DNA template.

The requirement for Rad17 in this process might have been
missed in previous studies for various reasons. For example,
the human Rad9 C-terminal tail fused to PCNA or histone H2B

could activate the replication checkpoint even in cells lacking
Rad17 (Delacroix et al., 2007). However, we have observed that
a similar fragment from Xenopus Rad9 (Rad9C) can bind to
TopBP1 without Rad17. In budding yeast, forced colocalization
of overexpressed Ddc1 (homolog of Rad9) and Ddc2 (homolog
of ATRIP) on chromatin could elicit activation of Rad53 (ho-
molog of Chk2) in cells lacking Rad24 (homolog of Rad17)
(Bonilla et al., 2008). Based on this observation, it was proposed
that the sole role of Rad24-RFC would be the loading of 9-1-1
onto damaged DNA (Bonilla et al., 2008). This proposal is most
likely correct under these conditions of overexpression because
Ddc1 (Rad9) itself appears to be able to activate the Mec1-Ddc2
kinase directly (Majka et al., 2006). However, it is still possible
that the overexpressed, isolated Ddc1 subunit may be able to
bypass the requirement of Rad24-RFC for the interaction with
Dpb11 (TopBP1 homolog).

In summary, we have provided data suggesting that Rad17
regulates the interaction between 9-1-1 and TopBP1. Moreover,
both Rad17 and 9-1-1 promote the initial accumulation of
TopBP1 at DNA lesions before the ultimate docking of TopBP1
with 9-1-1. Overall, our data suggest that Rad17 acts at multiple
points to promote TopBP1-dependent activation of ATR.
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