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SUMMARY

DNA damage activates checkpoint kinases that induce several downstream events, including
widespread changes in transcription. However, the specific connections between the checkpoint
kinases and downstream transcription factors (TFs) are not well understood. Here, we integrate
kinase mutant expression profiles, transcriptional regulatory interactions, and phosphoproteomics
to map kinases and downstream TFs to transcriptional regulatory networks. Specifically, we
investigate the role of the Saccharomyces cerevisiae checkpoint kinases (Mecl, Tell, Chk1,
Rad53, and Dun1) in the transcriptional response to DNA damage caused by methyl
methanesulfonate. The result is a global kinase-TF regulatory network in which Mec1 and Tell
signal through Rad53 to synergistically regulate the expression of more than 600 genes. This
network involves at least nine TFs, many of which have Rad53-dependent phosphorylation sites,
as regulators of checkpoint-kinase-dependent genes. We also identify a major DNA damage-
induced transcriptional network that regulates stress response genes independently of the
checkpoint kinases.
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INTRODUCTION

DNA damage can be caused by exogenous agents, such as carcinogens and ionizing
radiation, and by endogenous agents, such as reactive oxidative species. This can result in
errors during DNA replication or blockage of the replication machinery, leading to
mutations or genomic rearrangements. Cellular function or viability may be impaired if the
resulting mutations or genomic rearrangements affect critical genes. In addition, alteration of
genes with roles in cellular homeostasis, such as control of the cell cycle, cell migration, or
cellular adhesion, may contribute to the development of cancer (Branzei and Foiani, 2009;
Kolodner et al., 2002).

Response mechanisms that recognize DNA damage are well conserved in eukaryotes. The
DNA damage response (DDR) involves a signal transduction cascade in which recognition
of DNA damage activates checkpoint kinases from the PI3K-like family, particularly ataxia
telangiectasia mutated (ATM) and ATM/Rad3 related (ATR) (Mecl and Tell in S
cerevisiae; see Figure 1A). ATM and ATR then phosphorylate Chk family checkpoint
kinases, including Chk1 and Chk2 (Chk1 and Rad53 in S cerevisiae; Rad53 also
phosphorylates a third checkpoint kinase, Dunl), but the relative importance of each
checkpoint kinase to the DDR depends on the type of DNA damage. The activated
checkpoint kinases phosphorylate numerous effector proteins that regulate multiple cellular
processes, including cell-cycle progression, DNA replication and repair, and, in
multicellular organisms, apoptosis (Branzei and Foiani, 2006; Putnam et al., 2009; Rouse
and Jackson, 2002).

Activation of the checkpoint kinases also induces changes in expression of hundreds to
thousands of genes in S. cerevisiae (Gasch et al., 2001; Putnam et al., 2009; Workman et al.,
2006). In one example, the transcription factor (TF) Rfx1/Crtl represses multiple targets,
including the ribonucleotide reductase genes (RNR2, RNR3, and RNR4), HUGL1, and RFX1
itself (Figure 1A) (Basrai et al., 1999; Huang et al., 1998). Following DNA damage,
repression is relieved by hyperphosphorylation of Rfx1 by Dunl (Huang et al., 1998).
Interestingly, most of the genes that are differentially expressed in response to DNA damage
are not involved in DNA repair but rather act in other processes such as cell-cycle
progression, environmental stress responses, protein homeostasis, and energy metabolism
(Gasch et al., 2001; Putnam et al., 2009). For example, Rad53 phosphorylates and
potentially represses Swi6, a TF that drives expression of genes that promote cell-cycle
progression from G1 to S phase (Sidorova and Breeden, 1997, 2003).

Previously, we used genome-wide chromatin immunoprecipitation (ChIP) and TF mutant
expression profiling to map transcriptional networks underlying the DDR induced by methyl
methanesulfonate (MMS) in S cerevisiae (Workman et al., 2006). These data have since
been combined with data from other high-throughput studies to identify potential
transcriptional targets for most known S. cerevisiae TFs (Beyer et al., 2006). Here, we
integrate this transcriptional network with gene expression profiles of checkpoint kinase
mutants to map interactions between kinases and TFs during the DDR. We further explored
kinase-TF interactions using mass spectrometry to identify checkpoint-kinase-dependent
phosphorylation sites on candidate TFs. We found that the checkpoint-kinase-mediated
transcriptional response is more complex than previously appreciated. Specifically,
activation of Rad53 in a manner dependent on Mec1 and, to a greater extent than other
MMS-induced checkpoint responses, on Tell plays a central role in inducing a
transcriptional network that involves both Dun1-dependent and Dunl-independent branches.
In addition, we identified transcriptional networks induced by DNA damage independently
of the checkpoint kinases.
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Rad53 Is the Central Regulator of the Checkpoint- Kinase-Dependent Transcriptional
Response to DNA Damage

We analyzed the mRNA expression profiles of S. cerevisiae before and after exposure to
MMS in wild-type (WT) cells and in checkpoint kinase single and double mutants (strains
shown in Figure 1A and Table S1; expression profile data shown in Table S2).
Approximately 1,700 genes showed significant expression changes during the DDR in WT
cells (Table S3). As shown in Figure 1B, differential expression of a number of genes was
attenuated by deletion of MEC1, RAD53, or DUNL. In contrast, deletion of STE11, a kinase
that mediates the pheromone response during mating (Bardwell, 2004), did not substantially
affect DNA damage-induced changes in gene expression (Figure 1B; Table S3).

Hierarchical clustering of the WT and mutant differential expression profiles revealed high-
level insights into their regulatory relationships (Figure 1C). In the resulting tree, the
distance between two strains reflects the difference between the expression profiles of the
strains, and the distance of a strain from WT indicates the severity of its defect in the
transcriptional response to MMS (Ideker et al., 2001; Van Driessche et al., 2005). For
instance, chkl14 clustered closely with WT, chk14dunl4 clustered with dunl4, and
chkl4rad534 clustered with rad534, suggesting that Chk1 does not contribute significantly
to the transcriptional response to MMS. The expression profile of rad534dunl4 was similar
to that of rad534 and distinct from that of dunl4, and the expression profile of the dunl4
mutant was much closer to WT than that of the rad534 mutant, consistent with Dun1 acting
downstream of Rad53 and with a larger fraction of the transcriptional response being
mediated by Rad53 than by Dunl (Figure 1C) (Allen et al., 1994; Bashkirov et al., 2003).
The distance between the WT and mec14 expression profiles confirmed that Mec1 plays an
important role in regulating the transcriptional response toMMS(Gasch et al., 2001). A tel14
mutation resulted in only minor defects in the MMSinduced expression profile. However,
the mecl4tel14 double mutant affected the transcriptional response to a much greater extent
than mecl4. Finally, the mecl4tel14 and rad534 mutants had differential expression
profiles that showed similar defects, supporting the model that Mec1 and Tell converge on
Rad53 to regulate the checkpoint-kinase-dependent branch of the transcriptional response
(Figure 1D).

Implicating Downstream TFs in the Checkpoint-Kinase- Dependent Transcriptional

Response

To map the transcriptional network induced by the checkpoint kinases, we first identified the
genes whose DNA damage-induced transcriptional response was dependent on each kinase.
Figure 2A illustrates this for a subset of genes in the dun14 experiment: HUG1 and RNR3
are targets of the Rfx1 TF, which is regulated by Dunl (Figure 1A) (Basrai et al., 1999;
Huang et al., 1998). Both HUG1 and RNR3 were upregulated by MMS in the WT strain but
showed a reduced response in the dunl4 mutant (Figure 2A). Similarly, ADE4 and HOF1
were downregulated in WT but not in the dunl4 mutant. We refer to these genes as “kinase
dependent” because they require the kinase for full differential expression during the DDR.

By evaluating genes for statistically significant reductions in differential expression in each
of the kinase mutants (Table S2; Table S4 lists the kinase dependencies and other properties
for all genes included in the expression analysis), we identified 109 and 146 genes that were
dependent on Dunl and Mecl, respectively (Figure 2B; Table S3). Many more genes were
dependent on Rad53 (~600 genes), providing an estimate for the number of checkpoint-
kinase-dependent genes. Consistent with the model in which Dunl regulates Rfx1, this
analysis revealed that 41 genes, including known Rfx1 targets (FSH3, HUG1, RNR2, RNR3,

Cell Rep. Author manuscript; available in PMC 2013 December 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jaehnig et al.

Page 4

and RNR4), showed a reduction in differential expression in the rfx14 mutant and that 16
and 39 of these showed reduced differential expression in dunl4 and rad534 mutants,
respectively (Tables S4 and S5) (Basrai et al., 1999; Huang et al., 1998).

Using a previously defined TF regulatory network comprising approximately 13,000 TF-
target gene interactions for 158 TFs (Beyer et al., 2006), we identified TFs whose targets
showed significant enrichment for kinase-dependent genes (Figure 3A; Table S6). In these
cases, the kinase was inferred to mediate expression of the target genes by regulating the
activity of that TF during the DDR. Figure 3B shows the network inferred for the set of
Dunl-dependent genes. We found significant enrichment for targets of Rfx1 in both the
Dunl- and Rfx1- dependent gene sets, confirming that Rfx1 regulates predicted Rfx1 targets
and lies downstream of Dunl (Figure 3B; Table S6). The combined network for TFs
consistently inferred from all of the checkpoint kinase-dependent gene sets contained
interactions between the checkpoint kinases and nine downstream TFs (Figures 3C, S1, and
S2). Analysis of previously published expression data indicated that mutations in the
nonessential TF genes (MSN4, MBP1, SM6, SM 4, GCN4, RFX1, and FKH2) reduced
expression of many MMS-induced genes whose expression was similarly affected by
deletion of RAD53 (Figures S3, S4, and S5) (Workman et al., 2006). In addition, the
checkpoint kinases showed significant potential interactions with seven other TFs (Arg81,
Cad1, Fkh1, GIn3, Hir2, Msn2, and Rphl), albeit with less consistency (Figure S1; Table
S6).

GO enrichment analysis of the Rad53-dependent genes predicted to be targets of each TF in
the Dunl-regulated branch of this network revealed that these TFs regulate genes involved
in DNA metabolism (Rfx1), amino acid metabolism (Gcnd4), cell division (Fkh2, Mcm1, and
Ndd1), and rRNA processing (Fkh2 and Ndd1) (Figures 3C, S1, and S2; Table S7). These
observations are consistent with previous studies implicating Rfx1 in nucleotide metabolism
during the DDR (Huang et al., 1998), Gcn4 in stress responses induced by environmental
amino acid imbalances (Hinnebusch and Fink, 1983; Yoon et al., 2004), and the complex
containing Fkh2, Mcm1, and Ndd1 in promoting the G2 to M cell-cycle transition (Bahler,
2005). The network of TFs controlled by the checkpoint kinases (Figure 3C) did not include
the Arg81, Rtg3, and Cadl TFs shown in Figure 3B because enrichment of their targets was
not consistently observed in the other checkpoint kinase mutants (Table S6). However, all
the target genes that allowed us to infer connections for Dunl with Arg81 and Rtg3 were
also included in the set of Gen4 targets (Figure 3B), suggesting that a limitation of this
approach is that we cannot determine the specificity of TFs whose targets have a high degree
of overlap. Finally, only 43% of the Dunl-dependent genes (47 out of 109) were included in
this network (Figures 2C and 3B), indicating that Dunl may also regulate other TFs that we
could not identify using this approach.

The TFs acting downstream of Rad53, but not Dunl, included Msn4, which regulates
responses to stress and temperature, and MBF (Swi6-Mbp1) and SBF (Swi6-Swi4), which
regulates G1 to S transition in the cell cycle and expression of nucleic acid metabolism
genes involved in DNA replication and repair (Figures 3C and S2; Table S7) (Sidorova and
Breeden, 1993; Verma et al., 1992). At a lower threshold, enrichment for targets of Arg81,
Rtg3, and Cad1 (also regulated by Dunl) and of Fkh1, GIn3, Hir2, and Msn4 and Rphl
(Dunl independent) was also observed (Figure S1; Table S7). In summary, our analysis
reveals a global transcriptional regulatory network in which Rad53 regulates at least Msn4
and the SBF/MBF complexes independently of Dunl and Rfx1, Gen4, and the Fkh2/Mcm1/
Ndd1 complex via Dunl (Figure 3C).
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Rad53-Dependent Phosphorylation of TFs in the Checkpoint-Kinase-Mediated Response

To determine if the checkpoint kinase cascade regulates the TFs identified in this global
network (Figure 3C) via phosphorylation, we used mass spectroscopy (MS) to compare the
levels of phosphopeptides for each TF purified from a rad534 mutant with those same
peptides purified from an isogenic WT strain (Figure 4; Table S8). (Rfx1 was not examined
because its phosphoregulation by Rad53 and Dunl has been described by Huang et al.
(1998). Also note that Rph1, an additional TF included in Figure S1, has been shown to
undergo Rad53-dependent, DNA damage-induced phosphorylation (Kim et al., 2002).) The
rad534 mutant was the focus of this analysis because virtually the entire checkpoint-kinase-
mediated transcriptional response to MMS was Rad53 dependent (Figures 1C and 3C).
Because a single phosphosite was often seen in multiple peaks/peptides, we also calculated
the total relative levels for all MS peaks containing a given phosphosite to better determine
the extent to which phosphorylation was affected by the rad534 mutation (Table 1).

We observed peptides with Rad53-dependent changes in phosphorylation from all eight TFs
tested. In total, 34 phosphorylation sites (greater phosphorylation in WT) and 21
dephosphorylation sites (greater phosphorylation in the rad534 mutant) were observed in at
least one of three independent experiments conducted for each TF (Figure 4). Ndd1, Msn4,
Fkh2, Mbp1, and Swib6 had at least one site that showed a net reduction in phosphorylation
in the rad534 mutant in at least two experiments (Table 1), whereas Gen4, which may also
be activated by the accumulation of unspliced mMRNAs in response to DNA damage
(Ghavidel et al., 2007), and Swi4 had sites showing a net reduction in phosphorylation in
only one experiment. The only potential Rad53-dependent phosphorylation site on Mcm1
showed inconsistent results in different experiments (Table 1). Fkh2, Msn4, Ndd1, Mbp1,
and Swi6 also had sites showing a net increase in phosphorylation in rad534 mutants in at
least one experiment (Table 1), possibly due to activation of a phosphatase or inactivation of
an intermediate kinase by Rad53. Fkh2, Mcm1, or Ndd1 activity may also be indirectly
regulated by Hem1, a transcriptional activator not included in the database we used to
identify the TFs (Pramila et al., 2006). However, it is unlikely that Hcm1 plays a role in the
regulation of these TFs because HCM1 gene expression did not change in WT and was
actually repressed by MMS treatment in rad534 mutants that failed to downregulate targets
of Fkh2, Mcm1, and Ndd1 (Table S2). Interestingly, a single peptide on Swi6 contained six
potential phosphorylation sites that could be separated into two groups. Peptides containing
T169 and S170 showed Rad53-dependent phosphorylation, whereas peptides containing
S176, S178, T179, and T182 (but not T169 or S170) were found either to not be changing or
to show Rad53-dependent dephosphorylation when peptides with phosphorylation of
multiple sites were observed (Figure 4; Table 1). Furthermore, we observed higher levels of
peptides containing T169 or S170 in WT yeast treated with MMS compared to untreated
yeast, whereas peptides containing only S176, S178, T179, and/or T182 were not induced by
MMS (data not shown). MMS also induced phosphorylation of Rad53-dependent sites on
Swi4 (S271) and Mbp1 (S133, S191, and S212).

Putative Rad53 consensus sites accounted for 17 of the 34 potential Rad53-dependent
phosphorylation sites, including T169 and S170 on Swi6, S212 on Mbpl, and S271 on Swi4
(Table 1) (Sidorova and Breeden, 2003; Smolka et al., 2007). Meanwhile, only 2 of the 34
sites were Mec1/Tell consensus sites (Kim et al., 1999), only 2, which were also Rad53-
dependent phosphorylation sites on Ndd1 and Mbp1, were Dunl consensus sites, and only 1,
which was also a Rad53-dependent site on Fkh2, was a Cdc28 consensus site (Sanchez et
al., 1997; Songyang et al., 1994). Although the Dun1-dependent set of genes was enriched
for targets of Gend, Fkh2, and Mcm1, we did not observe phosphorylation of Dunl
consensus phosphorylation sites on these TFs. These observations may reflect the fact that
Rad53 and Dunl consensus sites are not yet well defined. Regardless of whether
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phosphoregulation of these TFs occurs directly by Rad53 or Dunl or indirectly by
downstream kinases or phosphatases, it appears that nearly all of the TFs have Rad53-
dependent phosphorylation sites that could contribute to transcriptional regulation.

Predicted G1 Targets of MBF Are Activated by MMS, whereas G2/M Targets of Fkh2/Mcm1/
Ndd1 Are Repressed by Dunl Independently of Cell-Cycle Arrest

Several of the TFs identified regulate cell-cycle progression (Béhler, 2005; Koch et al.,
1993; Sidorova and Breeden, 1993; Verma et al., 1991). We, therefore, utilized the results of
a previous analysis of cell-cycle-specific gene expression (Spellman et al., 1998) to
investigate the relationship of the checkpoint-kinase-dependent transcriptional response to
the cell cycle. As shown in Figure 5A and Table S9, the set of Rad53-dependent genes
upregulated by MMS treatment was enriched for genes with peak expression in G1 phase,
whereas the downregulated set was enriched for genes with peak expression in S, G2, and M
phases. Specifically, G1-specific genes included upregulated genes predicted to be targets of
Mbpl, Swi4, and Swi6, whereas G2/M phase genes included downregulated targets of Fkh2,
Ndd1, and Mcm1 (Figure 5B; Table S9).

Previous studies have suggested two distinct models for how Rad53 regulates Swi6 during
the DDR. Rad53 may inhibit expression of Swi6 target genes and, thus, cell-cycle
progression (Sidorova and Breeden, 1997, 2003). Alternatively, Rad53 may activate the
Mbp1/Swi6 (MBF) complex in response to DNA damage (Bastos de Oliveira et al., 2012;
Travesa et al., 2012). In the network of putative Mbp1l, Swi4, and Swib6 targets regulated by
Rad53 (Figure 5C), the majority of Mbp1 target genes were upregulated during the MMS
response. Taken together with the observation that the upregulated targets of Mbp1 and
Swi6 were enriched for G1-specific genes (Figure 5B; Table S9), our results are consistent
with the model in which Rad53 activates transcription by MBF in response to DNA damage.
Furthermore, our GO enrichment analysis suggests that Rad53 most likely activates
expression of MBF target genes involved in DNA replication and repair (Figures 3B and
S2). However, just over half of the predicted targets (17 out of 31) of Swi4 and/or Swi6, but
not Mbp1, were downregulated by MMS (Figure 5C), and downregulated targets of these
TFs showed enrichment for G2/M genes (Figure 5B; Table S9). These results suggest that
the Swi4/Swi6 (SBF) complex may play a different role in the transcriptional response to
MMS treatment.

Of the remaining TFs in the checkpoint-kinase-dependent network (Figure 3C), only Fkh2,
Mcm1, and Ndd1, which are also targets of Dunl, showed enrichment for cell-cycle-specific
gene expression (Figure 5B; Table S9). Putative downregulated targets of all three of these
TFs showed enrichment for G2/M genes, including CDC5, CLB2, ACE2, and SM5 (Figure
3B; Tables S4 and S9). Although deletion of FKH2 affected expression of a small set of
genes that was primarily upregulated by MMS (Figure S3), regulation of Mcm1 and Ndd1,
the essential members of the complex, by the checkpoint kinases may be sufficient for
mediating repression of G2/M targets.

Under the conditions used here, MMS causes a cell-cycle delay in S phase (the intra-S
checkpoint; Figures 5D and S6) (Paulovich and Hartwell, 1995). This raises the question of
whether repression of genes associated with the G2 to M phase transition was due to indirect
effects associated with a greater proportion of cells residing in S phase during MMS
treatment. As shown in Figure 5D, asynchronous populations of WT cells analyzed by
fluorescence-activated cell sorting (FACS) were evenly distributed between cells with either
1 N or 2 N DNA content. However, MMS treatment resulted in a shift toward a greater
population with 1 N DNA content and the appearance of a population of cells with S phase
DNA content between 1 N and 2 N (Figure 5D). By contrast, the rad534 mutant strains were
deficient in this checkpoint because MMS-treated rad534 mutant cells resembled untreated
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cells (Figures 5D and S6). Both the mec14 and mecl4tel 14 mutant strains also displayed
this checkpoint defect, but the dunl4 and dunl4chkl4 mutants had an intact intra-S
checkpoint (Figures 5D and S6). Consistent with these results, release of a factor-arrested
cells into MMS resulted in a delay in progression through S phase in both the dunl4 mutant
and WT, whereas the rad534 strain progressed rapidly through S phase (data not shown).

The observation that a dun14 deletion mutant arrests in S phase in response to MMS
treatment (Figure 5D) even though deletion of DUNL1 prevented DNA damage- induced
repression of predicted Fkh2, Mcm1, and Ndd1 targets with peak expression in G2/M
(Figure S3) suggests that these genes are not repressed in WT cells as a result of DNA
damage-induced cell-cycle arrest. Rather, Dunl likely directly regulates DNA damage-
induced repression of these genes by modulating the activity of the transcriptional complex
consisting of Mcm1, Ndd1, and possibly Fkh2. Consistent with this, the expression profiles
of mecl4 and dunl4 clustered together (Figure 1B), and the sets of Mec1- and Dunl-
dependent genes overlapped by ~50% (Table S5) even though deletion of MEC1 and DUN1
resulted in a defect (no cell-cycle delay) and no defect in the intra-S checkpoint (cell-cycle
delay) in response to MMS, respectively. However, the majority of Mcm1 and Ndd1 targets
and approximately half of the predicted Fkh2 targets showed stronger defects in differential
expression in the rad534 mutant than in the dunl4 mutant (Figure S3). This may reflect a
failure to arrest in response to MMS that leads to a higher proportion of cells expressing G2/
M genes and/or an additional role for Rad53 in the direct regulation of these TFs. Consistent
with the latter possibility, the most likely checkpoint-kinase-dependent phosphorylation sites
on Fkh2 (S596) and Ndd1 (S454) were consensus sites for Rad53 (Table 1). In addition,
most of the Rfx1 and Gcn4 targets showing differential expression in response to MMS
treatment were affected more substantially by deletion of RAD53 than by deletion of DUN1
even though did they not show cell-cycle-specific gene expression (Figure S4). Finally,
deleting TEL1 in a mec14 mutant resulted in reduced DNA damage-induced regulation of
many additional genes even though the mec14 mutation was sufficient to cause a complete
defect in MMS-induced cell-cycle delay (Figures 2B and 5D). These observations suggest
that the broad role that Rad53 plays in regulating transcription in response to MMS is not
solely a consequence of cell-cycle arrest.

A Network of TFs Mediates Gene Expression Independently of the Checkpoint Kinases

Although nearly 1,700 genes were differentially expressed in response to MMS, only ~600
of these showed significantly reduced differential expression in the rad534 mutant,
suggesting a substantial transcriptional response that is checkpoint kinase independent.
Therefore, we evaluated the set of differentially expressed genes that was not checkpoint
kinase dependent for enrichment of putative TF targets. The differentially expressed genes
were divided into a checkpoint-kinase-dependent set of 547 genes (224 genes with
expression disrupted in only one of the nine kinase mutants were excluded) and a
checkpoint-kinase-independent set of 901 genes, and enrichment for TF targets was
computed for each set (Figure 6A; Table S10). We observed enrichment for predicted
targets of 18 TFs in the checkpoint-kinase-dependent set and enrichment for targets of 10
different TFs (Cadl, Hsfl, Hapl, Hap4, Rcsl, Rdsl, Rpn4, Yapl, and Yap7; Sutl was of
borderline significance) in the checkpoint-kinase-independent set (Figure 6A). Targets of
Cad1 (Yap2) were also overrepresented among the Dunl-dependent genes (Figure 3B), but
nearly all of the checkpoint-kinase-independent targets of Cadl were also targets of Yapl
and Yap7 (Figure S7). Thus, there is a strong possibility that Yapl and/or Yap7 mediates
expression of these targets and that Cad1 was implicated in the checkpoint-kinase-
independent response to MMS simply because it shares predicted target genes. Similarly,
most of the predicted targets of Rds1 were also targets of either Hapl or Yapl and Yap7
(Figure S7). Although many predicted targets of Hapl were also predicted targets of Hap4,
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and whereas Yapl and Yap7 share several common predicted targets, unique predicted
targets of each of these TFs were also checkpoint kinase independent (Figure S7). In total,
294 of the 901 checkpoint-kinase-independent genes were predicted targets of Cadl, Hsf1,
Hapl, Hap4, Rcsl, Rds1, Rpn4, Sutl, Yapl, or Yap?7.

To confirm the role of these TFs in the checkpoint-kinase-independent transcriptional
response, we analyzed previously published expression profiles of rpnd44 and yapl4 mutants
(Workman et al., 2006) and performed expression profiling of five other TFs (Hapl, Hap4,
Rcsl, Sutl, and Yap7; Cadl and Rds1 were not included because their predicted targets are
likely regulated by other TFs, and Hsf1 was not included because it is essential) and found
that these TFs all regulated check-point-kinase-independent genes (Figures 6B, S8, S9, and
S10). Interestingly, all of these TFs were also found to regulate checkpoint- kinase-
dependent genes (Figure 6B) even though the Beyer et al. (2006) analysis only predicted that
16 of the 264 kinase-dependent genes affected by deletion of the TFs were targets of the
corresponding TFs.

GO enrichment analysis indicated that these TFs regulate stress response genes. Analysis of
both predicted TF target genes in the checkpoint-kinase-independent DDR network (Figure
S7) and of TF-dependent gene sets (Figure 6B) indicated that Rcs1 and Yap1 activate and
Hap1l represses genes involved in the oxidative stress response (Table S7). Analysis of
predicted TF targets in the checkpoint-kinase-independent network also suggested that Hsf1
activates temperature response genes, Rpn4 activates genes regulating proteolysis, and Hap4
represses nucleotide metabolism genes (Figure S7). Given that differential expression of
these genes was observed in both cells arrested at the intra-S checkpoint (WT and dunl4
mutant, Figure 5D) and in cells that were checkpoint defective (rad534 and mecl4 mutants,
Figure 5D), it is unlikely that differential expression of these genes was a consequence of a
shift in the proportion of cells from one stage of the cell cycle to another in response to
MMS treatment.

DISCUSSION

Here, we integrated data generated using genomic and proteomic approaches to characterize
the function of the checkpoint kinases in the transcriptional response induced by DNA
damage. Our studies documented a number of key results.

1. Tell was dispensable for the transcriptional response elicited by MMS, whereas
simultaneous deletion of both MEC1 and TEL1 had a far greater effect than
deletion of MEC1 alone even though deletion of MECL1 causes a complete defect in
the cell-cycle delay induced by MMS.

2. Deletion of RAD53 affected the MMS-induced transcriptional response to the same
extent as codeletion of MEC1 and TEL1.

3. Rad53 and Mec1/Tell similarly mediated differential expression of ~500 genes, of
which ~100 and ~150 were also regulated by Dunl and Mecl, respectively. These
checkpoint-kinase-dependent genes included targets of a set of nine TFs, at least
five of which were phosphorylated in a Rad53-dependent fashion.

4. Adistinct group of at least seven TFs regulates differential gene expression in
response to MMS independently of the checkpoint kinase cascade.

5. The transcriptional response does not appear to be the indirect consequence of
perturbation of the cell cycle by MMS.

These results indicate that the MMS-induced transcriptional response involves a
considerably more complex network than previously appreciated.
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Previous studies have shown that overexpression of TEL1 can suppress and deletion of TEL1
can modestly enhance the DNA damage sensitivity of a mecl4 mutant, suggesting that
Mec1 and Tell have similar activities (Morrow et al., 1995). However, the checkpoint
response to MMS, as assessed by MMS-induced S phase delay and inhibition of nuclear
division, is entirely dependent on Mec1 (Paulovich and Hartwell, 1995). Furthermore,
MMS-induced phosphorylation of Rad53 is almost entirely dependent on Mec1; only a very
low level of residual MMSinduced phosphorylation of Rad53 was seen in a mecl mutant,
and this phosphorylation appeared to be Tell dependent (Sanchez et al., 1996). In the gene
expression analysis reported here, deletion of TEL1 had little effect on MMS-induced gene
expression, whereas the mecl4tel 14 double mutant affected differential expression to a
much greater extent than the mecl14 single mutant. Mecl and Tell primarily appeared to
activate Rad53 because the rad534 mutants had differential gene expression profiles that
were similar to that of the mecl4tel14 double mutant. Deletion of CHK1 did not affect
MMS-induced gene expression, consistent with observations that Chk1 is primarily involved
in the G2/M checkpoint, whereas MMS, under the conditions used here, primarily activates
the intra-S checkpoint (Liu et al., 2000; Paulovich and Hartwell, 1995; Sanchez et al., 1999).
Interestingly, deletion of DUN1, which acts downstream of Rad53 (Allen et al., 1994;
Bashkirov et al., 2003), did not affect differential expression of targets of TFs in the Dunl
branch of the transcriptional response to the same extent that the rad534 mutation did
(Figures S3, S4, and S5). This suggests that Rad53 also acts on Rfx1, Fkh2, Mcm1, Ndd1,
and Gcen4 in a Dunl-independent manner. In contrast, Rad53 appears to regulate expression
of targets of Msn4, Swi6, Swi4, and Mbp1 through Dunl-independent mechanisms,
consistent with previous results showing that SBF (Swi4/Swi6) and MBF (Mbp1/Swi6) are
directly regulated by Rad53 (Bastos de Oliveira et al., 2012; Sidorova and Breeden, 1997,
2003; Travesa et al., 2012). Overall, our results show that the MMS-induced checkpoint-
kinase-dependent transcriptional response is primarily mediated by activation of Rad53 by
Mecl and Tell leading to the activation of downstream Dunl-dependent and Dunl-
independent branches. This transcriptional response is far more dependent on Tell than
MMS-induced cell-cycle delay or Rad53 phosphorylation is. The simplest explanation for
these results is that the low level of residual Rad53 phosphorylation seen in mecl4 mutants
is sufficient to at least partially regulate transcriptional but not other checkpoint responses.
As such, this study provides a more comprehensive network of the checkpoint- kinase-
mediated transcriptional response than the Mecl-mediated response previously reported by
Gasch et al. (2001).

The observation that deletion of MEC1 or DUN1 had similar effects on differential gene
expression in response to MMS treatment is consistent with previous results by Gasch et al.
(2001). One possible explanation for this observation is that activation of Dunl by Rad53 is
solely Mec1 dependent (Tell cannot compensate for the loss of Mecl). Possible
explanations for this would be that activation of Dunl by Rad53 might require a scaffold
containing Mecl or that the interaction between Rad53 and Dunl might require
phosphorylation of at least one of these proteins by Mecl specifically. Dunl does contain a
consensus site (S176) for Mec1/Tell that is phosphorylated in vivo and can serve as a
substrate for Mecl phosphorylation in vitro (Albuquerque et al., 2008; Mallory et al., 2003).
Mutation of this site and the two other Mec1/Tell consensus sites on Dunl did not cause the
increased MMS sensitivity caused by deletion of DUNL1; however, Mecl and Tell were still
able to phosphorylate this mutant to a lesser extent in vitro, suggesting the existence of
additional Mec1/Tell phosphorylation sites (Mallory et al., 2003). These observations
suggest that activation of Dunl is more complex than a linear Mec1 > Rad53 > Dunl
pathway.

The fact that most of the TFs predicted to act downstream of Rad53 were phosphorylated in
a Rad53-dependent manner suggests that they are regulated by phosphorylation. Although
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much of this regulation may be due to phosphorylation by Rad53, phosphorylation by Dunl
is also Rad53 dependent (Allen et al., 1994). Thus, the phosphorylation sites identified on
TFs in the Dunl-dependent transcriptional response are likely regulated by Dunl. Another
possibility is that other kinases or phosphatases downstream of Rad53 and Dun1 may be
responsible for phosphorylation of the TFs. In fact, a number of Rad53-dependent sites
observed did not fit Rad53 or Dunl consensus phosphorylation sites or Mec1/Tell
consensus phosphorylation sites (Table 1). We also observed Rad53-dependent
dephosphorylation at sites on several TFs, presumably mediated by activation of
downstream phosphatases or inhibition of downstream kinases, suggesting alternative
mechanisms for indirect phosphoregulation of TFs by Rad53. Although beyond the scope of
this study, the effects of mutating these phosphorylation sites on MMS-induced
transcriptional profiles in future experiments will better delineate the mechanisms by which
the checkpoint kinases regulate TFs.

Nearly 900 genes were differentially expressed in response to MMS independently of the
checkpoint kinase cascade, and ~300 of these checkpoint-kinase-independent genes were
predicted to be targets of a distinct network of TFs (Hsf1, Hapl, Hap4, Rcs1, Rpn4, Sutl,
Yapl, and Yap7). Direct analysis of the nonessential TFs in this network confirmed that
they regulate expression of checkpoint-kinase-independent genes but also revealed that they
regulate checkpoint-kinase-dependent genes (Figures 6B, S8, S9, and S10). Most of the
kinase-dependent genes showing reduced differential expression in these TF mutants were
not predicted targets of the corresponding TFs in the Beyer et al. analysis (Beyer et al.,
2006). Because this analysis incorporated ChIP-Chip and predicted TF recognition site data
to assign direct TF target predictions, the simplest explanation for this finding is that these
checkpoint-kinase-dependent genes are regulated indirectly by these TFs.

A previous study identified genes that showed Mec1- and Dunl-independent regulation in
response to MMS but likely misclassified many checkpoint-kinase-dependent genes as
checkpoint- kinase-independent because, unlike our study, rad534 and mecl4 tel14 mutants
were not analyzed (Gasch et al., 2001). Although we have not ruled out the possibility that
there could be some checkpoint-independent genes that are regulated redundantly by the
Chk kinases (Rad53, Dunl, and Chk1) and, thus, only revealed by analyzing a rad534
dunl4 chkl14 triple mutant, these kinases should all be downstream of Mec1 and Tell. That
study also mentioned that a small number of Mec1- and Dunl-independent genes were
shown to be targets of Yapl, Hsfl, and Hap1l in other studies. In contrast, our enrichment
analysis provides a more rigorous systematic approach for identifying specific TFs
downstream of both the checkpoint- kinase-dependent and -independent damage responses
and has implicated many more TFs in the DDR than previously appreciated. Specifically, we
found that Hsf1, Rcsl, and Yapl targets involved in stress responses were primarily
upregulated in response to MMS, whereas targets of Hapl and Hap4 involved in oxidation
reduction were primarily downregulated. Gasch et al. also observed that known Yap1l and
Hapl targets were differentially expressed in response to MMS but not ionizing radiation
and that potential Hsf1 targets were upregulated byMMS but downregulated by ionizing
radiation and suggested that the MMS-induced, Mec1-independent transcriptional response
was not specific for DNA damage but rather was a consequence of cellular oxidative stress
induced by MMS treatment (Gasch et al., 2001). Given our observation that the checkpoint-
kinasedependent transcriptional response also involves TFs that participate in stress
responses (Msn4 and Gen4, Figure 3C), it seems probable that MMS induces gene
expression changes associated with general stress responses in parallel with those associated
with the DDR. Future studies using a diversity of DNA-damaging agents and involving
direct analysis of individual TFs should more precisely define the components of the kinase-
independent gene expression network that are DNA damage induced and those that are
nonspecific stress responses.
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EXPERIMENTAL PROCEDURES

S. cerevisiae Strains

The strains used in the expression-profiling experiments were Mat-a strains derived either
from the S cerevisiae knockout collection or from BY4741 (YSC1053; Open Biosystems,
Thermo Scientific) using standard gene knockout methods. WT (sml14) and rad534smi14
versions of arginine plus lysine auxotrophic strains containing TAP-tagged TFs were used
for the SILAC experiments. All strains are listed in Table S1.

Gene Expression Profiling

The gene expression experiments were carried out as described previously (Workman et al.,
2006) using Agilent microarrays (Yeast v.2). Two independent experiments comparing
MMS-treated (0.03%) with untreated cells were performed on two independent isolates for
each strain.

Processing and Analysis of Expression Array Data

The median intensities of technically replicated probes were analyzed with the LinearModels
ofMicroarray data package (LIMMA) (Smyth, 2005). LIMMA was also employed to
compare and detect significant differences in differential expression between the kinase or
TF deletion and WT strains for each gene. Data are included in Table S2 and summarized in
Table S3.

Enrichment Analysis

FACS

The sets of genes that were categorized as kinase dependent (i.e., genes with significantly
reduced differential expression in each mutant; Figure 3C; Table S6), as genes that were
kinase dependent in at least two of the experiments (the checkpoint-kinase-dependent set;
Figure 6A; Table S10), or as genes that were not kinase dependent in any experiment (the
checkpoint-kinase-independent set; Figure 6A; Table S10) were evaluated for enrichment of
targets of each TF (Beyer et al., 2006) using the hypergeometric test. Enrichment analysis
for cell-cycle-regulated genes (Figures 5A and 5B; Table S9) was executed by evaluating
the sets of Rad53-dependent up- and downregulated genes (both all Rad53-dependent genes
and genes that are targets of a given TF) were instead evaluated for enrichment with genes
having peak expression at the specified cell-cycle stages (Spellman et al., 1998).

Asynchronous cultures were grown using the same conditions used for the microarray
experiment. For synchronized cell-cycle experiments, cultures were arrested in G1 with 5
ug/ml a factor (AnaSpec), washed, and incubated in YPD containing 20 ug/ml nocodazole
and 100 ug/ml pronase E (Sigma-Aldrich) with or without 0.03% MMS. Cells were stained
with 1 yM SYTOX Green (Invitrogen) and analyzed by FACS.

Identification of Rad53-Dependent Phosphorylation Sites by SILAC

Cultures of WT and rad534 strains with TAP-tagged TFs were grown in synthetic media
supplemented with amino acids including either normal “light” L-arginine and L-lysine or
deuterium-labeled “heavy” L-arginine and L-lysine (L-Arginine-13Cg,1°N, hydrochloride
[608033] and L-Lysine-13Cg,1°N, hydrochloride [608041] from Sigma-Aldrich) as
described previously by Chen et al. (2010). After treatment with 0.03% MMS for 1 hr, equal
amounts of both cultures were combined, the TAP-tagged TF was purified, digested with
trypsin, enriched for phosphopeptides by IMAC (Stensballe and Jensen, 2004), and analyzed
by MS-MS. The data for peaks identified as peptides from each TF are shown in Table S8.
See Extended Experimental Procedures for detailed Experimental Procedures.
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Figure 1. Regulation of the Transcriptional Response to DNA Damage by the Checkpoint Kinase
Signaling Cascade
(A) Model for the regulation of transcription by the DNA damage checkpoint kinases (left)
and overview of the data sets analyzed (right).
(B) MMS-induced changes in expression for each strain are shown here as vertical bars
representing the log ratios (base 2) of gene expression in MMS-treated relative to untreated
yeast for each of the 300 most differentially expressed genes in WT. Complete analysis of
differential expression is provided in Table S2.
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(C) Hierarchical clustering tree showing the Euclidean distance between the gene expression
profiles of all the checkpoint kinase mutants. Clustering of the sample tree was bootstrapped
(100 iterations); branch points with bootstrap values <100% are labeled.

(D) The refined model for the checkpoint-kinase-mediated transcriptional response indicates
that the checkpoint-kinase-dependent transcriptional response to MMS treatment is
primarily mediated by activation of Rad53 by Mec1 and Tell and that the Dun1-dependent
transcriptional response represents a subset of the overall response. The blue circle indicates
that the Dun1-dependent response is similar to Mecl-dependent response. See also Table
S2.
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Figure 2. Identification of Genes Showing Checkpoint-Kinase-Dependent Differential Expression
(A) Example showing how deletion of DUN1 affects DNA damage-induced changes in gene
expression. The top panel shows gene expression of a selected set of genes from WT and the
dunl4 mutant strain, whereas the bottom panel (mutant versus WT) shows the effect of
deleting the kinase on changes in gene expression.

(B) Bar graph of the total number of genes for which deleting the indicated kinase results in
a statistically significant effect on DNA damage-induced differential expression. The
relevant data are presented in Tables S2 and S3.

See also Tables S2, S3, S4, and S5.
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Figure 3. Implicating TFs as Downstream Effectors of the Checkpoint-Kinase-Dependent
Transcriptional Responseto DNA Damage

(A) Strategy used to identify kinase-TF interactions. (i) The kinase transcriptional regulatory
network consists of interactions between the kinase and the set of target genes with kinase-
dependent changes in gene expression. (ii) The TF regulatory network consists of predicted
interactions between TFs and their target genes (Beyer et al., 2006). (iii) Significant overlap
of target genes in the kinase and TF regulatory networks suggests that an interaction
between the kinase and TF explains how the kinase regulates transcription of its target
genes.
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(B) The transcriptional regulatory network generated by applying this analysis to the Dun1-
dependent set of target genes.

(C) A global transcriptional regulatory network showing kinase-TF interactions mediating
the checkpoint-kinase-dependent transcriptional response to DNA damage. Kinase-TF
interactions were only included in this network if four of the seven checkpoint-kinase-
dependent gene sets showed enrichment for targets of the TF (see Table S6 for enrichment
analysis and Figure S1 for a larger network that includes TFs enriched in two or more
kinase-dependent gene sets). For simplicity, the target genes were replaced with modules
showing the enriched GO terms in the sets of Rad53-dependent genes predicted to be targets
of the TF (selected from Table S7). Fkh2, Ndd1, and Mcm1 form a transcriptional complex,
and Swi6 forms distinct transcriptional complexes with Mbpl (MBF) and Swi4 (SBF).
Therefore, the Fhh2/Ndd1/Mcm1 and MBF/SBF target genes are represented in overlapping
modules of enriched GO terms (see Figure S2). Fkh1 was omitted because nearly all of its
predicted targets comprise a subset of the target genes of the Fkh2/Ndd1/Mcm1 complex.
GO terms in italics are subcategories of the main GO terms listed above.

See also Tables S6 and S7 and Figures S1 and S2.
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¢ Rad53-dependent phosphorylation (phosphopeptide at least 2-fold lower in rad53A mutant)

¢ Rad53-dependent dephosphorylation (phoshpopeptide at least 2-fold higher in rad53A mutant)
*no peak detected in rad53A mutant; log2 ratio set to -10

**unlabeled Swi6 ¢ peptides contain 2-3 of the following sites: $176,5178,T179,T182

Figure 4. Rad53-Dependent Phosphorylation of Downstream TFs

The log; ratios obtained from SILAC analysis of the rad534 mutant relative to WT for each
individual peak identifying a peptide with a phosphorylation site are shown. Data for each of
three independent experiments are shown as adjacent scatterplots for each TF. Complete
data for all of the peptides identified are presented in Table S8.
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Figure5. Investigating the Relationship of the Checkpoint-Kinase-Dependent Transcriptional
Response with the Cell Cycle

(A) Checkpoint-kinase-dependent genes with peak expression in G1 phase are upregulated
in response to MMS treatment, whereas genes with peak expression in S, G2, and M phases
are downregulated. Graph shows p values for enrichment of genes reported to have peak
expression at different stages of the cell cycle (Spellman et al., 1998) among the upregulated
and downregulated sets of Rad53-dependent genes.
(B) Applying the same enrichment analysis for cell-cycle-specific expression to Rad53-
dependent genes that are predicted targets of the TFs shown in Figure 3C reveals that
upregulated targets of Mbp1, Swi4, Swi6, Fkh2, and Ndd1 are enriched for G1 genes,
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downregulated targets of Fkh2 are enriched for S/G2 genes, and downregulated targets of
Swi4, Swi6, Fkh2, Mcm1, and Ndd1 are enriched for G2/M genes (Table S9).

(C) The Rad53-dependent transcriptional regulatory network for predicted targets of Mbp1,
Swi4, and Swi6.

(D) FACS analysis of asynchronous cultures of untreated and MMS-treated WT, rad534,
mecl4, and dunl4 strains (see Figure S6 for other strains). See also Tables S4 and S9 and
Figure S6.
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Figure 6. Identification of TFs Mediating Checkpoint-Kinase-lndependent Gene Expression in
Responseto MM S Treatment
(A) The set of genes that was checkpoint kinase dependent (i.e., showed reduced differential
expression in at least two of the checkpoint kinase mutants) and the set of genes that was
checkpoint-kinase- independent (i.e., not affected by any of the checkpoint kinase
mutations) show enrichment for targets of distinct sets of TFs. Enrichment for TF targets
was performed as in Figure 3, and the p values for enrichment for targets of all 158 TFs are
shown here and in Table S10. The inset shows TFs with enrichment p values that are <0.1.
(B) Expression profiling confirms that the predicted TFs regulate checkpoint-kinase-
independent (CKI) gene expression and identifies checkpoint-kinase-dependent (CKD)
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genes regulated by the TFs (see Table S2 and Figures S8-S10 for expression profile data).
TF-dependent genes for Hap1, Hap4, Rcs1, Sutl, and Yap7 were identified by expression
profiling of TF mutants as in Figure 2 (see Table S3), whereas deletion-buffered genes from
Workman et al. (2006) were analyzed for Rpn4 and Yapl. White boxes indicate the number
of CKD and CKI genes that showed reduced differential expression in the TF mutant. GO
terms in italics are subcategories of the main GO terms listed.

See also Tables S2, S3, S4, S7, and S10 and Figure S7.
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