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Background: Specific activators turn on Mec1/ATR kinase during DNA damage or replication stress, mediating cell cycle
arrest.
Results:We have separated the replication function of multifunctional Dpb11 from its checkpoint activation function.
Conclusion: Dpb11 functions primarily during the G2/M phase.
Significance:Our results suggest that each phase of the cell cycle may use specific Mec1 activators.

Budding yeast Dpb11 (human TopBP1, fission yeast Cut5) is
an essential protein required for replisome assembly and for the
DNA damage checkpoint. Previous studies with the tempera-
ture-sensitivedpb11–1 allele, truncated at amino acid 583 of the
764-amino acid protein, have suggested the model that Dpb11
couples DNA replication to the replication checkpoint. How-
ever, the dpb11–1 allele shows distinct replication defects even
at permissive temperatures.Here,wedetermine that the 1–600-
amino acid domain ofDPB11 is both required and sufficient for
full replication function of Dpb11 but that this domain is defec-
tive for activation of the principal checkpoint kinase Mec1
(human ataxia telangiectasia and Rad3-related) in vitro and in
vivo. Remarkably, mutants of DPB11 that leave its replication
function intact but abrogate its ability to activate Mec1 are pro-
ficient for the replication checkpoint, but they are compromised
for the G2/M DNA damage checkpoint. These data suggest that
replication checkpoint defects may result indirectly from
defects in replisome assembly. Two conserved aromatic amino
acids in the C terminus of Dpb11 are critical forMec1 activation
in vitro and for the G2/M checkpoint in yeast. Together with
aromatic motifs identified previously in the Ddc1 subunit of
9-1-1, another activator ofMec1 kinase, they define a consensus
structure for Mec1 activation.

The coordination of DNA replication and DNA damage
repair with cell cycle progression is vital inmaintaining genome
integrity. The DNA checkpoint machinery regulates cell cycle
progression in response to DNA damage or DNA replication
stress. It also promotes DNA repair and the stabilization of
stalled replication forks (1). In Saccharomyces cerevisiae, Mec1
is the PI3K-like kinase that initiates the signal transduction net-
work leading to checkpoint activation, cell cycle arrest, and the

up-regulation of DNA repair (2, 3). Mec1 forms a constitutive
heterodimer with its regulatory subunit Ddc2. The generation
of single-stranded DNA coated with the single-stranded bind-
ing protein RPA3 is a critical step in the recruitment ofMec1 to
sites of damage, which is mediated through Ddc2-RPA interac-
tions (4, 5). One or more Mec1 activators are also recruited to
these sites, and the juxtaposition on chromatin of a given acti-
vatorwithMec1 results in the activation ofMec1 protein kinase
activity (6) and the phosphorylation of a large number of pro-
teins, including RPA, subunits of the 9-1-1 checkpoint clamp,
mediator proteins, and downstream effector kinases such as
Rad53.
The heterotrimeric checkpoint clamp 9-1-1 (S. cerevisiae

Ddc1-Mec3-Rad17, human Rad9-Rad1-Hus1) and the DNA
replication initiation factor Dpb11 (humanTopBP1, Schizosac-
charomyces pombeCut5) are the two known activators ofMec1
kinase in S. cerevisiae (7–9). The 9-1-1 clamp functions in
checkpoint activation in the G1 and G2 phases of the cell cycle
(10). The Ddc1 (human Rad9) subunit of the clamp directly
activates Mec1 in G1 phase, an activity identified so far only in
S. cerevisiae (11). However, 9-1-1 performs an additional func-
tion in the DNA damage checkpoint pathway. That is, chroma-
tin association ofDpb11 depends on interactionwithDdc1, and
this mode of chromatin association is conserved. Efficient
recruitment of Dpb11/TopBP1/Cut5 requires prior phospho-
rylation of Ddc1/Rad9 in its C-terminal tail in response toDNA
damage (12, 13). Therefore,mutants inDDC1 that are defective
both for activation ofMec1 and for recruitment of Dpb11 show
a complete G2/M DNA damage checkpoint defect.
The replication machinery plays a role in activation of the

checkpoint and is also the target of the checkpoint. The slowing
of DNA replication because of DNA damage or depletion of
dNTPs (in the presence of the ribonucleotide reductase inhib-
itor hydroxyurea) activates the replication checkpoint.Mutants
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checkpoint activation after replication stress (14–19). On the
basis of these type of data, a model has been proposed of a
threshold level of damage sensing in S phase. Normal replica-
tion forks contain stretches of RPA-coated single-stranded
DNA that may conceivably signal to the Mec1-dependent
checkpoint machinery. To prevent unwarranted checkpoint
activation by the presence of these normal replication forks
during regular S-phase progression, theremay exist an S-phase-
specific threshold level of damage, and checkpoint activation
during S occurs only above this threshold level (20). However, a
consequence of this threshold model would be that cells con-
taining less replication forks than normal because of initiation
defects may not reach this threshold level for checkpoint acti-
vation, even if these replication forks stall. This model has been
elaborated experimentally for an orc2–1mutant that causes the
assembly of fewer replication forks (18). However, this model
could explain why other replication initiation mutants with
defects that may cause a decrease in the number of replication
forks during S phase would also be defective in the replication
checkpoint after nucleotide depletion, e.g. by hydroxyurea.
These considerations are particularly pertinent to the case of
DPB11 because Dpb11 is both actively involved in replisome
assembly and in checkpoint activation.
Dpb11 is required for the initiation ofDNA replication. It has

four BRCA1 C-terminal (BRCT) domains, the first two
involved in the interaction with Sld3 and the last two with Sld2.
These interactions are regulated by the S phase cyclin-depen-
dent kinase and are crucial for replisome assembly (21, 22).
Loading of DNA polymerases � and � at replication origins is
dependent on Dpb11 (23). A temperature-sensitive mutant,
dpb11-1, codes for a protein with a premature stop codon at
amino acid 583, just after the last BRCT domain, and most
genetic studies in yeast have been carried out with this allele
(14). Dpb11-1 is synthetically lethal with mutations in POL2
and SLD2 suggesting that this mutant is defective for physical
interactions with its key replication partners (14) Indeed, yeast
two-hybrid and coimmunoprecipitation studies have con-
firmed the defective interactions between Dpb11-1 and Sld2
(24). The dpb11-1mutant is also sensitive to hydroxyurea treat-
ment and shows decreased checkpoint activation in response to
hydroxyurea, as measured by Rad53 phosphorylation (17).
However, whether this checkpoint defect is caused directly by
the inability of Dpb11-1 to activate Mec1 in S phase, or is an
indirect effect caused by defective replisome assembly in
dpb11-1 remains to be established.
In this study, we have identified the motifs in Dpb11 that are

important for the activation of Mec1 kinase activity, and we
have generated domain mutants that separate the replication
function of Dpb11 from its checkpoint activation function.
Using these genetic tools, we show that mutants of Dpb11 that
are proficient for DNA replication but deficient for Mec1 acti-
vation have no effect on the replication checkpoint. Rather
theseDPB11mutants show a defect for theG2/M checkpoint in
response to DNA-damaging agents. We conclude from our
studies that the replication checkpoint defects observed previ-
ously with the dpb11-1 allele are an indirect effect of defects in
replisome assembly that in itself leads to an inefficient replica-
tion checkpoint response.

EXPERIMENTAL PROCEDURES

Plasmids, DNASubstrates, andYeast Strains—Plasmid series
pBL512 contains full-length DPB11 (or point mutants) cloned
into multicopy vector pRS426-GALGST (2 mM origin, URA3,
GAL1–10, GST). The DPB11 gene was fused to the GST gene
via an intervening rhinoviral 3C protease site. Plasmid series
pBL527 contains the 571-764 domain of DPB11 (or point
mutants) fused via an intervening rhinoviral 3C protease site to
the GST domain of pGEX-6P1 (GE Healthcare). Plasmid series
pBL530 contains the DPB11 gene (or point mutants) together
with regulatory sequences (from 820 nt upstreamof start to 505
nt downstream of stop) cloned into centromere vector pRS314.
Truncation mutant plasmids pBL530–583 (dpb11-1) and
pBL530–601 (dpb11–601) were made by the insertion of two
tandem stop codons. Plasmids are listed in supplemental
Tables S1–S3. Plasmids and their sequences are available upon
request. Deca-primed single-stranded DNA was made by
annealing single-stranded bluescript SKII� DNA with ten
28-mer primers spaced approximately equally around the sin-
gle-stranded DNA. The yeast strains used are listed in supple-
mental Table S4.
Proteins—Mec1-Ddc2, Rad53-kd, RPA, and Dpb11 were

purified as described earlier (7, 8).Mutants of full-lengthDpb11
were overproduced and purified from yeast similar to the wild-
type protein.
To purify individual Dpb11-truncated proteins, the pBL527

series of plasmids was transformed in Escherichia coli BL21
(DE3) cells and selected on LB � Amp plates. A few colonies
were used to inoculate a 50-ml culture of LB broth and grown
overnight at 37 °C with vigorous shaking (300 rpm). A 10-ml
inoculumwas used to inoculate 1 liter of LBbroth (A600� 0.01),
and the flask was incubated at 30 °C with vigorous shaking (250
rpm) to an A600 � 0.5. The cells were then induced with 1 mM

isopropyl �-D-thiogalactopyranoside, and shaking was contin-
ued for an additional 4 h. The cells were harvested and resus-
pended in buffer A (50 mM Hepes (pH 7.8), 1 mM EDTA, 0.1%
Tween 20, 0.01% Nonidet P-40, 150 mM NaCl, 175 mM ammo-
nium sulfate, 1 mM DTT, 10% glycerol) and stored frozen at
�70° C. Purification was carried out at 0–4 °C. Protease inhib-
itor mixture was added to the thawed cells, and they were lysed
by sonication. Cell debris was removed by centrifugation at
18,000 rpm for 30 min. The cleared lysate was kept for batch
binding onto 1ml of glutathione beads for 2 h on a rocker. After
batch binding, the beads were subjected to four consecutive
50-ml washes in buffer B (50mMHepes (pH 7.8), 100mMNaCl,
10% glycerol, 0.1% Tween 20, 0.01% Nonidet P-40, 1 mM

EDTA). The first 50-ml wash was supplemented with protease
inhibitor mixture (2 mM pepstatin A, 2 mM leupeptin, 10 mM

NaHSO3, 1 mM benzamidine) and 1 mM phenylmethylsulfonyl
fluoride, and the third wash was supplemented with 1 mMATP
and 10 mM MgCl2. The GST-tagged protein was eluted with
reduced glutathione in buffer B. The GST tag was removed by
incubating the eluted protein with rhinoviral 3C protease over-
night at 4 °C. The resulting protein was stored at �70 °C.
Protein Phosphorylation Assays—Standard 20-�l phospho-

rylation assays contained 25 mM Hepes-NaOH (pH 7.8), 5 mM

MgCl2, 100 �M unlabeled ATP, and 0.5 �Ci [�-32P]ATP, 125
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mM NaCl, 1 mM DTT, 100 �g/ml BSA, 1 nM deca-primed sin-
gle-stranded DNA, 150 nM RPA, 100 nM Rad53-kd, and the
indicated concentrations of (mutant) Dpb11. Reactions were
preheated for 1 min at 30 °C and initiated by the addition of 5
nM Mec1/Ddc2 kinase. After 10 min at 30 °C or the indicated
times, the assays were stopped with 5 �l of 5� SDS-PAGE gel
loading dye. The samples were run on 10% SDS-PAGE, dried,
and exposed to a phosphor screen (GE Healthcare). Protein
phosphorylation was quantified using Imagequant software.
Western Blot Analysis of Rad53 Phosphorylation—Yeast cells

were grown in 5 ml of selective media to A660 � 0.5. They were
then arrested in G1 phase by � factor (20�g/ml for 2 h) or in G2
phase with nocodazole (20 �g/ml for 2 h) in 1% dimethyl sul-
foxide-containing media. G1-arrested cells were treated with
4NQO (2 �g/ml) for 30 min at 30 °C or released into S phase
with or without 200 mM hydroxyurea. G2-arrested cells were
treated with 4NQO (2 �g/ml) for 30 min at the indicated tem-
perature. Protein extracts were prepared by trichloroacetic acid
precipitation. The Rad53 YC-19 antibody (Santa Cruz Biotech-
nology, Inc.) was used at a dilution of 1:1000 in TBS containing
5% milk and 0.1% Tween 20. Alkaline phosphatase-conjugated
anti-goat secondary antibody (Sigma) was used at a dilution of
1:5000 in TBS containing 5% milk and 0.1% Tween 20. Rad53
was detected using a fluorescent substrate (GEHealthcare) and
scanned using a Typhoon scanner (GE Healthcare). All exper-
iments were performed two to four times. The blots were quan-
tified using ImageJ software, and overlapping peaks were
deconvoluted using the IGOR-Pro software package. In our
analysis, the result obtained with wild-type yeast and no dam-
age was set to 0% Rad53 phosphorylation. Data aremean� S.E.

DNA Damage Sensitivity Assays—10-fold serial dilutions of
cells were spotted on YPD (yeast extract/peptone/dextrose)
plates or YPD plates containing 10 mg/ml camptothecin or 75
mM hydroxyurea. After incubation at specified temperatures
for 2–3 days, the plates were photographed.

RESULTS

ABipartiteMec1 ActivationMotif in the Unstructured C-ter-
minal Tail of Dpb11—To further understand themechanismof
Mec1 kinase activation by Dpb11 and to separate the check-
point function of Dpb11 from its replication function, we car-
ried out a domain analysis of the protein, whichwas followed by
site-directed point mutagenesis (Fig. 1). Our assay contained
single-strandedDNAcoatedwithRPAandRad53,Mec1-Ddc2,
and Dpb11 or mutants thereof. Both the Rpa1 and Rpa2 sub-
units of RPA and Rad53 are substrates forMec1 kinase, and the
presence of Dpb11 as an activator enhances phosphorylation of
these substrates 10- to 30-fold (8). A kinase-dead version of
Rad53 was used to avoid complications in the analysis because
of Rad53 kinase activity. A domain analysis showed that full
Mec1 activation resides in the C-terminal domain (amino acids
571–764), whereas the N-terminal region (amino acids 1–600)
containing the four BRCT domains was inactive (Fig. 1B and
supplemental Fig. 1A), consistent with previous studies by us
and others (8, 9).
We then proceeded to determine specific motifs and amino

acids critical of Mec1 activation. A multiple sequence align-
ment ofDpb11 and its fungal homologs revealed that theN-ter-
minal region with four BRCT repeats was highly conserved but
that the unstructured C-terminal tail containing the activity of

FIGURE 1. Aromatic amino acids in Dpb11 are required for Mec1 activation. A, domain map of Dpb11 and sequence alignment of the C-terminal domains
from selected fungi. The four BRCT repeats and their role in binding Sld2 and Sld3 are indicated. Selected mutants used in this study are indicated. dpb11-1 and
dpb11– 601 are truncations, and dpb11-3A is a triple point mutant. B, Mec1 kinase assays were as described under “Experimental Procedures” using the
indicated concentrations of either full-length Dpb11 or its domains. C, as in B, with mutant forms of full-length Dpb11. D, quantification of the data in B and C.
Shown is fold stimulation of Mec1 activity at 75 nM (mutant) Dpb11. Three or four independent assays were performed for each mutant, and data are mean �
S.E.
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interest was very poorly conserved (Fig. 1A). In the C-terminal
region, we found three very small stretches of conserved
sequences, each containing both an aromatic residue and a
hydrophobic residue. One stretch at Trp-583, one at Trp-700,
and a third at Tyr-735. This last conserved sequence also con-
tainsThr-731,which in earlierworkwas shown to be significant
forMec1 activation (9). The conserved aromatic residues in the
C-terminal domain of Dpb11 drew our attention because a pre-
vious analysis of the Ddc1 subunit of 9-1-1 had identified two
aromatic amino acids in the unstructured tail of Ddc1 as critical
for Mec1 activation (11). In addition, even though the domain
of metazoan TopBP1 responsible for activation of ATR kinase
activity bears no detectable sequence homology to theC-termi-
nal domain of its ortholog Dpb11, mutation of a conserved Trp
in the activation domain of TopBP1 abrogated its function (25).
We tested the Mec1 activation activity of single and combina-
torial mutations in Dpb11 overexpressed and purified from
yeast (supplemental Fig. 1A). Only about 10 or 5% of wild-type
activity was found for Dpb11-W700A or for Dpb11-Y735A,
respectively, whereasDpb11-T731A still showed 30–60% activity
(Fig. 1, C and D). The double mutant Dpb11-WY700,735AA and
the triple mutant Dpb11-WTY700,731,735AAAwere completely
deficient for activation ofMec1.
Unfortunately, we were unable to purify the Dpb11-W583A

mutant protein from yeast as it was unstable and readily pro-
teolyzed. Therefore, we switched to an E. coli overexpression
system of a fragment comprising the C-terminal region 571–
764 (supplemental Fig. 1B). The wild-type domain isolated
from E. coli had the same Mec1 stimulatory activity as full-
length Dpb11 isolated from yeast (supplemental Fig. 1C). Sev-
eral mutants were made and tested for activity. Like with full-
length Dpb11, the W700A mutation in the 571–764 domain
resulted in loss of activity (supplemental Fig. 1D). However,
mutant domains containing T731A and W583A showed con-
siderable residual activity. From these data we conclude that
neither W583A nor Thr-731 is essential for Mec1 stimulatory
activity. Hence, W700 and Y735 are the two aromatic residues
that critically contribute to Mec1 activation, and the sequence
alignment with other fungal species indicates that they consti-
tute two different conserved motifs (Fig. 1A). These results
show that like Ddc1, Dpb11 has a bipartite Mec1 activation
sequence with two aromatic residues, Trp-700 and Tyr-735,
critical for activation.
The basal protein kinase activity of metazoan ATR is acti-

vated by an approximately 200-amino acid unstructured
domain (AAD) that localizes between BRCT6 and BRCT7 of
the eight BRCTdomain-containing TopBP1 ortholog of Dpb11
(25). Although there is no sequence conservation between the
metazoan AAD and the fungal Dpb11 C-terminal domain, the
similarity between the two activationmodes, i.e. the presence of
essential aromatic amino acids in the disordered region, was
striking to us. Indeed, Xenopus AAD was able to activate Mec1
protein kinase, although much higher concentrations of AAD
were required compared with Dpb11, and full activation was
not achieved (supplemental Fig. 1E). Thus, both yeast Dpb11
and metazoan TopBP1 may share a common mechanism of
Mec1/ATR activation.

The Unstructured C-terminal Tail of Dpb11 Is Dispensable
for DNA Replication—Having identified the motifs that are
essential for Mec1 activation in vitro, we next asked which
region of Dpb11 was required to permit full replication initia-
tion function in yeast. The four N-terminal BRCT domains of
Dpb11 are essential for interaction with the key replication ini-
tiation proteins Sld3 and Sld2, viadomains 1 and 2 anddomains
3 and 4, respectively (Fig. 1A) (21, 22). The dpb11-1 mutant,
encoding a protein with a stop codon at amino acid 583 (Fig.
1A), has been used extensively in both replication and check-
point studies since its initial isolation in 1995 (9, 11, 12, 14, 17,
23, 24, 26–28). The dpb11-1 mutant is temperature sensitive
for growth, has slowprogression ofDNAreplication, and shows
defects in both the S phase and G2/M checkpoint. The fourth
BRCT repeat is involved in binding Sld2, and a two-hybrid anal-
ysis showed a strong reduction in the interaction signal
between Sld2 and mutant Dpb11-1 compared with the wild
type (29). The minimal fourth BRCT domain ends at Leu-566,
however, extensive sequence conservation continues past
amino acid 583, the point of truncation in dpb11-1, until posi-
tion 586 (Fig. 1A). We asked whether this small conserved
sequence, which was deleted from Dpb11-1, was important for
replication by generating a truncation at a more C-terminal
position (amino acid 601), in a region that lacks any sequence
conservation, even in highly related Saccharomyces species.

We asked if dpb11–601, which lacks all determinants for the
activation of Mec1 kinase activity in vitro, can support DNA
replication like the wild type and confer robust growth. We
compared the growth of dpb11-1 and dpb11–601 with that of
the wild type at different temperatures. As shown earlier,
dpb11-1 was permissive for growth at 23 °C, semipermissive at
30 °C, and non-permissive at 37 °C (14). However, dpb11–601
showed no temperature sensitivity for growth (Fig. 2A). We
then carried out a comparative FACS analysis of dpb11-1 and
dpb11–601. Asynchronously growing dpb11-1 cells showed a
larger fraction of S-phase cells at 23 °C compared with the wild
type, and they also accumulatedmore dead cells (Fig. 2B). Upon
a shift to 37 °C, both of these phenotypes were exacerbated. In
contrast, dpb11–601 cells exhibited FACS profiles that were
identical to the wild type at both temperatures. We also tested
whether S phase progression in dpb11–601 was similar to that
of the wild type (Fig. 2C). Cells were arrested in G1 phase at
23 °C with � factor, released from arrest at 37 °C, and S phase
progression was monitored using FACS analysis (Fig. 2C).
Within 60 min, most wild-type and dpb11–601 cells had
entered G2 phase, and their FACS profiles were indistinguish-
able. In contrast, severe defects in S phase progression were
detected for the dpb11-1mutant. These data indicate that even
at the permissive temperature, replication defects exist in
dpb11-1, but none could be detected in dpb11–601.
The replication initiator Sld2 binds to the BRCT3-BRCT4

motifs of Dpb11, and this binding is decreased in the dpb11-1
mutant (29). The temperature-sensitive sld2–6 allele shows a
synthetic lethality phenotype with dpb11-1 (24). We asked
whether extending the BRCT4 motif with the extra 18 amino
acids present in dpb11–601 alleviated this replication initiation
defect. A sld2–6 dpb11-� mutant, which was kept alive by the
presence of DPB11 on aURA3 centromere plasmid, was trans-
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formedwith a pBL530-series plasmid containing eitherDPB11,
dpb11-1, dpb11–601, dpb11-3A (WTY700,731,735AAA), or
an empty vector as a negative control, and the URA3-DPB11
plasmid was evicted at 23 °C on 5-fluoroorotic acid-containing
media. Although no growth was observed with dpb11-1, reiter-
ating the previously observed synthetic lethality with sld2–6,
robust growth was observed with dpb11–601 and dpb11-3A
(Fig. 2D). These data indicate that the synthetic lethality
between dpb11-1 and sld2–6 was caused by the replication
defect and not by the checkpoint defect in this DPB11 allele.
The C-terminal Tail of Dpb11 Is Dispensable for the Replica-

tion Checkpoint and the G1 DNA Damage Checkpoint—Now
that we have been able to separate the replication domain of
Dpb11 from itsMec1 activation domain, we wanted to reinves-
tigate the role of Dpb11 in checkpoint function during the dif-
ferent phases of the yeast cell cycle. The dpb11-1 mutant is
extremely sensitive to the replication inhibitor hydroxyurea,
and this sensitivity has been attributed in part to the replication

checkpoint defect of this mutant (26, 28). We designed a set of
six isogenic strains with either wild-typeDPB11 or the dpb11-1
or dpb11–601 alleles, with eitherDDC1 or ddc1-�, the subunit
of 9-1-1 responsible for Mec1 activation in G1 and G2/M (2).
Growth at 37 °C showed that the dpb11–601 allele did not
become temperature-sensitive when combined with ddc1-�
(Fig. 3A). All damage survival assays were carried out at 23 °C.
Growth of dpb11-1 on hydroxyurea-containing media was

strongly inhibited, and this sensitivity was further enhanced in
the double mutant with ddc1-� (Fig. 3A). Surprisingly, the
dpb11–601 allele was not at all sensitive to hydroxyurea, either
alone or when combined with ddc1-� (some minor
hydroxyurea sensitivity is associated with the DDC1 deletion).
Therefore, if defects in the replication checkpoint are associ-
ated with an increase in hydroxyurea sensitivity, one can con-
clude that the dpb11–601mutant, although deficient for Mec1
activation in vitro, is proficient for the replication checkpoint.
Camptothecin is a DNA topoisomerase inhibitor that induces
stalling of replication forks and the generation of double-
stranded breaks. Defects in the S phase damage and G2/M
checkpoints are associated with camptothecin sensitivity. The

FIGURE 2. Comparison of replication and interaction defects of the
dpb11-1 and dpb11– 601 mutants. A, serial dilutions of wild-type and the
indicated dpb11 mutants were tested for temperature sensitivity. The plates
were incubated at indicated temperatures for 2 days and photographed. B,
FACS profiles of asynchronously growing cells before and after the shift from
23 °C to 37 °C. The percentage of S phase cells (with S.E.) of asynchronous cells
at 23 °C (three experiments), and after shift to 37 °C (three experiments for 4 h
shift) is shown. C, cells were grown and synchronized in G1 phase using �
mating factor at 23 °C for 3 h and released into fresh media at 37 °C containing
0.1 mg/ml Pronase. Cells were collected at the indicated time points at 37 °C
and subjected to FACS analysis. D, strain PY264 (sld2– 6, dpb11-�) containing
plasmid pBL514 (URA3 DPB11) was transformed at 23 °C with the pLB530
series of plasmids (HIS3, wild-type or mutant DPB11) or with empty vector.
Transformants were grown on synthetic complete His� plates and then
streaked onto a 5-fluoro orotic acid containing plate at 23 °C. dpb11–3A,
dpb11-WTY700,731,735AAA.

FIGURE 3. The Dpb11 C-terminal tail is dispensable for the replication
checkpoint. A, serial dilutions of the wild type and the indicated mutants
were tested for sensitivity to growth on hydroxyurea (HU)- (75 mM) and camp-
tothecin (CPT)- (10 �g/ml) containing YPD plates. The plates were incubated
at 23 °C for 2 days and photographed. B, cells were synchronized in G1 phase
using � mating factor at 23 °C for 3 h and released into fresh media containing
0.1 mg/ml Pronase at 37 °C. The cells were allowed to grow for 30 min, and
then hydroxyurea (0.2 M) was added and incubation continued for 1 h. C, cells
were synchronized in G1 phase using � mating factor at 30 °C for 2 h, and
treated with 4NQO for 30 min. Extracts were subjected to Western blot anal-
ysis using anti Rad53 antibody. Mean � S.E. for four (B) and two (C) independ-
ent experiments is shown.
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ddc1-�mutant is sensitive to camptothecin because of its dem-
onstrated defect in the G2/M DNA damage checkpoint. How-
ever, this sensitivity is not increased in the double mutant
ddc1-� dpb11–601, nor does the single dpb11–601 mutant
show an increased sensitivity to camptothecin compared with
the wild type (Fig. 3A, right panel). Therefore, both the
increased hydroxyurea and camptothecin sensitivity observed
in the dpb11-1 mutant is most likely caused by replication-
related defects and not by checkpoint-related defects.
Mec1-dependent initiation of cell cycle checkpoints that

result from DNA damage or the stalling of replication forks
proceeds through phosphorylation of the effector kinase
Rad53, which in turn phosphorylates downstream targets that
propagate these signal transduction pathways. Therefore,
Rad53 phosphorylation has been used as a diagnostic probe for
an active checkpoint that is associated with cell cycle arrest, in
G1 or G2/M, or cell cycle slowdown in S phase (30–36). Here,
we tested whether dpb11–601 is defective in S phase check-
point activation by monitoring Rad53 phosphorylation upon
hydroxyurea treatment of cells. As anticipated from the growth
data, Rad53 phosphorylation after hydroxyurea treatment of
dpb11–601 cells was similar to the wild type (Fig. 3B). These
data suggest that dpb11–601 is proficient in both DNA repli-
cation and in the activation of the replication checkpoint in
response to hydroxyurea. However, the dpb11–1 mutant
showed a strong defect in the phosphorylation of Rad53 upon
growth on hydroxyurea. Considering the disparate results that
we obtained for dpb11-1 and dpb11–601, it is likely that the
replication checkpoint defect observed in dpb11-1 is a conse-
quence of its replication initiation defect.
We determined previously that DNA damage checkpoint

activation during the G1 phase of the cell cycle is uniquely
dependent on the capacity of the Ddc1 subunit of 9-1-1 to acti-
vateMec1 kinase activity but not on the activation properties of
Dpb11 (11). However, as these studies were carried out with the
dpb11-1 mutant, which has a mixed replication/checkpoint
phenotype, we repeated themwith the well defined dpb11–601
mutant. Analogous results were obtained. The G1 checkpoint
was abrogated in ddc1–2W2A (a double point mutant that is
defective for Mec1 activation) but not in the dpb11–601
mutant (Fig. 3C).
The C-terminal Tail of Dpb11 Is Required for Robust G2

Checkpoint Activation—We have shown earlier that the 9-1-1
clamp contributes to G2 checkpoint activation in response to
the UV-mimetic damaging agent 4NQO (4-nitroquinoline
1-oxide) by two mechanisms (11). One mechanism involves
direct activation of the Mec1 kinase. Conserved aromatic
amino acids in the unstructured C-terminal tail of Ddc1
directlymediate activation ofMec1, and a double pointmutant,
ddc1–2W2A (ddc1-WW352,544AA), is completely defective.
The othermechanism involves the recruitment ofDpb11 by the
clamp via the unstructuredC-terminal tail of Ddc1, followed by
Dpb11-mediatedMec1 activation. Phosphorylation of Tyr-602
in the Ddc1 tail is required for recruitment, and this recruit-
mentmechanism is evolutionary conserved (37).Wepreviously
studied the role of Dpb11 in the G2 checkpoint using the
dpb11-1 mutant prior to recognizing the severe replication
defects associated with this allele (11). Here, we have reinvesti-

gated the roles ofDdc1 andDpb11 in checkpoint function using
both the dpb11–601 truncation allele as well as single andmul-
tiple point mutants in the aromatic residues required for Mec1
activation in vitro.
Cells were arrested in the G2/M phase of the cell cycle with

nocodazole, treatedwith theUV-mimetic agent 4NQO, and the
efficiency of DNA damage checkpoint activation was assessed
by measuring the extent of Rad53 phosphorylation. Activation
was abrogated in a ddc1-� strain (Fig. 4A, lane 3), as shown
previously (10, 11, 38). Previously, we engineered the ddc1–
2W2A mutant, which is defective for the activation of Mec1
kinase activity in vitro but not for recruitment of Dpb11 (11).
This mutant showed a partial defect in Rad53 phosphorylation
in G2 phase after 4NQO treatment (Fig. 4A, lane 4). Dpb11–
601, which is also defective for the activation of Mec1 kinase
activity in vitro (Fig. 1A), similarly showed a minor but signifi-
cant defect in Rad53 phosphorylation (Fig. 4A, lane 5). How-
ever, when ddc1–2W2A was combined with dpb11–601,
thereby eliminating Mec1 activation by both factors, the G2
checkpoint was almost completely abrogated (Fig. 4A, lane 6).
Similarly, a substantial defect in Rad53 phosphorylation was
observed when ddc1–2W2A was combined with the double
point mutant dpb11-WY700,735AA (Fig. 4A, lane 8) or the tri-
ple mutant dpb11-WTY700,731,735AAA (B). Single point
mutations that retained residual Mec1 activation activity in
vitro (Fig. 1C) showed only partial defects in the G2 checkpoint
(Fig. 4B). Therefore, when both Ddc1 and Dpb11 are unable to
activate Mec1 kinase in vitro, the G2/M checkpoint is almost

FIGURE 4. The Dpb11 C-terminal tail is required for robust G2 checkpoint
activation. Log phase cells at 30 °C were arrested in G2 phase with nocoda-
zole and then treated with 4NQO (see “Experimental Procedures”). Extracts
were subjected to Western blot analysis using anti Rad53 antibody. A, analysis
of DDC1 or ddc1–2W2A with the indicated DPB11 mutants (mean � S.E. for
three experiments). B, analysis of DPB11 point mutants in a ddc1–2W2A
background.
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completely defective, as assessed by the lack of phosphorylation
of Rad53.
These varying checkpoint defects in the various mutants are

reflected in the sensitivity they show to damaging agents, in
particular to the topoisomerase drug camptothecin, which elic-
its a strong G2/M checkpoint response. Single mutants of
DDC1 (supplemental Fig. 2, row 2) or of DPB11 (supplemental
Fig. 2, rows 4 and 7) that are individually defective for activation
of Mec1 showed no sensitivity to camptothecin, whereas the
double mutants (supplemental Fig. 2, rows 5 and 8) showed
moderate sensitivity to camptothecin. The phenotype of the
triple point mutant in DPB11 (supplemental Fig. 2, row 5) was
indistinguishable from that of its C-terminal truncation
dpb11–601 (supplemental Fig. 2, row 8). As noted before, the
ddc1-�mutant shows greater damage sensitivity than the com-
bined mutants that abrogate Mec1 activation by both Dpb11
andDdc1 (supplemental Fig. 2A, compare ddc1–2W2Adpb11–
601 (row 5) or ddc1–2W2A dpb11–3A (row 8) with ddc1-� in
rows 3, 6, or 9), indicative of additional functions of the 9-1-1
complex in DNA damage response and DNA repair (2). In
agreement with the sensitivity data in Fig. 3A discussed above,
none of the DPB11 tail mutants showed sensitivity to
hydroxyurea (supplemental Fig. 2, center panel), consistent
with our conclusion that the replication functions of DPB11
stayed intact in these mutants.

DISCUSSION

A Bipartite Mec1 Activation Motif in the Dpb11 C-terminal
Tail Contributes to G2/MCheckpoint Activation—Our analysis
of themotifs inDpb11 that are required to activateMec1 kinase
activity in vitro has revealed a strong similarity between this
activator and the Ddc1 subunit of the 9-1-1 checkpoint clamp.
BothMec1 activators have a C-terminal tail that is intrinsically
disordered (Fig. 5A). One of the two motifs in Ddc1 that are
essential for activation is localized near the end of the PCNA-
like domain and the second motif approximately 200 amino
acids further down in the disordered region. For Dpb11, both
motifs essential for activation are localized in the disordered
region, separated by approximately 30 amino acids. An analysis
of these motifs in ten fungal species, from S. cerevisiae to
S. pombe, shows very little conservation for each motif and no
conservation in primary sequence distance between the two
motifs beyond the presence of essential aromatic amino acids
and one or two adjacent hydrophobic/aromatic residues, as
well as a prevalent glycine residue (Fig. 5B).
The importance of these motifs is validated by our genetic

analysis. In S. cerevisiae, activation of the DNA damage check-
point in G1 phase is completely dependent on Mec1 activation
by the 9-1-1 clamp, and the checkpoint is abrogated in a ddc1–
2W2Amutant with the two critical tryptophans at 352 and 544
mutated to alanines (11) (Figs. 3C and 5C). A contribution of
Dpb11 to the G1 checkpoint has not been apparent in our stud-
ies. However, when yeast cells are deleted for the histone H3
methylase gene DOT1, which strongly reduces the localization
of checkpoint factors to damaged chromatin, an additional del-
eterious effect of the dpb11-1 mutation on the G1 damage
checkpoint has been observed (12). The DNA damage check-
point in G2/M is dependent onMec1 activation by 9-1-1 and by

Dpb11, and the contribution by Dpb11 is abrogated in point
mutants in which both motifs in the unstructured C terminus
have been mutated (Fig. 4). Their phenotypes are comparable
with that of dpb11–601, in which the entire 174-amino acid
unstructured C-terminal tail has been deleted. Currently it is
not clear what factors regulate the relative contributions of
Dpb11 to either the G1 or G2 checkpoint.
The Mec1-activating Function of Dpb11 Is Not Essential for

the Replication Checkpoint—DNA replication and the replica-
tion checkpoint are intimately connected (14, 16, 39, 40). The
establishment of replication forks is required for checkpoint
activation in S phase (19). Intriguingly, the robustness of the
replication checkpoint is reduced or abrogated in yeast replica-
tion initiation mutants that cause the establishment of fewer
replication forks during S phase (18). Therefore, a critical num-
ber of active DNA replication forks may exist, below which
threshold the checkpoint machinery of the cell is unresponsive

FIGURE 5. Ddc1 and Dpb11 activate Mec1 by a similar mechanism. A, pre-
dicted intrinsically unstructured regions using IUPred and curve smoothing.
Scores � 0.5 are considered to be structurally disordered. The critical aro-
matic amino acids for Mec1 activation are indicated by arrows and also in the
WEBLogo of ten fungal sequences in B. C, model for Mec1 activation in the
different phases of the cell cycle.
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to imposed replication stress. Indeed, many replication initia-
tion mutants show a defect in the replication checkpoint (14–
17, 19), but with the exception of one study with an orc2–1
mutant (18), the inverse correlation between replication fork
number and checkpoint function has not been addressed.
In this study, we have investigated the role of Dpb11 in

checkpoint function during the different phases of the cell
cycle. An incisive study of Dpb11 in particular has been com-
plicated because this protein is both a replication initiation fac-
tor and a bona fide checkpoint protein through its Mec1 acti-
vation function. The establishment of separation of function
mutants ofDPB11was essential to unraveling the contributions
made directly by Dpb11 through activation ofMec1 from those
made indirectly through its role in the assembly of replication
forks. Our studies are generally in agreement with studies of
XenopusTopBP1, in which the replication function of this pro-
tein was assigned to the N-terminal half with BRCT domains
1–5, which are homologous to S. cerevisiae BRCT domains
1–4, and the checkpoint function was assigned to the C-termi-
nal half, which contains the ATR-activation domain AAD (25,
41).
We havemade S. cerevisiaemutant dpb11–601 (truncated at

amino acid 601) that is fully proficient for replication assembly
but defective for Mec1 kinase activation. The phenotypes of
dpb11–601 are the same as those of a triple point mutant
(dpb11-WTY700,731,735AAA), specifically mutated in the
amino acids essential for Mec1 activation. The dpb11–601
mutant is neither temperature-sensitive for growth, nor syn-
thetically lethal with sld2–6, nor sensitive to hydroxyurea, and
the mutant is not defective for the replication checkpoint in
response to hydroxyurea. The classical and often used dpb11-1
mutant (truncated at amino acid 583) displays all of these phe-
notypes. We conclude that the known checkpoint function of
Dpb11, i.e. the activation ofMec1 kinase activity, is not essential
for a functional replication checkpoint. Consequently, the rep-
lication checkpoint defect observed in dpb11-1 cannot be the
result of a failure by the mutant protein to activate Mec1 but is
likely caused indirectly by the replication initiation defect of
this allele. We note that the dpb11-1 mutant accumulates S
phase cells and dead cells even at 23 °C (Fig. 2B). Interestingly, a
temperature-sensitive allele of SLD2 had also been named
drc1-1, designating a mutant defective for theDNA replication
checkpoint (17). In addition, mutations in genes coding for the
leading strand polymerase complex DNA polymerase e also
show defects in the replication checkpoint (16, 28). The genetic
and biochemical connectivity between Dpb11, Sld2, and Pol e
suggests a model in which defects in this complex, which is
required both for replisome assembly and for leading strand
replication, are associated with replication checkpoint defects
that potentially result from a decrease in the number of active
replication forks.
Our conclusion that, paradoxically, defects in the replication

function rather than the checkpoint function of DPB11
mutants determine the efficiency of the replication checkpoint
may have implications for analogous pathways in other organ-
isms. In S. pombe, most checkpoint studies have been carried
out with the temperature-sensitive rad4–116 allele of Rad4/
Cut5, the ortholog of S. cerevisiae Dpb11 and metazoan

TopBP1. The central importance attributed toRad4 in the intra
S phase checkpoint in S. pombe could possibly in part be a con-
sequence of defective replisome assembly, which may cause
indirectly a defect in activation of Rad3 (ortholog ofMec1) (42).
And although several other Rad4 mutants have been studied
with various defects in DNA replication and checkpoint func-
tion (43), to our knowledge no Rad4/Cut5 mutants have been
isolated that affect the C-terminal domain in which the Rad3-
activation domain likely resides.
Our analysis of Ddc1 and Dpb11 has generated mutants that

are specifically defective for the activation of Mec1. With these
mutants, we have shown that the replication checkpoint is still
functional. These data suggest that additional activator(s) of
Mec1 must exist that are specific for the function of the repli-
cation checkpoint (Fig. 5C). Our analysis does not allow us to
conclude that Dpb11 and 9-1-1 do not function during the rep-
lication checkpoint in response to stalling of the replication
fork. However, if these activators do function, they do so redun-
dantly with additional activator(s). The increased insight into
the required structural motifs for Mec1 activation gained from
the current study may allow us to apply bioinformatics to iden-
tify additional potential activators of Mec1 kinase.
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EXPERIMENTAL PROCEDURES 
 Plasmids -  DPB11 was cloned under control of its native promoter into the yeast centromeric plasmids 
pRS316 (URA3 selection) and pRS313 (HIS3 selection) to generate pBL514 and pBL530 respectively. pBL512 
(GST-Dpb11) (2 µM origin, URA3, GAL1-10 promoter for galactose inducible expression) is described in . 
DNA coding for Dpb11 truncated proteins were PCR amplified and cloned in E.coli expression vector pGEX-
6p1 (GE Healthcare). Point mutations were generated by site directed mutagenesis (Stratagene). Plasmids 
pBL785 and pBL785-2 expressing DDC1 and ddc12W2A respectively under native promoter are described 
earlier . 
 
 
 
SUPPEMENTARY TABLES 
 
Table S1. Plasmids expressing Dpb11 under its native promoter.  
 
plasmid name  Dpb11 

residues 
comments 

pBL530  1‐764 aa  Wild type Dpb11 
pBL530‐583  1‐582 aa  2 stop codons at W583 
pBL530‐601  1‐600 aa  2 stop codons at 601 
pBL530‐W700A   1‐764 aa  W700A 
pBL530‐ Y735A  1‐764 aa  Y735A 
pBL530‐WY2A  1‐764 aa  W700A, Y735A 
pBL530‐WTY3A  1‐764 aa  W700A, T731A, Y735A 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Table S2. Plasmids expressing GST tagged Dpb11 (mutants)  
 
pBL name  Dpb11 

residues 
comments 

pBL512  1‐764 aa  Wild type Dpb11 
pBL512‐21   1‐764 aa  W700A 
pBL512‐22  1‐764 aa  T731A 
pBL512‐23  1‐764 aa  Y735A 
pBL512‐25  1‐764 aa  W700A, Y735A 
 
 
 
Table S3. Plasmids expressing GST tagged Dpb11 domains for expression in E.coli. 
 
pBL name  Dpb11 

residues 
comments 

pBL527  571‐764 aa  wild‐type fragment 
pBL527-21 571-764 aa W700A 
pBL527-22 571-764 aa T731A 
pBL527-28 571-764 aa W583A, T731A 
pBL527-24 571-764 aa W700A, T731A 
 
 
Table S4. Yeast strains 
 
Name  genotype  Source 
PY211  MATa dpb11::ΔKanMX4 his3Δ leu2Δ lys2Δ ura3Δ pBL514 (DPB11 

URA3) 
this work 

PY212  MATα dpb11Δ::KanMX4 his3Δ leu2Δ lys2Δ ura3Δ pBL514 (DPB11 
URA3) 

this work 

PY217  MATa dpb11Δ::KanMX4 ddc1Δ::KanMX4 his3Δ leu2Δ lys2Δ ura3Δ 
trp11 pBL514 (DPB11 URA3) 

this work 

YYK5  MATa ade21 can1100 his311,15 leu23,112 sld2∆::LEU2 trp11 
ura31 (YCP22 TRP1 sld26) 

H. Araki 

PY264  MATa ade21 leu2Δ his3 ura3Δ sld2Δ::LEU2 dpb11Δ::KanMX4 
(YCP22 TRP1 sld26) pBL514 (DPB11 URA3) 

this work 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Supplementary Fig. 1. The Dpb11 C-terminal tail is required for the activation of Mec1 kinase - Domain 
organization of Dpb11 is shown along with the position of W583, W700 and T731. (A) 8% SDS/PAGE analysis 
of full-length Dpb11, point mutants of Dpb11, and Dpb11-601.  Proteins were overproduced and purified from 
yeast using glutathione-agarose affinity chromatography as described in Experimental Procedures. After 
digestion with 3C protease, the wild-type and selected mutants were further purified by heparin agarose 
chromatography. Other mutants were used without further purification. (B) 15% SDS/PAGE analysis of Dpb11 
(571-764) and of point mutants used in this study. Proteins were overproduced and purified from E. coli using 
glutathione-agarose affinity chromatography as described in Experimental Procedures. After digestion with 3C 
protease, the proteins were used without further purification. (C) Mec1 activation assays. Full length and Dpb11 
truncation proteins were quantified by separating serial dilutions onto SDS/PAGE gels together with known 
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amounts of BSA. The gels were scanned and concentrations (relative to BSA) determined using ImageJ 
software.  Control experiments showed that neither 3C protease nor GST affected the Mec1 activation assay. 
Standard 20 µl Mec1 phosphorylation assays were performed with increasing full-length Dpb11 or Dpb11(571-
764).  (D) Mec1 kinase assays were carried out with 75 nM of the indicated mutants in Dpb11(571-764). (E) 
Increasing amounts of the ATR activating domain (AAD) of Xenopus TopBP1 or Dpb11 were added to a 
standard Mec1 kinase activation assay using Rad53-kd as a substrate. Fold activation of Mec1 is indicated 
below the lanes. 
 
 
 
 
 

 
 

Supplementary Fig. 2. Damage-sensitivity of checkpoint-defective DPB11 and DDC1 mutants - Ten-fold 
serial dilutions of the indicated single or combined mutants were grown on YPD media, or on YPD containing 
75 mM hydroxyurea (HU) or 10 µg/ml of camptothecin (CPT) at 30 ˚C. Note that dpb11-3A (row 4) or dpb11-
601 (row 7) shows no sensitivity to camptothecin compared to wild-type (row 1), and neither does the mutant 
ddc1-2W2A (row 2). However, when these mutants are combined (rows 5 or 8), moderate camptothecin 
sensitivity ensues. The greater camptothecin-sensitivity phenotype of ddc1-Δ is a reflection of the participation 
of the 9-1-1 clamp in additional damage response and repair pathways, beyond that of Mec1-dependent cell 
cycle checkpoints.  WT = wild-type; -2W2A = ddc1-WW352,544AA; -3A = dpb11-WTY700,731,735AAA. 

 at W
ashington U

niversity, on January 25, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/

