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While regulated transcription requires acetylation of histone N-terminal tails to promote an open chromatin
conformation, a similar role for histone acetylation in DNA replication and/or repair remains to be established.
Cells lacking the NuA4 subunit Yng2 are viable but critically deficient for genome-wide nucleosomal histone
H4 acetylation. We found that yng2 mutants are specifically sensitized to DNA damage in S phase induced by
cdc8 or cdc9 mutations, hydroxyurea, camptothecin, or methylmethane sulfonate (MMS). In yng2, MMS treatment
causes a persistent Mec1-dependent intra-S-phase checkpoint delay characterized by slow DNA repair. Re-
storing H4 acetylation with the histone deacetylase inhibitor trichostatin A promotes checkpoint recovery. In
turn, mutants lacking the histone H3-specific acetyltransferase GCN5 are similarly sensitive to intra-S-phase
DNA damage. The inviability of gcn5 yng2 double mutants suggests overlapping roles for H3 and H4 acetylation
in DNA replication and repair. Paradoxically, haploid yng2 mutants do not tolerate mutations in genes important
for nonhomologous end joining repair yet remain proficient for homologous recombination. Our results
implicate nucleosomal histone acetylation in maintaining genomic integrity during chromosomal replication.

In eukaryotes, DNA is assembled into nucleosomes, the
basic structural unit of chromatin. Factors that target nucleo-
somes to modulate chromatin structure and provide access to
nucleosomal DNA are required to facilitate processes such as
transcription, replication, and DNA repair. Covalent modifi-
cation of core histone N-terminal tails by acetylation of con-
served lysine residues is thought to relax chromatin structure
and allow access of nonhistone factors to nucleosomal DNA
(8, 43). Seminal studies by Smerdon and colleagues showed
that histone acetylation might be upregulated to facilitate
DNA damage repair in mammalian cells after UV irradiation
(40, 41, 46). Recent biochemical results support this model.
The mammalian TATA-binding protein-free Taf II complex is
recruited along with nucleotide excision repair proteins to UV-
damaged DNA (5). Importantly, via its Gcn5 histone acetyl-
transferase (HAT) subunit, the TATA-binding protein-free
Taf II complex preferentially acetylates histone H3 in nucleo-
somes containing UV-damaged DNA. In turn, acetylation of
histone H4 also appears to function in DNA damage repair, as
expression of a dominant-negative form of the Tip60 H4 HAT
in mammalian cells blocks repair of double strand breaks (23).

Studies of histone N-terminal tail acetylation in the budding
yeast Saccharomyces cerevisiae also support a role for histone
acetylation in DNA repair and genomic integrity. Cells ex-
pressing H4 mutants lacking N-terminal acetylation sites acti-
vate DNA damage repair signaling and perform a G2/M delay
even during unperturbed vegetative growth (33). In turn, con-
ditional mutants in the essential yeast Tip60 homolog Esa1, the
catalytic subunit of NuA4, lose nucleosomal histone H4 acet-
ylation and accumulate in G2/M at the nonpermissive temper-
ature. The terminal arrest is partly relieved by abrogating DNA

damage checkpoint arrest (13). Analogously, mutants deficient
in the Gcn5 or Sas3 histone H3 HAT display a G2/M delay
which may also reflect DNA damage checkpoint activation (22,
51).

The molecular pathway leading to DNA damage checkpoint
activation in histone acetylation mutants remains poorly un-
derstood. Perhaps transcription of genes necessary for DNA
metabolism is critically impaired, reflecting the known require-
ment for targeted histone acetylation in transcriptional activa-
tion (6, 28). Nonetheless, transcription defects are unlikely to
be the only underlying mechanism. Studies of genome-wide
expression in yeast histone H4 acetylation mutants revealed
surprisingly few significant changes (10, 42). In addition to
gene-specific regulation, Esa1 has been implicated in modifi-
cation of histone H4 across large segments of chromosomes
(50). One interpretation is that the DNA-damage-dependent
cell cycle arrest with nonacetylatable H4 and esa1 mutants may
arise from the effects of decreased genome-wide acetylation
per se rather than decreased expression of specific transcripts.

Like Esa1, virtually every other NuA4 subunit is essential for
cell viability (2, 20). However, mutants lacking the NuA4 sub-
unit Yng2 remain viable and yet are specifically compromised
in global nucleosomal histone H4 acetylation (10, 30, 35). Mu-
tants lacking Yng2 display a G2/M delay (10) and are sensitized
to methylmethane sulfonate (35). Thus, we have used the yng2
mutant as a tool to study the role of NuA4 activity in DNA
damage responses. As for esa1, the yng2 G2/M delay is DNA
damage checkpoint dependent. Further, we demonstrate that
Yng2 is required specifically to respond to DNA damage dur-
ing S phase, suggesting a critical role for NuA4 in maintaining
genomic integrity during DNA replication.

MATERIALS AND METHODS

Strains and media. All yeast strains used were derived from W303 except for
sister-chromatid exchange (SCE) assays. Yeast culture and genetic techniques
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were essentially carried out as described previously (21). Media were obtained
from USBiological, molecular biology reagents were obtained from New En-
gland BioLabs, and chemical reagents were obtained from Sigma unless other-
wise noted. Yeast were cultured in YPD (1% yeast extract, 2% peptone, 0.3 mM
adenine, 2% glucose) or SC (synthetic complete media with 2% glucose) lacking
the appropriate amino acids. 5-Fluoroorotic acid (5-FOA) was added to SC
medium at a concentration of 1 mg/ml. G418 was added to YPD agar at a
concentration of 0.2 mg/ml.

Genetic manipulations. Complete knockouts were generated in diploid cells
by gene replacement using the method of Longtine et al. (31). To determine
synthetic lethality with yng2 deficiency, relevant mutant haploids were mated to
a yng2 mutant or were deleted in a YNG2/yng2 heterozygous diploid. In each
case, diploids were sporulated, dissected, and subjected to meiotic analysis.
Genetic interaction was determined by examining predicted double mutant seg-
regants. When double mutants germinated but were unable to form colonies, the
genes were considered synthetic lethal or enhanced.

Molecular techniques and flow cytometry. Cells of the relevant genotypes were
grown in YPD overnight at 22°C and then diluted to an optical density at 600 nm
of �0.05 to 0.1 in fresh YPD and allowed to grow for 3 to 4 h in the presence of
5 �M alpha mating peptide (�f) (Research Genetics) at 22°C. Alternatively, cells
were incubated at 22°C in the presence of �f for 2 h and then shifted to 37°C for
1 to 1.5 h. Cells were released from �f arrest by centrifugation, washed with
YPD, and then resuspended in liquid YPD at 22°C or YPD prewarmed to 37°C.
Cells were collected at 60-min intervals (or as described in Results) for flow-
cytometry, Northern, and Western analyses. For flow cytometry, cells were fixed
in 70% ethanol, resuspended in 50 mM Tris-HCl (pH 7.5), sonicated, treated
with 1 mg of RNase A/ml at 50°C for 1 h, and stained with 0.05 mg of propidium
iodide/ml. Approximately 2 � 104 to 3 � 104 cells were analyzed using Cell Quest
software and a FACSCalibur flow cytometer (Becton-Dickinson) for each time
point. For Northern analysis, 25 ml of culture was collected, and RNA was
extracted as described previously (15), separated on a 1% formaldehyde agarose
gel, and transferred onto a nylon membrane (Osmonics). Probes labeled with
[32P]dATP or [32P]dCTP (ICN) were generated by PCR and used to detect
RNR3 mRNA. A PhosphorImager detection system and ImageQuant software
(Molecular Dynamics) were used for analysis of blots.

For protein extracts, 25 to 50 ml of culture at an optical density at 600 nm of
�0.1 was pelleted, washed, and resuspended in buffer containing protease in-

hibitors (50 mM Tris-HCl [pH 7.5], 10% glycerol, 0.5% Nonidet P-40, 2 mM
EDTA, 150 mM NaCl, 500 �M benzamidine HCl, 10 �g of aprotinin/ml, 1 �g of
leupeptin/ml, 1 �g of pepstatin A/ml, 1 mM phenylmethanesulfonyl fluoride). An
equal volume of 0.5-mm-diameter glass beads was added, and the mixture was
vortexed at high speed for 30 min at 4°C and centrifuged at 20,000 � g at 4°C to
clear the lysate. For Western analysis, 50 �g of protein, measured by the Brad-
ford assay (Bio-Rad), was loaded per lane on a sodium dodecyl sulfate–10%
polyacrylamide gel and then transferred to nitrocellulose (ISC Intermountain).
Blots were processed as described by the manufacturer for enhanced chemilu-
minescence (Amersham) and exposed to Hyperfilm ECL (Amersham). Detec-
tion of Rad53p-Myc was performed with a 1/1,000 dilution of A14 anti-Myc
polyclonal antibody (Santa Cruz).

DNA damage assays. To test cells for UV and gamma irradiation, hydroxy-
urea, camptothecin, and MMS sensitivity, freshly grown cells at room tempera-
ture were serially diluted 5- or 10-fold, and 3.5 �l was spotted onto a YPD plate
and exposed to 100 J of UV irradiation/m2 or 200 to 400 Gy of irradiation or onto
YPD plates containing 0.2 M hydroxyurea, 0.006% methyl methanesulfonate, or
10-�g/ml camptothecin and incubated at 25°C for up to 5 days. Plates were
photographed with a Pixera camera. For the intra-S-phase checkpoint assay, cells
were arrested in �f for 2 to 3 h at 22°C, treated with 0.03% methyl methanesul-
fonate (MMS) for 45 min, washed, and then resuspended in YPD with 0.03%
MMS but in the absence of �f. In experiments with trichostatin A (TSA), cells
were grown overnight with 30 �g of TSA (from 5-mg/ml stock solution in
methanol)/ml and then treated as described for the intra-S-phase checkpoint
except that cells were kept in TSA for the course of the experiments. Cells were
collected at hourly intervals after release and processed for flow cytometry as
described above.

Synthetic lethal screen. A haploid yng2::HIS3 knockout strain carrying the
centromeric URA3-marked plasmid pCT3-YNG2 was subjected to insertional
mutagenesis by transformation with NotI-digested Tn3::lacZ::LEU2 transposon-
mutagenized genomic library DNA (7) and selection on SC-Leu. Gene disrup-
tions that conferred a requirement for expression of YNG2 would retain the
pCT3-YNG2 plasmid and thus be unable to form colonies on 5-FOA, which
counterselects against URA3. From �40,000 Leu� transformants, 65 5-FOA-
sensitive candidates were identified by replica plating and characterized further.
Each isolate was backcrossed to the parental strain, and segregation of leucine
prototrophy and 5-FOA sensitivity were determined. Eight LEU2-marked inser-

FIG. 1. Cells deficient in Yng2 are highly sensitive to replication associated DNA damage. The wild type (YNG2), yng2 mutants, and several
well-characterized DNA damage mutants were treated with DNA-damaging agents. While MMS and HU predominantly induce S-phase lesions,
both UV and gamma irradiation can generate DNA breaks in all phases of the cell cycle. Strikingly, yng2 mutants are most sensitive to S-phase
lesions. Mutants defective in several DNA damage repair pathways were used for comparison: rad50 mutants are defective for DSB repair; yku70
mutants are deficient in nonhomologous end-joining; pol2-11 mutants are defective in the intra-S-phase checkpoint response; rad14 mutants have
defects in excision repair of UV-induced damage. Cells were serially diluted 10-fold and spotted onto plates. Photographs were taken after 4 to
5 days of growth at 25°C.
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tions were found to confer synthetic lethality with yng2. The insertion site of the
Tn3::lacZ::LEU2 insertion was amplified by vectorette PCR (http://genome-www
.stanford.edu/group/botlab/protocols/vectorette.html). Briefly, genomic DNA di-
gested with RsaI or AluI and ligated to annealed anchor bubble primers was
amplified using primers 1 (CGAATCGTAACCGTTCGTACGAGAATCGCT)
and I2 (CGAATCGTAACCGTTCGTACGAGAATCGCT). Gel-purified PCR
products were sequenced using primer 1 and an ABI cycle sequencing kit
(Perkin-Elmer). Sequences were then submitted to the Saccharomyces Ge-
nome Database BLAST server (http://genome-www2.stanford.edu/cgi-bin/SGD
/nph-blast2sgd) to identify disrupted genes.

Homologous recombination assays. The assay for HO-endonuclease-induced
single-strand annealing (SSA) was performed essentially as described previously
(47). Complete knockouts of YNG2 were generated in haploid cells (W1479-
11C) (47) by gene replacement using the method of Longtine et al. (31). Cells
were grown at 22°C in raffinose overnight, and then galactose (2%) was added to
induce HO expression. Cells collected at the indicated times were spread onto
SC-Trp to select for cells still bearing the TRP-marked plasmid. Colonies were
then replica plated onto SC-Ura to determine the number of cells that had lost
the URA3 gene, indicative of SSA-mediated repair of HO-endonuclease-induced
breaks. MMS-stimulated SCE events were monitored essentially as described
previously (18). Complete knockouts of YNG2 were generated in haploid cells
(YB163) (18) by gene replacement using the method of Longtine et al. (31).
Asynchronously growing cells were left untreated or treated with 0.03% MMS
for 1 h at 22°C and then plated onto YPD or SC-His to select for recombinants.

Chromosomal DNA gel analysis. Cells were collected prior to and after MMS
treatment for processing at the indicated time points from a single culture for
each trial. Chromosomal DNA was prepared essentially as described previously
(12) and separated in 1% agarose using a contour-clamped homogenous electric
field (CHEF) gel electrophoresis apparatus (Bio-Rad). Gels were run for 23 h in
0.5� Tris-borate EDTA buffer kept at 14°C with a 90-s pulse rate at 220 V
(6 V/cm).

RESULTS

Cells that are compromised in Yng2-dependent NuA4 HAT
activity are supersensitive to DNA damage. We and others
have reported that yng2 mutant cells have reduced NuA4 HAT
activity in vitro and in vivo, leading to a global decrease in
histone H4 acetylation and phenotypes consistent with defects

in DNA metabolism (10, 30, 35). To explore a potential link
between NuA4 and DNA damage response, we challenged
yng2 mutants with a variety of genotoxic agents. The DNA-
damaging agents used, ionizing radiation (IR), UV irradiation,
MMS, and hydroxyurea (HU), lead to distinct lesions that
directly or via repair can induce DNA double-strand breaks
(DSBs) and potentially lethal damage. Via a free-radical mech-
anism, IR directly generates single-strand breaks and DSBs.
UV light induces cyclobutane pyrimidine dimers and 6-4 pho-
toproducts, while MMS alkylates primarily guanine bases. Ex-
cision repair of UV or MMS damage may induce single-strand
breaks and/or DSBs (9, 19). HU depletes nucleotide pools and
inhibits DNA synthesis but at high concentrations leads to
DSBs (34).

Cells grown in liquid culture were serially diluted, spotted
onto YPD rich agar plates, and exposed to IR or UV or
spotted onto YPD plates containing MMS or HU (Fig. 1). The
viability of haploid wild-type or yng2 mutant cells is not com-
promised by 200 or 400 Gy of IR (�15 to 30 DSBs), while a
rad50 mutant lacking DSB repair displays marked sensitivity.
This suggests that yng2 mutants remain DSB repair competent.
By contrast, yng2 mutant cells are more sensitive than wild-type
cells to 100 J of UV/m2 but not as sensitive as a rad14 excision
repair mutant. Strikingly, the toxicity of 0.2 M HU to yng2
mutants was comparable to the Polε pol2-11 mutant. Consis-
tent with a previous report (35), we also observed significant
sensitivity for yng2 mutants on 0.006% MMS.

The spectrum of sensitivities to DNA-damaging agents dis-
played by yng2 mutants is distinct from that of previously char-
acterized DNA replication or DNA repair mutants. In the
response to UV, HU, and MMS, it is hypothesized that repli-
cation forks perform an important role in revealing or exacer-

FIG. 2. Cells deficient in Yng2 display a persistent Mec1-mediated intra-S-phase delay. To examine the intra-S-phase checkpoint, the wild type
(YNG2) and yng2 and yng2 mec1 mutants were arrested in G1 with �f, treated with 0.03% MMS for 45 min, and then released into the presence
of 0.03% MMS at 22°C. Cells were collected at the indicated times and processed for flow cytometry using propidium iodide. 1N indicates haploid
DNA content, and 2N indicates replicated DNA. YNG2 cells (A) display the characteristic slowed S phase in the presence of MMS, while yng2
single mutants (B) arrest in S phase. In contrast, yng2 mec1 double mutants (C) progress through and complete S phase. As a control, cells which
were not treated with MMS are shown (No MMS).
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bating the damage induced by these agents. If, rather than
repair or replication, yng2 mutants are defective in the intra-
S-phase checkpoint response, such a spectrum of sensitivities
might be observed. These and other considerations turned our
attention to S phase as a critical stage for Yng2-dependent
DNA damage tolerance.

Cells deficient in Yng2 display a persistent intra-S-phase
checkpoint arrest. To implicate Yng2 in S phase DNA damage
response, we first assessed the integrity of the intra-S-phase
checkpoint in yng2 mutant cells. This checkpoint can be readily
observed by following DNA replication kinetics in cells treated
with MMS (37). Cultures synchronized in G1 with �f were
released in the presence of 0.03% MMS, and cell cycle pro-
gression was analyzed by flow cytometry. Wild-type cells ex-
posed to 0.03% MMS leave G1 on schedule and slowly proceed
through S phase (Fig. 2A). Though yng2 mutant cells also begin
replication on schedule, subsequent progress stalls after the
initial rightward shift (Fig. 2B). These cells maintain a single,
undivided nucleus and remain budded for the duration of the
experiment (data not shown). Lower concentrations of MMS

that do not slow wild-type S phase (e.g., 0.015%) still have a
dramatic effect on yng2 mutants, although these cells can even-
tually complete replication (data not shown). These results
suggest that yng2 mutants are not checkpoint deficient. Rather,
the intra-S-phase checkpoint in yng2 mutants appears inappro-
priately sensitive. Alternatively, yng2 mutants may sustain
greater damage than the wild type at the same dose of MMS.

Mec1 is required for persistent checkpoint arrest in yng2
mutant cells. Mec1 is a phosphatidylinositol 3-kinase homolog
and the yeast ATM/ATR equivalent that acts as a mediator of
the DNA damage checkpoint response by inducing cell cycle
arrest, activating transcription of DNA damage repair genes,
and preventing late origin firing (16, 32, 48). To determine if
the intra-S-phase arrest of yng2 mutants treated with 0.03%
MMS represents a bona fide checkpoint response, we tested
the dependence of arrest on Mec1. Double mutants between
yng2 and mec1 were viable, suggesting that yng2 mutants do not
require DNA damage checkpoint activity for life. We per-
formed MMS experiments as described above with mec1 and
yng2 mec1 mutants. Unlike yng2 mutants (Fig. 2B), the yng2
mec1 double mutants (Fig. 2C) entered and completed S
phase, only slightly delayed by the DNA damage. These results
suggest that the S-phase arrest in yng2 mutants reflects a block
to fork progression and/or origin firing mediated by DNA
damage checkpoint signaling.

Transcriptional activation of repair genes, such as RNR3, is
a hallmark of activation of the Mec1-dependent DNA damage
checkpoint (16). Considering that acetylation is a critical de-
terminant of transcriptional activation, one explanation for the
persistent S-phase arrest in MMS and sensitivity towards DNA
damage might be a loss of inducible transcription of DNA
damage repair genes in yng2 mutant cells. We performed
Northern analysis to examine expression of RNR3, a transcript
known to be specifically induced after DNA damage and im-
portant for damage repair (17). We found that wild-type and
yng2 mutant cells treated with MMS were able to up-regulate
RNR3 to a similar extent (Fig. 3A). Notably, RNR3 is slightly
induced in yng2 mutant cells even in the absence of exogenous
DNA damage, indicating that these cells may accumulate DNA
lesions during unperturbed vegetative growth. Moreover, in
previous work using microarray analysis of genome-wide tran-
scription, we found no loss in transcription of known DNA
damage repair genes in yng2 mutant cells (10). Taken together,
this suggests that defects in transcription are not likely to be
the underlying basis for the persistent intra-S-phase arrest.

A characteristic increase in expression of the Rad53 kinase
and a shift to a higher apparent molecular weight provide a
second marker for DNA damage checkpoint activation (44).
Similar to the RNR3 response, epitope-tagged Rad53 accumu-
lated and shifted after MMS treatment in both wild-type and
yng2 mutant cells (Fig. 3B). These results further demonstrate
that yng2 mutant cells are proficient in DNA damage check-
point activation.

Trichostatin A suppresses the persistent checkpoint arrest
in yng2 mutant cells. Previously we reported that treating yng2
mutants with the histone deacetylase inhibitor TSA restored
genome-wide H4 acetylation (10). By extension, we considered
that TSA might similarly suppress the intra-S-phase check-
point arrest in yng2 mutants. Towards this end, wild-type and
yng2 mutant cells were pretreated with TSA, �f synchronized,

FIG. 3. DNA-damage-dependent activation of RNR3 transcription
and Rad53 is normal in yng2 mutants. A hallmark of the DNA damage
response is transcriptional activation of DNA damage genes, such as
RNR3, and phosphorylation of the checkpoint protein Rad53. Asyn-
chronously growing wild-type (YNG2) and yng2 mutant cells treated
with 0.03% MMS were collected at the indicated times. Cells were
processed for Northern analysis (A) to detect RNR3 expression and for
Western analysis (B) to examine Rad53. Both wild-type and yng2
mutant cells induce RNR3 expression in the presence of MMS. Simi-
larly, YNG2 and yng2 mutant cells expressing Rad53-Myc accumulate
shifted forms (consistent with phosphorylation) of Rad53-Myc to sim-
ilar levels when treated with MMS. Note the appearance of RNR3
transcript in yng2 mutants (A) even in the absence of MMS treatment
(0-h lane).
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and released into 0.03% MMS. The TSA did not affect the
characteristic checkpoint-induced slow S-phase progression of
wild-type cells in MMS (Fig. 4, top). However, TSA treatment
of yng2 mutants relieved the S-phase arrest, as evidenced by
the continuous rightward progression in DNA content (Fig. 4,
bottom). These results lend support to the idea that the per-
sistent intra-S-phase arrest in yng2 mutants might be a result of
decreased levels of acetylated chromatin.

Repair of S-phase DNA damage is compromised in yng2
mutants. While yng2 mutant cells appear proficient in DNA
damage checkpoint functions, such as cell cycle arrest and
induction of transcription of repair genes, a defect in DNA

repair might underlie the observed DNA damage phenotypes
in yng2 mutants. To test this possibility, we used CHEF gels to
analyze the integrity of chromosomal DNA from cells treated
with MMS. Asynchronously growing wild-type and yng2 mu-
tant cells were treated with 0.03% MMS for 2 h and returned
to rich medium without MMS. Prior to the MMS treatment,
wild-type and yng2 mutant cells displayed a similar banding
pattern characteristic of grossly intact chromosomes (Fig. 5,
lanes 1, 6, and 11). After cells were treated with MMS for 2 h,
chromosomal DNA was similarly fragmented in both wild-type
and yng2 mutant cells, as indicated by the loss of distinct bands
and the appearance of a low-molecular-weight smear (Fig. 5,

FIG. 4. The deacetylase inhibitor, TSA, alleviates the persistent checkpoint delay in yng2 mutants. Wild-type (YNG2) and yng2 mutant cells
were pretreated with 30 �g of TSA/ml overnight (�MMS �TSA) or left untreated (�MMS) prior to addition of �f to induce G1 arrest. MMS was
added to a final concentration of 0.03% while cells were in G1 for 45 min, �f was washed away, and cells were allowed to enter the cell cycle in
the presence of 0.03% MMS with or without TSA. While YNG2 cells progress through S phase in MMS alone or MMS and TSA, yng2 mutants
persist in S phase when treated with MMS but progress through S phase when TSA is present. No MMS, cells not treated with MMS.
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lanes 2, 7, and 12). The similar change in gel mobility suggests
that recognition and processing of DNA damage to form DSBs
proceeds comparably in wild-type and yng2 mutant cells. By 4 h
after washing out MMS, chromosomal DNA bands had reap-
peared in wild-type cells, consistent with substantial comple-
tion of repair (Fig. 5, compare lane 4 to lane 1). In contrast to
the wild type, yng2 mutants displayed markedly slower and less
complete repair (Fig. 5, compare lanes 9 to 6 and 14 to 11).
While the smear at low molecular weight largely disappeared
by 2 h (Fig. 5, lanes 8 and 13), consistent with the onset of DSB
repair and/or base excision repair, much of the chromosomal
DNA did not reappear as bands even 5 h after MMS was
removed (Fig. 5, lanes 10 and 15). A drawback of this method
is that it does not reliably report the status of chromosomes
being actively replicated in S phase or during repair, since their
complex structures may prevent entry into the gel. Nonethe-
less, these results demonstrate an intrinsic defect in the yng2

mutant cell DNA damage response consistent with a deficit in
DNA repair.

Mec1-dependent cell cycle delay in yng2 mutants during
vegetative growth. We previously showed that vegetatively
growing yng2 mutants had a prolonged mitotic delay after
replication that is markedly exacerbated at the nonpermissive
temperature of 37°C (10). Based on our observation of ele-
vated RNR3 expression in the absence of exogenous damage
and the known checkpoint dependence of esa1 mitotic delay
(13), we hypothesized that the yng2 mutant mitotic delay may
be DNA damage checkpoint dependent. We constructed yng2
mec1 double mutants and performed �f arrest and release
experiments to compare cell cycle kinetics of wild-type cells
and yng2 and yng2 mec1 mutant cells at 37°C (Fig. 6). As
previously reported, the yng2 mutants completed DNA synthe-
sis with kinetics similar to those for the wild type but then
delayed indefinitely after reaching replicated (2 N) DNA con-
tent. Like wild-type controls, yng2 mec1 double mutants do not
delay in mitosis but return rapidly to G1. An implication of this
result is that the mitotic arrest at 37°C in yng2 mutants may
derive from DNA lesions and/or defects in chromatin structure
that persist after completion of DNA replication.

yng2 mutants display genetic interactions with replication
mutants. One interpretation of the pattern of sensitivity to-
wards MMS and HU is that yng2 mutants cannot tolerate DNA
breaks that arise during replication. Thus, we examined the
genetic interaction between the yng2 mutation and conditional
mutations affecting initiation, progression, or completion of
replication. CDC7 encodes an essential kinase that activates
replication origins (4). CDC8 encodes thymidylate kinase (24).
CDC9 encodes the major Okazaki fragment DNA ligase (3).
At nonpermissive temperature, the cdc7-1 mutant displays de-
layed origin firing, the cdc8-1 mutant is blocked during S phase
progression, and the cdc9-8 mutant performs a mitotic arrest.
We crossed yng2 to cdc7-1, cdc8-1, and cdc9-8 temperature-
sensitive mutants and subjected the diploids to meiotic analysis
at permissive temperature (Table 1). We found that yng2
cdc7-1 double mutants were fully viable and displayed pheno-
types similar to those of yng2 single mutants. However, all
predicted yng2 cdc8-1 segregants and the majority of yng2
cdc9-8 segregants were inviable, indicating synthetic enhance-
ment. That we observed a strong genetic interaction with mu-
tants that affected strand synthesis and ligation but not origin
firing is consistent with Yng2 functioning during replication
fork migration and confirms the supersensitivity towards HU
and MMS in yng2 mutants. These data indicate a role for Yng2
in protecting cells from accumulating DNA lesions, specifically
during S phase.

Topoisomerase 1 activity is essential in yng2 mutant cells.
During replication, the type I topoisomerase Top1 acts to
relieve superhelical tension which may accumulate ahead of
the advancing fork (25). We hypothesized that in yng2 mutant
cells, hypoacetylated chromatin might result in abnormally
high levels of torsional stress due to increased DNA-histone
and/or internucleosomal interactions. To test this possibility,
we subjected diploids heterozygous for both yng2 and top1 to
meiotic analysis. Consistent with a previous report (25), we
find that top1 mutants are viable and have only a subtle growth
defect. Strikingly, although virtually all predicted yng2 top1
double mutants germinated, double mutants were unable to

FIG. 5. CHEF gel analysis reveals that yng2 mutants are compro-
mised in DNA damage repair. Chromosomal DNA from wild-type
(YNG2) (lanes 1 to 5) and yng2 mutant (lanes 6 to 13) cells was
analyzed before, during, and after MMS treatment. Asynchronously
growing cells display a characteristic banding pattern of intact chro-
mosomal DNA seen in both YNG2 (lane 1) and yng2 mutant cells
(lanes 6 and 11). After cells were treated for 2 h with 0.03% MMS,
chromosomal DNA is fragmented, as evidenced by a low-molecular-
weight smear in both YNG2 (lane 2) and yng2 (lanes 7 and 12) mutant
cells. MMS was washed away, and cells were allowed to grow in rich
medium, collected, and analyzed after 2, 4, and 5 h. Chromosomal DNA
bands reappear by 2 h in YNG2 and yng2 mutant cells (lanes 3, 8, and
13). By 4 and 5 h, YNG2 cells have substantially repaired their chro-
mosomal DNA, as indicated by the reappearance of even the highest-
molecular-weight DNA bands (near tops of lanes 4 and 5). In contrast,
the low levels of repair in yng2 mutants seen in lanes 8 and 13 persist
for the remainder of the experiment, indicative of a defect in repair.
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form colonies, indicating that in the absence of Yng2, Top1
activity becomes essential (Table 1). Consistent with the syn-
thetic enhancement with top1, yng2 mutant cells treated with
the topoisomerase I inhibitor camptothecin (CPT) (11) display
marked sensitivity compared to wild-type cells (Fig. 7A). While
the supersensitivity towards CPT in yng2 mutants might result
from persistent DNA breaks induced by the formation of CPT-
Top1-DNA complexes (11), depletion of Top1 activity from
the treated cells is also likely to be significant.

A synthetic lethal screen reveals a requirement for GCN5 in
yng2 mutants. We were prompted by finding specific genetic
interactions between yng2 and replication mutants to pursue a
genetic screen for other mutations that confer lethality to a
yng2 deletion. Synthetic lethality or enhancement between two
mutations typically indicates that the two gene products act in
a single essential pathway or have compensatory functions.
Therefore, this approach should help shed light not only on the
mechanism of Yng2 function but also on essential functions of
histone H4 acetylation. Thus, we constructed a strain in which
a wild-type allele of YNG2 was maintained on an unstable,
URA3-marked low-copy-number episome that complemented
a deletion of the YNG2 genomic locus. Evicting the YNG2
complementing plasmid by counterselection with 5-FOA re-
vealed the underlying yng2 phenotype. A library of genomic
fragments mutagenized by random integration of a LEU2-
containing cassette (7) was transformed into this strain to cre-
ate a population of marked insertional mutants. Eight inde-
pendent mutations were isolated from more than 40,000

transformants that conferred inviability on 5-FOA medium.
Each of these mutations was observed to be synthetic lethal or
enhanced, with a yng2 deletion, upon conventional meiotic
analysis. Sequence analysis revealed that each insertion had
interrupted genes affecting histone physiology and/or DNA
damage processing.

We were most struck by two mutations. One insertion inter-
rupted the GCN5 open reading frame. GCN5 encodes an H3-
specific HAT, suggesting that histone H3 and histone H4 acet-
ylation may share an essential overlapping function. Indeed,
truncation of the N-terminal tails of both histones H3 and H4
is not tolerated (29). Similar to Esa1 function in genome-wide
acetylation of histone H4, Gcn5 has been reported to function
in global acetylation of histone H3 (27, 50). On the other hand,
gcn5 mutants have been found to have a slight decrease in
acetylated isoforms of histone H4 (51).

That yng2 gcn5 double mutants were inviable suggested that
acetylation of histones H3 and H4 might serve overlapping
roles. One possibility is that this shared function is related to
DNA damage tolerance. Strikingly, gcn5 mutants were sensi-
tive to hydroxyurea and camptothecin to roughly the same
degree as yng2 mutants (Fig. 7B) but less so towards MMS and
UV (data not shown). These results suggest overlapping roles
for histone H3 and H4 acetylation during replication.

Genetic interactions between yng2 and DSB repair muta-
tions. A second insertion isolated as a yng2 synthetic lethal or
enhancement mutation disrupted the open reading frame en-
coding the yeast Ku70 homolog YKU70/HDF1. YKU70 is crit-

FIG. 6. yng2 mutant cells display a Mec1-dependent cell cycle delay during vegetative growth. The wild type (YNG2) and yng2 and yng2 mec1
mutants were arrested in G1 with �f, raised to 37°C for 1 h, and then released into rich medium at 37°C. Cells were collected at the indicated times
and analyzed by flow cytometry. In contrast to yng2 single mutants, which remain with a large number of 2 N-containing cells (middle), yng2 mec1
mutants (right) are able to exit mitosis and return to G1 with nearly wild-type kinetics, evidenced by the reappearance of a 1 N DNA peak (compare
to YNG2 [left]). �f was added again after cells entered S phase to trap cells in the subsequent G1 phase.
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ical for nonhomologous end joining (NHEJ) repair of DSBs
and is required for telomere stability but performs a minor role
in homologous recombination (HR) repair. One interpretation
of the yng2 yku70 synthetic enhancement is that NHEJ may be
uniquely able to repair DNA damage arising in yng2 mutants.
Alternatively, a lack of normal histone H4 acetylation creates
a specific requirement for yKu70 rather than NHEJ per se. To
distinguish these possibilities, the yng2 mutant was crossed with
other NHEJ mutants (rad50 and mre11) and with HR mutants
(rad52 and rad57) to examine genetic interactions (36). Sup-
porting a requirement for NHEJ, yng2 rad50 segregants were
all inviable, while most yng2 mre11 double mutants were invi-
able or displayed enhanced growth defects (Table 1). In con-
trast, yng2 rad52 and yng2 rad57 double mutants were all viable
and were phenotypically similar to yng2 single mutants (Table
1). Together these results strongly suggest that yng2 mutants
require NHEJ repair or a specialized function(s) of these
genes in the absence of Yng2-dependent NuA4 HAT activity.

Cells deficient in Yng2 are proficient for homologous recom-
bination. We reasoned that if yng2 mutants are critically de-
fective in homologous recombination, loss of the NHEJ path-
way might be lethal while HR mutations would have no
consequence. To explore this possibility, we assayed wild-type
and yng2 mutant cells for their ability to perform two forms of
HR: SSA and SCE. To determine if cells were proficient in
SSA, we used strains in which a HO site is placed adjacent to
a URA3 gene flanked by two leu2 alleles (Fig. 8A). Galactose-
induced expression of HO endonuclease results in a persistent
DSB. Resection by 5�-to-3� exonucleases beginning at the
break leads to single-stranded DNA that uncovers complemen-
tary leu2 sequences. Annealing between the two complemen-
tary strands of DNA at leu2 and subsequent DNA ligation
completes repair but excises URA3, allowing growth on 5-FOA
(Fig. 8A) (47). Aliquots were collected at 1-h intervals after
galactose addition, and cells were spread onto 5-FOA and
nonselective plates. The number of 5-FOA-resistant cells rel-
ative to the number of total cells plated was used as an estimate
of the fraction of DSBs repaired by SSA at that time point (Fig.
8B). We found that wild-type and yng2 mutant cells lost URA3

at a comparable rate, suggesting that the resection, annealing,
processing, and ligation events in SSA-mediated repair can
each occur in the absence of Yng2.

SCE was measured by determining the number of His�

recombinants arising from mitotic recombination between two
his3 alleles juxtaposed on a single chromosome (18) (Fig. 9A).
The his3-5� and his3-3� alleles are truncated at the 5� and 3�
ends, respectively, so that an unequal crossover event between
sister chromatids can generate a partial duplication and a wild-
type HIS3 allele (Fig. 9A). Rather than being blocked for SCE,
yng2 mutant cells yielded fourfold more spontaneous recom-
binants than the wild-type population as measured by the num-
ber of His� clones per million cells (Fig. 9B, unstimulated).
SCE can be stimulated by treating cells with DNA-damaging
agents, leading to an increased accumulation of His� clones.
Treating asynchronously growing wild-type and yng2 mutant
cells for 1 h with 0.03% MMS increased the number of His�

recombinants by fivefold in the wild type and fourfold in yng2
mutants (Fig. 9B, MMS stimulated). These observations con-
firm that yng2 mutant cells remain proficient in homologous
recombination.

DISCUSSION

Several studies have shown that cells deficient for the non-
essential NuA4 subunit Yng2 have decreased NuA4 activity
and an overall reduction in levels of bulk acetylated histone H4
(10, 30, 35). In this report, we exploit yng2 mutants to investi-
gate the potential connection between histone H4 acetylation
and DNA damage tolerance. The relative sensitivity to differ-
ent types of DNA damage and a unique pattern of genetic

FIG. 7. Supersensitivity to CPT and HU in yng2 and gcn5 mutants.
The wild type (YNG2) and yng2 (A) and gcn5 (B) mutants were serially
diluted 10-fold and spotted onto plates containing CPT, a topoisom-
erase inhibitor, and HU, a replication inhibitor. Strikingly, yng2 and
gcn5 mutants display sensitivities towards CPT and HU similar to those
displayed by wild-type cells. Photographs were taken after 4 to 5 days
of growth at 25°C.

TABLE 1. Genetic interactions between yng2 and mutants in DNA
metabolism

Gene name Function
Synthetic

enhancement
with yng2a

CDC7 Origin firing �
CDC8 Maintain nucleotide pools ��
CDC9 DNA ligation �
GCN5 Histone H3 acetyltransferase ��
YKU70 Binds DNA ends/NHEJb ��
RAD50 Break resection/NHEJ and HRc ��
MRE11 Break resection/NHEJ and HR �
RAD52 Primarily for HR �
RAD57 Primarily for HR �
TOP1 Topoisomerase 1 �

a At least 20 tetrads were analyzed for each test. �, double mutants are
phenotypically similar to the single mutant. ��, �90% of predicted double
mutants were inviable. �, �60% of predicted double mutants were inviable,
while double mutants which formed colonies displayed enhanced growth defects
compared to either single mutant.

b NHEJ, nonhomologous end joining.
c HR, homologous recombination.
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interactions point to a special deficit in yng2 mutants affecting
tolerance of DNA damage during DNA replication. Yng2 had
previously been implicated in DNA damage tolerance (35). We
find that yng2 mutant cells are no more sensitive to IR than
wild-type cells but cannot tolerate even low doses of UV irra-
diation, hydroxyurea, camptothecin, or MMS, all agents that
induce replication-specific blocks or lesions (11, 19, 34). Im-
plicating Yng2 in S-phase progression rather than initiation,
we find synthetic enhancement in yng2 mutants combined with
conditional mutations in the CDC8 thymidylate kinase (24)
and the CDC9 DNA ligase (3) but not the CDC7 kinase that
participates in origin activation (4). We infer that the defect is
not at the level of sensing DNA damage, since yng2 mutant
cells are proficient in activating the Mec1-dependent check-
point pathway. The yng2 mutant performs a persistent Mec1-
dependent intra-S-phase delay in the presence of 0.03% MMS,
a dose at which wild-type cells slow S phase but can complete
replication. Importantly, CHEF gel analysis reveals that yng2
mutants process MMS-damaged DNA to create DSBs but do
not complete DNA repair.

We were surprised to discover that viability of yng2 mutant
cells largely depends on TOP1 and several genes known to be
critical for NHEJ but not on HR genes. We speculate that
defects in transcription, repair, and/or replication are all pos-
sible explanations for these requirements. Considering that

transcription is intimately coupled to histone acetylation, Yng2
might be important for transcription of genes that function in
replication and/or repair. Possibly, in yng2 mutant cells critical
genes would be transcriptionally down-regulated, leading to
the requirement for TOP1 or NHEJ genes for viability. How-
ever, our microarray analysis of genome-wide expression shows
no down-regulation of DNA repair genes (10). Moreover, in
this report we show that RNR3 transcription remains inducible
after MMS treatment. Thus, a transcription defect seems un-
likely.

Perhaps, as suggested by the higher basal rate of SCE re-
combination in yng2 mutants, DNA strand breaks that occur
during vegetative growth or that are induced by exogenous
agents are repaired slowly in hypoacetylated chromatin, leav-
ing damage that may require Top1 or NHEJ function for
proper repair. Alternatively, Yng2 might have other functions
beyond its role in NuA4 that affect DNA repair. Like its mam-
malian homolog, p33ING1b, which has been shown to directly
interact with both the PCNA complex and several HAT com-
plexes (45, 49), Yng2 might interact with and thereby modulate
activities of yeast factors that play a more direct role in DNA
metabolism. On the other hand, acetylation of nonhistone pro-
teins (i.e., p53) by HAT complexes in mammalian cells is well
studied and is shown to modulate protein activity. Interest-
ingly, Nourani and colleagues (35) showed that p53 expressed

FIG. 8. yng2 mutants are able to perform SSA repair. (A) Schematic of the leu2 direct repeat cassette used to measure an HO-induced
recombination event measured by loss of the URA3 gene. (B) Wild-type (YNG2) cells and yng2 mutant cells containing this cassette were
transformed with a TRP1 plasmid containing a galactose-inducible HO endonuclease gene. Cells were taken at the indicated times post-galactose
addition, and the number of cells that had undergone a recombination event and lost the URA3 gene was determined. YNG2 and yng2 mutant cells
display similar levels of SSA. Footnote a, approximately 200 to 900 colonies were scored for each time point. The percentage of deletion events
is a measure of the total number of colonies that have lost Ura prototrophy relative to the total number of cells plated that were Trp�.
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in yeast can interact with NuA4 and that this interaction de-
pends on the presence of Yng2. Thus, Yng2 might help target
NuA4 to acetylate and activate nonhistone proteins important
for DNA repair.

We cannot rule out a defect in replication itself, considering
our finding that yng2 mutants are specifically sensitized to
DNA damage in S phase. An intriguing possibility is that chro-
matin which contains less acetylated histone H4 might be sus-
ceptible to lesions in front of the replication fork. These DNA
breaks might be exclusively repaired by NHEJ, since a sister
chromatid or homolog would not be available for HR-medi-
ated repair (14, 36). Work with other organisms examining
requirements for acetylation of histones at the replication fork
suggests that a complete block to replication is highly unlikely
(38). Nonetheless, a more subtle defect during replication that
arises as a result of topological constraints conferred by hy-
poacetylated chromatin remains a formal possibility (1, 39).

Histone H3 acetylation might also have an important role in
DNA damage tolerance. Interestingly, gcn5 mutants are syn-
thetic lethal with yng2 and display similar sensitivities towards
S phase DNA-damaging agents. Similar to yng2, esa1, and
nonacetylatable histone H4 mutants, cells lacking GCN5 dis-

play a mitotic delay during vegetative growth (22, 26, 51).
Certainly, acetylation of histones H3 and H4 may have equiv-
alent roles in responding to DNA damage at several levels (i.e.,
gene expression, recognition of lesions, and repair). Determin-
ing the basis for supersensitivity towards HU and CPT in gcn5
mutants will require further study.

This report reveals a novel role for histone acetylation in
preserving genomic integrity in the face of DNA damage dur-
ing S phase. Future studies to understand the connections
between histone acetylation, replication, and repair may estab-
lish chromatin conformation as a key determinant of DNA
metabolism.
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