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ABSTRACT

Here, we use ChAP-MS (chromatin affinity purifica-
tion with mass spectrometry), for the affinity purifica-
tion of a sequence-specific single-copy endogenous
chromosomal locus containing a DNA double-strand
break (DSB). We found multiple new histone post-
translational modifications enriched on chromatin
bearing a DSB from budding yeast. One of these,
methylation of histone H3 on lysine 125, has not pre-
viously been reported. Among over 100 novel pro-
teins enriched at a DSB were the phosphatase Sit4,
the RNA pol II degradation factor Def1, the mRNA
export protein Yra1 and the HECT E3 ligase Tom1.
Each of these proteins was required for resistance
to radiomimetics, and many were required for resis-
tance to heat, which we show here to cause a defect
in DSB repair in yeast. Yra1 and Def1 were required
for DSB repair per se, while Sit4 was required for
rapid inactivation of the DNA damage checkpoint af-
ter DSB repair. Thus, our unbiased proteomics ap-
proach has led to the unexpected discovery of novel
roles for these and other proteins in the DNA damage
response.

INTRODUCTION

Our genomes frequently encounter many different types of
DNA lesions. However, DNA double-strand breaks (DSBs)
are arguably the most deleterious, since they can cause
chromosome rearrangements when misrepaired and loss of

chromosome arms or cell death if unrepaired (1). Both en-
dogenous factors, such as DNA replication and reactive
oxygen species, and exogenous factors, such as chemothera-
peutics, can give rise to DSBs. In order to maintain genomic
integrity, it is essential to accurately repair DSBs. The key
importance of DSB repair is highlighted by the fact that its
deregulation is at the heart of tumorigenesis and many other
human disease syndromes (2).

In order to repair DSBs, cells have developed an elabo-
rate DNA damage response. The DNA damage response
is a complex network of cellular pathways that sense, sig-
nal and repair DSBs (3). It is initiated by surveillance pro-
teins, which monitor DNA integrity and activate the DNA
damage cell cycle checkpoint in order to avoid the transmis-
sion of damaged genetic information to the progeny cells.
The DNA damage response also involves recruitment, to
the DNA lesion, of the proteins that mediate the repair of
the DNA molecule, followed by the subsequent inactivation
of the DNA damage cell cycle checkpoint.

Repair of DSBs is mediated by several different re-
pair pathways, the two most prominent being homolo-
gous recombination (HR) and non-homologous end join-
ing (NHEJ) (1). NHEJ is referred to as ‘non-homologous’
because the DNA break ends are directly ligated without
the need for a homologous template, in contrast to homol-
ogy directed repair, which requires a homologous sequence
to guide repair. In mammalian cells, NHEJ is mainly used
in G1 phase of the cell cycle, while HR is used during S
and G2 phases when the sister chromatid is available to pro-
vide the sequence homology (4). By contrast, mammalian
embryonic stem cells predominantly repair DSBs via HR
(5). Although the use of the homologous template enables
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cells to accurately repair DSBs by HR, this repair process
is a great deal more complex than NHEJ. An early step
in HR is the resection of the 5′ ends of the DNA break,
creating 3′ overhangs that become bound by the single-
stranded binding protein RPA. The Rad51 protein replaces
RPA to form a nucleofilament on the single-stranded DNA,
and this occurs with the aid of the recombinase Rad52 (6)
and the DNA translocase Rad54 (7). This nucleofilament
searches for DNA sequences with homology to the 3′ over-
hang. Once found, the nucleofilament invades the identical
donor DNA by strand invasion and DNA synthesis extends
the end of the invading 3′ strands to restore the DNA se-
quence (1). Intriguingly, the many stages of HR have to oc-
cur in the chromosomal context of the genome within chro-
matin where the DNA is wrapped around the core histone
proteins H3, H4, H2A, and H2B (8). While we know that
multiple histone PTMs are involved in the DNA damage re-
sponse to DSBs (9), our knowledge of the machinery that
modifies and alters the chromatin to enable HR is far from
complete.

Given the complexity of the DNA damage response, we
postulated that novel proteins that contribute to DSB re-
pair remain to be discovered. A great deal of our knowledge
of the mechanism of HR has come from studying the DSB
within the MAT locus induced by the sequence-specific ho-
mothallic (HO) switching endonuclease in Saccharomyces
cerevisiae (10). The HO lesion is repaired by homologous
recombination using homology at the hidden MAT right
(HMR) or hidden MAT left (HML) locus, resulting in mat-
ing type switching (11). Accordingly, we isolated chromatin
fragments adjacent to the endogenous single-copy MAT
locus containing the HO lesion, based on our previously
developed chromatin affinity purification with mass spec-
trometry (ChAP-MS) method (12). Proof of concept of the
ChAP-MS method has been provided previously by its abil-
ity to detect enrichment of proteins at the single copy chro-
mosomal yeast GAL1 gene that were known to be involved
in its transcriptional activation (13). Using this unbiased
method, we identified new histone PTMs occurring at DSBs
and uncovered novel unexpected roles for multiple proteins
in the DNA damage response.

MATERIALS AND METHODS

Plasmid construction

Plasmid pFA6a-2LEXA-His3MX6 was constructed by
inserting DNA oligonucleotides containing two tan-
dem copies of LEXA DNA binding site (2LEXA) into
the pFA6a-His3MX6 plasmid (14) BglII site, which
was concomitantly disrupted upon ligation. The DNA
oligonucleotides containing 2LEXA (2LEXA delBglII-F:
GATCGCGCTACTGTATATATATACAGTAGCGCCC
TACTGTATATATATACATA

CGCG and 2LEXA delBglII-R: GATCCGCGTACT
GTATATATATACAGTAGGGC

GCTACTGTATATATATACAGTAGCGC) were phos-
phorylated and annealed, before being ligated with pFA6a-
His3MX6 vector that had been BglII digested and de-
phosphorylated. The ligation product was transformed into
chemically competent E.coli cells, and BglII negative clones

were selected for sequencing to screen for 2LEXA correctly
inserted into the pFA6a-2LEXA-His3MX6 plasmid.

Yeast strain construction

The yeast strains used in this study are all listed in Supple-
mental Table S6. To make yeast strain PWY001 that has
2LEXA sites integrated about 500 bp to the right of the HO
cut site at the MAT locus on Chr III, DNA fragments span-
ning the 2LEXA and His3MX cassette were PCR amplified
from the plasmid pFA6a-2LEXA-His3MX6 using primers
HOcs-2LEXA-HIS-F: ACCTTCGGCTTCACAATT

TGTTTTTCCACTTTTCTAACAGCGGATCCCCGG
GTTAATTAA, and HOcs-2LEXA-HIS-R:
GGCGAATAAGATAAAGATAAGTTTGAAAGGTGA
TAAACGAAT

TCGAGCTCGTTTAAAC. These primers include ho-
mology 500 bp distal to the HO cut site at the MAT lo-
cus on Chr III, and then transformed into strain JRY2334.
Transformants were selected on synthetic minus histidine
plates, and screened for clones with positive 2LEXA inser-
tion at the target region as determined by PCR screening.
Plasmid pLexA-PrA-Trp expressing the LexA-Protein A fu-
sion protein (13) was transformed into strain PWY001 to
make strain PWY011. Strain PWY002 with the galactose-
inducible HO gene integrated at the ADE3 locus was
constructed by transforming the linearized plasmid pYI-
Pade3HO (kindly provided by Dr Virginia Zakian) into
PWY001, following the procedures described in (15). The
yeast strain PWY81 containing the HO cut site (HOcs) at
the genomic ADH1 gene was constructed by transforming
into strain JCY004 with DNA fragments PCR amplified
from the HOcs-13Myc-KanMX cassette at the 3′ end of
the ADH1 gene using genomic DNA extracted from strain
PCY23 (a kind gift from Dr Sukesh R. Bhaumik) as PCR
template (16). The positive transformants were selected on
G418 plates, and screened for clones that contain HOcs in-
serted at the 3′ end of the ADH1 gene.

Western blot analysis of Rad53

For the transient zeocin time course experiments, cells were
grown to mid-log phase, and treated with zeocin (10 mg/ml
stock solution in H2O) at a final concentration of 15 �g/ml
(or 30 �g/ml for Supplementary Figure S3C) for 30 min.
Cells were then washed three times in fresh YPD medium to
remove zeocin, and harvested at the indicated time points by
centrifugation. Yeast whole cell extracts were prepared us-
ing the TCA method as has been described before (17) and
separated on 7.5% SDS-PAGE gels. Anti-Rad53 antibody
(EL7 clone (18)) was used to detect Rad53 protein. Anti-
G6PDH (Sigma) was used as a loading control.

PCR analysis of HO cutting repair efficiency

For each time point, yeast cells were collected by centrifu-
gation and genomic DNA was extracted. A multiplex PCR
assay was performed as previously described (19) using
HOMAT and RAD27 (as a control) primers. PCR products
were separated by 1.5% agarose gel electrophoresis, stained
by SYBR safe dye and visualized by ProteinSimple Imager
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(FluorChem E system). The RAD27 products are expected
to be ∼1.4 kb, while HOMAT primers are expected to am-
plify MATa products ∼1.1 kb, and MAT� ∼1.2 kb. Quan-
tifications for the relative amount of MATa or MAT� dur-
ing HO cutting and repair was performed using AlphaView
software on a ProteinSimple gel documentation machine.

Serial dilution assay

Yeast cells were grown in the appropriate media until they
reached mid-log phase. Cells were collected by centrifuga-
tion, and resuspended in sterile Millipore H2O. Cells were
10-fold diluted in sterile H2O and cell suspensions were
transferred onto the appropriate agar plates by a sterile
spotter with 6 × 8 pins. Yeast plates were incubated in 30◦C
for 3 days before being photographed. For yeast drug sen-
sitivity tests, cells were grown in YPD media, and spot-
ted onto YPD agar plates supplemented with the indicated
amount of drug. For yeast HO sensitivity tests, yeast strains
with GAL1HO integrated at the ade3 locus were grown in
YPD to mid-log phase before being washed with YEP to
remove glucose. Cells were resuspended in YEP + 2% raffi-
nose and allowed to grow at least 6 h before being subjected
to serial dilution assays. The ‘glucose’ and ‘galactose’ plates
are YPD and YEP + 2% raffinose + 2% galactose, respec-
tively. As for yeast strains with pGALHO (URA3) plasmids,
cells were grown up in SC-ura + 2% glucose media. Mid-log
phase cells were washed three times to remove glucose, and
resuspended in SC-ura + 2% raffinose and allowed to grow
at least 6 hr before being subjected to serial dilution assays.
The ‘glucose’ and ‘galactose’ plates in Figure 5A are SC-ura
+ 2% glucose and SC-ura + 2% raffinose + 2% galactose, re-
spectively.

RNA extraction and quantitative RT-PCR

Yeast RNA was extracted using the MasterPure™ Yeast
RNA Purification Kit (Epicentre) following the manufac-
turer’s protocol. cDNA was synthesized using Transcrip-
tor First Strand cDNA Synthesis Kit (Roche). Before re-
verse transcriptase was added to the reaction, a mixture of
RNA and the anchored-oligo(dT)18 primer was denatured
by heating at 65◦C for 10 min and then cooled on ice. The
cDNA synthesis reaction was performed at 55◦C for 30 min,
and then placed at 85◦C for 5 min to inactive the reverse
transcriptase. A reaction without the reverse transcriptase
was performed as a negative control. Quantitative PCR was
then performed using LightCycler 480 SYBR Green 1 Mas-
ter (Roche) on a LightCycler 480 instrument. The YRA1
transcript level was normalized to ACT1, which was a con-
trol transcript.

SILAC-chromatin affinity purification and mass spectrome-
try

Yeast strains were grown at 30◦C in synthetic medium
lacking tryptophan, supplemented with either isotopically
heavy lysine (13C6) for control strains that are lacking
GALHO in the genome, or isotopically light lysine (12C6)
for DSB-inducible strains at 70 mg/l. Cells were grown in
media supplemented with 2% glucose until they reached

mid-log phase, and then washed with media without glu-
cose before being resuspended in media containing 2% raf-
finose. Cells were allowed to grow 12 h in raffinose media
to reach 0.5 OD600/ml, before 2% galactose was added to
induce HO expression. Two hours after galactose induc-
tion, cells were cross-linked with formaldehyde at 1.25% fi-
nal concentration for 5 min, and quenched with 0.125 M
glycine for 5 min at room temperature. Afterwards, cells
were collected by centrifugation and washed once with cold
Millipore H2O. Cells were resuspended in suspension buffer
(20 mM HEPES pH 7.4, 1.2% polyvinylpyrrolidone) at
100 �l/g of cell pellet, and then frozen in liquid nitrogen
in a drop-wise manner. The frozen cells were stored at –
80◦C before being further processed. For each ChAP anal-
ysis, 6 L of control and 6 L of experimental cultures were
prepared, respectively. Chromatin affinity purification us-
ing IgG beads and subsequent mass spectrometry analysis
was performed following the procedures described previ-
ously (20). Briefly, the proteins were identified by Mascot
with the following parameters: precursor ion tolerance of
10 ppm, fragment ion tolerance of 0.65 Da, false discovery
rate of 1%, database search using the UniProtKB restricted
to Saccharomyces cerevisiae (7802 entries), Lys6 heavy label,
fixed modification of carbamidomethyl (C), variable modi-
fications of oxidation (M), acetyl (protein N-term), mono-
, di-, tri-methylation (K), acetylation (K), phosphorylation
(ST) and ubiquintination (K). Intensities for each identified
peptide were manually extracted and the percent light ratio
was calculated as Lavg/(Lavg + Havg). The ribosomal thresh-
old for ChAP 1, ChAP 2, ChAP 3 and ChAP4 was 53.86%
+ 4.23% (1 standard deviations), 56.15% + 2.67% (1 SD),
46.38% + 1.54% (1 SD) and 50.74% + 1.86% (1 SD), re-
spectively (Supplemental Table S1). The mass spec data are
shown in Supplemental Tables S4 and S5. We also identified
the ratio of heavy to light peptides and the total intensities
of light plus heavy peptides for each protein using the same
settings in MaxQuant for each ChAP experiment. The ra-
tios were transformed to log2 and scaled to have a mean
of 0 and standard deviation of 1. The total intensities were
transformed to log10. The log2 normalized ratios are plot-
ted against the log10 total intensity values in order to view
the distribution of the mass spectrometric data. Each pro-
tein is also colored based on the percent light calculation
(Supplementary Figure S2).

Pulsed field gel electrophoresis (PFGE)

Mid-log phase yeast cells were treated with zeocin (final
concentration at 60 �g/ml for sit4Δ (from BY4741 deletion
library) or YRA1 DAmP (from the DAmP library), or 45
�g/ml for def1Δ (JSY568)) for 90 min before being washed
and then released into fresh YPD media. Cells that had been
harvested at the indicated time points, were subjected to ge-
nomic DNA preparation and embedded in an agarose plug,
as described in the manual for the CHEF Genomics DNA
plug kit (Bio-Rad, 170-3593). The plugs and the yeast chro-
mosome DNA size standard were loaded into the wells of
a 1% agarose gel, which was soaked in 0.5 × TBE buffer
for electrophoresis at 14◦C for 24 h in a Bio-Rad CHEF-
DR III System coupled to a cooling module. The setting
was initial switch time 60 s, final switch time 120 s, ran at 6
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volts/cm, and at a 120◦ angle. The agarose gels were stained
with SYBR safe and visualized with a ProteinSimple Im-
ager (FluorChem E system).

RESULTS

Identification of proteins and PTMs enriched at a single-copy
site-specific chromosomal DSB

In order to identify novel proteins and PTMs that may be
involved in the DNA damage response during HR, we took
advantage of the HO endonuclease-induced DSB at the
MAT locus in budding yeast S. cerevisiae (hereafter short-
ened to yeast) (Figure 1A). Fusion of the HO gene to the
GAL1 promoter (pGAL1) enables temporal control of DSB
induction upon addition of galactose (21) (Figure 1B). To
allow affinity purification of chromatin fragments from the
endogenous MAT locus bearing the HO lesion, we inte-
grated two LEXA DNA binding sites adjacent to the MAT
HO site and constitutively expressed the LexA DNA bind-
ing domain fused to Protein A (LexA-PrA) (Figure 1B).
The LEXA DNA binding sites were inserted ∼500 bp to
the right of the HO site, in order to avoid the loss of the
double-stranded LexA DNA binding site and therefore loss
of LexA-PrA binding which would occur upon DNA resec-
tion if the LEXA sites were closer to the HO lesion. While
resection on a small subset of the templates can extend be-
yond 2 kb (22), we chose 500 bp from the HO site for the
LEXA binding sites as a compromise between being able
to detect proteins recruited to the vicinity of a DSB while
still maintaining mostly dsDNA templates for LEXA bind-
ing. Locating the LEXA binding sites further away from
the HO site would have reduced detection of proteins en-
riched at the DSB due to our average shearing size of 500–
1000 bp. We acknowledge that this technique will not select
for proteins enriched as binding to ssDNA during DSB re-
pair and are developing different technologies for that pur-
pose. Furthermore, while histones are known to be removed
from around the DSB, we do not expect histones to be de-
pleted from the dsDNA, because the kinetics of histone re-
moval is not temporally separable from DNA resection and
chromatin reassembly is coupled to DNA repair (23). Us-
ing semi-quantitative multiplex PCR with the primers indi-
cated in Figure 1A to amplify over the HO site, an intact
MATa locus yields a 1.1 kb PCR product, while repair us-
ing the homologous sequences from HMLα yields a 1.2 kb
PCR product from the MATα locus (Figure 1C). The con-
trol PCR product is generated from another chromosome
and serves for normalization, where reduction of the total
relative MAT PCR product level below 100% reflects the
presence of a DSB at the MAT locus (Figure 1C and D). Us-
ing this assay, the HO-induced DSB generation and repair
was very efficient (Figure 1C and D). The HO lesion was
observed in ∼80% of the cells 2 h after galactose-mediated
induction of the HO endonuclease. Glucose was added 2 h
after galactose addition to repress transcription of the HO
gene to enable repair, and repair of ∼90% of the MAT loci
was apparent at 7 h (Figure 1D).

From the analysis above, we selected the maximal time
of DSB induction (2 h after galactose addition) for the
ChAP-MS procedure. To measure enrichment of proteins
and PTMs in the vicinity of the HO-induced DSB site, we

used stable isotope labeling of amino acids in cell culture
(SILAC)-based mass spectrometry (13). Specificity of en-
richment at the DSB was determined by purifying the same
chromatin fragment from an isogenic yeast strain lacking
the gene encoding HO endonuclease. In brief, we grew two
yeast cultures: the culture with the inducible DSB undergo-
ing repair (+HO) was labeled with light lysine (12C6), and
the culture with no HO endonuclease (–HO) was labeled
with heavy lysine (13C6) (Figure 1E). After formaldehyde
cross-linking, the two populations of cells were mixed in
a 1:1 ratio by weight. The chromatin was then sheared to
∼0.5–1 kb fragments, and we affinity purified the LexA-
PrA-bound chromatin fragments using IgG beads (Supple-
mentary Figure S1) (13). The percentage of light lysine for
each identified protein was determined by mass spectromet-
ric analysis. An unspecific binding threshold was established
based on the averaged percentage of light isotope of the ri-
bosomal proteins that were considered to be contamination
proteins during the purification (Supplemental Table S1).
Proteins or histone PTMs enriched in the vicinity of a DSB
are expected to have a percentage of light lysine one stan-
dard deviation above the unspecific threshold (Figure 1E,
Supplemental Table S1, Figure S2). We performed ChAP-
MS from cells that were wild type (WT) for DNA repair
on two independent occasions, including more cells the sec-
ond time (Figure 1F). The most prominent cellular protein
in all ChAP samples was LexA-PrA, indicating the speci-
ficity of the procedure (Supplementary Figure S1). In order
to increase the proportion of cells that had the HO lesion at
the time of the ChAP procedure, we also performed ChAP
from strains that were deleted for the genes encoding the
Rad52 and Rad54 homologous recombinational repair pro-
teins (Figure 1F).

Proteomic identification of histone PTMs enriched at a DSB
site

Mass spectrometry of our four ChAP samples identified
many histone PTMs with a high degree of enrichment at the
DSB (Table 1). These included histone PTMs that were pre-
viously shown to be enriched upon DNA damage and/or
functionally important for the DNA damage response (Ta-
ble 1, Group 1), such as H3 K14, K18, K23 and K27 acety-
lation and H4 K5, K8, K12 and K16 acetylation (19), H3
K56 acetylation (24,25), and H2B lysine 123 ubiquitination
(26). In addition to histone PTMs known to be involved in
the DNA damage response, we also identified histone PTMs
enriched in the vicinity of the DSB that have not previously
been implicated in DSB repair (Table 1, Group 2). These
included H2A K4ac K7ac, H2B K6ac K11ac, H2B K16ac,
K17ac and H3 K122ac K125me. Given that these histone
PTMs were enriched at DSBs with very high ratios of light
lysine and given our success in identifying histone PTMs
known to be involved in the DNA damage response (Table
1), we predict that these novel histone PTMs enriched at the
DSB will also play roles during DSB repair. Noteworthy, H3
K125me has not been reported previously in yeast, to our
knowledge, representing a new histone PTM.
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Figure 1. Using the ChAP-MS method to identify new proteins and histone PTMs at DSBs. (A) Schematic of the yeast mating type loci. The primers
used for the PCR analysis for the dynamics of HO cutting/repair are shown in red and the respective product sizes are indicated. (B) Schematic of the key
elements in the yeast strains used for ChAP-MS, as explained in the text. (C) Analysis of cutting and repair in strain PWY012, using the primers shown in
A. Galactose was added at time 0 and glucose at 2 hr. The control was a RAD27 gene product on a different chromosome. (D) Quantification of C, with
MAT PCR products normalized to the control. (E) Schematic of SILAC based proteomic strategy for purifying proteins that specifically bind near the
DSB, as described in the text. The strain lacking pGAL1HO (PWY011) is indicated by the red yeast cell ‘-HO’ while the green yeast cell ‘+HO’ represents
the isogenic yeast strain (PWY012) with pGAL1HO. (F) Venn diagram of the common proteins found to be enriched at the DSB for each ChAP-MS
analysis, made using the Venny2.1 software.
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Table 1. List of histone PTMs identified as enriched at the HO-induced DSB site

Group # Histone PTM ChAP1 (WT) ChAP2 (WT) ChAP3 (rad52Δ) ChAP4 (rad54Δ)

Group 1 H3 K14ac 89.10% 55.60% 20.55% 86.28%
H3 K18ac K23ac 57.70% 100.00% 88.87% 78.60%
H3 K27ac N.I 96.00% N.I 95.70%
H3 K56ac N.I 60.20% N.I 50.12%
H4 K5ac K8ac N.I 88.50% N.I N.I
H4 K12ac k16ac 97.70% 100.00% 82.83% 92.27%
H2B K123ub N.I 68.60% N.I 42.19%

Group 2 H2A K4ac K7ac N.I 67.70% N.I 45.45%
H2B K6ac K11ac 99.50% N.I N.I N.I
H2B K16ac 100.00% 99.40% 82.47% N.I
H2B K17ac N.I 99.70% N.I N.I
H3 K122ac K125me 95.80% N.I N.I N.I

The percentage of light lysine for a given histone PTM is shown (%)
Group 1 include histone PTMs known to be involved in DSB response or repair;
Group 2 include new histone PTMs identified as enriched at the HO-induced DSB site by proteomic analyses.
N.I indicates not Identified.

Identification of novel DNA damage response proteins

We identified numerous proteins enriched at the HO lesion
in our ChAP-MS analyses that were already known to func-
tion at DSB breaks (Supplemental Table S2). Importantly,
we did not find any known repair proteins to be depleted
from the HO lesion in our ChAP-MS analyses, providing
validation of our approach. In addition to the known DSB
response proteins, we found 108 additional proteins en-
riched in the vicinity of the DSB that do not have clear roles
in the DNA damage response to DSBs (Supplemental Table
S3). Eighty one of these 108 proteins were enriched at the
DSB in WT cells (Figure 1F). Most of these proteins (77/81)
were also enriched at the DSB in rad52Δ cells while an ad-
ditional 18 proteins were enriched at the DSB in rad52Δ
cells but not in WT cells. 55/81 proteins that were enriched
at the DSB in WT cells were also enriched at the DSB in
rad54Δ cells, while an additional 17 proteins were enriched
at the DSB in rad54Δ cells but not in WT cells. Meanwhile
8 proteins were enriched at the DSB in both rad52Δ and
rad54Δ cells, but not in WT cells (Supplemental Table S3,
Figure 1F). The proteins that were specifically enriched or
depleted from the WT, rad52Δ or rad54Δ cells likely reflect
their being recruited to the DSB at specific times in DSB re-
pair. Each ChAP analysis identified 700–1200 total proteins
as enriched, depleted or not changed at the DSB (Supple-
mental Tables S4 and S5), indicating that the analyses were
not saturating. The fact that the analyses are not saturating
is likely to be a major reason for the variability between the
two repeats of the experiment in wild type cells. In addition,
the total number of cells used in the second repeat was twice
as much as that used in the first. Furthermore, we typically
find variability in the exact timing of HO induction and sub-
sequent repair, as well as the degree of synchrony in the cell
populations, between independent experiments. Regardless,
we identified numerous new proteins enriched at a DSB.

From our analyses, we selected 27 non-essential and 28
essential proteins for further characterization of their role
in the DNA damage response. We focused on what we con-
sidered to be the most interesting proteins enriched in the
vicinity of a DSB in at least one ChAP analysis that had
a nuclear localization and that had not clearly been impli-
cated previously in DSB repair. First, we determined if the

proteins enriched at DSBs were functionally important for
the DNA damage response by measuring the contribution
of the candidate genes to resistance to DSBs by serial dilu-
tion analysis on plates with and without the radiomimetic
zeocin. We used isogenic yeast strains deleted for the non-
essential candidate genes, or with hypomorphic DAmP (De-
creased Abundance by mRNA Perturbation (27)) alleles of
essential genes. DAmP alleles have a Kanamycin resistance
cassette inserted into the 3′ UTR of the essential gene of in-
terest, leading to reduced stability of the mRNA transcript.
As a result, the level of essential proteins are decreased by
DAmP alleles. Deletion of the non-essential candidate gene
CBF1, DEF1, NPL3, TOM1, PAT1, SIT4, GAS1, NPT1
or PPZ1, or DAmP alleles of essential gene SIS1, ACS2,
YRA1, GUK1, PMI40 or ERG13 conferred sensitivity to
global DSBs induced by zeocin (Figure 2, Table 2). As such,
we characterize the proteins encoded by these genes as be-
ing novel DNA damage response proteins. The candidate
proteins that were enriched at the DSBs, but whose muta-
tion did not render sensitivity to DNA damage (Figure 2),
presumably perform non-essential and / or redundant func-
tions during DSB repair, or may play roles in the fidelity of
repair.

Some of the novel DNA damage response proteins are specific
to DSB repair, while others are required for general stress re-
sponses

To provide further mechanistic insight into the function
of the novel DNA damage response proteins, we asked
whether their role was specific to DSBs or general for mul-
tiple forms of stress. The other stresses tested include the ri-
bonucleotide reductase inhibitor hydroxyurea (HU) that re-
sults in reduced DNA replication due to depleted nucleotide
pools, the DNA alkylating agent methyl methane sulfonate
(MMS), heat which activates the integrated stress response,
the oxidative stress inducer hydrogen peroxide (H2O2), and
the UV damage mimetic agent 4-nitroquinoline 1-oxide (4-
NQO). We found that the candidate mutants exhibit distinct
stress sensitivity profiles (Figure 3, Table 2). For example,
def1Δ is sensitive to all the stresses, whereas other mutants
like ACS2 DAmP, are sensitive to only the radiomimetic
zeocin. These results indicate that while some of these novel



Nucleic Acids Research, 2017, Vol. 45, No. 19 10929

Figure 2. Mutants of multiple candidate genes whose protein products were enriched at the DSB show sensitivity to the radiomimetic zeocin. (A) Deletion
mutants of non-essential candidate genes including CBF1, DEF1, NPL3, TOM1, PAT1, SIT4, GAS1, NPT1 and PPZ1 show sensitivity to zeocin. 10-fold
serial dilutions on YPD or plates supplemented with zeocin. The rad52Δ mutant served as a positive control for DSB sensitivity. (B) DAmP mutants
of essential candidate genes including SIS1, ACS2, YRA1, GUK1, PMI40 and ERG13 show sensitivity to zeocin. CDC28 and GLC7 DAmP mutant are
positive controls for essential proteins identified adjacent to the HO lesion with known roles in the DNA damage response.
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Figure 3. Profiling of the zeocin-sensitive candidate mutants’ sensitivity to other types of stress. (A) Serial dilution analyses of the indicated strains, as in
Figure 2. The rad6Δ mutant is a positive control for 4-NQO sensitivity. (B) yap1� mutant is a positive control for H2O2 sensitivity. rad52� is a positive
control for (C) HU and (D) MMS sensitivity. (E) ssa1/2Δ is a positive control for heat sensitivity.
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Table 2. Summary of stress sensitivity of candidate yeast mutants

Yeast Strain Zeocin 4NQO H2O2 HU MMS Heat HO

def1Δ ++++ +++ + ++ ++ ++++ −
sit4Δ +++ + +++ − − ++++ +
cbf1Δ ++ − − − − + −
npl3Δ ++ + + − − ++++ N.D.
pat1Δ ++ + − ++ − ++++ −
tom1Δ + − − − − ++++ +
gas1Δ ++++ ++ − − − ++++ −
npt1Δ + − − − − ++++ −
ppz1Δ + − − − − ++ −
YRA1 DAmP ++++ − − ++++ − ++++ N.D
ACS2 DAmP ++++ − − − − − N.D
GUK1 DAmP +++ − − − − − N.D
PMI40 DAmP +++ − − ++++ − +++ N.D
ERG13 DAmP +++ − − − − − N.D
SIS1 DAmP + − − + − − N.D
Wild type − − − − − − −

Sensitivity degree: ++++ > +++ > ++ > +
No sensitivity: −
N.D: not determined

DNA damage response proteins are involved specifically in
the response to DSBs, others are part of a general DNA
damage response, while others are more broadly involved
in cellular stress responses.

Elevated temperature leads to an HR defect, while the heat
shock proteins Ssa1/2 promote the DNA damage response at
normal temperatures

We were surprised to find that so many of our mutants were
sensitive to both zeocin and heat (Table 2). In mammals, hy-
perthermia causes defects in HR (28–30), but the molecular
details are not clear and this has not been examined in yeast.
We asked whether heat itself may render yeast sensitive to
DSB-inducing damaging agents. As a control to establish
that we had achieved heat shock conditions, we included
a double deletion mutant of the heat shock proteins Ssa1
and Ssa2 because growth at elevated temperatures requires
Ssa1/2, as seen in Figure 4A. Indeed, we found that the re-
sistance of wild type yeast to zeocin is greatly reduced at
elevated temperatures, suggesting that heat causes a defect
in DSB repair (Figure 4A). In addition to zeocin sensitiv-
ity, we found that heat reduced viability of wild type yeast
100-fold upon induction of the HO endonuclease that gen-
erates a single DSB that is repaired by homologous recom-
bination (Figure 4B and C). This suggests that heat causes a
defect in homologous recombination. Furthermore, in the
single strand annealing strains, heat elevated the sensitiv-
ity to induction of an HO lesion that is repaired by single
strand annealing (Figure 4C). These results indicate that
heat compromises an early stage in homologous recombina-
tion, which would explain the heightened heat sensitivity of
the many deletion mutants that are also sensitive to zeocin
(Table 2).

Although we originally included the ssa1Δ/ssa2Δ double
mutant as a control for heat shock because Ssa1/Ssa2 are es-
sential at elevated temperature, we unexpectedly found that
deletion of SSA1/2 greatly reduced yeast survival after ex-
posure to radiomimetics at the normal growth temperature
of 30◦C (Figure 4A). This result indicates that Ssa1/2 are

required for survival after exposure to DSBs at normal tem-
peratures. In agreement, their mammalian homolog HSP70
proteins protect the genome against genomic instability af-
ter irradiation (31), yet their molecular role in DSB repair
is unclear. Deletion of SSA1/2 also led to sensitivity to the
HO lesion that is repaired by single strand annealing (Fig-
ure 4C). These results indicate that Ssa1/2 plays a role in
either an early stage of homologous recombination or sur-
vival after DSB repair.

To determine whether the novel DNA damage response
proteins were sensitive to a single DSB in addition to global
DNA damage, we induced a single DSB at the MAT lo-
cus. A rad52Δ mutant was included as a positive control for
DNA damage sensitivity. Out of all the non-essential novel
DNA damage response proteins, only Sit4 and Tom1 were
required for resistance to the galactose-inducible HO en-
donuclease that cuts at the MAT locus (Table 2, Figure 5A).
We were unable to measure the role of the essential novel
DNA damage response proteins to repair of the HO lesion,
since the available DAmP mutants are all derived from a
MATa background that has a ‘MAT-stuck’ mutation (32)
preventing the HO endonuclease from cleaving the MAT lo-
cus.

The DNA damage sensitivity of tom1 does not reflect a role
in either DSB repair or checkpoint recovery

Given that we had found that Tom1 localizes to DSBs and
that tom1Δ mutants are sensitive to both zeocin (Figure 2A)
and induction of the HO lesion at MAT (Figure 5A), we fo-
cused on its mechanistic role in the DSB response. TOM1
encodes a HECT E3 ligase that is involved in transcriptional
regulation through histone acetylation (33) and degrada-
tion of excess histone proteins (34). However, Tom1 has not
been directly implicated in the DNA damage response pre-
viously. Failure to grow following exposure to DNA damage
can be for many reasons including failure to repair the DNA
break or failure to inactivate the DNA damage checkpoint
after DNA repair, via a process called checkpoint recovery
(35). We asked whether tom1Δ mutants could repair the HO
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Figure 4. Hyperthermia or deletion of the yeast HSP70 encoding genes (SSA1/2) leads to a defect in homologous recombination. (A) Yeast strains (BY4741
derivatives) with the indicated gene deletions were 10 fold serially diluted and equal amounts plated onto control media (YPD) or media with the indicated
amounts of the radiomimetic zeocin. HSC82 encodes the yeast Hsp90 protein, and appears to play little role in DSB repair. (B) Equal amounts of the
wild type (BY4742) or isogenic RAD52 deleted yeast strains carrying the pGAL1-HO gene, were 10-fold serially diluted onto media containing glucose
or galactose at the indicated temperatures. (C) The 10-fold increased sensitivity of the 30kb ssa1ssa2 strain (PWY061) versus the 5 kb resection strain
(PWY062) to galactose indicates a defect in either resection or the DNA damage response. The 30 kb WT strain, 30 kb rad52Δ strain, 5 kb WT strain,
and 5kb rad52Δ strain are YMV2, YMV37, YMV45 and YMV46, respectively. Similarly, there is a 100-fold increased sensitivity of the 30 kb versus 5 kb
strain to hyperthermia on galactose plates.
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lesion at MAT using the same PCR assay used in Figure 1C.
The cutting and repair in the tom1Δ mutant was identical
to the WT strain (Figure 5B) indicating that Tom1 is not
required for repair of the HO lesion at MAT.

To investigate whether Tom1 was involved in checkpoint
recovery after DSB repair, we used another inducible HO
system where the DSB is repaired by single-strand anneal-
ing (SSA). In the SSA system (36), the HO lesion is induced
between two repeated sequences spaced 30 kb apart on the
same chromosome, in the YMV2 strain. Repair of this HO
lesion occurs following 30kb of resection and this tempo-
ral delay necessitates activation of the DNA damage check-
point. As such, sensitivity to induction of the HO lesion
that is repaired by SSA, in a strain that is otherwise profi-
cient for DSB repair, is indicative of delayed DNA damage
checkpoint recovery. We found that the tom1Δ mutant was
not significantly more sensitive than the WT cells to induc-
tion of the HO lesion that is repaired by SSA (Figure 5C),
suggesting that Tom1 does not play a role in checkpoint re-
covery. In addition, the dephosphorylation kinetics of the
effector checkpoint kinase Rad53 (37), indicative of inacti-
vation of the DNA damage checkpoint, was identical in the
tom1Δ mutant and WT strain following transient treatment
with zeocin (Figure 5D). Taken together, these data indicate
that the sensitivity of tom1 mutants to global DSBs and a
DSB at the MAT locus does not reflect a role for Tom1 in
either repair of DSBs or DNA damage checkpoint recovery.

Sit4 is required for recovery from the DNA damage check-
point after DSB repair

SIT4 encodes a protein phosphatase with similarity to hu-
man PP6 (38), and has not been directly implicated in the
DNA damage response previously. To determine whether
the sensitivity of the sit4Δ mutant to HO endonuclease
(Figure 2A) was due to a defect in DNA repair, we examined
repair of the HO lesion at MAT directly. While the sit4Δ
mutant showed a delay in the appearance of DNA repair
products, this was due to the delayed and reduced HO cut-
ting observed in the sit4Δ mutant (Figure 5B). Given that
Sit4 was not required for DNA repair per se, we wanted
to test if it played a role in checkpoint recovery. Unfor-
tunately, we were unable to delete SIT4 in the SSA strain
background. This is probably because of the synthetic lethal
interaction with SSD1 (Suppressor of SIT4 deletion) (39),
given that SSD1 is mutant in the strain background used to
create the SSA strain (36).

However, when we tested the kinetics of dephosphoryla-
tion of Rad53 following a transient zeocin treatment, it was
apparent that dephosphorylation in the sit4Δ strain was ap-
proximately 4 hours slower than the WT strain (Figure 5D).
Importantly, the sit4 mutant did not have a detectable defect
in DSB repair following induction of global DNA damage
with zeocin, as reflected in the smearing of the chromoso-
mal bands resolved by PFGE and their subsequent restora-
tion after washing out zeocin (Figure 5E). Taken together,
these data suggest that localization of Sit4 to DSBs reflects
its role in checkpoint recovery after DSB repair.

Def1 promotes repair of global DSBs, independent of any pu-
tative role in degrading RNA polymerase II

DEF1 promotes transcription-coupled repair (TCR) via its
role in degradation of RNA polymerase II (RNA pol II)
at genes with single-strand DNA lesions (40). We found
Def1 localizing to DSBs and a def1� mutant had sensitiv-
ity to zeocin (Figure 2A). However, the def1� mutant was
not particularly sensitive to induction of the HO lesion at
MAT (Figure 6A) beyond having slow growth, which was
also seen on glucose plates. In agreement, there was no ki-
netic difference in the repair of the HO lesion at MAT, even
though less DSBs were induced in the def1Δ mutant (Figure
6B; Supplementary Figure S3). Given that Def1 promoted
TCR via its role in degrading RNA pol II (40) and given
that it has been reported that RNA pol II is degraded after
DSB damage (41) we asked whether Def1 specifically pro-
motes DSB repair within highly-transcribed genes. To do
this, we generated a strain where the HO site was inserted
into the ADH1 gene and the HO site at MAT was deleted.
We found that the def1� mutant was not sensitive to induc-
tion of an HO lesion within the ADH1 gene (Figure 6C).
Furthermore, in our hands, deletion of DEF1 had no effect
on RNA pol II levels following treatment with global DNA
damaging agents (Supplementary Figure S3). As such, Def1
is not required for the repair of a unique HO lesion by HR,
yet promotes resistance to global DSB induction.

Given that we did not detect a role for Def1 in either re-
pair or survival after induction of a single DSB made by
the HO endonuclease, we focused on its role in resistance to
global DSBs (Figures 6A and 6C). We examined the ability
of the def1� mutant yeast to repair global DNA damage by
PFGE analysis of yeast chromosomes. While the chromo-
somes became intact in WT cells by ∼5–6 h after recovering
from zeocin treatment, the restoration of the intact chro-
mosomal profiles was delayed in def1� mutant cells (Fig-
ure 6D). In agreement with the delayed repair of zeocin-
induced DSBs in the def1� mutant cells, dephosphorylation
of Rad53 was delayed several hours after removal of zeocin
in the def1� mutant cells compared to wild type cells (Fig-
ure 6E, Supplementary Figure S3C). Taken together, these
data indicate that Def1 plays a role in global DSB repair.

Yra1 plays a major role in DSB repair

YRA1 encodes an essential protein involved in mRNA ex-
port (42). We found Yra1 localizing to DSBs and a DAmP
hypomorph of Yra1 was highly sensitive to zeocin (Figure
2B). As mentioned earlier, we were unable to generate an
HO endonuclease-induced DSB at the MAT locus in the
DAmP (MATa) mutants, due to the presence of a muta-
tion at the MAT HO site that is uncuttable by the HO en-
donuclease in the DAmP mutant collection. Therefore, in
order to determine whether Yra1 contributed to repair of
the HO-induced DSB at the MAT locus, we used an YRA1
anchor-away (AA) mutant (43). An AA mutant allows nu-
clear depletion of the protein of interest upon rapamycin
addition. There are two major components in the YRA1 AA
mutant (YCL003) that we used in our study: one is the cy-
toplasmic anchor protein fused to FKBP12, and the other
is the target protein fused to FRB. Since the presence of ra-
pamycin leads to the formation of a ternary complex con-
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Figure 5. Sit4 promotes checkpoint recovery. (A) SIT4 and TOM1 deletion mutants show sensitivity to constant induction of an HO-induced DSB at the
MAT locus. Ten fold dilution analysis of the indicated strains (BY4742 wild type or mutants from the isogenic deletion library) containing either pRS316
‘- HO’ or pGAL-HO ‘+ HO’ on SC-uracil media containing either glucose or galactose. (B) Neither SIT4 nor TOM1 are required for repairing an HO-
induced DSB at the MAT locus. Cutting and repair assay as described in Figure 1C, using WT or the indicated mutant strains bearing pGAL-HO that
have been used in A. (C) TOM1 deletion mutant (PWY069) does not show sensitivity to the induction of a single DSB that is repaired by SSA. The WT
and rad52Δ strains are YMV2 and YMV37, respectively. (D) Deletion of SIT4 but not TOM1 delays dephosphorylation of Rad53 after removal of zeocin
(‘Zeo’). rad52Δ served as a positive control for persistent Rad53 phosphorylation after release from a transient DSB-inducing treatment. The WT strain
was BY4741, and the indicated mutant strains were all from the BY4741 derived deletion library. ‘Unt’ indicates untreated. G6PDH serves as a loading
control. (E) A sitΔ mutant is proficient for repairing chromosomal damage induced by zeocin treatment. The WT strain was BY4741, and the sit4Δ strain
was from the BY4741 derived deletion library. Chromosomal DNA was subjected to pulsed field gel electrophoresis (PFGE), from the indicated time points
after removal of zeocin. ‘Unt’ indicates untreated, ‘Zeo’ indicates a sample before washing out zeocin, and ‘M’ indicates yeast chromosomal DNA marker.
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Figure 6. Def1 promotes DSB repair following radiomimetic treatment. (A) Deletion of DEF1 confers little (if any) sensitivity to HO-induced DSBs at
the MAT locus, measured using strain BAT009 (WT), BKD0665 (rad52Δ) and PWY033 (def1Δ). (B) DEF1 null mutant does not have a DSB repair
defect at the MAT locus, using the assay shown in Figure 1C and strains BAT009 (WT) and PWY033 (def1Δ). (C) Deletion of DEF1 does not confer
sensitivity to an HO lesion within the ADH1 gene. Serial dilution analysis of strains PWY081 (ADH1-HO site, WT), PWY099 (ADH1-HO site, def1Δ),
BAT009 (MAT locus, WT) and BKD0665 (MAT locus, rad52Δ) onto plates containing the indicated supplements. (D) A def1 null mutant shows a defect in
chromosomal repair after release from transient zeocin treatment. The PFGE procedures were the same as described in Figure 5E, using strains W303–1A
(WT) and JSY568 (def1Δ). (E) A def1 null mutant has a delay in dephosphorylating Rad53 after release from zeocin, performed as in Figure 5D using
strains W303-1A (WT) and JSY568 (def1Δ).

taining FRB, FKBP12 and rapamycin, the target (Yra1-
FRB) and anchor proteins (Rpl13A-FKBP12) are retained
in the cytoplasm upon rapamycin addition. In addition, the
shuttling of the ribosomal protein Rpl13A from the nucleus
to cytoplasm during ribosomal maturation enables the an-
chor protein to capture the target protein. TOR1 is deleted
from the AA strains so that the altered growth is not due to
sensitivity to rapamycin per se. In order to study the essen-
tial Yra1 protein in a growth assay, it was only transiently
depleted from the nucleus by adding rapamycin to the liquid
cultures for 1 hour, followed by plating onto media lacking
rapamycin. We confirmed that rapamycin-mediated Yra1
depletion from the nucleus confers the YRA1 AA strain, but
not the wild type AA strain, sensitive to zeocin (Figure 7A,
Supplementary Figure S4A). Zeocin sensitivity upon Yra1
depletion was apparent in asynchronous cultures, and was
more apparent in cells synchronized in G1 phase with al-
pha factor or in G2/M phase with nocodazole. When we
examined the kinetics of the repair of the HO lesion at
the MAT locus, we found no difference for the rapamycin-
treated YRA1 AA cells (Figure 7B). Confirming efficient de-
pletion of Yra1 from the nucleus, we observed Yra1 was cy-
toplasmic after rapamycin treatment (Supplementary Fig-
ure S4B). Given that there was no apparent role for Yra1
in repair of the HO lesion, yet the Yra1 DAmP hypomorph
had striking sensitivity to zeocin, we examined global DSB
repair more closely. When examining the repair of global

DSBs by PFGE analysis, we observed a striking defect in
DSB repair in the Yra1 hypomorph (Figure 7C), where the
YRA1 DAmP allele leads to an 8 fold reduction in mRNA
levels (Supplementary Figure S5). Consistent with a cen-
tral role of Yra1 in DSB repair, the DNA damage check-
point was persistently maintained in an active state follow-
ing washing out the zeocin (Figure 7D). These data uncover
a profound role for Yra1 in global DSB repair.

DISCUSSION

Although the DSB repair pathways have been intensively
studied, we still don’t totally understand their interplay with
transcription, the DNA damage checkpoint and their func-
tion in the chromatin context within the cell. Because the
DSB response pathways are highly conserved from yeast to
larger eukaryotes, dissecting the molecular mechanisms un-
derlying the cellular response to DSBs in yeast facilitates
our understanding of the complex regulatory events that oc-
cur in mammals. Using an unbiased proteomics approach,
we have discovered numerous novel histone PTMs occur-
ring at the site of DSB repair and novel proteins that are
required for different aspects of the DNA damage response.

We identified numerous histone PTMs enriched around
a yeast DSB that we are not aware of being previously im-
plicated in DSB repair. These include H2A K4ac K7ac,
H2B K6ac K11ac, H2B K16ac, K17ac and H3 K122ac
K125me. Further validation of the roles of these histone
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Figure 7. Yra1 is required for DSB repair. (A) The yeast Yra1 anchors-away strain YCL003 is sensitive to zeocin after rapamycin induction.‘-’ and ‘+’
indicate whether 1 h of rapamycin (1 �g/ml) was added to the cell culture before the serial dilution assay. Cells with or without rapamycin treatment were
washed in YPD twice before being serial diluted. The YPD agar plates were rapamycin free and contained the indicated amount of zeocin. The strains
BAT009 (WT) and BKD665 (rad52Δ) served as negative and positive controls, respectively, for zeocin sensitivity. (B) Depletion of Yra1 from the nucleus
did not result in a defect in repairing the HO-induced DSB at the MAT locus measured as in Figure 1C, using strain YCL003 bearing the plasmid pGAL-
HO. Two groups of cells were used in this experiment: one where rapamycin and galactose were both added at time 0 (T0), the other where only galactose
was added at T0. For both groups of cells, glucose was added at T2 to allow repair. (C) YRA1 DAmP mutant (from the MAT aDAmP library) is defective
in restoration of intact chromosomes after a transient zeocin treatment. The WT strain was BY4741, from which the MAT aDAmP library was generated.
The PFGE analysis was as described in Figure 5E. (D) YRA1 DAmP mutant is defective in dephosphorylating Rad53 after release from a transient zeocin
treatment. Strains used were the same as in 7C.
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PTMs during the DNA damage response awaits the devel-
opment of specific antibodies. We also identified numerous
histone PTMs enriched around DSBs, that were previously
known to impact the DSB repair process. This validates our
approach and indicates that these histone PTMs most likely
function in a local manner to influence the DSB response.
Interestingly, we did not identify H2A phosphorylation on
serine 129 (�H2A), a well-known DNA damage response
histone PTM, as either depleted, enriched or unchanged at
a DSB site. i.e. it was not detectable. This is consistent with
the reported very low levels of �H2A immediately 1–2 kb
around a DSB (44). Noteworthy, and consistent with the
temporal coupling of histone removal with DNA resection,
and DNA repair with histone replacement (23), we did not
observe core histone depletion from the dsDNA around a
DSB by the ChAPs method. We also identified a histone
PTM that had not been reported before, to our knowl-
edge. This was H3 K125me. Given that ubiquitination of
H3 K125 promotes chromatin assembly (45), H3 K125me
around a DSB would presumably block K125 ubiquitina-
tion, which would be desirable to promote chromatin disas-
sembly during HR repair (23). It will be interesting to deter-
mine the function of this new histone PTM in general, and
during DSB repair specifically, in the future.

While classical forward genetic screens in yeast have been
instrumental in identifying the most critical components of
the DNA damage response, it is unlikely that saturation
across the genome has been achieved. Accordingly, system-
atic analyses of the yeast deletion collections for sensitivity
to a variety of DNA damaging agents identified many new
genes involved in the DNA damage response (46). How-
ever, we considered that a proteomic approach based on
protein localization to a single DSB would yield new play-
ers in the DNA damage response for the following reasons:
(i) Essential genes were not studied in the systematic analy-
ses, (ii) some non-essential genes are missing from the dele-
tion collections while other genes have not been deleted but
the deletion marker inappropriately inserted elsewhere in
the genome, (iii) 7–15% of phenotypes observed in the dele-
tion collection are due to disrupting the neighboring gene,
via neighboring gene effects (47) while secondary mutations
have been found to often cause the phenotype in deletion
collection strains, rather than the knockout allele (estimated
to be 6.5% for growth) (48), (iv) cross contamination and
aneuploidy accumulate in deletion collection libraries due
to manipulation and selective pressure (49), (v) the system-
atic analyses were often performed in diploid not haploid
yeast, (vi) the systematic analyses were based on growth, re-
quiring generations of cell cycles, while we were specifically
looking during the DNA repair process per se, and finally
(vii) to our knowledge, none of the systematic analyses were
performed in response to induction of an HO lesion, as was
the case in our study.

Using our unbiased proteomics approach, we identified
108 proteins enriched around a DSB undergoing homol-
ogous recombination that have not been previously impli-
cated in DSB repair. Among the genes we tested, the non-
essential CBF1, DEF1, NPL3, TOM1, PAT1, SIT4, GAS1,
NPT1 and PPZ1 genes and the essential SIS1, ACS2,
YRA1, GUK1, PMI40 and ERG13 genes promoted yeast
resistance to zeocin (Figure 2, Table 2). Some of these genes

were additionally required for resistance to other forms of
stress (Figure 3) indicating that they play general roles in
the stress response.

Hyperthermia, the most efficient chemo- and radio-
sensitizer known, is being used in clinical settings for in-
hibiting tumor growth (50,51). Several laboratories have re-
ported that hyperthermia inhibits DNA damage repair by
HR in mammals (28–30). Driven by the finding that many
of our novel DNA damage response proteins were sensi-
tive specifically to zeocin and heat, but not other damag-
ing agents (Table 2), we investigated whether elevated tem-
perature leads to defects in DSB repair, which would ex-
plain why our yeast mutants were hypersensitive to heat.
Our data suggested this is also the case in yeast, since cells
grown at elevated temperature are sensitive to zeocin and
to induction of the HO lesion that is repaired by homolo-
gous recombination or single strand annealing (Figure 4).
Furthermore, cells lacking the yeast equivalents of human
HSP70 proteins, Ssa1 and Ssa2, were hypersensitive to the
radiomimetic zeocin and induction of the HO lesion that
is repaired by homologous recombination or single strand
annealing.

We chose to further investigate the function of four of
the novel DNA damage response proteins that we found in
the ChAP-MS: Sit4, Tom1, Def1 and Yra1. We found that
Sit4 is not required for DSB repair, but is required for check-
point recovery (Figure 5). Yeast Sit4 is similar to the human
phosphatase PP6 (52). In agreement with our proposed role
for yeast Sit4 in checkpoint recovery, depletion of PP6 in
human cells increases sensitivity to ionizing radiation (IR),
due to a delay in release from the DSB-induced checkpoint,
and caused a defect in dephosphorylation of �H2AX af-
ter IR (53). Also, there is no apparent DSB repair defect in
PP6-depleted cells, consistent with the lack of a DSB repair
defect in yeast sit4 mutants (Figure 5). PP6 interacts with
the NHEJ protein DNA-PK leading to a model in which
DNA-PK helps to recruit PP6 to DSBs to facilitate the de-
phosphorylation of �H2AX and checkpoint recovery (53).
Our findings on Sit4 suggest that the role of this family of
phosphatases during checkpoint recovery is conserved from
yeast to human.

Mechanistically, how are Sit4 and PP6 promoting check-
point recovery? It is unlikely that Sit4 dephosphorylates
�H2A directly given that Pph3 is already known to be the
�H2A phosphatase (17). Moreover, the persistent Rad53
phosphorylation in the sit4 mutant suggests that Rad53
dephosphorylation is also influenced by Sit4. Noteworthy,
Mec1, the yeast counterpart of human ATR, is responsible
for phosphorylating both H2A and Rad53 during the DNA
damage response, making inactivation of Mec1 a likely indi-
rect target of Sit4, in order to enable dephosphorylation of
Rad53 and �H2A. A role for Sit4 in down-regulating Mec1
activity after DSB repair to promote checkpoint recovery
could potentially occur through Pkc1. The rationale for this
suggestion is because Pkc1 is required for Mec1 and Tel1
(the yeast equivalent of human ATM) activity in response to
DSBs (54). Likewise, the human counterpart of Pkc1, PKC�
, is also required for activation of the DNA integrity check-
point (54). Meanwhile, Sit4 is required for down-regulating
Pkc1 activity, seeing as Pkc1 is overactive in the absence of
Sit4 (55). As such, Sit4 could potentially dephosphorylate
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Pkc1, which is known to be phosphorylated by the central
checkpoint kinases potentially in a feedback loop (54), in
order to inactivate Mec1 to allow checkpoint recovery.

We found that although the Tom1 HECT3 E3 ligase pro-
tein localizes to DSBs, it is not required for checkpoint re-
covery or DSB repair. As such, it seems likely that the excess
histones that are present in the tom1 mutant (34) themselves
are toxic to the cells following DNA damage, leading to the
growth defect observed with zeocin and upon induction of
a single HO lesion at MAT. Intriguingly, we did not observe
sensitivity to the HO lesion induced in the SSA assay system
in the tom1 mutant. However, one key difference between
the HO at MAT and the HO induced in the SSA system is
that the HO at MAT is continuously cleaved and repaired
over the three days of growth, while the HO in the SSA sys-
tem is cut and repaired only once, because the repair uses an
HO sequence containing a mutation that prevents recutting.
The fact that Tom1 was recruited to DSB breaks suggests
that the role of Tom1 in ubiquitinating the histones likely
occurs at the site of repair (34), perhaps promoting degra-
dation of the histones as they are removed from around the
DSB lesion. Indeed, we observed a drastic loss of histones
from chromatin following the induction of global DSBs in a
dose responsive manner (Supplementary Figure S6), as has
been observed very recently by others (56).

We found Def1 to be recruited to DSBs and to promote
repair of global DSB damage. DEF1 was shown to be re-
quired for the degradation of the largest subunit of RNA
pol II in response to UV damage (40). In this way, RNA pol
II is removed from genes with UV-induced DNA lesions to
enable their transcription-coupled repair. Another known
degradation target of DEF1 is Pol3, which is the catalytic
subunit of DNA polymerase � (57). This Def1-mediated
Pol3 degradation after UV irradiation was suggested to al-
low the translesion synthesis polymerase to take the place
of Pol3 and mediate error-prone DNA synthesis (57). How-
ever, we do not consider that Def1 is promoting DSB repair
via a role in degradation of RNA pol II after DSB damage,
because we did not observe any role for Def1 in repair of a
DSB within a highly transcribed gene (Figure 6C). Further-
more, we observed no effect of DEF1 deletion on RNA pol
II levels after inducing DSB damage (Supplementary Fig-
ure S3). Perhaps the role of Def1 in repair of global DSBs
is related to the function of DEF1 in telomere maintenance
(58), which depends on the NHEJ machinery. As such, a
role for Def1 related to NHEJ could explain the lack of
any HR defects during HO repair in the def1 mutant, while
there was reduced global DSB repair (Figure 6). Def1 has
also been implicated in meiotic DNA processing (59) which
could be related to the role we found for Def1 during DSB
repair. We propose that Def1 coordinates the degradation of
specific protein(s) (yet to be determined) at the site of DSB
repair that promotes efficient DSB repair.

YRA1 mutants were as sensitive to DSBs as yeast lack-
ing the central Rad52 repair protein (Figures 2B and 7A).
Furthermore, this sensitivity to DSBs was due to a pro-
found defect in DSB repair per se (Figure 7C). Yra1 is an
mRNA export protein, and is essential for yeast viability
(60,61). Strikingly, overexpression of Yra1 leads to the accu-
mulation of DSBs and genomic instability (62). Mechanis-
tically, the overexpressed Yra1 and associated mRNAs re-

main on chromatin, leading to the accumulation of R-loops,
which are problematic for replication forks resulting in DSB
formation (62). In response to DSBs, local transcription is
halted and this is required for DSB repair within transcribed
genes (63). One possibility is that Yra1 is recruited to the
vicinity of DSBs to export the transcripts after RNA pol II
has been halted. When Yra1 levels are reduced, the resulting
R loops may interfere with homologous recombinational
repair of DSBs, in a similar way that the R loops block the
replication machinery. However, this is unlikely to be the
case, because overexpression of RNaseH1 did not reverse
the DNA damage sensitivity observed upon Yra1 depletion
(Supplementary Figure S7A). An alternative mechanism by
which Yra1 could influence DSB repair would be a conse-
quence of reduced export of mRNAs for key DSB repair
proteins. In agreement, the human counterpart of Yra1,
ALY, is required for export of Rad51 (64). However, when
we examined Rad51 protein levels in the Yra1 hypomorph,
they were reduced to 39–55% of the level in isogenic wild
type cells (Supplementary Figure S7B). Noteworthy, there
was no defect in HR repair of a single HO site at MAT in
the yra1 mutants (Figure 7B). This would suggest that the
Rad51 levels would be sufficient for repair of a single DSB,
but that the levels are insufficient to repair global DNA
breaks (Figure 7C). Future studies will reveal the mecha-
nism whereby Yra1 plays such a profound roll in repair of
zeocin-induced damage.

In conclusion, we have identified multiple novel histone
PTMs and proteins at DSBs. Over a dozen of these proteins
play novel roles in the response to DSBs. Our initial charac-
terization of how Tom1, Sit4, Def1 and Yra1 contribute to
the DNA damage response indicates that additional levels
of regulation of the DNA damage response exist and remain
to be delineated. Furthermore, this approach could easily
be adapted to site-specific DNA breaks in mammalian cells,
using the Cas9 and guide RNA components of the CRISPR
system for gRNA-directed purification of a discrete section
of chromatin (CRISPR-ChAP-MS) (65).
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