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The genomes of all living organisms are exposed to a wide spectrum of insults. To maintain genomic
integrity, eukaryotes have evolved an elaborate surveillance mechanism – DNA damage checkpoint sig-
naling – to detect damaged DNA and to arrest cell cycle progression, allowing time to process and repair
DNA damage. TopBP1 plays multiple roles in the regulation of DNA damage checkpoint signaling. How-
ever, the molecular mechanism of how TopBP1 regulates ATR-mediated Chk1 phosphorylation is poorly
understood. In this communication, we demonstrate (1) that the Chk1 activation domain of TopBP1 is
critical in response to several different types of DNA damage; (2) that WD40-repeat protein WDR18 asso-
ciates with the C-terminus of TopBP1 in vitro and in vivo; (3) that the association between WDR18 and
TopBP1 is required for AT70-induced Chk1 phosphorylation; (4) and that WDR18 itself is required for
AT70-triggered Chk1 phosphorylation. In addition, WDR18 associates with Chk1 in vitro. The data suggest
that WDR18 facilitates ATR-dependent Chk1 phosphorylation via interacting with both C-terminus of
TopBP1 and Chk1. Our findings indicate that WDR18 is a bona fide checkpoint protein and that WDR18
works together with TopBP1 to promote DNA damage checkpoint signaling.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

All organisms are exposed to a barrage of endogenous and exog-
enous damaging agents that stress genomic DNA, thereby generat-
ing DNA damage such as inter-strand crosslinks (ICLs) and double-
strand breaks (DSBs) [1,2]. To respond to these genomic insults,
cells activate DNA damage checkpoint signaling pathway to coor-
dinate lesion repair, transcription activation and cell cycle arrest
[3,4]. Failure to trigger the DNA damage checkpoint when neces-
sary will lead to genomic instability, one emerging hallmark and
enabling characteristic of cancer [5,6]. There are two key sensor ki-
nases: ATM (Ataxia telangiectasia mutated) and ATR (ATM and
Rad3-related), which share biochemical and functional similarities.
However, ATR, but not ATM, is essential for the viability of replicat-
ing human and mouse cells. Whereas ATM primarily responds to
DSBs, ATR can respond to a diverse group of lesions such as ICLs
as well as replication stress [4,7]. ATR kinase is activated by primed
single-stranded DNA (ssDNA) structure [7]. Additionally, ATR acti-
vation requires many factors: 9–1–1 complex (Rad9–Rad1–Hus1),
ATRIP (ATR-interacting protein), Claspin, RPA (Replication Protein
A) and TopBP1 (Topoisomerase II b Binding Protein 1) [8–12]. Upon
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activation, ATR can phosphorylate its substrates. Chk1, an ATR sub-
strate, is subsequently phosphorylated on Ser317 and Ser345 in
humans and Ser314 and Ser344 in Xenopus [13]. Phosphorylated
Chk1 is the activated form that can phosphorylate its downstream
target proteins such as Cdc25, thereby regulating cell cycle pro-
gression [14].

TopBP1 (also known as Rad4, Cut5, Dpb11, and Mus101) con-
tains eight BRCT (BRCA1 C-terminus domain) domains and plays
multiple functions in chromosome metabolism including DNA rep-
lication, DNA damage checkpoint signaling, and transcriptional
regulation [12,15]. The first five BRCT domains of TopBP1 are suf-
ficient for DNA replication initiation. Notably, TopBP1 regulates
ATR-Chk1 checkpoint signaling in several different ways: (I) Top-
BP1 is a direct activator of ATR kinase through a domain between
BRCT 6 and 7 known as ATR activation domain (AAD) [16,17]. (II)
The interaction between the N-terminus of TopBP1 and the 9–1–1
complex is essential for ATR activation [18,19]. (III) TopBP1 is critical
for the ATM-dependent activation of ATR following production of
DSBs [20]. (IV) TopBP1 cooperates with 53BP1 in the G1 DNA dam-
age checkpoint [21]. (V) An interaction between TopBP1 and
BACH1/FANCJ helicase is likely required for ssDNA extension and
RPA loading in response to replication stress [22]. (VI) TopBP1 collab-
orates with MDC1 in DNA replication checkpoint control [23].

To better understand the role of TopBP1 in ATR-dependent
checkpoint signaling, we have conducted a series of studies using
Xenopus egg extracts [24–27]. We previously demonstrated that
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TopBP1 is a bona fide checkpoint protein and that TopBP1 is re-
quired for the recruitment of polymerase a and the 9-1-1 complex
to stalled DNA replication forks [24,25]. We identified a Chk1 acti-
vation domain (CAD) containing BRCT 7&8 in the C-terminus of
TopBP1 that is required for Chk1 phosphorylation (Fig. 1A) [24].
We characterized two inhibitors of TopBP1: a dominant negative
fragment CT333 and a neutralizing antibody, which diminish
Chk1 phosphorylation via an interaction with the CAD on TopBP1
(Fig. 1A). Both inhibitors prevent Chk1 phosphorylation induced
by annealed synthetic oligonucleotides poly (dA) 70 and poly
(dT) 70 (designated as AT70), a widely used checkpoint-activating
DNA structure [11,24]. The CAD domain of TopBP1 is required for
Claspin-bound Chk1 phosphorylation by AT70-induced ATR kinase.
We hypothesize that TopBP1 CAD functions at a late phase by
recruiting an interacting protein which acts as a scaffold to bring
Claspin-bound Chk1 to the vicinity of the ATR activation domain
(AAD). Once the AAD of TopBP1 activates ATR, Chk1 can then be
phosphorylated by activated ATR. We propose WDR18 is a good
candidate to functionally interact with the CAD domain of TopBP1.

WDR18, WD40-repeat protein 18, comprises seven WD40 re-
peats (Fig. 2A). WD40-repeat is a conserved motif of 44–60 resi-
dues with the GH dipeptide 11–24 residues from its N-terminus
and the WD dipeptide at the C-terminus [28]. WD40-repeat pro-
teins are very abundant in eukaryotic organisms and participate
in diverse functions including signal transduction, cell cycle con-
trol, cytoskeleton assembly, apoptosis, chromatin dynamics, and
transcriptional regulation [29]. Structural studies have shown that
each WD40-repeat consists of a four-stranded anti-parallel b-sheet
Fig. 1. Chk1 activation domain of TopBP1 is critical for the DNA damage checkpoint. (
represent BRCT domains. CAD represents Chk1 Activation Domain. GST-CT333 is the
antibodies were raised against GST-CT333. WT represents wild type TopBP1 with Myc-t
required for MMC-triggered Chk1 phosphorylation. Mock- or TopBP1-depleted egg extra
depleted egg extracts were added back with buffer (�), WT TopBP1 or DCAD TopBP1.
Ser344), and Chk1 via immunoblotting. (C) CAD of TopBP1 is required for IR-triggered C
into TopBP1-depleted egg extracts supplemented with buffer (�), WT TopBP1 or DCAD
and seven WD40-repeats form a seven-bladed b-propeller like
structure. WD40-repeat proteins function as scaffolds to interact
with proteins, peptides, or nucleic acids [30]. For example, human
WDR18 is involved in ribosome biogenesis via a complex with its
partners Rix1, PELP and TEX10 [31,32]. Crb3 (Cut5-repeat binding
protein 3), the fission yeast homologue of WDR18, was first found
to associate with Cut5 (TopBP1) through two-hybrid screening
[33]. In Schizosaccharomyces pombe, Cut5/Rad4-c11TopBP1 (a mutant
TopBP1 in the third BRCT domain) abolishes the DNA damage
checkpoint response, but not DNA replication, and fails to associate
with Crb3 in two-hybrid assays [34]. One copy deletion of Crb3
from diploid yeast cells compromises the maintenance of DNA
damage checkpoint signaling. However, a molecular mechanism
elucidating how WDR18 regulates the DNA damage checkpoint is
largely unknown. In this study, we provide evidence showing an
interaction between WDR18 and TopBP1 in Xenopus egg extracts
and the TopBP1-WDR18 interaction is functionally required for
DNA damage checkpoint signaling.

2. Materials and methods

2.1. Xenopus egg extracts and related procedures

Xenopus egg extracts and sperm chromatin were prepared as
described previously [24,27,35]. Sperm chromatin was added to
egg extracts at a concentration of �4000 sperm/ll. AT70 and Top-
BP1 depletion were performed as previously described [24].
WDR18 depletion was done in a similar way as TopBP1 depletion.
A) Schematic representation of TopBP1 domains and antibodies. Numbered blocks
C-terminus 333 amino acids fragment of TopBP1 tagged with GST. Anti-TopBP1
ag. DCAD is the CAD deletion mutant of Myc-tagged TopBP1. (B) CAD of TopBP1 is
cts were supplemented with sperm chromatin and optionally with MMC. TopBP1-

Extracts were probed for TopBP1, Chk1 P-S344 (short for Chk1 phosphorylation at
hk1 phosphorylation. IR-treated sperm chromatin (c-irradiation, 20 Gy) was added
TopBP1. The extracts were examined as (B).



Fig. 2. WDR18 interacts with the C-terminus of TopBP1. (A) Schematic representation of WDR18. Numbered blocks represent WD40 repeats. W1 is the GST-tagged full length
WDR18. (B) GST or W1 (GST-WDR18) was added to egg extracts supplemented with glutathione beads. The GST pulldowns were examined via immunoblotting. Input
represents 1 ll of egg extract. (C) GST or GST-CT333 was incubated in egg extract complemented with Glutathione Sepharose. The bead-bound fractions were examined via
immunoblotting. (D) Anti- WDR18 or control antibodies (2 lg) was added into egg extracts for immunoprecipitation (Co-IP) assay. TopBP1 and WDR18 in the immune-
complexes were examined via immunoblotting.
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In addition, Mitomycin C (EMD) was used at a final concentration
of 0.75 lM.

2.2. Expression vectors, recombinant proteins, and antibodies

GST-WDR18 (W1), GST-WDR18 1-250 (W2), GST-WDR18 251-
428 (W3), GST-WDR18 161-428 (W4) and GST-WDR18 161-250
(W5) were cloned into the pGEX-4T1 expression vector and corre-
spond to Xenopus laevis WDR18 (BC097753, MGC: 115442) nucle-
otide 7-1293, 7-756, 757-1293, 487-1293, and 487-756,
respectively. WT and DCAD of TopBP1 correspond to TopBP1
nucleotide 1-4542 and 1-3837, respectively, and were subcloned
into pCS2 + MT as described previously [24]. 35S-labeled recombi-
nant TopBP1 was prepared using TnT SP6 Quick Coupled Transcrip-
tion/Translation System (Promega) according to manufacturer’s
protocol. Recombinant Chk1-DKD-TH and GST-CT333 were pre-
pared as previously described [24,36]. Anti-TopBP1 antibodies
were used as described previously [24]. WDR18 antibody was
raised in rabbit against GST-WDR18 (Cocalico Biologicals). Anti-
bodies against Chk1 (Santa Cruz), Chk1 P-S344 (Cell Signaling),
GST (Santa Cruz), Myc (Santa Cruz) and T7 (Novagen) were pur-
chased from their vendors and used as described previously [25].

2.3. Protein–protein interaction assays

For the GST-pulldown experiments (Fig. 2B and C), GST (5 lg),
GST-WDR18 (5 lg) or GST-CT333 (5 lg) was added to 100 ll Xeno-
pus egg extracts. The extract mixtures were diluted with 200 ll
Interaction Buffer A (100 mM NaCl, 5 mM MgCl2, 10% Glycerol,
0.1% NP-40, 20 mM Tris–HCl, pH 8.0) supplemented with 30 ll of
glutathione, respectively. After 1-h incubation at room tempera-
ture, bead-bound fractions were analyzed via immunoblotting as
indicated. 1 ll of egg extract was used as ‘‘Input’’.

For the Co-IP experiment in Fig. 2D, we added either control
antibodies (Con., 1 lg) or anti-WDR18 antibodies (WDR18, 1 lg)
to egg extracts supplemented with 15 ll of Protein A beads. After
1-h incubation, the extract mixtures were diluted with 200 ll IP
Buffer (500 mM NaCl, 1% NP-40, 2.5 mM EGTA, 20 mM b-glycero-
phosphate, 10 mM HEPES, pH7.5). The bead-bound fractions
(Co-IP) were eluted and examined via Western blotting with
anti-TopBP1 and anti-WDR18 antibodies. 1 ll of egg extract was
used as ‘‘Input’’.

For the GST-pulldown experiment in Fig. 3B, GST, or W1, W2,
W3, W4, or W5 (5 lg each) was added to 200 ll Interaction Buffer
A supplemented with 35S-labled recombinant TopBP1 and 30 ll of
glutathione. After 1-h incubation at room temperature, bead-
bound fractions were analyzed for TopBP1 via a Phosphorimager
method as described previously [24]. 1/20th of 35S-labeled recom-
binant TopBP1 was used as ‘‘Input’’. GST or GST-tagged proteins on
the beads were examined via immunoblotting.

For Fig. 4B, either GST (5 lg) or W1 (GST-WDR18, 5 lg) was
added to 200 ll Interaction Buffer B (150 mM NaCl, 0.5% NP-40,
2.5 mM EGTA, 20 mM b-glycerophosphate, 50 mM Imidazole,
10 mM HEPES, pH7.5) containing 2.5 lg of Chk1-DKD-TH. 1/20th
of these mixtures were used as ‘‘Input’’. Then 20 ll of Ni–NTA
beads were added to these protein-buffer mixtures, respectively.
After 1-h incubation, the beads were washed by Interaction Buffer
B. The bead-bound fractions were examined via immunoblotting
with anti-GST or anti-T7 antibodies.
3. Results

3.1. Chk1 activation domain (CAD) of TopBP1 is critical for DNA
damage triggered Chk1 phosphorylation

To test the idea that TopBP1 CAD is required for Chk1 activation
in response to more general DNA damage (i.e. not only AT70), we
initially asked if TopBP1 CAD is required for Chk1 phosphorylation
induced by Mitomycin C (MMC, a DNA cross-linking reagent). We
added sperm chromatin to either mock or TopBP1-depleted egg ex-
tracts supplemented with MMC. In TopBP1-depleted extracts, we



Fig. 3. TopBP1-interacting domain of WDR18 dominantly compromises AT70-induced Chk1 phosphorylation. (A) Schematic representations of GST-tagged full length and
different fragments of WDR18. (B) WDR18 161-250 is necessary and sufficient for TopBP1 interaction. (C) W5 (WDR18 161-250) over-expression inhibits AT70-induced Chk1
phosphorylation in a dose-dependent manner.

Fig. 4. Functional analysis of WDR18 in ATR-Chk1 checkpoint signaling. (A) WDR18 is required for AT70-triggered Chk1 phosphorylation. Mock or WDR18-depleted egg
extracts were supplemented with either buffer (�) or AT70. Recombinant WDR18 (W1) was also added back to WDR18-depleted egg extracts. The samples were probed for
TopBP1, WDR18, Chk1 P-S344, and Chk1 by immunoblotting. ‘‘Endo. WDR18’’ represents endogenous WDR18 while W1 represents GST-WDR18. (B) Chk1 associates with
GST-WDR18, but not GST.
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added back buffer (�), recombinant wild type (WT) or CAD dele-
tion mutant TopBP1 (DCAD, Fig. 1A and B). After 1-h incubation,
samples were resolved by SDS–PAGE gel and probed for TopBP1,
Chk1, or Chk1 P-S344 via Western blotting. Phosphorylation of
Chk1 at S344 (Chk1 P-S344) indicates ATR is activated. As shown
in Fig. 1B, TopBP1 depletion compromised the MMC-induced
Chk1 phosphorylation. WT, but not DCAD, rescued the MMC-in-
duced Chk1 phosphorylation when endogenous TopBP1 was ab-
sent (Fig. 1B). This result suggests that the CAD domain of
TopBP1 is critical for MMC-induced Chk1 phosphorylation. A sim-
ilar observation was obtained when c-irradiation was used to trig-
ger Chk1 phosphorylation (Fig. 1C). These data demonstrate that
the CAD of TopBP1 is a critical domain required for not only
AT70 but also MMC and IR triggered Chk1 phosphorylation.

3.2. WDR18 associates with TopBP1 C-terminus

To better understand the molecular mechanism underlying the
role of the CAD domain of TopBP1 in ATR-Chk1 signaling, we
hypothesize that a TopBP1 interacting protein brings Chk1 to acti-
vated ATR. In our quest to characterize a possible TopBP1-interact-
ing protein, we chose WDR18 (a Xenopus homologue of Crb3). First,
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we asked whether WDR18 associates with TopBP1 in Xenopus.
GST-WDR18 (W1), but not GST, associated with endogenous Top-
BP1 in Xenopus egg extracts in GST pulldown assays (Fig. 2B). Next,
purified recombinant GST-WDR18 was used for antibody produc-
tion. Our anti-WDR18 antibodies recognize endogenous WDR18
and GST-WDR18 (data not shown). GST pulldown assays showed
that GST-CT333, but not GST, pulled down endogenous WDR18
from Xenopus egg extracts (Fig. 2C). This finding also indicates that
the CAD domain of TopBP1 is sufficient for WDR18 interaction. Fi-
nally, we tested whether WDR18 and TopBP1 associate with each
other in vivo. Anti-WDR18 antibodies, but not Control antibodies,
efficiently immunoprecipitated WDR18 and TopBP1 from Xenopus
egg extracts (Fig. 2D). We also did a reciprocal immunoprecipita-
tion experiment with anti-TopBP1 antibodies. WDR18 was not
found in the immune-complex using anti-TopBP1 antibodies (data
not shown). We reasoned that anti-TopBP1 antibodies might bind
to the CAD domain of TopBP1 thereby preventing WDR18’s inter-
action with TopBP1. This result indirectly indicates why anti-Top-
BP1 antibodies have an inhibitory effect on Chk1 phosphorylation
as shown in our previous study: the interaction between TopBP1
and WDR18 is compromised when anti-TopBP1 antibodies are
present in the egg extract [24]. Therefore, these data suggest that
WDR18 associates with TopBP1 C-terminal CAD domain.

3.3. TopBP1-interacting domain of WDR18 inhibits AT70-induced Chk1
phosphorylation in a dominant negative manner

To determine which region in WDR18 is responsible for TopBP1
interaction, full length and truncated fragments of WDR18 were
expressed in DE3 Escherichia coli and purified according to manu-
facturer’s protocol (Fig. 3A). Then GST or GST-tagged full length
fragments of WDR18 were added into Interaction Buffer A contain-
ing 35S-labeled recombinant TopBP1 and glutathione beads for GST
pulldown assays. GST and GST-tagged proteins on glutathione
beads were shown via immunoblotting using anti-GST antibodies.
TopBP1 bound to glutathione beads was visualized using a Phos-
phorimager. Full length (W1), WDR18 1-250 (W2), WDR18 161-
428 (W4) and WDR18 161-250 (W5), but not GST and WDR18
251-428 (W3), could pulldown TopBP1 (Fig. 3B). Therefore, W5
of WDR18 is necessary and sufficient for TopBP1 interaction.

We then wanted to determine if the interaction between Top-
BP1 and WDR18 is biologically relevant. In our previous work,
we reported that over-expression of GST-CT333, but not GST,
inhibited AT70-induced Chk1 phosphorylation [24], indicating
the CAD domain of TopBP1 is essential for Chk1 activation. We
tested whether over-expression of W5 in egg extract attenuates
AT70-induced Chk1 phosphorylation. The idea is that the interaction
between endogenous TopBP1 and endogenous WDR18 could be
blocked if a TopBP1 interaction fragment of WDR18 sequesters the
endogenous TopBP1. Addition of W5 (300 nM and 150 nM), but
not GST (300 nM), compromised AT70-induced Chk1 phosphoryla-
tion (Fig. 3C). A70 (synthetic oligonucleotide poly (dA)-70) was used
as negative control and did not trigger Chk1 phosphorylation in the
presence of GST. Notably, the higher concentration of W5 caused
reduction of Chk1 phosphorylation in a concentration-dependent
manner. Total Chk1 was used as loading control. These data suggest
that WDR18 161-250 containing WD40-repeat 4&5 is a TopBP1-
interacting domain, and that WDR18 161-250 inhibits AT70-induced
Chk1 phosphorylation in a dominant-negative manner.

3.4. WDR18 deletion compromises AT70-induced Chk1
phosphorylation

The data we obtained so far suggest that the interaction be-
tween WDR18 and TopBP1 is essential for Chk1 phosphorylation.
We also wanted to determine if WDR18 itself is required for
Chk1 phosphorylation induced by AT70. To test this directly, we
added buffer or AT70 to mock- or WDR18-depleted egg extracts.
TopBP1, WDR18, and Chk1 phosphorylation were examined via
western blotting. As shown in Fig. 4A, endogenous WDR18 was re-
moved from egg extract successfully after three rounds of immun-
odepletion using anti-WDR18 antibodies. There was no noticeable
change on TopBP1 when WDR18 was removed by immunodeple-
tion, indicating TopBP1 was not co-depleted by anti-WDR18 anti-
bodies. AT70 addition to mock-depleted egg extract triggered
Chk1 phosphorylation. However, AT70-triggered Chk1 phosphory-
lation was compromised when WDR18 was not present, suggest-
ing WDR18 is required for AT70-induced Chk1phosphorylation.
More importantly, this phenotype is rescued by adding recombi-
nant GST-WDR18 to WDR18-depleted egg extracts (Fig. 4A). Taken
together, TopBP1 cannot fully conduct its Chk1 activation function
when WDR18 is not present or when its interaction with WDR18 is
attenuated.
3.5. WDR18 associates with Chk1

The above findings from our study led us to hypothesize that
WDR18 may associate with Chk1. To test this hypothesis, we per-
formed an in vitro protein–protein interaction assay using purified
recombinant proteins. As shown in Fig. 4B, GST-WDR18, but not
GST, associated with Chk1-DKD-TH (Kinase domain deletion of
Chk1 with T7 and His tags). This result suggests that WDR18
may bring Chk1 closer to activated ATR via interacting with Top-
BP1 C-terminus.
4. Discussion

In this study, we sought to elucidate the molecular mechanism
of how the TopBP1 C-terminus contributes to the DNA damage
checkpoint signaling. Our series of studies support the notion that
the CAD domain of TopBP1 is required for the DNA damage check-
point in response to DNA damage (i.e. MMC-induced interstrand
crosslinks and IR-induced DSBs) or a DNA damage-mimicking
structure (i.e. AT70) (Fig. 1B and C) [24]. From protein–protein
interaction assays, we demonstrate that WDR18 associates with
the TopBP1 C-terminus in vitro and in vivo (Fig. 2). We further show
that TopBP1 associates with WD40-repeat 4&5 of WDR18 (Fig. 3A).
Our two findings have elucidated the biological significance of the
interaction between TopBP1 and WDR18: (1) over-expression of
TopBP1-interacting domain in WDR18 (i.e. W5 in this study) inhib-
its AT70-induced Chk1 phosphorylation (Fig. 3B and C); and (2)
over-expression of WDR18-interacting domain in TopBP1 (i.e.
GST-CT333) compromises AT70-triggered Chk1 phosphorylation
[24]. In addition, removing endogenous WDR18 from egg extracts
compromises AT70-triggered Chk1 phosphorylation and this phe-
notype can be rescued by adding recombinant protein W1
(Fig. 4A), indicating WDR18 is a bona fide checkpoint protein.

Through different BRCT-mediated or non-BRCT-mediated func-
tion, TopBP1 regulates the activation of ATR–Chk1 checkpoint sig-
naling at several levels [7,12,15]. In summary, there are at least
three different types of molecular mechanisms: (1) TopBP1 is a di-
rect activator of ATR kinase activity [16]; (2) TopBP1 acts as a scaf-
fold for all necessary proteins for ATR activation, such as the 9–1–1
complex and ATR–ATRIP complex, to trigger the DNA damage
checkpoint signaling [17,18]; and (3) TopBP1 can regulate late
stage of the DNA damage checkpoint by facilitating Chk1 phos-
phorylation by activated ATR [24]. Our current study extends our
mechanistic understanding of TopBP1 in ATR–Chk1 checkpoint sig-
naling: WDR18 facilitates ATR-dependent Chk1 phosphorylation
by interacting with both C-terminal end of TopBP1 and Chk1. In
summary, we conclude that WDR18 is a bona fide checkpoint



S. Yan, J. Willis / Biochemical and Biophysical Research Communications 431 (2013) 466–471 471
protein and that WDR18 collaborates with TopBP1 to promote DNA
damage checkpoint signaling.
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