Current Genetics
https://doi.org/10.1007/500294-019-01047-w

ORIGINAL ARTICLE q

Check for
updates

Distinct associations of the Saccharomyces cerevisiae Rad9 protein link
Mac1-regulated transcription to DNA repair

Kalliopi Gkouskou'? - George S. Fragiadakis? - Alexandra Voutsina®* - Despina Alexandraki'~2

Received: 3 September 2019 / Revised: 6 November 2019 / Accepted: 18 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

While it is known that ScRad9 DNA damage checkpoint protein is recruited to damaged DNA by recognizing specific histone
modifications, here we report a different way of Rad9 recruitment on chromatin under non DNA damaging conditions. We
found Rad9 to bind directly with the copper-modulated transcriptional activator Macl, suppressing both its DNA binding
and transactivation functions. Rad9 was recruited to active Mac1-target promoters (CTRI, FREI) and along CTR! coding
region following the association pattern of RNA polymerase (Pol) II. Hirl histone chaperone also interacted directly with
Rad9 and was partly required for its localization throughout CTR/ gene. Moreover, Mac1-dependent transcriptional initiation
was necessary and sufficient for Rad9 recruitment to the heterologous ACT coding region. In addition to Rad9, Rad53 kinase
also localized to CTRI coding region in a Rad9-dependent manner. Our data provide an example of a yeast DNA-binding
transcriptional activator that interacts directly with a DNA damage checkpoint protein in vivo and is functionally restrained
by this protein, suggesting a new role for Rad9 in connecting factors of the transcription machinery with the DNA repair
pathway under unchallenged conditions.

Keywords Checkpoint protein recruitment - Mac1 - Metal-regulated transcription - Rad53 - Rad9 - Hirl

Introduction

DNA damage checkpoints are highly conserved molecular
mechanisms for the negative control of DNA replication
and mitosis when the genome integrity is compromised
(Finn et al. 2012; Li and Xu 2016; Longhese et al. 2008;
Nair et al. 2017). Checkpoint pathways involve sensing of
damage and transmission of a signal from damaged DNA to
effector molecules leading to cell cycle regulation and DNA
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repair or apoptosis (in multicellular organisms) (Ciccia and
Elledge 2010; Coutelier and Xu 2019; Harrison and Haber
2006). This dynamic process has been genetically and visu-
ally reconstructed in S. cerevisiae (Lisby et al. 2004; Pardo
et al. 2017).

In this paper, we focus on new properties of the prototype
DNA-damage checkpoint protein Rad9, discovered in S. cer-
evisiae 30 years ago in X-ray and UV-irradiation sensitive
mutants failing to arrest in G2 stage (Schiestl et al. 1989;
Weinert and Hartwell 1988). Its known role is to protect
cells from genomic instabilities by delaying progress in the
cell cycle, reflected in the increased rates of spontaneous
chromosome loss and rearrangements seen in rad9A cells
(Fasullo et al. 1998; Weinert and Hartwell 1990). Rad9 is a
key player in the DNA damage response (DDR) pathway, as
adaptor/mediator required for efficient signal transmission
from sensor to effector kinases at G1/S, intra-S and G2/M
phases of the mitotic cell cycle (Moriel-Carretero et al.
2019; Sau and Kupiec 2019; Siede et al. 1993; Weinert and
Hartwell 1989) and at initial steps of meiosis (Weber and
Byers 1992). More specifically, Mec1/Tell-hyperphospho-
rylated Rad9 (Emili 1998) mediates amplification of the ini-
tial signal by the activation of Chk1 and Rad53 (Chk2/Cds1)
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protein kinases. While Chk1 is important for cell-cycle arrest
in cdcl3-1 and yku70Delta-induced telomere damage at the
G2/M checkpoint (Blankley and Lydall 2004), Rad53 trans-
duces the signal to downstream kinases to regulate DNA
repair, replication, fork stabilization, cell-cycle progression,
and transcriptional regulation (Emili et al. 2001; Harrison
and Haber 2006; Smolka et al. 2007). Oligomerized hyper-
phosphorylated Rad9 first mediates Mec1-Rad53 interac-
tion for Rad53 phosphorylation (Sweeney et al. 2005) and
then acts as a scaffold to catalyze Rad53 in trans autophos-
phorylation (Gilbert et al. 2001; Ma et al. 2006). Rad9 was
also previously implicated in another signal linked to DNA
repair, the transcriptional response of specific genes involved
in DNA repair, replication and recombination at all stages
of the cell cycle (Aboussekhra et al. 1996) and later in the
excision repair of active genes (Al-Moghrabi et al. 2009).

In response to DNA damage, Rad9 is recruited on chro-
matin adjacent to damaged sites to be enriched for signal
amplification. Its recruitment is accomplished via two
different pathways. One is based on its interaction with
the Mecl1 activator Dpbl1 involving two Rad9 key CDK
phosphorylation sites, S462 and T474, that bind directly
to the Dpb11 N-terminal BRCT repeats 1 and 2 (Pfander
and Diffley 2011). The other relies on two histone modifi-
cations. Histone H2A C-terminal phosphorylation (YH2A)
by Mec1/Tell kinases promotes interaction between H2A
and Rad9 BRCT phosphopeptide binding domains (Ham-
met et al. 2007) while histone H3 methylation on lysine 79
(H3K79me) by the Dot1 methyltransferase mediates interac-
tions with the Rad9 Tudor domain folds (Huyen et al. 2004;
Toh et al. 2006; Wysocki et al. 2005). Another DNA dam-
age-regulated histone modification was recently detected to
affect Rad9 chromatin localization. The phosphorylation of
histone H4 Threonine 80 (H4T80ph) by the p21-activated
Cla4 kinase promotes the timely recruitment of Rtt107 pro-
tein to damaged sites where it displaces Rad9, resulting in
termination of the checkpoint signaling cascade and resump-
tion of normal cell growth after DNA damage (Millan-Zam-
brano et al. 2018). Rad9 phosphorylation and subsequent
activation of the DDR checkpoint was also accomplished in
the absence of DNA damage, by artificially colocalizing and
accumulating the Ddc2-Mec1 and Ddc1-Mec3-Rad17 dam-
age sensors to multimerized Lacl binding sites (LacO arrays)
in the yeast genome (Bonilla et al. 2008). This emphasized
the importance of the initial step of recruitment on chroma-
tin for the activation of the whole pathway.

Although much is known with respect to Rad9 and DDR,
scant information exists about its role under non DNA damage-
inducing conditions. Rad9 may possess other functions that
could impinge on important physiological cellular pathways.
It was previously shown that while upon DDR, hyperphospho-
rylated Rad9 and Rad53 kinase were included in a 560 kDa
protein complex (Gilbert et al. 2001), in non-damaged cells,
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a hypophosphorylated form of Rad9 was found in a larger
protein complex (> 850 kDa) of yet unknown function (Gil-
bert et al. 2003). It is known that, in physiological conditions,
Rad9 binds chromatin by recognizing distinct histone methyla-
tion marks although its functional role at non-damaged DNA
sites remains unclear (Gilbert et al. 2001; Granata et al. 2010;
Hammet et al. 2007). Additionally, in a previous genome-wide
study, our group found that, in the absence of exogenously
induced DNA damage, Rad9 localizes on fragile genomic
regions via its direct interaction with the multifunctional tran-
scriptional activator Aftl, thereby ensuring rapid and effective
cellular response to possible DNA damage events (Andreadis
et al. 2014). Here, we demonstrate Rad9 association with chro-
matin in the absence of DNA damage, via its direct interaction
with different transcription complexes.

In the course of a yeast two-hybrid screen, we have iden-
tified Rad9 as a prominent interacting partner of the DNA
binding transcriptional activator Mac1. Taking into consid-
eration (a) the unknown function of the Rad9-containing
protein complex in undamaged yeast cells, (b) our findings
regarding the physical interaction of Rad9 with Aftl tran-
scription factor and (c) previous biochemical evidence asso-
ciating unphosphorylated BRCA1, and 53PB1, functional
ScRad9 homologues in mammals, with transcription com-
plexes (Cuella-Martin et al. 2016; Krum et al. 2003; Lane
2004), we have analyzed Rad9 association with Macl and
its role in transcription.

Homodimerizing Macl (Joshi et al. 1999) transcription-
ally induces a number of genes whose products are involved
in copper uptake under copper depletion conditions (Geor-
gatsou and Alexandraki 1999; Gross et al. 2000; Yamaguchi-
Iwai et al. 1997). Macl possesses distinct DNA binding and
transcriptional activation regions (Serpe et al. 1999) and its
functionality is modulated by copper ions (Georgatsou et al.
1997; Jensen and Winge 1998) as well as specific chroma-
tin protein regulators (Voutsina et al. 2019). Our findings
on Rad9 involvement in Mac1-driven transcription provide
a specific example of a yeast DNA-binding transcriptional
regulator that is directly bound and functionally affected by
a DNA checkpoint protein. This is a new link between RNA
Pol II-dependent transcription and chromatin repair factors,
under physiological conditions, possibly implying targeted
genomic surveillance.

Results

Mac1 transcriptional activator interacts with Rad9
protein in vivo and directly in vitro

We isolated Rad9 protein as a potentially interacting
partner of Macl transcriptional activator in a yeast two-
hybrid screen followed by f-galactosidase assays of binary
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interactions between Rad9 and Macl deletion derivatives
(Fig. 1a). Macl includes a DNA-binding activity mapping
to its N-terminal 159 residues, including a cysteine-rich zinc
ion-binding sequence and a C-terminal half responsible for
transactivation, including two cysteine-rich sequences that
bind a total of 8 Cu(I) ions (Graden and Winge 1997). Cop-
per repression of Macl is due to an intramolecular interac-
tion between the N- and C-terminal cysteine-rich motifs by
the formation of a polycopper cluster (Jensen and Winge
1998). Since a maclA strain was previously identified in
a genome-wide screen as exhibiting sensitivity to methyl
methanesulfonate (MMS) although not to UV irradiation
(Hanway et al. 2002), we proceeded with the analysis of the
Rad9-Macl interaction.

The in vivo Rad9-Macl interaction was confirmed by
the copurification of chromosomally expressed Mac1-9Myc
protein and episomally expressed FLAG-Rad9 from total
extracts of rad9A cells grown under normal non-induction
conditions (SC medium-0.25 pM CuSO47), under cop-
per depletion and Macl activation (SC plus 100pM BCS),
under copper depletion combined with stress conditions
(SCBCS plus 0.3 mM H202) at which Rad9 is also activated
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Fig. 1 Macl directly interacts with the BRCT domain of Rad9. a
p-galactosidase activity units obtained from LIFTS5 cells expressing
the indicated hybrid proteins and a lacZ-reporter in pJK103 plasmid,
shown diagrammatically. The values shown represent the averages
and standard errors from three different biological experiments. b
Coimmunoprecipitation (IP) of Rad9 and Mac1 performed in whole-
cell lysates from FTS5rad9A(Macl-9Myc) cells transformed with
pDB20 expressing either FLAG-Rad9 or FLAG epitope alone and
grown under four different conditions using monoclonal anti-FLAG
for the precipitation and polyclonal anti-c-Myc for immunoblotting.
Input lanes contain 20% of the extract before immunoprecipitation.
The faint bands seen in the FLAG lanes are due to non-specific bind-

(Flattery-O’Brien and Dawes 1998) and under copper
excess for Mac1 repression (SC plus 100 uM CuSO47). We
observed Mac1-Rad9 association under all four conditions
(Fig. 1b), including in the presence of excess copper ions
that should inactivate Macl by altering its conformation;
this is possibly due to the overexpression of FLAG-Rad9.
Chromosomally expressed Rad53-9Myc (in SCBCS H202),
used as positive control (Vialard et al. 1998) of the assay,
also copurified with FLAG-Rad9 (data not shown) while
FLAG used as negative control (Fig. 1b) did not interact
with Mac1-9Myc protein neither did the irrelevant protein
His3-9Myc with FLAG-Rad9 (data not shown).

To determine whether the in vivo detected association
reflected direct contacts between the involved proteins,
we tested whether bacterially produced GST-fused Macl
deletion derivatives could associate in vitro with bacteri-
ally produced 6His-tagged Rad9 derivatives in the absence
of additional yeast proteins. Full-length Macl and Rad9
proteins were not efficiently produced in bacteria. GST-
NMac1(1-159) and GST-C2Mac1(287-417) interacted
with 6His-CRad9 and 6His-BRCTRad9 but not with 6His-
NRad9. GST-C1Mac1(159-417), GST-Mac1(41-257) and
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ing on the beads. ¢ GST-Macl derivatives, as indicated, purified from
bacterial extracts and equal amounts (examined by PAGE) incu-
bated with purified Rad9 derivatives, similar amounts of N-terminal
[6His-Rad9(1-504)], C-terminal [6His-Rad9(505-1310)] (top) and
[6His-BRCTRad9(997-1310)] (bottom), for 5 h at 4 °C. Samples
were analyzed by SDS-10% PAGE and immunoblotting using anti-
6His. Multiple bands observed in lanes are due to Rad9 degrada-
tion products. The very faint bands detected by 6His-NRad9 on both
GST-NMacl and GST-C1Macl (top panel), are probably due to back-
ground binding; they dont represent any predominant interactions
as also indicated by the bottom panel results. Numbers of Macl and
Rad9 derivatives indicate amino acid residues
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GST alone did not interact with any Rad9 derivative. Thus,
a direct contact between fragments containing the cysteine-
rich regions of Mac1l and the BRCT domain of Rad9 was
observed (Fig. 1c). The longer C1Mac1(159-417) deriva-
tive, although contains all of the C-terminal portion, may
have a no favourable conformation to interact with Rad9.

This is a previously unknown direct association. The fact
that Rad9 interacted directly with both the N- and C-termini
of Mac1 implied that Rad9 might have a role in Mac1 func-
tion by interfering with its DNA-binding and/or transactiva-
tion domains.

Rad9 is recruited to the CTR7 and FRE1 promoters
and negatively affects both DNA binding
and transactivation functions of Mac1

The identified Mac1-Rad9 association suggested that Rad9
could play a role in transcriptional regulation of Macl-
activated genes. To test this hypothesis, we first performed
chromatin immunoprecipitation (ChIP) assays in cells grown
under repressing/high copper, non-induction/low copper and
induction/copper depletion conditions. Rad9-9Myc protein
was specifically recruited to both CTRI and FREI promot-
ers and quantitatively increased under induction conditions,
following Mac1 occupancy. Recruitment to CTRI promoter
was completely abolished in a macl A strain under all condi-
tions examined. Rad9-9Myc occupied at background levels
the coding sequence of the basally expressed PHOS (Fig. 2a)
and the constitutively transcribed ACTI and TRP3 genes
(data not shown). These results further confirmed a Rad9-
Macl association on Macl target promoters under transcrip-
tion induction conditions.

The fact that Rad9 protein could correlate with Macl
transcribed genes prompted us to examine the functional
importance of Rad9 recruitment on Mac1-regulated promot-
ers. We tested whether Mac1-9Myc recruitment was affected
in a rad9A strain and found that it was increased by more
than 50% under induction conditions on both CTRI and
FREI promoters (Fig. 2b). This implied that Rad9 negatively
affects Mac1l binding on DNA. Moreover, Mac1 fused to
LexA exhibited about 60% higher transcriptional activation
of a LexAop-HIS3-LacZ reporter gene in rad9A compared
to wild type cells. This implied that Rad9 negatively affects
also Macl transactivation function (Fig. 2c). To further con-
firm this finding, we analyzed CTR! (Fig. 2d) and FRE]
(data not shown) mRNA accumulation levels and found
transcription slightly increased (~ 10%) in rad9A cells and
slightly decreased (~20%) in Rad9 overexpressing compared
to wild type cells. The observed effect on Macl dependent
transcription levels was not strong, however, it was in agree-
ment with our results so far showing that Rad9 is recruited
on Macl target promoters and interferes with Mac1 function.
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Rad9 is recruited to the CTR7 coding region
following the localization pattern of RNA Pol Il

To further understand the role of Rad9 on CTR! transcrip-
tion, we investigated its genomic localization in the coding
region of CTRI gene. We concentrated on CTR/ since it
is simply regulated by Macl under the conditions we used
and additionally we have previously analyzed the role of
other Macl-interacting factors on that gene (Voutsina et al.
2019). We observed that Rad9 was not only found on the
Mac]1-regulated promoter but also localized over the entire
transcribed region of CTRI quantitatively upon induction
conditions (Fig. 3a). Rad9 was found at background lev-
els both 5’ to the CuRE (copper regulatory) region on the
promoter and 3’ to the stop codon, similarly to its binding
over the entire length of the gene under repressing condi-
tions (Fig. 3a) or when Mac1 was absent (data not shown).
Moreover, the amount of Rad9 protein was higher in the
coding region, compared to that found on the promoter and
followed a characteristic quantitative association pattern
with apparent stalling of Rad9 close to the 5’end of CTRI
coding region. This pattern matched the localization pattern
of RNA Pol II on CTRI gene, examined by three differ-
ent specific antibodies (Fig. 3b). This RNA Pol II localiza-
tion pattern is characteristic for the active CTRI gene and
remained unaffected in a rad9A strain (data not shown). It
was different from that observed for histone H3 that peaked
at the end of the gene (Fig. 3c), indicating that nucleosomes
do not gather where RNA Pol II and its associated proteins
accumulate. Thus, Rad9 associates with the coding region
of a Macl-regulated gene in a manner that correlates with
RNA Pol II association and with the transcriptional status of
that gene, pointing to a role or an association of Rad9 with
transcription.

CTR1 promoter is sufficient for Rad9 recruitment
to the heterologous ACT7 coding region

Given that Macl is localized only on the (CuRE region of)
CTR1 promoter (Voutsina et al. 2019), we then asked what
brings and keeps Rad9 in the actively transcribed CTR/
coding region. We entertained several different possibili-
ties. Rad9 could follow (a) RNA Pol II itself or (b) other
RNA Pol II associated factors involved in both initiation
and elongation of transcription and/or (c) specific chro-
matin marks. Regarding (a), we were not able to detect
any interaction of Rad9 with the RPB1 subunit of RNA
Pol II in a coimmunoprecipitation assay (data not shown).
Regarding (b), we exchanged the ACT/ promoter in the
genome with the CTRI promoter and created a hybrid
region where the ACT1 gene was under the control of the
CTR1 promoter. As mentioned above, Rad9 associates
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Fig.2 Rad9 localizes via Macl to the CTR/ and FREI promot-
ers and negatively regulates Macl binding and transactivation func-
tions. a Rad9 recruitment on CTRI (left panel) and FREI (right
panel) promoters assayed in wild-type and maclA cells, chromosom-
ally expressing Rad9-9Myc, grown in the indicated media and sub-
jected to chromatin imunoprecipitation (ChIP) with anti-c-Myc, fol-
lowed by real time PCR analysis of the immunoprecipitated (IP) and
input DNA using primers specific for CTR1 (—475/—220) and FREI
(—353/—1) promoters and PHOS coding region (+1017/+1220). IP
efficiency is represented by the ratios: CTRI or FREI IP DNA/input
DNA/PHOS5 TP DNA/PHOS input DNA. The values shown repre-
sent the averages and standard errors from three different experi-
ments. b Rad9 negative effect on Macl binding to CTRI (left panel)
and FREI (right panel) promoters is shown in wild-type and rad9A

with the ACTI coding region at background levels. Per-
forming ChIP assays on the hybrid CTR/,,,,-ACT1 region,
we observed that Rad9 associated with the newly embed-
ded CTRI promoter, as expected, but also associated with
the ACTI coding region fused downstream (Fig. 4). There-
fore, Mac1-dependent transcriptional initiation was crucial
for Rad9 recruitment to the heterologous ACT! coding
region.

cells, expressing Mac1-9Myc chromosomally, grown in SCBCS, sub-
jected to ChIP with anti-c-Myc and analyzed as described in (a). ¢
p-galactosidase activity units obtained from wild-type and rad9A
cells co-transformed with LexAop-HIS3-LacZ and LexA-Macl
or LexA expression plasmid and grown in SCBCS. d Total RNA
extracted from wild type, rad9A, and wild type cells transformed
with pDB20FLAG-RADY (overexpressing FLAG-Rad9) grown in SC
and SCBCS was subjected to Northern hybridization analysis using
radiolabeled CTRI. CMDI served as a loading (internal) control.
Bands were quantified using the Phosphor Imager and ImageQuant
software and bars represent the indicated intensity ratios (normalized
mRNA levels). The values shown in all panels represent averages and
standard errors from three different biological experiments

Hir1 protein is partly responsible for Rad9
localization on CTR7 promoter and coding region

We have previously shown that Hirl histone chaperone
directly interacts with Macl on CTRI promoter and also
localizes in the coding region of CTR! gene (Voutsina et al.
2019). Hirl may play a redundant role in transcriptional
elongation of that gene revealed by synthetic mutant inter-
actions (Voutsina et al. 2019) with subunits of the FACT
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Fig.3 Rad9 associates with CTRI coding region under induction
conditions following the localization pattern of RNA Pol II. a ChIP
assays of Rad9-9Myc in wild type cells grown in repressing (SCCu),
non-inducing (SC) and inducing (SCBCS) conditions, performed and
analyzed as described for Fig. 2, using anti-c-Myc. A to H correspond
to the specified regions of CTRI promoter and coding sequence,
shown schematically below, analyzed by real-time PCR. b ChIP
assays of wild type cells, performed and analyzed as described for

complex that facilitate RNA Pol II transcription elongation
(Formosa et al. 2002). Therefore, Hirl could be a candidate
RNA Pol II-associated factor involved in Rad9 localization
on the CTRI coding region. We tested a possible in vivo
association between Rad9 and Hirl proteins and found them
to copurify from total extracts of a rad9A strain expressing
endogenous Hirl-9Myc and episomal FLAG-Rad9 (Fig. 5a).
We additionally observed a binary interaction between
Gal4AD-Rad9(651-1310) and LexA-CHir1(393-840) in
a yeast two-hybrid assay (data not shown). Despite this
interaction, deletion of both RAD9 and HIRI genes did not
exhibit any synthetic effect on CTRI mRNA accumulation,
reproducing the slightly reduced levels observed in the
rad9A strain (data not shown). Nevertheless, ChIP analysis
showed that Rad9-9Myc recruitment on both CTR1 promoter
and coding region was reduced by 50-70% in a hirl A strain
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Fig. 2, using 8WG16, H5 and H14 antibodies specific for examining
the localization of RNA Pol II CTD, P-Ser2 and P-Ser-5 respectively
at the indicated regions of CTRI gene. CTRI/PHOS5 shown values are
underestimated due to some (minor) RNA Pol II occupancy on the
PHOS5 (+1017/41220) region. ¢ ChIP assays using anti-H3 for exam-
ining the localization of histone H3. Bars are shown only in regions
with available experimental data

while conversely, the quantitative localization pattern of
Hir1-9Myc was unaffected by the absence of RAD9Y gene
(Fig. 5b). Our results indicate that Rad9 associates with the
Mac1-interacting protein Hirl and this is partly responsible
for Rad9 quantitative localization in the coding region.

Histone H3K79 dimethylation is not a prerequisite
for Rad9 recruitment

In parallel to the above experiments, we checked our third
hypothesis, namely whether Rad9 recognizes specific chro-
matin marks such as methylated histones for its localization
in the CTR/ coding region. One candidate modification was
H3K79me?2, known to be restricted to euchromatic regions
of the genome (Ng et al. 2003) but also recognized by Rad9
at regions of DNA damage where it is either increased or
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revealed locally (Huyen et al. 2004). We performed ChIP
analysis on the CTR] gene using antibodies that specifically
recognize H3K79me2 and found this particular modifica-
tion localized all over CTR! coding region but not on CTR/
promoter in induction conditions (Fig. 6a). In parallel, we
tested H3K36me?2, a modification detected on most actively
transcribed RNA Pol II genes, known to play an impor-
tant role in transcriptional elongation (Kizer et al. 2005).
H3K79me2 and H3K36me2 were both detected on CTRI
coding region at comparable levels. However, the levels of
those two modifications were entirely different in the ACT/
coding region. While H3K36me?2 was detected at compara-
ble levels with those on the induced CTRI gene, H3K79me?2
was not detectable (Fig. 6b). Notably, absence of H3K79me2
was also observed in the CTRI,,,,-ACTI coding region
(Fig. 6b) where we succeeded to artificially transfer Rad9.
Our combined results imply that under physiological condi-
tions (SC, in the presence of Mac1") or copper depletion
conditions, histone H3K79me?2 is not a prerequisite for Rad9
association with an active coding region.

Under copper depletion conditions both cellular
Rad9 and Rad53 are hypophosphorylated

Our finding that H3K79me?2 is not required for Rad9 associ-
ation with gene coding regions under the growth conditions
we used, is distinct from that described for Rad9 recruit-
ment on chromatin under DDR. It is also known that, in
the absence of DNA damaging agents, Rad9 is hypophos-
phorylated during all phases of the cell cycle, exhibiting
a damage independent electrophoretic shift in G2/M that
cannot be detected in asynchronous whole-cell extracts
(O’Shaughnessy et al. 2006). Rad53 kinase is similarly
hypophosphorylated in the absence of DNA damaging
agents (Sun et al. 1998). To further investigate whether the
copper depletion condition (or active Mac1) used in our
experiments (SCBCS) could induce DDR, we examined the
phosphor-forms of both Rad9 and its target kinase Rad53.
We compared the sizes of Rad9-9Myc and Rad53-9Myc pro-
teins in cells grown under condition typically considered as
physiological (SC), under conditions causing DNA damage
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Fig.5 Hirl physically interacts with Rad9 and partially affects its
localization on CTRI promoter and coding region under induction
conditions. a Coimmunoprecipitation of Rad9 and Hirl in extracts
from yeast cells chromosomally expressing Hirl-9Myc and episo-
mally expressing FLAG-Rad9 (pDB20-FLAG-RADY) or FLAG
epitope alone and grown in SCBCS, was performed as described in
Materials and methods using monoclonal anti-FLAG for the pre-
cipitation and polyclonal anti-c-Myc for the immunoblotting. b
ChIP assays of Rad9-9Myc in wild type and hirl A strains grown in
SCBCS, performed and analyzed as described for Fig. 2, using anti-
c-Myc. A to H correspond to the specified regions of CTRI gene
(shown in Fig. 3) analyzed by real-time PCR. The fold enrichment
was calculated against the PHOS coding sequence. ChIP assays of
Hirl1-9Myc in wild type and rad9A strains were similarly analyzed.
Bars are shown only in regions with available experimental data

(UV, zeocin), under copper depletion (SCBCS) and under
copper excess (SCCu). Both Rad9-9Myc and Rad53-9Myc
were detected in their hypophosphorylated forms in cells
grown in SC and copper depletion or excess, while in cells
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treated with UV or zeocin higher molecular weight forms
were detected for both (Fig. 7a). This observation confirmed
that the copper depletion condition (or active Mac1) used in
our experiments is not responsible for inducing detectable
DDR, therefore, Rad9 recruitment on CTRI chromatin is
mechanistically distinct from its recruitment on damaged
DNA.

Rad53 is also recruited on the CTR17 coding region
in a Rad9 dependent manner

We found Rad9 to associate with and follow the transcrip-
tional elongation machinery on active CTRI gene despite
its non-essential, but not insignificant, role in mRNA accu-
mulation. Since under copper depletion, cellular Rad9 and
Rad53 were not typically activated as by DNA damage
induction, we considered important to further analyze fac-
tors of the DNA damage checkpoint in relation to the newly
identified type of recruitment on chromatin. We first exam-
ined whether Rad53 that acts immediately downstream of
Rad9 in the DDR pathway was also localized on the CTRI
promoter and coding region. Under DDR, Rad53 is known
to loosely associate and is not detected on chromatin (Toh
et al. 2006). On the other hand, Rad53 physically interacts
with Rad9 (Smolka et al. 2006; Vialard et al. 1998) and has
also been identified in a dynamic complex with Asf1 histone
chaperone (Emili et al. 2001). Asfl cooperates with Hirl
histone chaperone affecting nucleosome structure (Green
et al. 2005) and is also involved in transcriptional initiation
and elongation of particular genes (Schwabish and Struhl
2006) implying collaboration between transcription and
DNA checkpoint protein components. Although we found
no essential role for Asfl on CTR/ transcription (data not
shown), we were able to detect Rad53-9Myc on the CTRI
coding region under transcriptional induction. Moreover,
Rad53 recruitment was dependent on the presence of Rad9
(Fig. 7b) and undetectable under transcriptional repres-
sion (data not shown). Finally, Rad53-9Myc recruitment
was also dependent on the presence of Hirl, consistent
with our findings for Rad9 (Fig. 7b). We were not able to
detect Rad53-9Myc on the CTRI promoter quantitatively,
possibly due to lower amounts of recruited Rad9. We also
examined the recruitment of the Ddc1-13Myc protein on
CTRI gene in wild type and rad9A strains and found it at
background levels throughout, similarly to its recruitment on
ACTI, PHOS and TRP3 genes (data not shown). Ddc1 is part
of the PCNA-like complex (Rad17-Mec3-Ddcl) required
upstream of Rad9 together with the Ddc2-Mecl complex
in DDR (Giannattasio et al. 2003). These results empha-
size that both Rad9 and its target essential kinase Rad53 are
accumulated on the active CTRI gene under physiological
non DNA damage-inducing conditions, recruited by and
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Fig.6 While H3-K79 dimethylation occurs in the CTRI coding
region it is not required for Rad9 localization in the coding region of
CTRI,;,,-ACT1. a ChIP assays of wild type cells grown as indicated,
performed and analyzed as described on the legend to Fig. 2, using
anti-H3-K36me?2 and anti-H3-K79me2 and assayed at the indicated
regions of CTRI gene (shown in Fig. 3) by real-time PCR. b ChIP
assays of wild type cells analyzed as in (a) at the coding region of

associated with components of the transcription machinery,
distinctly to their recruitment in DDR.

Discussion

In this work, we report novel protein interactions involv-
ing the ScRad9 protein, known as DNA damage checkpoint
adaptor and (a) the sequence-specific copper-modulated
transcriptional activator Mac1 and (b) the histone chaperone
transcriptional regulator Hirl also known to interact with

ACTI (+415/4+724) (top). ChIP assays of wild type cells carrying the
chromosomal construction CTRI,;,,,-ACT1 and episomally express-
ing Macl"? grown in SC, performed and analyzed as described for
Fig. 2, using anti-H3-K36me2 and anti-H3-K79me2 assayed at the
indicated regions of CTRI,,,-ACTI gene (shown in Fig. 4) by real-
time PCR. The values shown in all panels represent averages and
standard errors from three different biological experiments

Macl (Voutsina et al. 2019). Our findings provide solid bio-
chemical evidence for Rad9 association with a DNA-binding
transactivator on active promoters as well as with initiating
and processive RNA Pol II transcription complex. Rad9 was
known to be recruited on chromatin only under DNA dam-
age conditions via histone modifications whereas we have
demonstrated that, in undamaged cells, it associates with
Aftl transcriptional activator on fragile genomic regions
(Andreadis et al. 2014). Here, we show that Rad9 can also
interact with chromatin, in the absence of DNA damage, via
its direct association with different transcription complexes.
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Fig. 7 Rad53 associates with CTR! coding region in a Rad9-depend-
ent manner while both Rad9 and Rad53 are hypophosphorylated.
a Whole-cell lysates purified from equal amount of wild type cells
expressing Rad9-9Myc grown under five different conditions [SC,
SCBCS, SCCu, zeocin, SCUV (1 to 20)]. Samples were analyzed by
SDS-6.5% PAGE containing an acrylamide to bis-acrylamide ratio
of 80:1 (O’Shaughnessy et al. 2006) and by immunoblotting using
anti-c-Myc antibody. b ChIP assays of Rad53-9Myc chromosomally
expressed in wild type, rad9A and hirlA strains grown in SCBCS,
analyzed as described for Fig. 2, using anti-c-Myc. A to H correspond
to the specified regions of CTRI gene (shown in Fig. 3) analyzed by
real-time PCR. Bars are shown only in regions with available experi-
mental data

Moreover, we provide evidence for an association between
Rad9 adaptor and Rad53 kinase on chromatin distinct from
their known interaction in the cellular response to genotoxic
agents. Rad9 protein is another example of multifaceted
protein related to DNA damage response (Botchkarev and
Haber 2018; Leshets et al. 2018).

Mac1-recruited Rad9 follows the transcription
machinery

We have previously shown (Voutsina et al. 2019) that on
CTRI promoter, Macl-driven transcription, induced by
copper-depletion, depends primarily on the SWI/SNF chro-
matin remodeler while Ssn6 is a prominent repressor on the
non-induced gene expression (SC medium). In that promoter
context, Hirl, physically interacting with each of Macl,
Snf2 and Ssn6, is a coregulator of this copper-dependent
transcriptional initiation switch and also functionally inter-
acts with the yFACT complex for transcriptional elonga-
tion. In addition to these Mac1-recruited coregulators, here
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we showed that Rad9 was also recruited on Mac1-regulated
genes as part of the same protein complex and physically
interacted with both Mac1 and Hirl. Moreover, Rad9 local-
ized at higher quantities along the protein-coding region of
CTRI coincided with transcriptional induction and corre-
lated with the characteristic quantitative association pattern
of RNA Pol II. Our data clearly indicate that although Rad9
may not interact directly with the RNA Pol II, it is closely
associated to both the initiation and elongation transcrip-
tion machineries. This was shown directly since the Mac1-
dependent transcriptional initiation complex assembled on
the ectopically inserted CTRI promoter (of the genomic
construct CTRI ,.,,-ACT1 coding region) was responsible
for Rad9 localization to the ACT! coding region, where it is
normally not localized. Thus, the first step of Rad9 localiza-
tion on the promoter depends on Macl, and its traveling in
the coding region requires this initial step. It also requires
its association with components of the transcription elonga-
tion machinery, since Rad9 recruitment on the CTR/ coding
region was significantly dependent on the presence of Hirl.

Rad9 binds to the active Mac1 transcriptional
activator by its BRCT, domain

Using different assays, we found that Rad9 negatively
affected both DNA binding and transactivation functions of
Macl and this was in agreement with the result that Rad9
interacted with both N- and C-terminal regions of Macl
in vitro. Moreover, we found the BRCT-containing C-ter-
minal portion of Rad9 involved in these interactions. It is
known that Rad9 BRCT domains are essential to mediate its
dimerization and phosphorylation at multiple sites as well
as its interaction with phosphorylated H2AX, important for
its checkpoint function following DNA damage (Bantele and
Pfander 2019; Hammet et al. 2007; Soulier and Lowndes
1999; Usui et al. 2009). C-terminal di-BRCT domains are
phosphopeptide binding motifs with high affinity for phos-
phoserine and phosphothreonine residues (Kilkenny et al.
2008; Williams et al. 2004; Yu et al. 2003) whereas it was
shown recently that a tetra BRCT N-terminal domain of the
yeast Rtt107 protein is engaged in recognizing phospho-
free ligands and supporting constitutive genome protection
(Wan et al. 2019). Macl is known to be phosphorylated in
its active form (Heredia et al. 2001) with potential phos-
phorylation sites within the regions interacting with Rad9.
Therefore, Rad9 BRCT,-Mac1 interaction may be a type
of heterologous dimerization. Such interactions have been
observed for 53BP1 (p53 binding protein 1) and BRCA1
(breast cancer associated 1) proteins which are the functional
ScRad9 homologues in mammals, showing low sequence
conservation but containing similar tandem C-terminal
BRCT motifs (FitzGerald et al. 2009; Mochan et al. 2004;
Panier and Boulton 2014; Scully et al. 2004; Stucki and
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Jackson 2004; Wu et al. 2010). 53BP1 additionally contains
a Tudor, domain just upstream of the BRCT, motif (Alpha-
Bazin et al. 2005) structurally similar to that of ScRad9
and its S. pombe ortholog Crb2 (Lancelot et al. 2007). It is
known that 53BP1 BRCT,, along with an inter-BRCT linker,
provides a binding site for the DNA-binding domain of the
transcriptional activator p53 (Derbyshire et al. 2002). The
analogous region of BRCA1 binds BACH1 DNA helicase
(Joo et al. 2002) while p53 interacts with both N-terminal
and C-terminal regions of BRCA1 (Chai et al. 1999). There-
fore, the Rad9-Macl interaction most likely reflects a con-
served property of these DDR adaptor/mediator molecules.
In that respect, it is likely that the Rad9 BRCT2 domain may
also serve additional functions, considering the fact that the
53BP1 respective domain is dispensable for the repair activi-
ties of 53BP1 protein (Bothmer et al. 2011; Cuella-Martin
et al. 2016; FitzGerald et al. 2009; Panier and Boulton 2014;
Ward et al. 2006).

Rad9 recruits Rad53 to the actively transcribed CTR7
gene in the absence of DNA damaging agents

While Rad9 BRCT, domain is engaged in interactions with
Macl, these Rad9 molecules are unlikely to be involved in
DDR. In fact, under the copper-depletion culturing condi-
tions used, detectable cellular Rad9 as well as Rad53 were
in their hypophosphorylated form. When Rad9 subsequently
localizes to the CTRI coding region, it is no longer inter-
acting with Macl. It is associated with factors involved in
transcriptional elongation such as Hirl but curiously enough
also with Rad53 kinase, since Rad9 is absolutely responsible
for its recruitment there. According to what is known so far
(Pardo et al. 2017; Smolka et al. 2007; Sweeney et al. 2005;
Vialard et al. 1998), Rad9 needs to be hyperphosphorylated
to recruit Rad53. Also Rad53 copurifies only with the hyper-
phosphorylated Rad9 complex (van den Bosch and Lowndes
2004). We presume that Rad9 on CTR] is not oligomerized,
as itis in DDR (Soulier and Lowndes 1999), but, by its inter-
action in sufficient quantities with components of the tran-
scription machinery, it acquires a conformation appropriate
for Rad53 recruitment. Alternatively, Rad9 molecules spe-
cifically associated with CTR! coding region (as well as with
other genes) are locally activated (hyperphosphorylated) due
to a local damage signal and able to recruit Rad53. This is
rather unlikely since both yeast Rad53 and its mammalian
homolog Chk2 were not found on chromatin following DDR
(Toh et al. 2006) or even following artificial recruitment and
activation of the DNA damage sensors at specific foci in the
absence of DNA damage (Soutoglou and Misteli 2008). It
is assumed that the activated kinases diffuse away to phos-
phorylate specific protein targets (Li and Stern 2005). Rad53
has only been seen to transiently localize to bud necks in
response to DNA replication stress (Smolka et al. 2006),

independently of both DNA and mitotic checkpoints, and
to origins of replication being essential for initiation of
DNA replication (Dohrmann and Sclafani 2006). Finally,
hypophosphorylated form of Rad9 was previously found
preferentially retained on bulk chromatin during and after
down-regulation of checkpoint signalling by y-irradiation
(Toh et al. 2006).

Therefore, in our culturing conditions, both Rad9 and
Rad53 are accumulated on the active CTRI gene following
a sequel of chromatin transcription-specific components,
independent of their known so far roles in DDR. This was
further supported by the fact that Rad9 recruited by Macl
and subsequently localized on the CTR/,,,,,,-ACTI coding
region did not seem to rely on the presence of H3K79me?2
(Huyen et al. 2004). Interestingly, a different signaling mode
during ongoing DNA synthesis, distinct from its canonical
one in replication stress, has been recently proposed for
Mecl kinase, implying that another known DDR component
has a role in non DDR conditions (Bastos de Oliveira et al.
2015; Corcoles-Saez et al. 2019).

Rad9 holds back Mac1 activity and mediates
cross talk between transcription and DNA repair
on the CTR1 gene

We originally assumed that hypophosphorylated Rad9 and
Rad53 may be recruited on chromatin of specific genes to
play a role in transcription per se, since RAD9 deletion and
overexpression affected CTRI transcription in opposite
directions by about 10-20%. This slight negative effect could
be a non-harmful consequence of Rad9's presence in the
Macl-organized transcription complexes or could indicate
a redundant function of Rad9 in transcription. In the latter
case, we still have to uncover the condition where Rad9 is
mostly required. Furthermore, the pattern of RNA Pol IT on
CTRI gene remained unchanged when RAD9 was deleted
whereas the combination of rad9A with mutant factors
involved in elongation such as Hirl or Spt16 did not reveal
any synthetic effect on CTRI expression or any growth
defect (our unpublished observations). We have previously
observed a slight growth defect for the rad9A strain, only in
the presence of a-Azauracil (interfering with transcriptional
elongation) (Andreadis et al. 2014).

Similarly puzzling findings have been reported for the
mammalian ScRad9 homologues, 53BP1 (the closest one)
and BRCA1, concerning their involvement in transcrip-
tion. Both have characteristics allowing the comparison
with Rad9 in terms of cell cycle delay and transcriptional
response. Upon DNA damage, they are hyperphosphoryl-
ated by ATM and colocalize in DNA repair foci (DiTul-
lio et al. 2002; Fernandez-Capetillo et al. 2002). 53BP1
exhibits a conserved interaction with p53 in vertebrates
(Xia et al. 2001) and its involvement in transcription is
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under investigation (Cuella-Martin et al. 2016; Derbyshire
et al. 2002). It requires both its oligomerization and BRCT
domains to bind to p53 and thus promote p53 global tran-
scriptional activity and this is possibly a separate 53BP1
property, independent from its function as a DNA repair
factor (Cuella-Martin et al. 2016). BRCAI also interacts
with p53 DNA-binding domain (Chai et al. 1999) and,
moreover, via its distinct domains, with other regulators
involved in either activation or repression of transcription,
affecting diverse cellular responses (Mullan et al. 2006;
Sharma et al. 2018; Zhang and Li 2018). Its precise function
in the RNA Pol II complex is unclear and several proposed
models range from a role in transcription to specific activat-
ing and repressing roles in DNA damage-inducible genes
(Lane 2004). Furthermore, systematic screening for BRCA1
interacting partners revealed that it is required to prevent or
repair DNA damage associated with transcription (Hill et al.
2014). BRCAI additionally associates with a human SWI/
SNF-related chromatin remodeling complex (Bochar et al.
2000). We have not tested such direct interaction between
Rad9 and SWI/SNF components but we have detected Snf2
subunit on the CTRI promoter, playing a pivotal role on
CTRI transcription (Voutsina et al. 2019). Also, Snf2 was
previously found among several Rad53-dependent in vivo
phosphorylation targets (Smolka et al. 2007). Finally, in
undamaged cells, hypophophorylated BRCA1 associates
with processive RNA Pol II (Mullan et al. 2006) in accord-
ance with our findings for Rad9. Given that the vertebrate
ScRad9 homologues have evolutionarily acquired unique
protein interaction modules with distinct cell-type spe-
cific functions in DDR and transcription, and considering
the genome-wide Rad9 localization in actively transcribed
regions (Andreadis et al. 2014) and our findings in this work,
we presume that Rad9 may exhibit several roles including a
role in transcription.

In S. cerevisiae, as in other organisms, it has been shown
that transcriptionally active genes, as well as non-transcribed
upstream control regions of active genes, are preferentially
repaired (Terleth et al. 1990; van Hoffen et al. 1993). Fur-
thermore, the transcribed strand of an active gene is repaired
faster by TCR machines than the non-transcribed one (Lea-
don and Lawrence 1992). Still, Rad9 shows no preference to
transcribed strands; it was found involved in the removal of
photolesions at the same rate from both the transcribed and
the non-transcribed strands of the reporter GALI0 gene (Al-
Moghrabi et al. 2001). Considering the non-essential role of
Rad9 (and thereof Rad53) in Mac1-dependent transcription,
they could, therefore, be involved either in redundant post-
initiation functions or in aspects of genomic surveillance that
are linked with the RNA Pol II transcriptional machinery.

Regarding genomic surveillance of particular loci prone
to DNA damage, we have shown that Rad9 is recruited to
fragile genomic regions (transcriptionally active, GC rich,
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centromeres, meiotic recombination hotspots and retrotrans-
posons) in a manner that depends on the transcriptional
activator Aftl (Andreadis et al. 2014). CTRI and FRE] are
inducible genes, bound by Rad9 and Aftl (Andreadis et al.
2014) and, moreover, both CTRI and CRR] (sharing its pro-
moter with FRET) belong to a group of hotspots for meiotic
recombination (Gerton et al. 2000), therefore, considered as
fragile genomic regions. Therefore, Rad9 could be localized
by various specific DNA binding factors on genes or regions
prone to accidental or programmed DSBs (mitotic or meiotic
hotspots), moving along with the transcription machinery
during transcription. Rad53 is also known to be involved
in the degradation of excess non-nucleosomal soluble his-
tones (Gunjan and Verreault 2003) possibly playing a direct
role in maintenance of chromatin structure (Pan et al. 2006).
Rad53 and Hirl have been placed in the same pathway of
telomeric heterochromatin formation, coordinating DNA
synthesis and chromatin assembly (Sharp et al. 2005). Our
results colocalize Rad9, Rad53 and Hirl for the first time on
the chromatin of an actively transcribed gene, in the absence
of DDR. Other yeast chromatin remodelers such as Chdl,
Ino80, RSC, SWI/SNF and histone chaperones like Asfl are
all known to be involved in transcription but have been also
associated with DNA repair and recombination (Bao and
Shen 2007; Liang et al. 2007; Marfella and Imbalzano 2007,
Mousson et al. 2007; Osley et al. 2007). Therefore, ScRad9,
like BRCAI and 53BP1, is a multifunctional protein that
may mediate a crosstalk between transcription and DNA
repair machineries under unchallenged conditions. Being
recruited in transcription complexes when defects arise,
accidentally or following a cellular program, it may ensure
fast response and repair.

Finally, concerning a role in transcription, in our previous
Rad9-related genome-wide study (Andreadis et al. 2014)
we correlated the genomic binding profile of Rad9 protein
with the gene expression profile of a rad9A mutant, both
examined under non-DNA damage-inducing conditions,
to assess the level of interplay between Rad9 chromatin
binding and gene deregulation upon RAD9 depletion. This
analysis revealed 935 genes bound by Rad9, displaying a
trend towards upregulation in rad9A, as well as 131 genes
deregulated by RAD9 depletion (nearly half of them upregu-
lated and the other half downregulated) of which 31 were
bound by Rad9. Very interestingly, the shift towards upregu-
lation, which was noted as a trend for the total Rad9-bound
genes, became statistically significant for the Rad9-bound
deregulated gene set (one-sided ¢ test P-value <0.05). In
other words, the yeast genes that were found both bound
by Rad9 and deregulated in rad9A, seem to be under the
direct control of Rad9 which represses their transcription.
These genes are enriched in metabolic functions; CTRI, also
a metabolic gene bound by Rad9 and upregulated in rad9A,
was not found among them probably due to the marginal
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effect of Rad9 on its transcription. Still, in accordance with
our results here, it provides the opportunity to uncover a pos-
sible mechanism by which Rad9 interferes with transcrip-
tion (Fig. 8). Through distinct associations with specific
members of the transcriptional machinery, Rad9 seems to
accomplish its goal to “bridle” transcription by constantly
holding it in check. In this way, it is rapidly halted in the
case of a DNA damage event enabling repair to take place.
To test the validity of this mechanism beyond CTRI, the
precise transcriptional contribution of Rad9 and its possible
alternative partners in different contexts and circumstances,
taken from the above mentioned gene group, should be stud-
ied. Rad9 can be considered as a scaffold protein in various
multiprotein complexes and our analysis contributes to the
understanding of similar adaptor protein functions.

Materials and methods
Yeast strains and media

FT5(MATa ura3-52 trpl-A63 his3-A200 leu2::PET56) was
used to generate rad9A using a KanMX disruption cassette,
macl A using a URA3 disruption cassette. FTS5(Rad9-9Myc),
maclA(Rad9-9Myc), FT5(Macl-9Myc), rad9A(Macl-
9Myc) and FT5(Rad53-9Myc) and rad9A (Rad53-9Myc)
strains were generated by C-terminal tagging the genomic
MACI, RADY and RADS53 genes (Knop et al. 1999). Syn-
thetic complete (SC) medium (0.67% yeast nitrogen base,

Pol Il
S Hirt Rad9
Rad9 o
CTR1 UAS +1
Figure 8

Fig.8 Model of distinct protein associations on CTRI gene that link
transcription to DNA repair. On CTRI active promoter (low copper
conditions), Rad9 interacts physically with both the DNA-binding
and transactivation domains of Macl as well as with Hirl coregula-
tor. It then moves to the CTRI coding region along with Hirl, fol-
lowing the localization pattern of RNA Pol II, interacting there with
its target kinase Rad53, under non DNA damage-inducing conditions.

R ad.f 3

20 amino acids, uracil, adenine, 2% glucose, 1.23 pM FeCl,4
and 0.25 pM CuSO,; Difco) was supplemented before har-
vesting the cells for three hours with 100 uM bathocuproine
disulfonic acid-Na, salt (BCS) as Cu(II) chelator (SERVA)
or for two hours with 400 pg/ml zeocin (Invitrogen 46-0509
100 mg/mL) or for 20 min with 100 pM CuSOA4.

Plasmids

FLAG epitope was cloned into the Xhol-Notl site of
pDB20 (Becker et al. 1991) and then RAD9(1-3930) cod-
ing sequence was cloned into the No site of pPDB20FLAG
to yield FLAG-Rad9 plasmid. [FLAG-RADY is under the
control of the ADHI 5" and 3' regulatory regions, ensuring
an~ 80X overexpression, further augmented by the 2u ele-
ment of the vector.] RAD9 coding sequence was digested
into four different fragments and cloned into the Aval-EcoRI
site of pRSET-A (Invitrogen) to yield 6His-NRad9(1-504)
plasmid, into the EcoRI-HindlIlIl site of pRSET-C (Inv-
itrogen) to yield 6His-C1Rad9(505-1086 bp) and 6His-
C2Rad9(505-1310) and into the EcoRI-BamHI site of
pRSET-A to yield 6His-BRCTdomain-Rad9(997-1310).
MACI coding sequence was digested into four different
fragments and each was cloned into the EcoRI-BamHI site
of pGEX-2T (Pharmacia) to yield GST-NMac1(1-159),
GST-C1Mac1(159-417), GST-Mac1(41-257) and GST-
C2Mac1(287—-417) plasmids, respectively. pRS315-MAC1*?
derived from pRS316-MACI"P (Jensen and Winge 1998).

Polll

Hir1 Polll

Rad9 Hir1

Through its distinct associations with specific transcriptional machin-
ery components, Rad9 constantly holds Macl-dependent transcrip-
tion in check so that it is rapidly halted in the case of a DNA damage
event, enabling rapid and efficient repair. Differences in the relative
size of the same protein depicted in the three shown complexes reflect
its respective amount
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B-Galactosidase, one- and two-hybrid assays

5 ml of yeast cultures were grown in SC to an ODss, of
1.5, diluted and regrown to an ODs5, of 0.6-1.0 in SC and
p-galactosidase activity was measured (Ausubel et al. 1987).
Yeast two-hybrid screens were performed against a Gal-
4pAD-yeast genomic library (Bilsland et al. 2004) and one-
and two-hybrid assays as previously described (Georgakopou-
los et al. 2001; Voutsina et al. 2001).

Purification of fusion proteins expressed in E. coli
and in vitro interaction assays

GST-Macl fusion derivatives were co-expressed with E.
coli thioredoxin to achieve protein solubility (Jensen and
Winge 1998) in BL21DE3pLys cells pregrown at 30 °C
to an ODg, of 0.5 prior to the addition of isopropyl p-p-1-
thiogalactopyranoside (IPTG). 30 min after IPTG induction,
CuSO, was added to 1.4 mM and cells were grown for 4 h. Har-
vested cells were washed with 0.25 M sucrose and resuspended
in 20 mM NaH,PO, pH 7.5, 250 mM NaCl, 10% glycerol,
5 mM DTT and sonicated. The lysate was clarified at 100,000 g
for 30 min at 4 °C. Triton X-100 was added to 1% and the extract
was purified on a glutathione—Sepharose column (Glutathione
Sepharose 4B Amersham Pharmasia 17-0756-01). GST-fusion
proteins were eluted by 20 mM glutathione in sonication buffer
and monitored by SDS-PAGE. 6His-tagged proteins expressed
in BL21DE3pLys, purified by Ni-NTA chromatography (Qia-
gen), were eluted in 75 mM KCl, 20 mM Tris, pH 8.00, 0.01%
NP-40, 0.25% BSA, 250 mM imidazole and protease inhibi-
tors and incubated with glutathione agarose bead-bound GST
or GST-fusion protein for 8—12 h, at4 °C, in 200 pl of the above
buffer without imidazole. Beads were washed in the same buffer
without BSA and retained proteins were eluted in gel loading
buffer and analyzed by SDS—-PAGE and immunoblotting using a
polyclonal anti-His(G-18) (sc-804; Santa Cruz Biotechnology).

RNA analysis

Total RNA from 30 ml yeast cultures grown to an ODs; of
0.6-1.0 in SC medium or initially in SC and subsequently
in SCBCS or in SCCu, was extracted using the acid phe-
nol method (Ausubel et al. 1987). RNA samples (40 ug)
were resolved on formaldehyde-containing 1.5% agarose
gels, transferred to nylon membranes and hybridized with
[3?P]-labeled probes generated by random priming.

Coimmunoprecipitation assays from yeast cellular
extracts

Cells co-expessing 9Myc-tagged proteins and FLAG-tagged

proteins were grown to an ODss, of 0.8. Proteins were
extracted from lysed cells in 50 mM HEPES-KOH, pH 7.5,
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5 mM magnesium acetate, 100 mM potassium acetate, 0.1%
NP-40, 1 mM NaF, 0.5 mg/ml BSA, 10% glycerol and pro-
tease inhibitors. The supernatant was precleared with protein
G Sepharose (17-0618-010; GE Health Care) for one hour at
4 °C, then incubated with monoclonal anti-FLAG (F-3165;
Sigma) at 4 °C for four hours. Samples were analyzed by
electrophoresis on SDS-PAGE and 9Myc-tagged proteins
in the immunoprecipitates were detected by immunoblot-
ting using rabbit polyclonal anti-c-Myc (A-14) (sc-789;
Santa Cruz Biotechnology). RNA Pol II was detected using
a polyclonal rabbit anti-Pol II (C-21) mapping within the
tandem repeat domain of the mouse RPB1 (sc-900; Santa
Cruz Biotechnology), Secondary antibodies (anti-rabbit 111-
035-003; Jackson ImmunoResearch) were visualized by an
ECL Western blotting detection kit (Pierce).

ChIP assays

50 ml of yeast cultures grown to an ODss, of 0.6-1.0 were
used for ChIP assays (Kuo and Allis 1999). Antibodies used
were the anti-c-Myc (A-14), rabbit polyclonal antibody
for Histone H3 (ab1791; Abcam), anti-H3K36me?2 and
anti-H3K79me2 (07-274, 07-366; Upstate Biotechnolo-
gies). Immunoprecipitated (5/100 pl) and total input DNA
(5/1000 pl) were analyzed by quantitative real-time PCR
[4 min at 94 °C; 30 s at 94 °C, 30 s at 52 °C, 55 s at 72 °C
(27 cycles); 5 min at 72 °C] using SYBR green quantified
by a DNA Engine Opticon System (MJ Research) for con-
tinuous fluorescence detection. In experiments where mouse
monoclonal antibodies (8WG16 MMS-126R, H5 MMS-
129R, H14 MMS-134R; Covance Innovative Antibodies)
were used to identify RNA Pol IT CTD and characterize its
phosphorylation state (CTD, P-Ser2, P-Ser-5) (Komarnitsky
et al. 2000; Morris et al. 2005), in all buffers NaF was added
to 10 mM. Cross linking time was minimized to 5 min. For
the HS and H14 immunoprecipitation, anti-mouse IgM anti-
bodies were preincubated with protein G Sepharose beads
for 8 h at 4 °C. To minimize loss of RNA Pol II we washed
at minimal stringency (four washes with 10 volumes of ChIP
buffer and elution buffer with 0.025% SDS). Oligonucleo-
tide primers were purchased from the Microchemistry Lab
at FORTH and MWG-Biotech. All PCR primer sequences
are available on request. The polymerases used for PCR
were Vent (New England Biolabs) or Tag (MINOTECH
Biotechnology).

Exchange of ACT1 promoter with CTR7 promoter

Replacement of ACTI promoter by the CTRI promoter in the
yeast genome (CTRI,,,,,-ACT1) was performed by homolo-
gous recombination, CTRI promoter was first cloned into
the BamHI site upstream of the KanMX4 gene in pFA6-
KanMx4 plasmid. CTRI ., ,-KanMX4 DNA flanked by

prom
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45 bp homologous to the regions adjacent to the site of
integration was PCR amplified and used to transform wild
type Rad9-9Myc strains (Verstrepen and Thevelein 2004).
Continuous expression of active Macl from pRS315-
MACI1" ensured expression of the essential ACTI gene.
Transformants were selected in the presence of G418-Sulfate
(GIBCO) and verified by PCR amplification using primers
within CTRI promoter and ACT/ coding sequence.

Acknowledgments We thank Iannis Talianidis and the late George
Thireos for materials and helpful suggestions, Dennis Winge for
Mac1"P-expressing plasmids, the late Yannis Papanikolau and Andron-
iki Kretsovali for advice on protein methodologies, Ioannis Kagiampa-
kis and Christos Andreadis for communicating experimental data, and
George A. Garinis for critical reading of the manuscript. Dedicated to
the late Alexandros Argyrokastritis.

Funding This work was supported by the Greek Ministry of Develop-
ment-GSRT (IMBB funding and PENED grant 01ED119) and Greek
Ministry of Education (PYTHAGORAS grant 89184).

References

Aboussekhra A, Vialard JE, Morrison DE, de la Torre-Ruiz MA, Cer-
nakova L, Fabre F, Lowndes NF (1996) A novel role for the bud-
ding yeast RADY checkpoint gene in DNA damage-dependent
transcription. EMBO J 15:3912-3922

Al-Moghrabi NM, Al-Sharif IS, Aboussekhra A (2001) The Saccha-
romyces cerevisiae RAD9 cell cycle checkpoint gene is required
for optimal repair of UV-induced pyrimidine dimers in both
G(1) and G(2)/M phases of the cell cycle. Nucleic Acids Res
29:2020-2025

Al-Moghrabi NM, Al-Sharif IS, Aboussekhra A (2009) The RAD9-
dependent gene trans-activation is required for excision repair of
active genes but not for repair of non-transcribed DNA. Mutat
Res 663:60-68

Alpha-Bazin B, Lorphelin A, Nozerand N, Charier G, Marchetti C,
Berenguer F, Couprie J, Gilquin B, Zinn-Justin S, Quemeneur
E (2005) Boundaries and physical characterization of a new
domain shared between mammalian 53BP1 and yeast Rad9
checkpoint proteins. Protein Sci 14:1827-1839

Andreadis C, Nikolaou C, Fragiadakis GS, Tsiliki G, Alexandraki D
(2014) Rad9 interacts with Aftl to facilitate genome surveil-
lance in fragile genomic sites under non-DNA damage-inducing
conditions in S. cerevisiae. Nucleic Acids Res 42:12650-12667

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith
JA, Struhl K (1987) Current protocols in molecular biology.
Greene Publishing Associates, New York

Bantele SCS, Pfander B (2019) Quantitative mechanisms of DNA dam-
age sensing and signaling. Curr Genet 128(1):1-4

Bao Y, Shen X (2007) Chromatin remodeling in DNA double-strand
break repair. Curr Opin Genet Dev 17:126-131

Bastos de Oliveira FM, Kim D, Cussiol JR, Das J, Jeong MC, Doerfler
L, Schmidt KH, Yu H, Smolka MB (2015) Phosphoproteom-
ics reveals distinct modes of Mec1/ATR signaling during DNA
replication. Mol Cell 57:1124-1132

Becker DM, Fikes JD, Guarente L (1991) A cDNA encoding a human
CCAAT-binding protein cloned by functional complementation
in yeast. Proc Natl Acad Sci USA 88:1968-1972

Bilsland E, Molin C, Swaminathan S, Ramne A, Sunnerhagen P
(2004) Rckl and Rck2 MAPKAP kinases and the HOG path-
way are required for oxidative stress resistance. Mol Microbiol
53:1743-1756

Blankley RT, Lydall D (2004) A domain of Rad9 specifically
required for activation of Chkl in budding yeast. J Cell Sci
117:601-608

Bochar DA, Wang L, Beniya H, Kinev A, Xue Y, Lane WS, Wang
W, Kashanchi F, Shiekhattar R (2000) BRCA1 is associated
with a human SWI/SNF-related complex: linking chromatin
remodeling to breast cancer. Cell 102:257-265

Bonilla CY, Melo JA, Toczyski DP (2008) Colocalization of sensors
is sufficient to activate the DNA damage checkpoint in the
absence of damage. Mol Cell 30:267-276

Botchkarev VV Jr, Haber JE (2018) Functions and regulation of the
Polo-like kinase Cdc5 in the absence and presence of DNA
damage. Curr Genet 64:87-96

Bothmer A, Robbiani DF, Di Virgilio M, Bunting SF, Klein IA, Feld-
hahn N, Barlow J, Chen HT, Bosque D, Callen E, Nussenzweig
A, Nussenzweig MC (2011) Regulation of DNA end joining,
resection, and immunoglobulin class switch recombination by
53BP1. Mol Cell 42:319-329

Chai YL, CuiJ, Shao N, Shyam E, Reddy P, Rao VN (1999) The sec-
ond BRCT domain of BRCA1 proteins interacts with p5S3 and
stimulates transcription from the p21WAF1/CIP1 promoter.
Oncogene 18:263-268

Ciccia A, Elledge SJ (2010) The DNA damage response: making it
safe to play with knives. Mol Cell 40:179-204

Corcoles-Saez I, Dong K, Cha RS (2019) Versatility of the
Mecl1(ATM/ATR) signaling network in mediating resistance
to replication, genotoxic, and proteotoxic stresses. Curr Genet
65:657-661

Coutelier H, Xu Z (2019) Adaptation in replicative senescence: a risky
business. Curr Genet 65:711-716

Cuella-Martin R, Oliveira C, Lockstone HE, Snellenberg S, Grolmus-
ova N, Chapman JR (2016) 53BP1 integrates DNA repair and
p53-dependent cell fate decisions via distinct mechanisms. Mol
Cell 64:51-64

Derbyshire DJ, Basu BP, Serpell LC, Joo WS, Date T, Iwabu-
chi K, Doherty AJ (2002) Crystal structure of human 53BP1
BRCT domains bound to p53 tumour suppressor. EMBO J
21:3863-3872

DiTullio RA Jr, Mochan TA, Venere M, Bartkova J, Sehested M,
Bartek J, Halazonetis TD (2002) 53BP1 functions in an ATM-
dependent checkpoint pathway that is constitutively activated in
human cancer. Nat Cell Biol 4:998-1002

Dohrmann PR, Sclafani RA (2006) Novel role for checkpoint Rad53
protein kinase in the initiation of chromosomal DNA replication
in Saccharomyces cerevisiae. Genetics 174:87-99

Emili A (1998) MECI1-dependent phosphorylation of Rad9p in
response to DNA damage. Mol Cell 2:183-189

Emili A, Schieltz DM, Yates JR 3rd, Hartwell LH (2001) Dynamic
interaction of DNA damage checkpoint protein Rad53 with chro-
matin assembly factor Asfl. Mol Cell 7:13-20

Fasullo M, Bennett T, AhChing P, Koudelik J (1998) The Saccharo-
myces cerevisiae RAD9 checkpoint reduces the DNA damage-
associated stimulation of directed translocations. Mol Cell Biol
18:1190-1200

Fernandez-Capetillo O, Chen HT, Celeste A, Ward I, Romanienko PJ,
Morales JC, Naka K, Xia Z, Camerini-Otero RD, Motoyama N,
Carpenter PB, Bonner WM, Chen J, Nussenzweig A (2002) DNA
damage-induced G2-M checkpoint activation by histone H2AX
and 53BP1. Nat Cell Biol 4:993-997

Finn K, Lowndes NF, Grenon M (2012) Eukaryotic DNA damage
checkpoint activation in response to double-strand breaks. Cell
Mol Life Sci 69:1447-1473

@ Springer



Current Genetics

FitzGerald JE, Grenon M, Lowndes NF (2009) 53BP1: function
and mechanisms of focal recruitment. Biochem Soc Trans
37:897-904

Flattery-O’Brien JA, Dawes IW (1998) Hydrogen peroxide causes
RAD9Y-dependent cell cycle arrest in G2 in Saccharomyces
cerevisiae whereas menadione causes G1 arrest independent of
RADO function. J Biol Chem 273:8564-8571

Formosa T, Ruone S, Adams MD, Olsen AE, Eriksson P, Yu Y,
Rhoades AR, Kaufman PD, Stillman DJ (2002) Defects in SPT16
or POB3 (yFACT) in Saccharomyces cerevisiae cause depend-
ence on the Hir/Hpc pathway: polymerase passage may degrade
chromatin structure. Genetics 162:1557-1571

Georgakopoulos T, Koutroubas G, Vakonakis I, Tzermia M, Prokova
V, Voutsina A, Alexandraki D (2001) Functional analysis of the
Saccharomyces cerevisiae YFR021w/YGR223¢/YPL100w ORF
family suggests relations to mitochondrial/peroxisomal functions
and amino acid signalling pathways. Yeast 18:1155-1171

Georgatsou E, Alexandraki D (1999) Regulated expression of the
Saccharomyces cerevisiae Frelp/Fre2p Fe/Cu reductase related
genes. Yeast 15:573-584

Georgatsou E, Mavrogiannis LA, Fragiadakis GS, Alexandraki D
(1997) The yeast Frelp/Fre2p cupric reductases facilitate cop-
per uptake and are regulated by the copper-modulated Maclp
activator. J Biol Chem 272:13786-13792

Gerton JL, DeRisi J, Shroff R, Lichten M, Brown PO, Petes TD (2000)
Global mapping of meiotic recombination hotspots and coldspots
in the yeast Saccharomyces cerevisiae. Proc Natl Acad Sci USA
97:11383-11390

Giannattasio M, Sabbioneda S, Minuzzo M, Plevani P, Muzi-Falconi
M (2003) Correlation between checkpoint activation and in vivo
assembly of the yeast checkpoint complex Rad17-Mec3-Ddcl. J
Biol Chem 278:22303-22308

Gilbert CS, Green CM, Lowndes NF (2001) Budding yeast Rad9 is an
ATP-dependent Rad53 activating machine. Mol Cell 8:129-136

Gilbert CS, van den Bosch M, Green CM, Vialard JE, Grenon M, Erd-
jument-Bromage H, Tempst P, Lowndes NF (2003) The budding
yeast Rad9 checkpoint complex: chaperone proteins are required
for its function. EMBO Rep 4:953-958

Graden JA, Winge DR (1997) Copper-mediated repression of the acti-
vation domain in the yeast Mac1p transcription factor. Proc Natl
Acad Sci USA 94:5550-5555

Granata M, Lazzaro F, Novarina D, Panigada D, Puddu F, Abreu CM,
Kumar R, Grenon M, Lowndes NF, Plevani P, Muzi-Falconi M
(2010) Dynamics of Rad9 chromatin binding and checkpoint
function are mediated by its dimerization and are cell cycle-
regulated by CDKI1 activity. PLoS Genet 6:¢1001047

Green EM, Antczak AJ, Bailey AO, Franco AA, Wu KJ, Yates JR 3rd,
Kaufman PD (2005) Replication-independent histone deposition
by the HIR complex and Asfl. Curr Biol 15:2044-2049

Gross C, Kelleher M, Iyer VR, Brown PO, Winge DR (2000) Identifica-
tion of the copper regulon in Saccharomyces cerevisiae by DNA
microarrays. J Biol Chem 275:32310-32316

Gunjan A, Verreault A (2003) A Rad53 kinase-dependent surveillance
mechanism that regulates histone protein levels in S. cerevisiae.
Cell 115:537-549

Hammet A, Magill C, Heierhorst J, Jackson SP (2007) Rad9 BRCT
domain interaction with phosphorylated H2AX regulates the G1
checkpoint in budding yeast. EMBO Rep 8:851-857

Hanway D, Chin JK, Xia G, Oshiro G, Winzeler EA, Romesberg FE
(2002) Previously uncharacterized genes in the UV- and MMS-
induced DNA damage response in yeast. Proc Natl Acad Sci
USA 99:10605-10610

Harrison JC, Haber JE (2006) Surviving the breakup: the DNA damage
checkpoint. Annu Rev Genet 40:209-235

Heredia J, Crooks M, Zhu Z (2001) Phosphorylation and Cu + coor-
dination-dependent DNA binding of the transcription

@ Springer

factor Maclp in the regulation of copper transport. J Biol Chem
276:8793-8797

Hill SJ, Rolland T, Adelmant G, Xia X, Owen MS, Dricot A, Zack TI,
Sahni N, Jacob Y, Hao T, McKinney KM, Clark AP, Reyon D,
Tsai SQ, Joung JK, Beroukhim R, Marto JA, Vidal M, Gaudet
S, Hill DE et al (2014) Systematic screening reveals a role for
BRCALI in the response to transcription-associated DNA damage.
Genes Dev 28:1957-1975

Huyen Y, Zgheib O, Ditullio RA Jr, Gorgoulis VG, Zacharatos P, Petty
TJ, Sheston EA, Mellert HS, Stavridi ES, Halazonetis TD (2004)
Methylated lysine 79 of histone H3 targets 53BP1 to DNA dou-
ble-strand breaks. Nature 432:406-411

Jensen LT, Winge DR (1998) Identification of a copper-induced intra-
molecular interaction in the transcription factor Mac1 from Sac-
charomyces cerevisiae. EMBO J 17:5400-5408

Joo WS, Jeffrey PD, Cantor SB, Finnin MS, Livingston DM, Pavletich
NP (2002) Structure of the 53BP1 BRCT region bound to p53
and its comparison to the Brcal BRCT structure. Genes Dev
16:583-593

Joshi A, Serpe M, Kosman DJ (1999) Evidence for (Maclp)2.DNA
ternary complex formation in Mac1p-dependent transactivation
at the CTR1 promoter. J Biol Chem 274:218-226

Kilkenny ML, Dore AS, Roe SM, Nestoras K, Ho JC, Watts FZ, Pearl
LH (2008) Structural and functional analysis of the Crb2-BRCT2
domain reveals distinct roles in checkpoint signaling and DNA
damage repair. Genes Dev 22:2034-2047

Kizer KO, Phatnani HP, Shibata Y, Hall H, Greenleaf AL, Strahl BD
(2005) A novel domain in Set2 mediates RNA polymerase 11
interaction and couples histone H3 K36 methylation with tran-
script elongation. Mol Cell Biol 25:3305-3316

Knop M, Siegers K, Pereira G, Zachariae W, Winsor B, Nasmyth K,
Schiebel E (1999) Epitope tagging of yeast genes using a PCR-
based strategy: more tags and improved practical routines. Yeast
15:963-972

Komarnitsky P, Cho EJ, Buratowski S (2000) Different phosphorylated
forms of RNA polymerase II and associated mRNA processing
factors during transcription. Genes Dev 14:2452-2460

Krum SA, Miranda GA, Lin C, Lane TF (2003) BRCA1 associates with
processive RNA polymerase II. J Biol Chem 278:52012-52020

Kuo MH, Allis CD (1999) In vivo cross-linking and immunoprecipita-
tion for studying dynamic protein:DNA associations in a chro-
matin environment. Methods 19:425-433

Lancelot N, Charier G, Couprie J, Duband-Goulet I, Alpha-Bazin B,
Quemeneur E, Ma E, Marsolier-Kergoat MC, Ropars V, Char-
bonnier JB, Miron S, Craescu CT, Callebaut I, Gilquin B, Zinn-
Justin S (2007) The checkpoint Saccharomyces cerevisiae Rad9
protein contains a tandem tudor domain that recognizes DNA.
Nucleic Acids Res 35:5898-5912

Lane TF (2004) BRCA1 and transcription. Cancer Biol Ther 3:528-533

Leadon SA, Lawrence DA (1992) Strand-selective repair of DNA dam-
age in the yeast GAL7 gene requires RNA polymerase II. J Biol
Chem 267:23175-23182

Leshets M, Ramamurthy D, Lisby M, Lehming N, Pines O (2018)
Fumarase is involved in DNA double-strand break resec-
tion through a functional interaction with Sae2. Curr Genet
64:697-712

LiJ, Stern DF (2005) DNA damage regulates Chk2 association with
chromatin. J Biol Chem 280:37948-37956

LiJ, Xu X (2016) DNA double-strand break repair: a tale of pathway
choices. Acta Biochim Biophys Sin (Shanghai) 48:641-646

Liang B, Qiu J, Ratnakumar K, Laurent BC (2007) RSC functions as an
early double-strand-break sensor in the cell’s response to DNA
damage. Curr Biol 17:1432-1437

Lisby M, Barlow JH, Burgess RC, Rothstein R (2004) Choreography of
the DNA damage response: spatiotemporal relationships among
checkpoint and repair proteins. Cell 118:699-713



Current Genetics

Longhese MP, Guerini I, Baldo V, Clerici M (2008) Surveillance
mechanisms monitoring chromosome breaks during mitosis and
meiosis. DNA Repair (Amst) 7:545-557

Ma JL, Lee SJ, Duong JK, Stern DF (2006) Activation of the check-
point kinase Rad53 by the phosphatidyl inositol kinase-like
kinase Mec1. J Biol Chem 281:3954-3963

Marfella CG, Imbalzano AN (2007) The Chd family of chromatin
remodelers. Mutat Res 618:30-40

Millan-Zambrano G, Santos-Rosa H, Puddu F, Robson SC, Jackson SP,
Kouzarides T (2018) Phosphorylation of histone H4T80 triggers
DNA damage checkpoint recovery. Mol Cell 72(625-635):e4

Mochan TA, Venere M, DiTullio RA Jr, Halazonetis TD (2004) 53BP1,
an activator of ATM in response to DNA damage. DNA Repair
(Amst) 3:945-952

Moriel-Carretero M, Pasero P, Pardo B (2019) DDR Inc., one business,
two associates. Curr Genet 65:445-451

Morris DP, Michelotti GA, Schwinn DA (2005) Evidence that phos-
phorylation of the RNA polymerase II carboxyl-terminal repeats
is similar in yeast and humans. J Biol Chem 280:31368-31377

Mousson F, Ochsenbein F, Mann C (2007) The histone chaperone Asf1
at the crossroads of chromatin and DNA checkpoint pathways.
Chromosoma 116:79-93

Mullan PB, Quinn JE, Harkin DP (2006) The role of BRCAI in
transcriptional regulation and cell cycle control. Oncogene
25:5854-5863

Nair N, Shoaib M, Sorensen CS (2017) Chromatin dynamics in genome
stability: roles in suppressing endogenous DNA damage and
facilitating DNA repair. Int J Mol Sci 18:E1486

Ng HH, Ciccone DN, Morshead KB, Oettinger MA, Struhl K (2003)
Lysine-79 of histone H3 is hypomethylated at silenced loci in
yeast and mammalian cells: a potential mechanism for position-
effect variegation. Proc Natl Acad Sci USA 100:1820-1825

O’Shaughnessy AM, Grenon M, Gilbert C, Toh GW, Green CM,
Lowndes NF (2006) Multiple approaches to study S. cerevisiae
Rad9, a prototypical checkpoint protein. Methods Enzymol
409:131-150

Osley MA, Tsukuda T, Nickoloff JA (2007) ATP-dependent chro-
matin remodeling factors and DNA damage repair. Mutat Res
618:65-80

Pan X, Ye P, Yuan DS, Wang X, Bader JS, Boeke JD (2006) A DNA
integrity network in the yeast Saccharomyces cerevisiae. Cell
124:1069-1081

Panier S, Boulton SJ (2014) Double-strand break repair: 53BP1 comes
into focus. Nat Rev Mol Cell Biol 15:7-18

Pardo B, Crabbe L, Pasero P (2017) Signaling pathways of replication
stress in yeast. FEMS Yeast Res. https://doi.org/10.1093/femsy
r/fow101

Pfander B, Diffley JF (2011) Dpb11 coordinates Mec! kinase acti-
vation with cell cycle-regulated Rad9 recruitment. EMBO J
30:4897-4907

Sau S, Kupiec M (2019) A role for the yeast PCNA unloader Elgl in
eliciting the DNA damage checkpoint. Curr Genet. https://doi.
org/10.1128/mBio0.01159-19

Schiestl RH, Reynolds P, Prakash S, Prakash L (1989) Cloning and
sequence analysis of the Saccharomyces cerevisiae RAD9 gene
and further evidence that its product is required for cell cycle
arrest induced by DNA damage. Mol Cell Biol 9:1882-1896

Schwabish MA, Struhl K (2006) Asfl mediates histone eviction and
deposition during elongation by RNA polymerase II. Mol Cell
22:415-422

Scully R, Xie A, Nagaraju G (2004) Molecular functions of BRCA1 in
the DNA damage response. Cancer Biol Ther 3:521-527

Serpe M, Joshi A, Kosman DJ (1999) Structure-function analysis of
the protein-binding domains of Maclp, a copper-dependent tran-
scriptional activator of copper uptake in Saccharomyces cerevi-
siae. J Biol Chem 274:29211-29219

Sharma B, Preet Kaur R, Raut S, Munshi A (2018) BRCA1 mutation
spectrum, functions, and therapeutic strategies: the story so far.
Curr Probl Cancer 42:189-207

Sharp JA, Rizki G, Kaufman PD (2005) Regulation of histone depo-
sition proteins Asf1/Hirl by multiple DNA damage checkpoint
kinases in Saccharomyces cerevisiae. Genetics 171:885-899

Siede W, Friedberg AS, Friedberg EC (1993) RAD9-dependent G1
arrest defines a second checkpoint for damaged DNA in the
cell cycle of Saccharomyces cerevisiae. Proc Natl Acad Sci
USA 90:7985-7989

Smolka MB, Chen SH, Maddox PS, Enserink JM, Albuquerque CP,
Wei XX, Desai A, Kolodner RD, Zhou H (2006) An FHA
domain-mediated protein interaction network of Rad53 reveals
its role in polarized cell growth. J Cell Biol 175:743-753

Smolka MB, Albuquerque CP, Chen SH, Zhou H (2007) Proteome-
wide identification of in vivo targets of DNA damage check-
point kinases. Proc Natl Acad Sci USA 104:10364-10369

Soulier J, Lowndes NF (1999) The BRCT domain of the S. cerevisiae
checkpoint protein Rad9 mediates a Rad9-Rad9 interaction
after DNA damage. Curr Biol 9:551-554

Soutoglou E, Misteli T (2008) Activation of the cellular DNA
damage response in the absence of DNA lesions. Science
320:1507-1510

Stucki M, Jackson SP (2004) MDC1/NFBD1: a key regulator of the
DNA damage response in higher eukaryotes. DNA Repair (Amst)
3:953-957

Sun Z, Hsiao J, Fay DS, Stern DF (1998) Rad53 FHA domain associ-
ated with phosphorylated Rad9 in the DNA damage checkpoint
[see comments]. Science 281:272-274

Sweeney FD, Yang F, Chi A, Shabanowitz J, Hunt DF, Durocher D
(2005) Saccharomyces cerevisiae Rad9 acts as a Mec1 adaptor
to allow Rad53 activation. Curr Biol 15:1364-1375

Terleth C, Schenk P, Poot R, Brouwer J, van de Putte P (1990) Dif-
ferential repair of UV damage in rad mutants of Saccharomy-
ces cerevisiae: a possible function of G2 arrest upon UV irra-
diation [published erratum appears in Mol Cell Biol 1991 Feb;
11(2):1184]. Mol Cell Biol 10:4678-4684

Toh GW, O’Shaughnessy AM, Jimeno S, Dobbie IM, Grenon M,
Maffini S, O’Rorke A, Lowndes NF (2006) Histone H2A phos-
phorylation and H3 methylation are required for a novel Rad9
DSB repair function following checkpoint activation. DNA
Repair (Amst) 5:693-703

Usui T, Foster SS, Petrini JH (2009) Maintenance of the DNA-damage
checkpoint requires DNA-damage-induced mediator protein oli-
gomerization. Mol Cell 33:147-159

van den Bosch M, Lowndes NF (2004) Remodelling the Rad9 check-
point complex: preparing Rad53 for action. Cell Cycle 3:119-122

van Hoffen A, Natarajan AT, Mayne LV, van Zeeland AA, Mullenders
LH, Venema J (1993) Deficient repair of the transcribed strand
of active genes in Cockayne’s syndrome cells. Nucleic Acids
Res 21:5890-5895

Verstrepen KJ, Thevelein JM (2004) Controlled expression of homolo-
gous genes by genomic promoter replacement in the yeast Sac-
charomyces cerevisiae. Methods Mol Biol 267:259-266

Vialard JE, Gilbert CS, Green CM, Lowndes NF (1998) The budding
yeast Rad9 checkpoint protein is subjected to Mec1/Tell-depend-
ent hyperphosphorylation and interacts with Rad53 after DNA
damage. EMBO J 17:5679-5688

Voutsina A, Fragiadakis GS, Boutla A, Alexandraki D (2001) The
second cysteine-rich domain of Maclp is a potent transactivator
that modulates DNA binding efficiency and functionality of the
protein. FEBS Lett 494:38—43

Voutsina A, Fragiadakis GS, Gkouskou K, Alexandraki D (2019) Syn-
ergy of Hirl, Ssn6, and Snf2 global regulators is the functional
determinant of a Mac1 transcriptional switch in S. cerevisiae
copper homeostasis. Curr Genet 65:799-816

@ Springer


https://doi.org/10.1093/femsyr/fow101
https://doi.org/10.1093/femsyr/fow101
https://doi.org/10.1128/mBio.01159-19
https://doi.org/10.1128/mBio.01159-19

Current Genetics

Wan B, Wu J, Meng X, Lei M, Zhao X (2019) Molecular basis for
control of diverse genome stability factors by the multi-BRCT
Scaffold Rtt107. Mol Cell 75(238-251):e5

Ward I, Kim JE, Minn K, Chini CC, Mer G, Chen J (2006) The tandem
BRCT domain of 53BP1 is not required for its repair function. J
Biol Chem 281:38472-38477

Weber L, Byers B (1992) A RAD9-dependent checkpoint blocks meio-
sis of cdc13 yeast cells. Genetics 131:55-63

Weinert TA, Hartwell LH (1988) The RAD9 gene controls the cell
cycle response to DNA damage in Saccharomyces cerevisiae.
Science 241:317-322

Weinert T, Hartwell L (1989) Control of G2 delay by the rad9 gene of
Saccharomyces cerevisiae. J Cell Sci Suppl 12:145-148

Weinert TA, Hartwell LH (1990) Characterization of RAD9 of Sac-
charomyces cerevisiae and evidence that its function acts post-
translationally in cell cycle arrest after DNA damage. Mol Cell
Biol 10:6554-6564

Williams RS, Lee MS, Hau DD, Glover JN (2004) Structural basis of
phosphopeptide recognition by the BRCT domain of BRCALT.
Nat Struct Mol Biol 11:519-525

Wu J, Lu LY, Yu X (2010) The role of BRCA1 in DNA damage
response. Protein Cell 1:117-123

@ Springer

Wysocki R, Javaheri A, Allard S, Sha F, Cote J, Kron SJ (2005) Role
of Dotl-dependent histone H3 methylation in G1 and S phase
DNA damage checkpoint functions of Rad9. Mol Cell Biol
25:8430-8443

Xia Z, Morales JC, Dunphy WG, Carpenter PB (2001) Negative cell
cycle regulation and DNA damage-inducible phosphorylation of
the BRCT protein 53BP1. J Biol Chem 276:2708-2718

Yamaguchi-Iwai Y, Serpe M, Haile D, Yang W, Kosman DJ, Klausner
RD, Dancis A (1997) Homeostatic regulation of copper uptake in
yeast via direct binding of MAC1 protein to upstream regulatory
sequences of FRE1 and CTRI1. J Biol Chem 272:17711-17718

Yu X, Chini CC, He M, Mer G, Chen J (2003) The BRCT domain is a
phospho-protein binding domain. Science 302:639-642

Zhang X, Li R (2018) BRCA1-dependent transcriptional regulation:
implication in tissue-specific tumor suppression. Cancers (Basel)
10:E513

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Distinct associations of the Saccharomyces cerevisiae Rad9 protein link Mac1-regulated transcription to DNA repair
	Abstract
	Introduction
	Results
	Mac1 transcriptional activator interacts with Rad9 protein in vivo and directly in vitro
	Rad9 is recruited to the CTR1 and FRE1 promoters and negatively affects both DNA binding and transactivation functions of Mac1
	Rad9 is recruited to the CTR1 coding region following the localization pattern of RNA Pol II
	CTR1 promoter is sufficient for Rad9 recruitment to the heterologous ACT1 coding region
	Hir1 protein is partly responsible for Rad9 localization on CTR1 promoter and coding region
	Histone H3K79 dimethylation is not a prerequisite for Rad9 recruitment
	Under copper depletion conditions both cellular Rad9 and Rad53 are hypophosphorylated
	Rad53 is also recruited on the CTR1 coding region in a Rad9 dependent manner

	Discussion
	Mac1-recruited Rad9 follows the transcription machinery
	Rad9 binds to the active Mac1 transcriptional activator by its BRCT​2 domain
	Rad9 recruits Rad53 to the actively transcribed CTR1 gene in the absence of DNA damaging agents
	Rad9 holds back Mac1 activity and mediates cross talk between transcription and DNA repair on the CTR1 gene

	Materials and methods
	Yeast strains and media
	Plasmids
	β-Galactosidase, one- and two-hybrid assays
	Purification of fusion proteins expressed in E. coli and in vitro interaction assays
	RNA analysis
	Coimmunoprecipitation assays from yeast cellular extracts
	ChIP assays
	Exchange of ACT1 promoter with CTR1 promoter

	Acknowledgments 
	References




