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Colocalization of Mec1 and Mrc1 is sufficient for

Rad53 phosphorylation in vivo

Theresa J. Berens and David P. Toczyski
Department of Biochemistry and Biophysics, University of California, San Francisco, San Francisco, CA 94158

ABSTRACT When DNA is damaged or DNA replication goes awry, cells activate checkpoints
to allow time for damage to be repaired and replication to complete. In Saccharomyces cer-
evisiae, the DNA damage checkpoint, which responds to lesions such as double-strand breaks,
is activated when the lesion promotes the association of the sensor kinase Mec1 and its tar-
geting subunit Ddc2 with its activators Ddc1 (a member of the 9-1-1 complex) and Dpb11. It
has been more difficult to determine what role these Mec1 activators play in the replication
checkpoint, which recognizes stalled replication forks, since Dpb11 has a separate role in
DNA replication itself. Therefore we constructed an in vivo replication-checkpoint mimic that
recapitulates Mec1-dependent phosphorylation of the effector kinase Rad53, a crucial step in
checkpoint activation. In the endogenous replication checkpoint, Mec1 phosphorylation of
Rad53 requires Mrc1, a replisome component. The replication-checkpoint mimic requires co-
localization of Mrc1-Lacl and Ddc2-Lacl and is independent of both Ddc1 and Dpb11. We
show that these activators are also dispensable for Mec1 activity and cell survival in the en-
dogenous replication checkpoint but that Ddc1 is absolutely required in the absence of Mrc1.
We propose that colocalization of Mrc1 and Mec1 is the minimal signal required to activate
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the replication checkpoint.

INTRODUCTION

To avoid passing on damaged DNA, cells activate checkpoints un-
der conditions that threaten the genome. The better studied of the
DNA integrity checkpoints, the DNA damage checkpoint, is acti-
vated when initial processing of a wide variety of DNA lesions re-
veals stretches of single-stranded DNA (Garvik et al., 1995; Lee
et al., 1998). In Saccharomyces cerevisiae, the mechanism by which
this DNA structure activates checkpoint signaling has been well de-
lineated: RPA-coated single-stranded DNA recruits the sensor ki-
nase Mec1 through its binding partner, Ddc2 (Rouse and Jackson,
2002; Zou and Elledge, 2003; Ball et al., 2005), and the junction
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between RPA-coated single-stranded and double-stranded DNA
independently (Edwards et al., 1999; Melo et al., 2001) recruits the
9-1-1 clamp (Majka and Burgers, 2003; Majka et al., 2006a; Zou
et al., 2003; Ellison and Stillman, 2003). Ddc1, a subunit of 9-1-1,
then increases the kinase activity of Mec1 both directly and by re-
cruiting Dpb 11, another Mec1 activator (Majka et al., 2006b; Mordes
et al., 2008; Navadgi-Patil and Burgers, 2008, 2009). Mec1 phos-
phorylates histone H2A, creating a mark referred to as gamma-H2A,
which is the correlate of the mark made on the metazoan H2A vari-
ant H2AX (Downs et al., 2000, 2004). Along with a constitutive
methylation on H3K79, gamma-H2A promotes the recruitment of
Rad?, the checkpoint mediator (Huyen et al., 2004; Nakamura et al.,
2004; Giannattasio et al., 2005). Alternatively, Rad9 can be recruited
by a 9-1-1-Dpb11 complex (Saka et al., 1997; Furuya et al., 2004;
Puddu et al., 2008; Pfander and Diffley, 2011). Rad9 phosphoryla-
tion by Mec1 promotes Rad9's association with the checkpoint ef-
fector kinase Rad53, which binds these Rad? phosphorylations
through its FHA domains (Emili, 1998; Sun et al., 1998; Vialard et al.,
1998; Schwartz et al., 2002). This is thought to position Rad53 for
Mec1 phosphorylation (Sweeney et al., 2005), leading to Rad53 au-
tophosphorylation and activation (Gilbert et al., 2001; Usui et al.,
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destruction of the ribonucleotide reductase
inhibitor Sml1, and transcriptional regula-
tion (reviewed in Tourriére and Pasero,
2007). However, these activities of Rad53
are less important for cell survival after
acute, as opposed to chronic, replication
stress. Rad53 also stabilizes stalled replica-
tion forks so that they can restart efficiently
after replication stress is over, in part by
blocking the activity of Exo1 (Segurado and
Diffley, 2008). This fork stabilization is the
checkpoint function essential for cell survival
after acute replication stress (Desany et al.,
1998:; Tercero et al., 2003).
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In vitro experiments using purified pro-
teins demonstrate that Dpb11 and Ddc1
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Mordes et al., 2008; Navadgi-Patil and
Burgers, 2008). In addition, artificial colocal-
ization of Ddc1 and Mec1 on chromatin pro-
motes Mec1 activity in vivo (Bonilla et al.,
2008). This colocalization was achieved
through a system in which an array of lac
operator repeats (LacO) was integrated
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FIGURE 1: Colocalization of Mec1-Ddc2 and Mrc1 promotes Rad53 phosphorylation
independent of Ddc1 and Dpb11. (A, B) Strains with or without a LacO array and with the
indicated combination of Mrc1-Lacl, Ddc2-Lacl, and Ddc1-Lacl under the control of Gal
promoter were grown in raffinose and arrested in nocodazole for 3 h. Galactose was pulsed for
1 h before transcription was inhibited with dextrose, and then samples were collected at the
indicated time points from galactose addition and blotted for Rad53 and the Lacl fusion
proteins. (C) As in A and B, except that strains were grown at 23°C, arrested with nocodazole,
and either kept at 23°C or shifted to 34°C at 1 h before galactose induction.

2009). Activated Rad53 can then diffuse away from the site of dam-
age and phosphorylate downstream effectors of the checkpoint.
Tel1, a sensor kinase related to Mec1, can perform some of the
same activities as Mec1. Tel1 phosphorylates and activates Rad53
using the mediator Rad9 (P. Garber and David P. Toczyski, unpub-
lished results). However, Tel1 does not require activation by Ddc1 or
Dpb11 (Giannattasio et al., 2002; reviewed in Mordes and Cortez,
2008).

The DNA replication checkpoint uses much of the same machin-
ery as the DNA damage checkpoint. However, it responds to stalled
replication forks during S phase (reviewed in Tourriere and Pasero,
2007). Both canonical Mec1 activators Ddc1 and Dpb11 may play a
role in the replication checkpoint (Wang and Elledge, 2002), al-
though it is not clear whether they are absolutely required (Navadgi-
Patil and Burgers, 2009; Puddu et al., 2011). Mec1 is recruited to
stalled replication forks, probably through an interaction with RPA-
coated single-stranded DNA (Katou et al., 2003; Osborn and
Elledge, 2003). A significant difference between the replication
checkpoint and the DNA damage checkpoint is that a different me-
diator protein is used. Rad? does not appear to participate in the
replication checkpoint; instead, Mrc1 acts as the checkpoint media-
tor (Alcasabas et al., 2001). Mrc1 is part of the replication machinery
and travels with replication forks during every S phase (Osborn and
Elledge, 2003) and therefore does not need to be specifically re-
cruited to stalled replication forks. On fork stalling, Mec1 phospho-
rylates Mrc1, which promotes the recruitment and activation of
Rad53 (Osborn and Elledge, 2003). As in the DNA damage check-
point, active Rad53 leads to arrest of the cell cycle at mitosis,
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into the genome and Ddc1 and the Mec
binding partner Ddc2 were fused to lac re-
pressor (Lacl). Ddc2-Lacl was used instead
of directly tethering Mec1 to Lacl because
C-terminal Mec1 fusions are not functional.
Colocalization of Ddc1 and Ddc2 Lacl fu-
sions promoted phosphorylation of Rad?
and Rad53 and cell cycle arrest.

We used a similar approach to investi-
gate Mecl activation in the replication
checkpoint. We fused Ddc2 and Mrc1 to Lacl and showed that this
replication-checkpoint mimic can promote phosphorylation of
Rad53. The Mec1 activator Dpb11 has an essential role in the initia-
tion of DNA replication, confounding attempts to examine its check-
point signaling role in isolation. Because the replication-checkpoint
mimic enacts checkpoint signaling in the absence of DNA replica-
tion, it provides an ideal setting in which to examine Dpb11’s role in
Mec1 activation. We show that Mec1 activity in the replication-
checkpoint mimic does not depend on Dpb11 or Ddc1. Further-
more, Mec1 can act through Mrc1 to phosphorylate Rad53 in the
endogenous replication checkpoint, even in a ddcT dpb11-1 strain,
and this activity is sufficient to maintain viability after acute replica-
tion stress. Therefore we propose that, whereas Ddc1 and Dpb11
aid in replication-checkpoint activation, colocalization of Mec1 and
Mrc1 at stalled replication forks promotes Rad53 activation suffi-
cient to stabilize the replisome during transient replication stress.

RESULTS

Development of a replication-checkpoint mimic
Colocalization of Mec1 and the 9-1-1 complex through the induc-
tion of Ddc2—green fluorescent protein (GFP)-Lacl and Ddc1-GFP-
Lacl promotes phosphorylation of Rad53 in the absence of DNA
damage. This is dependent on Rad? (Bonilla et al., 2008; Figure 1A),
since Mrc1 is not recruited to the LacO array. To generate a mimic of
the replication checkpoint, we fused Mrc1 to GFP-Lacl. Mrc1-GFP-
Lacl (hereafter referred to as Mrc1-Lacl) can substitute for Rad? and
allow Rad53 phosphorylation in a strain lacking Rad? (Figure 1A). Of
importance, this replication-checkpoint mimic signaling was assayed
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FIGURE 2: The replication-checkpoint mimic faithfully reproduces qualities of the replication
checkpoint. (A) As in Figure 1, but Mrc1-Lacl expression was increased so that it was similar to
that of Ddc2-Lacl. (B) The replication-checkpoint mimic was examined, as in A, in cells lacking
the Mrc1 binding partners Csm3 or Tof1. (C) A ddc1A strain containing Ddc2-Lacl and LacO was
transformed with no additional fusion protein, Mrc1-Lacl, mrc149-Lacl, or high levels of

mrc14@-Lacl and assayed as in A.

in nocodazole-arrested cells, so it is independent of DNA replication
and of S phase.

Recruitment of Rad9 is mediated by histone modifications.
Therefore, even though Ddc1-Lacl and Ddc2-Lacl are able to associ-
ate through dimerization of Lacl (and possibly GFP), this is not suf-
ficient for Rad9 activation, and a LacO array is required. In contrast,
Rad53 phosphorylation mediated by Mrc1-Lacl should not require
chromatin. Therefore we determined whether the LacO array was
required for activation of the replication-checkpoint mimic. While
activation of this replication-checkpoint mimic was enhanced by in-
tegration of an array of LacO, Rad53 was partially phosphorylated in
a strain without a LacO array (Figure 1A).

Next we tested whether all three Lacl fusions were required
for checkpoint activation (Figure 1B). As expected, neither Mrc1-
Lacl alone nor Mrc1-Lacl/Ddc1-Lacl promoted Rad53 phosphory-
lation. However, colocalization of just Mrc1-Lacl and Ddc2-Lacl
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Having shown that the Lacl fusion of the
Mec1-activating 9-1-1 component Ddc1
was not required for the replication-check-
point mimic, we tested whether Ddc1 or the
other known Mec1 activator, Dpb11, was re-
quired at all. We could not delete DPB11
because it is essential for DNA replication.
In vitro studies have shown that the Mec1-
activating domain of Dpb11 lies at the C-
terminus, between amino acids 572 and 764
(Mordes et al., 2008; Navadgi-Patil and
Burgers, 2008). The protein encoded by
dpb11-1 is truncated after amino acid 582.
Although dpb11-1 has been reported to
have checkpoint defects (Araki et al., 1995;
Wang and Elledge, 2002; Puddu et al.,
2011), it is formally possible that the 11
amino acids between 572 and 582 could
partially activate Mec1, especially since
similar-sized domains of Ddc1 have been
shown to activate Mec1 (Navadgi-Patil and
Burgers, 2009). Therefore we tested the ac-
tivity of the replication-checkpoint mimic in
the dpb11-1 ddc1A mutant at 34°C, a non-
permissive temperature for dpb11-1 (Sup-
plemental Figure S1). Rad53 is phosphory-
lated as strongly in the ddc1A dpb11-1
strain as in a DDC1 DPB11 strain (Figure
1C). Thus we conclude that neither Ddc1
nor Dpb11 is required for activity of the
replication-checkpoint mimic.

Optimization and further
characterization of the
replication-checkpoint mimic

As shown in Figure 1B, the Ddc2-Lacl/Mrc1-
Lacl system phosphorylated Rad53 less effi-
ciently than the original Ddc1-Lacl/Ddc2-
Lacl DNA-damage-checkpoint mimic. We
hypothesized that this resulted from low ex-
pression of Mrc1-Lacl relative to Ddc2-Lacl
(Figure 1, A and B). Therefore we expressed Mrc1-Lacl from a stron-
ger promoter (Gal instead of GalS), such that its levels are almost as
high as Ddc2-Lacl. This resulted in more robust Rad53 phosphoryla-
tion (unpublished data and Figure 2A).

In this optimized replication-checkpoint mimic, again, neither
Mrc1-Lacl nor Ddc2-Lacl alone is sufficient to activate Rad53. Dele-
tion of RAD9 or DDC1 in the mimic strain did not have a strong im-
pact on Rad53 phosphorylation (Figure 2A). It is likely that Ddc1
cannot be recruited to the LacO array, since there is no junction
between doubled-stranded and single-stranded DNA, and there-
fore it is not surprising that the status of the 9-1-1 complex is not
important. Rad? is not phosphorylated in response to stalled repli-
cation forks in an MRC1 wild-type strain (Alcasabas et al., 2001), and
so this feature of the replication-checkpoint mimic matches the en-
dogenous checkpoint. However, it is unclear why Rad? cannot be
recruited to either a natural stalled replication fork or the LacO array

Molecular Biology of the Cell
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FIGURE 3: Rad53 can be phosphorylated in response to replication
stress in the absence of 9-1-1 and Dpb11. (A) Strains with the
indicated genotype were grown asynchronously and then treated with
0.2 M HU for 4 h at 22.5°C. All strains carry the sml1-1 mutation,
which suppresses lethality of a mec1A. Rad53 phosphorylation was
visualized by SDS-PAGE and Western blot. Cdc28 serves as a loading
control. (B) After HU treatment as described in A for the indicated
time, HU was washed out and cells plated on rich medium to
determine viability. The mean of three independent experiments is
plotted; error bars reflect SE. (Error bars that cannot be seen are
thinner than the line.)

in our system; we investigate this question further in Figure 4. In this
optimized system, as in Figure 1A, some Rad53 phosphorylation
was seen in the absence of the LacO array.

Most of the Mrc1 in cells is associated with the proteins Csm3
and Tof1. Both Csm3 and Tof1 are required for normal localization of
Mrc1 to replication forks (Katou et al., 2003; Bando et al., 2009), and
tof1A cells have been reported to be unable to activate the replica-
tion checkpoint (Foss, 2001). However, csm3A and tof1A cells acti-
vated the replication-checkpoint mimic as efficiently as wild-type
cells (Figure 2B), suggesting that these proteins play no direct role in
the replication checkpoint and that the checkpoint defects observed
when they are mutated are the result of mislocalization of Mrc1.

In the endogenous replication checkpoint, phosphorylation of
Mrc1 by Mec1 is required to recruit Rad53 and promote its phos-
phorylation. Therefore the mrc142 mutant protein, in which all po-
tential Mec1 phosphorylation sites are removed, cannot promote
Rad53 phosphorylation (Osborn and Elledge, 2003). In agreement
with this, mrc19-Lacl could not promote Rad53 phosphorylation in
the replication-checkpoint mimic (Figure 2C). The mrc149-Lacl pro-
tein could be nonspecifically hypomorphic, for example, by being
partially unfolded. Therefore we screened for integrants expressing
higher levels of mrc149-Lacl and showed that these also failed to
phosphorylate Rad53 (Figure 2C, fourth strain).

Mec1 activity during replication stress

Because Mecl phosphorylation of Rad53 in the replication-
checkpoint mimic did not depend on known Mec1 activators, we
tested whether these activators were required during replication
stress induced by treatment with the ribonucleotide reductase
inhibitor hydroxyurea (HU) for 4 h at 23°C. To make sure that we
observed Mec1 activity only, we deleted the MECT orthologue
TEL1. Rad53 phosphorylation in response to HU treatment was
reduced when DDC1 was deleted or DPB11 was mutated, but it
was only slightly more reduced when these two mutations were
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combined (Figure 3A). Consistent with what we observed in the rep-
lication-checkpoint mimic, the ddc1A dpb11-1 tel1A strain still dis-
played significant Rad53 phosphorylation upon HU treatment while,
as expected, a mecTA telTA mutant did not phosphorylate Rad53
(Figure 3A). Levels of Rad53 phosphorylation in these mutants ob-
served by gel shift (Figure 3A) were recapitulated when the same
samples were tested for Rad53 kinase activity by in situ assay (Sup-
plemental Figure S2). This is consistent with both the replication
checkpoint and the minimal endogenous checkpoint relying exclu-
sively on Mec1 and Mrc1, although unknown proteins could be re-
quired in both cases, since these experiments are performed in vivo.

To test the physiological relevance of the levels of Rad53 phos-
phorylation we observed in these mutants, we treated them with HU
for 4 and 6 h at 23°C and then washed out the drug and plated cells
on rich medium to test viability (Figure 3B). Wild-type cells and all
single and double mutants of ddc1A, tel1A, and dpb11-1 retained
>75% viability after HU treatment. Similarly, the ddc1A dpb11-1
tel 1A triple mutant retained ~50% viability, as compared with an al-
most complete loss of viability in mecTA tel1A strains, which lack all
checkpoint signaling.

Previous studies showed that Mec1-dependent Rad53 phospho-
rylation requires DDCT in cells arrested in G1 with alpha factor or in
mitosis with nocodazole (Paciotti et al., 1998; Navadgi-Patil and
Burgers, 2009). Therefore we tested whether Ddc1-independent
phosphorylation of Rad53 by Mec1 depended on Mrc1, which is
active only in S phase. An mrcTA ddc1A tel1A strain could not
phosphorylate Rad53, suggesting that 9-1-1 is required for Rad9-
mediated Rad53 phosphorylation but not Mrc1-mediated Rad53
phosphorylation (Figure 4A) or activity (Supplemental Figure S3).
Consistently, this triple mutant cannot survive a 2.5-h treatment with
HU at 30°C (Figure 4B). As expected, inactivation of 9-1-1 by dele-
tion of the clamp loader RAD24 gives the same result as deletion of
DDC1 (Figure 4C), consistent with an earlier observation in a TEL1
strain (Bjergbaek et al., 2005). The slightly increased Rad53 phos-
phorylation observed when MRC1 is deleted in a tel 1A strain is con-
sistent with a report that mrc 1A strains phosphorylate Rad53 even in
the absence of replication-stressing agents such as HU, likely be-
cause Mrc1 has a checkpoint-independent role in promoting repli-
some stability (Alcasabas et al., 2001).

The requirement for Mrc1 in the absence of 9-1-1 suggested that
the other checkpoint mediator, Rad?, cannot function for some rea-
son at stalled replication forks or in the absence of 9-1-1. One pos-
sibility is that 9-1-1 is physically required for recruitment or function
of Rad9. When Rad9 is recruited to the site of DNA damage, it is
phosphorylated by Mec1. Then it mediates Rad53 autophosphory-
lation and is phosphorylated by Rad53 in the process. Therefore we
tested whether Rad9 could be phosphorylated in various mutants
(Figure 4D). For these experiments, we used methyl methanesul-
fonate (MMS) instead of HU, since Rad9 is not phosphorylated upon
HU treatment in MRCT strains. It is not surprising that both Rad53
and Rad? are robustly phosphorylated in wild-type or telTA. How-
ever, in MMS, Rad53 phosphorylation is even more significantly re-
duced in all ddc1A strains than it was in HU (Figure 4D). This is un-
surprising since checkpoint signaling in HU depends most on Mrc1
(and thus is independent of Ddc1), whereas signaling in MMS is
more dependent on Rad9 (Alcasabas et al., 2001; Komata et al.,
2009). The levels of Rad53 phosphorylation (Figure 4D) and activity
(Supplemental Figure S4) are comparable in the ddc1Atel1A and
ddcT1A dpb11-1 strains, but levels of Rad9 phosphorylation vary sig-
nificantly. Rad9 exhibits no phospho shift in ddc1Atel1A and a strik-
ing shift in ddc1A dpb11-1. We know that Rad? activity is not abso-
lutely dependent on Tell, since the mrcTA telTA strain can still
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FIGURE 4: Rad53 phosphorylation in the absence of 9-1-1 requires Mrc1. (A) Cells of the indicated genotype were
treated with HU for 2.5 h at 30°C. All strains carry the sml1-1 mutation, which suppresses lethality of mec71A. Rad53
phosphorylation was visualized by SDS-PAGE and Western blot. Cdc28 served as a loading control. (B) After HU
treatment as described in A for the indicated time, HU was washed out and cells were plated on rich medium to
measure viability. (C) Cells of the indicated genotype were treated with HU for 2.8 h at 30°C and processed as in A.
(D) Cells of the indicated genotype were treated with MMS for 4 h at 22.5°C, and phosphorylation of FLAG-tagged

Rad9 and Rad53-HA was visualized by SDS-PAGE and Western blotting.

phosphorylate Rad53 (Figure 4A). Therefore we conclude that
phosphorylation of Rad? requires either Tel1 or Mec1 and DdcT,
reinforcing the idea that the activation of Mec1 by 9-1-1 is critical for
Rad9- but not Mrc1-mediated activity.

DISCUSSION

Here we report Mec1-dependent Rad53 phosphorylation in the ab-
sence of the canonical Mec1 activators Ddc1 and Dpb11, both in
response to replication stress and in an artificial in vivo system. The
essential role of Dpb11 in replication limits the ability to examine its
role in the replication checkpoint. We eliminated this issue by using
a replication-checkpoint mimic, which allows us to assay Mrc1-de-
pendent checkpoint activation outside of S phase. Others reported
that Rad53 phosphorylation in a ddc1A dpb11-1 strain is restricted
to S phase (Navadgi-Patil and Burgers, 2009; Puddu et al., 2011). To
show that this represented Mec1 activity in the absence of its activa-
tors, we demonstrated Rad53 phosphorylation in a ddcT1A dpb11-1
tel1A strain. Our results also suggest the mechanism by which
activator-independent Mec1 activity is restricted to S phase: in the
absence of Ddc1, phosphorylation of Rad53 is absolutely depen-
dent on Mrc1, the S-phase—specific checkpoint mediator that is a
constitutive part of the DNA replisome (Figure 4). Furthermore,
forced colocalization of Mec and Mrc1 is sufficient to phosphorylate
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Rad53 in metaphase-arrested cells undergoing neither DNA replica-
tion nor DNA damage (Figure 1). We propose that a high local con-
centration of Mrc1, both at a stalled replication fork and in the
replication-checkpoint mimic, allows unactivated Mec1 to phospho-
rylate Mrc1, which leads to Rad53 recruitment and a high local con-
centration of Rad53, allowing unactivated Mec1 to phosphorylate
Rad53. Alternatively, an undiscovered, replication-specific Mec1 ac-
tivator could operate at stalled replication forks. Of importance, the
Rad53 phosphorylation we observe is sufficient to promote survival
of acute replication stress (Figure 3B). Here we place our results in
the context of the extensive literature showing replication check-
point defects in dpb11-1 and ddc1A dpb11-1 strains, outline the
molecular events implied by our results and model, and suggest
likely cellular consequences of the Mec1-dependent, activator-
independent Rad53 phosphorylation we observe.

We propose that the replication-checkpoint phenotypes associ-
ated with dpb11-1and ddc1A dpb11-1 strains can be understood as
a function of the dual role of Dpb11 in promoting DNA replication
initiation and checkpoint signaling or of the difference between lev-
els of Rad53 activation required for growth under chronic replication
stress and levels sufficient for survival of acute replication stress.
Dpb11 was first implicated in checkpoint signaling because dpb11-1
cells, which are incompetent for DNA replication at the restrictive
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temperature, fail to arrest in mitosis when exposed to replication
stress, even at the permissive temperature (Araki et al., 1995). At the
restrictive temperature, dpb17-1 cells could not phosphorylate
Rad53 in response to replication stress (Wang and Elledge, 1999).
Later Mordes et al. (2008) and Navadgi-Patil and Burgers (2008)
showed that the product of dpb11-1 is a truncation that lacks almost
all of the domain required for Mec1 activation. The phenotypes of
dpb11-1 certainly reflect some genuine defect in Rad53 phosphory-
lation in dpb11-1 cells. However, impairment of replication initiation
can nonspecifically prevent activity of the replication checkpoint by
reducing the number of replication forks, even if the mutated protein
does not participate directly in checkpoint signaling (Shimada et al.,
2002). dpb11-1 cells have defective replication initiation at the
permissive and restrictive temperatures (Kamimura et al., 1998).
Therefore the replication-checkpoint phenotypes of dpb11-1 prob-
ably reflect a combination of defective replication initiation and de-
fective checkpoint signaling. We avoided this conflation by using the
replication-checkpoint mimic, which does not require the replication
function of Dpb11, to show that neither Dpb11 nor Ddc1 is required
for Mec1 phosphorylation of Rad53.

The phenotypes of ddc1A dpb11-1 double mutants likely also
reflect the high level of Rad53 phosphorylation required to grow in
the presence of chronic replication stress. It was proposed that Ddc1
and Dpb11 act independently to promote Mec1 activation in re-
sponse to replication stress, because either single mutant can grow
well in the presence of hydroxyurea but the double mutant cannot
(Wang and Elledge, 2002). Furthermore, Ddc1 and Dpb11 can acti-
vate Mec1 independently of each other (Navadgi-Patil and Burgers,
2009). Puddu et al. (2011) showed that Rad53 phosphorylation in a
ddc1A dpb11-1 strain is insufficient to allow growth under chronic
replication stress, but this level of Rad53 phosphorylation can pro-
mote cell survival after acute replication stress. Because they did not
observe Rad53 phosphorylation in a ddcTA dpb11-1 tel1A triple
mutant, they attributed Rad53 phosphorylation in the ddc1A dpb11-
1 strain to Tel1. We do see Rad53 phosphorylation in the ddc1A
dpb11-1 tel1A strain. Moreover, our ddcT1A dpb11-1 tel1A cells can
survive acute replication stress two orders of magnitude better than
mecTA tel1A cells, indicating that Mec1 must have significant func-
tion remaining in the absence of activation by Ddc1 and Dpb11.

The unique structure of a stalled replication fork, as opposed
to a processed double-strand break or other lesion, may explain
why checkpoint signaling can be activated in the ddc1A dpb11-1
tel1A strain by HU treatment during S phase but not outside of
S phase. Mec1 is recruited to stalled forks, whereas Mrc1 is al-
ready present (Osborn and Elledge, 2003; Katou et al., 2003). If
colocalization of Mec1 and Mrc1 is the only requirement for the
reduced but significant level of checkpoint activation we observe
in the ddcTA dpb11-1 tel1A strain, then Mec1 recruitment to a
stalled fork is the only molecular event required to activate the
checkpoint. In vitro results suggest that this model is possible,
since Mrc1 purified from bacteria can promote Mec1 phosphory-
lation of Rad53 even in the absence of Mec1 activators (Chen and
Zhou, 2009). Moreover, some Rad53 phosphorylation is seen in
the replication-checkpoint mimic in the absence of a LacO array,
suggesting that the Ddc2-Lacl/Mrc1-Lacl heterodimer is sufficient
to promote Rad53 phosphorylation (Figures 1A and 2A). Alterna-
tively, if a replication-specific activator of Mec1 exists and is re-
quired for all Mec1 phosphorylation of Rad53, our replication-
checkpoint mimic results suggest that 1) it must be recruited by
either Mrc1 or Mec1-Ddc2, 2) it does not require that Mec1-Ddc2
be bound to chromatin, and 3) it does not depend on 9-1-1,
Dpb11, Tof1, or Csm3.
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The ability of Mrc1, but not the other checkpoint mediator, Rad?,
to promote 9-1-1-independent Mec1 phosphorylation of Rad53 is
probably explained in one of two ways: Mrc1 could be a better
Mec1 substrate, either intrinsically or because it is present at a high
local concentration at stalled forks, or Rad9 might not be recruited
to stalled replication forks in the absence of 9-1-1 and Tel1. Indeed,
we found that Rad? could not be phosphorylated in response to
MMS unless either 9-1-1 or Tel1 was intact (Figure 4C). Consistent
with this, a recent article shows that the 9-1-1-Dpb11 complex is
one pathway by which Rad? can be recruited to Mec1 (Pfander and
Diffley, 2011).

DNA integrity checkpoints protect the genome in four ways: by
arresting the cell cycle until damage can be repaired or replication
can complete, changing transcription to promote DNA repair and
cell-cycle arrest, inhibiting late-origin firing, and acting at stalled
replication forks to stabilize them. This last activity is the only one
required for survival of acute replication stress, and it may occur lo-
cally at the stalled fork that activated the checkpoint. Puddu et al.
(2011) showed that some of the other checkpoint readouts may be
impaired in ddcTA dpb11-1 mutants, but survival of acute replica-
tion stress is not impaired. We showed significant survival in the
ddcT1A dpb11-1 tel1A strain. Perhaps the Mec1 phosphorylation of
Rad53 that we observe in this strain provides, in wild-type cells, a
way to stabilize transiently stalled forks without engaging the entire
checkpoint machinery.

MATERIALS AND METHODS

Yeast strains

For complete genotypes, see Table 1. All strains are from the
W303-1a background (rad5 mutation uncorrected). Lacl fusions
were integrated at the marker locus, and Rad53 was tagged at its
endogenous locus. For strains containing LacO arrays, array length
was measured by Southern blot. Genomic DNA was digested with
Bglll and probed with the Xbal fragment of pAFS52, which contains
the LacO repeat. All Mrc1-Lacl strains within the same experiment
have the same array length, and the length is noted in the geno-
type. Rad? was tagged with a PCR fragment containing appropriate
homology, the 3xFLAG tag, and the gene for hygromycin B resis-
tance. MEC1, TEL1, and RAD24 were disrupted with the TRP1 se-
quence. In replication-checkpoint mimic strains, DDCT was deleted
with a URA3 cassette that was subsequently looped out, and RAD9
was deleted by transformation with a PCR fragment containing ap-
propriate homology and the hygromycin B resistance gene. In other
TBY strains, DDC1, MRC1, and RAD9 were deleted by transforma-
tion with a PCR fragment containing appropriate homology and
genes for resistance to G418, nourseothricin, and hygromycin B,
respectively. In PGY strains, RADY was disrupted with HIS3, and
MRC1 was disrupted with g418R.

Activation of replication-checkpoint mimic
All experiments were performed at 30°C, except that shown in Figure
1C, which is described later. Cells were grown to late log phase in
YM1 (Hartwell, 1967) + 2% dextrose, collected, and resuspended in
YM1 + 2% raffinose and grown for 2 h. Nocodazole was added to
10 pg/ml, and cells were arrested for 3 h. An amount corresponding
t0 0.75 ODggg was collected and flash-frozen on dry ice for the “0-h"”
time point. Then 2% galactose was added to promote transcription
of the Lacl fusions, and cells were grown for a further hour, at which
point 2% dextrose was added to shut off transcription. Further time
points were collected at 3 and 5 h after galactose addition.

For Figure 1C, the protocol was as described, except that the
initial parts of the experiment were performed at 23°C. After 3 h of
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Figure Strain
location name Genotype Source
1A, strain 1 CBY88 Mat a ade2-1 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOs54::TRP1 Bonilla et al.
GalS-Ddc1-Lacl::URA3 ddc1A (2008)
1A, strain 2 CBY%0 Mat a ade2-1 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOs54::TRP1 Bonilla et al.
GalS-Ddc1-Lacl::URA3 ddc1A rad9A::hygf (2008)
1A, strain 3; TBY66 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 This study
1B, strain 4 LacOg0::TRP1 GalS-Ddc1-Lacl::URA3 ddc1A rad9A::hygf
1A, strain 4 TBY63 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 trp1 This study
GalS-Ddc1-Lacl::URA3 ddc1A rad9A::hygR
1B, strain 1 TBY60 Mat a GalS-Mrc1-Lacl::ADE2 his3-11,15 Rad53-HA::LEU2 LacO1go::TRP1 ura3-1 ddc1A  This study
rad9A::hygf
1B, strain 2 TBY61 Mat a GalS-Mrc1-Lacl::ADE2 his3-11,15 Rad53-HA::LEU2 LacOgp:: TRP1 This study
GalS-Ddc1-Lacl::URA3 ddc1A rad9A::hygR
1B, strain 3 TBY65 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 This study
LacO1g0::TRP1 ura3-1 ddc1A rad9A::hygR
1C, strains 1 TBY79 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 This study
and 4 LacOjgo::TRP1 ura3-1
1C, strains 2 TBY80 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 This study
and 5 LacOqg0::TRP1 ura3-1 ddc1A
1C, strains 3 TBY81 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 This study
and 6 LacO1gp::TRPT ura3-1 ddc1A dpb11-1
2A, strain 1 TBY217 Mat a Gal-Mrc1-Lacl::ADE2 his3-11,15 Rad53-HA::LEU2 LacOs4:: TRP1 ura3-1 This study
2A, strain 2;  TBY206 Mat a ade2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOs54::TRP1 ura3-1 This study
2C, strain 2
2A, strain 3 TBY34 Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOys4::TRP1 This study
ura3-1 rad9A::hygR
2A, strain 4 TBY214 Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOys4:: TRP1 This study
ura3-1 ddc1A
2A, strain 5 TBY205  Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacO256::TRP1 This study
ura3-1
2B, strain 1
2A, strain 6 TBY207  Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEUZ2 trp1-1 ura3-1 This study
2B, strain 2
2B, strain 3 TBY36 Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOs4::TRP1 This study
ura3-1 csm3A::g418R
2B, strain 4 TBY38 Mat a Gal-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOs4::TRP1 This study
ura3-1 tof1A::g418R
2C, strain 1 TBY236 Mat a GalS-Mrc1-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacO,s4:: TRP1 This study
ura3-1
2C, strain 3 TBY238 Mat a GalS-Mrc1AQ-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOys54::TRP1 This study
ura3-1
2C, strain 4 TBY239 Mat a GalS-Mrc1AQ-Lacl::ADE2 Gal-Ddc2-Lacl::HIS3 Rad53-HA::LEU2 LacOys54:: TRP1 This study
ura3-1
3, Aand B, PGY1824 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 ura3-1 sml1-1 Peter Garber,
strain 1 Toczyski lab
4, A and B,
strain 1
4C, strain 1
TABLE 1: Yeast strains.
continues
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Figure Strain

location name Genotype Source

3, Aand B, PGY2525 Mata ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1A::URA3 sml1-1 Peter Garber,

strain 2 Toczyski lab

4, A and B,

strain 2

AC, strain 2

3, Aand B, TBY326 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 This study

strain 3 ddc1A::g418R

4, A and B,

strain 3

3,Aand B, TBY233 Mat alpha ade2-1 leu2-3,112 his4 RAD53-HA::TRP1 tel1::URA3 sml1-1 dpb11-1 This study

strain 4

3,AandB, TBY380 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 ura3-11,15 sml1-1 This study

strain 5 ddc1A:g418f dpb11-1

3,AandB, TBY327 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 This study

strain 6 ddc1A:g418f dpb11-1

3, Aand B, TBY143 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 mec1::TRP1 tel1::URA3 This study

strain 7 sml1-1

4, A and B,

strain 8

4C, strain 8

4, Aand 4B, TBY51 Mat a ade2-1 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 mrc1A::nat® This study

strain 4

4, Aand B, TBY49 Mat a ade2-1 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 rad9A::hygR This study

strain 5

4, A and B, TBY50 Mat a ade2-1 leu2-3,112 RAD53-HA::TRP1 tel1::URA3 sml1-1 ddc1A::g418R This study

strain 6 mrc1A::nat?

4, A and B, TBY371 Mat a ade2-1 leu2-3,112 RAD53-HA::TRP1 tel1::URA3 sml1-1 ddc1A::g418R This study

strain 7 rad9A::hygf

4C, strain 4 PGY2383 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 Peter Garber,
mrc1:g418R Toczyski lab

4C, strain 5 PGY2387 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 rad24::TRP1 tel1::URA3 Peter Garber,
sml1-1 mrc1::g418R Toczyski lab

4C, strain 6 PGY2215 Mat a ade2-1 rad9::HIS3 leu2-3,112 lys2 RAD53-HA::TRP1 rad24::TRP1 tel1::URA3 Peter Garber,
sml1-1 Toczyski lab

4D, strain 1 TBY409 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 ura3-1 sml1-1 This study
RAD9-3xFLAG::hygR

4D, strain 2 TBY410 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 This study
RAD9-3xFLAG::hygR

4D, strain 3 TBY411 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 This study
RAD9-3xFLAG::hygR ddc1A::g418R

4D, strain 4 TBY412  Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA:: TRP1 sml1-1 RAD9-3xFLAG::hyg?  This study
ddc1A:g418f dpb11-1

4D, strain 5 TBY413 Mat a ade2-1 his3-11,15 leu2-3,112 lys2 RAD53-HA::TRP1 tel1::URA3 sml1-1 This study
RAD9-3xFLAG::hygR ddc1A::g418R dpb11-1

S1, strain 1 ADR21 Mat a ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 Adam Rudner,

A. Murray lab
S1, strain 2 Mat a ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 dpb11-1 Gift of H. Araki

TABLE 1: Yeast strains. (Continued)
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arrest in nocodazole, cells were moved to 34°C for an additional
hour before addition of galactose.

Treatment with hydroxyurea and methyl methanesulfonate
Experiments for Figures 3 and 4D were performed at 22.5°C, and
experiments for Figure 4, A-C, were performed at 30°C. To cells in
early log phase were added 0.2 M HU (H8627; Sigma-Aldrich, St.
Louis, MO), 0.05% MMS (156890050; Acros Organics, Geel,
Belgium), or medium alone. For Western blotting, cells were incu-
bated in medium alone for 2.5 h (Figures 3 and 4D) or 1.5 h (Figure
4, A and C) and in HU or MMS for 4 h (Figures 3 and 4D), 2.5 h
(Figure 4A), or 2.8 h (Figure 4C). Then pellets equivalent to an
ODgqo of 0.75 were collected and flash-frozen on dry ice.

For viability experiments, the same volume of cells for a given
strain was plated before HU treatment and after 4 and 6 h of HU at
22.5°C (Figure 3B) or 2.5 h of HU at 30°C (Figure 4B). Colonies were
counted, and the number at 4 and 6 h was divided by the number
at 0 h to give the fraction of viable cells.

Western blotting and antibodies

Cell pellets were lysed in 20% trichloroacetic acid with glass beads,
and protein was precipitated and resuspended in SDS sample buf-
fer. SDS-PAGE gels to be blotted for Rad53-HA or Rad9-3xFLAG
were Tris-HCI 6% acrylamide (37.5:1). All other gels were Criterion
Tris-HCI 4-20% gradients (345-0034; Bio-Rad, Hercules, CA). Rad53-
HA was detected with 1:1000 mouse monoclonal anti-hemaggluti-
nin 16B12 (MMS-101P; Covance, Berkeley, CA) for Figures 1C, 2, B
and C, 3, and 4, or 1:2000 rabbit anti-Rad53 (DABQO1, kind gift of
D. Durocher, Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, ON, Canada) for Figures 1, A and B, and 2A.
Rad9-3xFLAG was detected with 1:1000 mouse monoclonal anti—
FLAG M2 (F3165; Sigma-Aldrich), X-GFP-Lacl fusions with 1:1000
mouse monoclonal anti-GFP JL-8 (632380; Clontech, Mountain
View, CA), and Cdc28 with 1:1000 goat anti-Cdc28 yC-20 (sc-6709;
Santa Cruz Biotechnology, Santa Cruz, CA).
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