
MOLECULAR AND CELLULAR BIOLOGY, June 2005, p. 4903–4913 Vol. 25, No. 12
0270-7306/05/$08.00�0 doi:10.1128/MCB.25.12.4903–4913.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Localized Histone Acetylation and Deacetylation Triggered by the
Homologous Recombination Pathway of Double-Strand

DNA Repair
Beth A. Tamburini1,2 and Jessica K. Tyler1*

Department of Biochemistry and Molecular Genetics1 and Molecular Biology Program,2 University of Colorado
Health Sciences Center at Fitzsimons, P.O. Box 6511, Aurora, Colorado 80045

Received 30 December 2004/Returned for modification 24 January 2005/Accepted 23 March 2005

Many recent studies have demonstrated recruitment of chromatin-modifying enzymes to double-strand
breaks. Instead, we wanted to examine chromatin modifications during the repair of these double-strand
breaks. We show that homologous recombination triggers the acetylation of N-terminal lysines on histones H3
and H4 flanking a double-strand break, followed by deacetylation of H3 and H4. Consistent with a requirement
for acetylation and deacetylation during homologous recombination, Saccharomyces cerevisiae with substitu-
tions of the acetylatable lysines of histone H4, deleted for the N-terminal tail of histone H3 or H4, deleted for
the histone acetyltransferase GCN5 gene or the histone deacetylase RPD3 gene, shows inviability following
induction of an HO lesion that is repaired primarily by homologous recombination. Furthermore, the histone
acetyltransferases Gcn5 and Esa1 and the histone deacetylases Rpd3, Sir2, and Hst1 are recruited to the HO
lesion during homologous recombinational repair. We have also observed a distinct pattern of histone deacety-
lation at the donor locus during homologous recombination. Our results demonstrate that dynamic changes in
histone acetylation accompany homologous recombination and that the ability to modulate histone acetylation
is essential for viability following homologous recombination.

The repair of DNA damage is essential for the prevention of
cell death and carcinogenesis. Lethal DNA damage occurs
when both strands of DNA are broken, which can lead to the
loss of chromosome arms during mitosis (45). Cells employ two
major pathways to repair a double-strand break (DSB), non-
homologous end joining (NHEJ) and homologous recombina-
tion. Homologous recombination is mediated by the Rad52
epistasis group of proteins, where Rad52 is the only member
essential for homologous recombination (26). Homologous re-
combination requires significant sequence homology to allow
the lesion to be “patched” by copying the homologous donor
sequences. The single defined HO site at the Saccharomyces
cerevisiae MAT locus has allowed the events of DSB repair to
be dissected (12). The HO lesion is primarily repaired by
homologous recombination with donor sequences from HML�
or HMRa (21). We chose to use the HO system to investigate
whether homologous recombination is regulated by chromatin
modifications, as is the case for transcriptional regulation.

Chromatin comprises a basic repeating unit called the nu-
cleosome. The nucleosome is made up of a histone octamer
(two molecules each of H2A, H2B, H3, and H4) which has
approximately 147 base pairs of DNA wrapped around it (25).
There are many types of histone modifications that alter chro-
matin structure and function, including acetylation, methyl-
ation, phosphorylation, ubiquitylation, ADP-ribosylation, and
sumoylation. Most of these types of modifications have been
found to play a fundamental role in regulating gene expression
by modulating the accessibility of the DNA to binding factors

and by acting as specific binding sites for factors that regulate
transcription (10, 16). These modifications on histone proteins
have been dubbed the histone code (8, 33, 42).

Until recently, the evidence for a DNA damage-induced
histone code was limited to the phosphorylation of the C-
terminal tail of the histone variant H2AX (or H2A in S. cer-
evisiae) (29, 33). This is a very early response to double-strand
DNA breaks, and recent studies in yeast indicate that H2A
phosphorylation is required for the recruitment of chromatin-
modifying complexes to the vicinity of DNA damage. Phos-
phorylated H2A in yeast leads to the recruitment of the chro-
matin-remodeling complex INO80.com to a double-strand
DNA break (32, 46), which in turn is required for efficient
processing of the double-strand break into single-stranded
DNA (46). Similarly, phosphorylation of H2A leads to the
recruitment of the Swr1 chromatin-remodeling complex (7). In
addition, phosphorylation of H2A in yeast is required for the
recruitment of the NuA4 histone acetyltransferase complex to
a region proximal to a double-strand break and is accompanied
by localized acetylation of histone H4 on lysine 8 (7). Methyl-
ated and ubiquitinated histones also appear to play an impor-
tant role in the signaling of double-strand DNA damage to the
cell (11, 15, 40).

There is a growing body of evidence supporting a role for
histone acetylation in double-strand DNA repair. The N ter-
minus of histone H3 has five reversibly acetylatable lysine
residues at positions 9, 14, 18, 23, and 27, while the N terminus
of histone H4 has four reversibly acetylatable lysine residues at
positions 5, 8, 12, and 16. Mutation of all four acetylatable
lysines of histone H4 causes sensitivity to double-strand DNA-
damaging agents (9). Mutation of both lysines 14 and 23 on
histone H3 increases sensitivity to expression of the HO endo-
nuclease (35). The enzymes that alter histone acetylation have
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also been implicated in the repair of DSBs. For example,
mutation of a histone acetyltransferase, Gcn5, causes sensitiv-
ity to double-strand DNA-damaging agents (6). A major caveat
with these studies linking DNA damage sensitivity to histone
acetylation is that it may be a result of indirect effects (for
example, transcriptional dysregulation of repair factors). In
addition, it is not clear whether the repair is by homologous
recombination and/or NHEJ.

There is evidence to suggest that changes in histone acety-
lation accompany NHEJ, but it is unknown whether histone
acetylation changes during homologous recombinational re-
pair. For example, the histone acetyltransferase Esa1 is re-
quired for efficient NHEJ (4). The human counterpart of the
Gcn5 histone acetyltransferase is phosphorylated and inacti-
vated by DNA-dependent protein kinase, which is a central
component of the NHEJ machinery (2). There is also clear
evidence to suggest that the opposite reaction, histone deacety-
lation, is important for NHEJ. The histone deacetylase Rpd3
and its binding partner Sin3 are required for efficient NHEJ
(18). Sir3, which is part of a complex containing the histone
deacetylase Sir2, is known to relocalize to the site of a DSB in
yeast that lacks homologous donor sequences for repair by
homologous recombination, but the reason for this is unclear
(28, 31). Similarly, Esa1 localizes to the HO break in yeast that
lacks homologous donor sequences for repair by homologous
recombination (7). Two recent reports have shown for the first
time that histone acetylation levels actually change around a
DSB. Acetylation on H4 K16 is reduced 40 to 50% following
induction of a DSB that can be repaired only by NHEJ (18),
and acetylation of lysine H4 K8 transiently increases in chro-
matin flanking the DSB that can only be repaired by NHEJ (7).
However, we do not know whether histone acetylation changes
during homologous recombination.

Since virtually nothing was known about histone acetylation
during homologous recombinational repair, we set out to per-
form a comprehensive analysis of acetylation levels on all nine

acetylatable residues of the N-terminal tails of histones H3 and
H4 before, during, and after homologous recombinational
repair of an HO lesion. We find that localized histone acet-
ylation, followed by histone deacetylation, occurs in a man-
ner dependent on homologous recombinational repair. These
modifications are important for viability following DNA repair
and are likely to be mediated by the recruitment of the histone
acetylases Gcn5 and Esa1 and the histone deacetylases Sir2,
Hst1, and Rpd3 during homologous recombination.

MATERIALS AND METHODS

S. cerevisiae strains. S. cerevisiae strains used in this study are shown in Table
1.

HO endonuclease sensitivity assays. Yeast strains were grown overnight in
rich media, media with no uracil but with 2% raffinose, or media with no
adenosine but with 2% raffinose. Cells were diluted and grown to an optical
density at 600 nm (OD600) of �0.75 and concentrated to an OD600 of 1.0 or
higher to plate in serial dilutions onto rich media, media with no uracil but with
2% raffinose, or media with no adenosine but with 2% raffinose with increasing
amounts of galactose.

Viability assays. Yeast strains were grown overnight in medium without uracil
or adenosine but with 2% raffinose diluted to an OD600 of 0.2, and grown to an
OD600 of 0.5 before adding galactose to 2%. Samples were taken for viability
analysis before adding galactose (t � 0) and each consecutive hour afterwards for
3 h. Samples were sonicated, counted, and diluted in order to plate 200 cells onto
yeast extract-peptone-dextrose (YEPD) plates in triplicate. Plates were incu-
bated for 2 or 3 days until the colonies were large enough to count.

DNA damage and repair quantitation. Primers flanking the HO site in the
MAT locus were used to determine the degree of cutting and repair of mating
type by PCR amplification (primer sequences are available upon request). Cul-
tures were grown overnight in raffinose-containing media. Galactose and then
glucose were added to 2% at the times indicated in the figure legends. Primers
to the RAD27 gene were included in the multiplex PCR as an internal control.
The number of PCR cycles to produce amplification in the linear range was
determined empirically. The ratio of the MAT product to the control product was
quantified using Labworks (GelPro4.0; Media Cybernetics, LP).

ChIP analysis. Cultures were grown overnight in raffinose-containing media,
diluted, and grown for 2 to 3 h until the cells reached an OD600 of approximately
0.5. Galactose and then glucose were added to 2% at the times indicated in the
figure legends. Samples were taken for chromatin immunoprecipitation (ChIP)
analysis at the time points indicated in the figure legends and were processed as

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Reference

BAT009 W303 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1 GAL ade3::Gal10::HO This study
BAT019 W303 MATa lys2 leu2-3,112 his3-11 trp1-1 ura3-1 bar1::LEU2 gcn5::KAN This study
BAT020 W303 MATa lys2 leu2-3,112 his3-11 trp1-1 ura3-1 bar1::LEU2 rpd3::KAN This study
BAT021 W303 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1 GAL This study
BAT022 W303 MATa trp1-1 ura3-1 can1-100 ADE bar::LEU2 his3-11 GAL rad52::TRP1 This study
BAT035 W303 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1 GAL ade3::Gal10::HO SIR2-3HA::KAN This study
BAT038 W303 MATa ade2-101 his3-D200 lys2-801 trp1-D901 ura3-52 hht1 hhf1::LEU2 hht2,hhf2::HIS3 rad52�::Hygro

[pRM200 (CNE4 ARS1 TRP1 HHT2 HHF2)]
This study

BAT039 MATa ade2-101 his3-D200 lys2-801 trp1-D901 ura3-52 lys2-801::dam�::LYS2 hht1,hhf1::LEU2 hht2,hhf2::HIS4
[pGF17-D4-19]; MATa version of GFY34419 (9)

This study

FLY722 MATa ade2-101 leu2-3,112 lys2-801 trp1-D901 ura3-52 hhf1::HIS3 hhf2::TRP1-HHF2-K5,8,12,16R 23
FLY821 MATa ade2-101 leu2-3,112 lys2-801 trp1-D901 ura3-52 hhf1::HIS3 hhf2::TRP1-HHF2-K5,8,12R 23
JKM179 MAT� �HO::Ade1 �hml::ADE1 �hmr::ade1 ade1 leu2-3,112 ADE can1-100 22
RMY200 MATa ade2-101 his3-D200 lys2-801 trp1-D901 ura3-52 hht1,hhf1::LEU2 hht2,hhf2::HIS3 [pRM200 (CNE4 ARS1

TRP1 HHT2 HHF2)]
27

RMY430 MATa ade2-101 his3-D200 lys2-801 trp1-D901 ura3-52 hht1,hhf1::LEU2 hht2,hhf2::HIS3 [pRM430 (CEN4 ARS1
TRP1 HHT1-D4-30)]

27

Z1256 W303 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi� 37
Z1346 W303 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi� ESA1::18myc::TRP1 37
Z1347 W303 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi� RPD3::18myc::TRP1 37
Z1410 W303 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi� HST1::9myc::TRP1 37
Z1466 W303 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi� GCN5::9myc::TRP1 37
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described previously (20). Residue-specific acetyl lysine antibodies (Upstate)
were used for ChIP exactly as described previously (44). The specificity of these
antibodies had been rigorously established previously (44). Histone levels were
determined by ChIP using an antiserum to the C terminus of histone H3 (Ab-
cam). A 1:400 dilution of the anti-mouse hemagglutinin (HA) antibody (Co-
vance) was used to immunoprecipitate Sir2-HA and a 1:266 dilution of anti-myc
antibody (9E11) to immunoprecipitate Gcn5-MYC, Rpd3-MYC, Esa1-MYC,
and Hst1-MYC. Samples were analyzed using quantitative real-time PCR in a
multiplex reaction with primers and probes designed 0.6 kb away from the HO
lesion and to an unrelated intergenic region within the SMC2 gene. All experi-
ments were performed at least two independent times.

Quantitative real-time PCR. Real-time PCR was used to quantitate amounts
of DNA fragments in the immunoprecipitated (IP) and input samples from the
ChIP analyses, using the ABI 7700 sequence detector and Taqman PCR Master
Mix protocol (ABI). Each PCR was performed in triplicate with cycling condi-
tions as follows: 50°C for 2 min, 95°C for 10 min, and then 40 cycles, with 1 cycle
consisting of 95°C for 15 s and 60°C for 1 min. The primers used were designed
using the ABI Primer Express software (ABI) and are available upon request.
Each PCR was carried out in triplicate and was multiplexed with a primer set
specific to either 0.6 kb or 2 kb from the HO lesion, a region 0.4 kb from the HO
site in the HML region, and a primer set to the internal control SMC2 gene using
6-carboxyfluorescine and VIC probes designed using the ABI Primer Express
software (Applied Biosystems). The cycle threshold (CT) value was set so that the
fluorescence signal was above the baseline noise and as low as possible in the
exponential amplification phase. The amount of change compared to the SMC2
control was calculated for each input and IP, and the ratio of the IP to the input
was calculated as the relative change (n-fold) over input using the following
equation: [log (base 2) SMC2 primer pair CT from IP (1:100) � HO primer pair
CT from IP (1:100)]/[log (base 2) SMC2 primer pair CT from input (1:5,000) �
HO primer pair CT from input (1:5,000)]. A change in the CT value of 1 unit was
determined empirically for each primer pair to be very close to 2, indicating a
change of approximately twofold in amplification per cycle over the range of
template amounts used in these analyses. The concentrations of primers, probes,
and template DNA that yielded the optimal amplification in the linear range in
real time was empirically determined. P values were determined using the un-
paired Student t test using Prism software (GraphPad Software, Inc.).

RESULTS

The H3 and H4 N-terminal tails and the acetylatable lysines
of histone H4 are required for viability following exposure to
HO endonuclease. It has previously been shown that S. cerevi-
siae strains lacking the N-terminal tail or acetylatable lysines of
histone H3 and H4 are sensitive to double-strand DNA-dam-
aging agents (4, 30). However, sensitivity to these drugs can be
a consequence of a role for the N-terminal tails in either NHEJ
or homologous recombination. To begin to address whether
histone acetylation modulates DNA repair via homologous
recombination, we analyzed whether yeast strains with histone
H3 or H4 lacking their N-terminal tail (H3 tail� and H4 tail�)
or with their reversibly acetylatable lysines mutated to arginine
have reduced viability when exposed to HO endonuclease.
Failure to repair the HO lesion is lethal in yeast (3). The H3
tail�, the H4 tail�, and the H4 lysine mutant strains showed
increasing sensitivity to increasing amounts of galactose, where
the HO endonuclease was under the control of a galactose-
inducible promoter (pGAL-HO) (Fig. 1A). Strikingly, the HO
sensitivity of the H3 tail� strain was comparable to that of a
rad52� strain that is unable to perform any homologous re-
combination (Fig. 1A). The H4 tail� strain was not as sensitive
as the H3 tail� strain, presumably because yeast strains deleted
for their H4 N-terminal tail have 10- to 20-fold decreased
induction of the GAL10 promoter (47). Consistent with a role
for the H3 N-terminal tail in homologous recombination, it has
previously been shown that mutation of lysines 14 and 23 of
histone H3 lead to increased sensitivity to an HO lesion that is

repaired by homologous recombination (35). To strengthen
our argument that the H4 N-terminal tail plays a role in ho-
mologous recombination, we examined strains that still had
their H4 N-terminal tails but lacked the acetylatable lysines.
Yeast strains with substitutions of lysines 5, 8, 12, and 16 or
lysines 5, 8, and 12 (strains H4K5,8,12,16R and H4K5,8,12R,
respectively) were sensitive to induction of the HO endonu-
clease (Fig. 1A). Other combinations of H4 lysine substitutions
did not show sensitivity to HO endonuclease (data not shown).
The inviability on galactose plates was a response to the HO
lesion, rather than a general sensitivity to galactose, because
the H3 tail� and H4 tail� strains without pGAL-HO were
insensitive to galactose (data not shown). Furthermore, H3
tail� and H4 tail� strains lacking the HO site at MAT were
insensitive to induction of HO endonuclease (data not shown),
indicating that the sensitivity seen in the H3 tail� and H4 tail�
strains is a result of cleavage of the HO site at MAT. Taken
together, these results indicate that the acetylatable N-terminal
tails and lysines of H3 and H4 are required for viability fol-
lowing exposure of yeast to a single DSB that is repaired by
homologous recombination.

To further investigate the roles of the N-terminal tails of
histones H3 and H4 in homologous recombination, we mea-
sured sensitivity to a transient exposure to HO endonuclease.
To do this, we induced the HO endonuclease for 1, 2, or 3 h
and then plated the cells onto glucose-containing media to
repress HO endonuclease and to allow DSB repair. While the
wild-type cells were able to repair the DNA lesion even after 3

FIG. 1. The N-terminal tails of histones H3 and H4 and the acety-
latable lysines of histone H4 confer resistance to the HO endonucle-
ase. A. Sensitivity to prolonged exposure to HO endonuclease. S. cere-
visiae strains RMY200 (wild type [WT]), RMY430 (H3 tail�), BAT039
(H4 tail�), FLY722 (H4K5,8,12,16R), FLY821 (H4K5,8,12R), and
BAT038 (rad52�) containing the pGAL-HO-ADE2 plasmid were se-
rially diluted onto plates containing increasing amounts of galactose
(GAL) in order to induce increasing amounts of the HO endonuclease.
B. Sensitivity to limited exposure to HO endonuclease. The viability of
yeast strains used in panel A was determined after induction of the HO
endonuclease for 0, 1, 2, or 3 h. The average viability � standard de-
viation (error bar) of three independent ChIP experiments is shown.
Viability at 0 h is normalized to 100 percent.
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hours of exposure to HO endonuclease, the H4 tail� and H3
tail� strains showed decreased viability even after 1 hour of
exposure to HO endonuclease (Fig. 1B). After 3 hours of
exposure to the HO endonuclease, the wild-type strain exhib-
ited 100% viability, the H3 tail� strain exhibited 66% viability,
the H4 tail� strain exhibited 68% viability, and the rad52�
strain exhibited 65% viability (Fig. 1B). These results are con-
sistent with a role for the N-terminal tails of histones H3 and
H4 in DSB repair via homologous recombination.

Histone acetylation and deacetylation occur during homol-
ogous recombination. We predicted that the requirement of
the N-terminal tails of histones H3 and H4 and the acetylatable
lysines of histone H4 for viability following homologous re-
combinational repair of an HO lesion is a consequence of their
reversible acetylation. However, first we needed to determine
the degree of cutting and repair at the HO site. Therefore, we
developed a quantitative PCR-based analysis of the MAT re-
gion to follow the cutting and repair of the HO lesion (Fig. 2A
and B). There are five regions classified within the mating-type
loci; from left to right, they are W (723 bp), X (704 bp), Y (a �
642 bp and � � 747 bp), and Z comprising Z1 (239 bp) and Z2
(89 bp) (29) (Fig. 2A). The HO endonuclease cleaves the DNA
near the Y/Z junction at MAT, and up to 1.4 kb can be ex-
changed from HMRa or HML� during DNA repair (primar-
ily in the X and Y regions) (29, 36). The yeast MAT locus
expresses the information for either the a or � mating type. In
general, MATa cells are repaired using the information at
HML� to yield MAT� yeast, while MAT� cells are repaired
using the information at HMRa to yield MATa yeast (Fig. 2A)
(48). Therefore, we designed a primer pair that would produce
a product unique to MAT that would differ by 0.1 kb between
MATa and MAT� cells (Fig. 2A). A MAT locus with an HO
lesion will yield no MAT PCR product. This PCR-based ap-
proach generated the same results as Southern analysis (data
not shown) but was more convenient and easier to control
internally. To analyze HO cleavage and repair, HO endonu-
clease was induced at 0 h by the addition of galactose, followed
by the addition of glucose at 2 h to repress HO endonuclease.
HO cleavage and repair were apparent in the wild-type strain
(Fig. 2B). Both mating types are generated during repair, be-
cause immediate recleavage and repair occur on some tem-
plates during the 2-h induction of HO endonuclease.

To determine directly whether histone acetylation levels
change during homologous recombination, we evaluated the
state of histone acetylation before, during, and after DNA
repair. We performed ChIP analysis using antibodies specific
to each acetylated lysine on histones H3 (lysines 9, 14, 18, 23,
and 27) and H4 (lysines 5, 8, 12, and 16) over the identical time
course of damage and repair used in Fig. 2B, followed by
quantitative real-time PCR analysis (44). Primer pairs were
used 0.6 kb and 2.0 kb away from the HO cleavage site at MAT
to analyze the enrichment or depletion of acetylation flanking
the HO site (Fig. 2A). All PCRs were multiplexed with a
primer pair to a control region whose acetylation did not
change during the course of the experiment, and all acetylation
flanking the HO lesion was normalized to this internal control.
Although the exact time point and extent of the maximal
change in acetylation flanking the HO lesion was somewhat
residue specific, several generalizations can be made. Follow-
ing HO endonuclease induction, when the amount of HO

cutting reached 90 percent (2 h; Fig. 2B), acetylation was
increased on all nine acetylatable H4 and H3 residues at 0.6 kb
from the HO lesion (Fig. 2C and D). Following repression of
the HO endonuclease (after 2 h), acetylation levels decreased
on all nine acetylatable H3 and H4 residues at a distance 0.6 kb
away from the HO site (Fig. 2C and D). At 2 kb away from the
HO site, acetylation also increased on most histone H3 and H4
lysine residues during DNA repair, but not to the same extent
seen at 0.6 kb from the HO site (Fig. 2C and D). These results
indicate that levels of histone acetylation initially increase in
chromatin flanking a DSB and then decrease during homolo-
gous recombination.

To determine whether the changes in histone acetylation
flanking the HO site were due to histone removal and replace-
ment during repair, we determined whether histone levels
changed flanking the DSB during DNA damage and repair.
We performed ChIP using an antibody raised to the C termi-
nus of histone H3 that is not influenced by histone acetylation.
Because histones H3 and H4 are always heterodimers on DNA
(19), any changes in the amount of histone H3 or H4 present
will be apparent using this antibody. We found no significant
changes in histone H3 levels during DNA damage or repair
(Fig. 2D), indicating that the changes in acetylation that we
observed are not due to histone loss or gain. Importantly, the
changes in acetylation during homologous recombination were
not a consequence of the switch from MATa to MAT� or
changes in the sugar source that occurred during the course of
the experiment, because no acetylation changes occurred when
we performed the identical analysis described above in MATa
and MAT� strains that lacked the pGAL-HO plasmid (data
not shown). As expected, the relative acetylation levels at 0.6
kb from the HO site in MAT� and MATa strains were similar
(data not shown). Taken together, our data indicate that the
increases and decreases in acetylation that occur flanking the
HO site are a direct and dynamic response to DNA damage
and repair, presumably due to the action of histone acetylases
and deacetylases.

Gcn5 and Rpd3 mutants are sensitive to HO endonuclease.
In order to gain further evidence for a role of histone acety-
lation and deacetylation during homologous recombination,
we examined yeast strains deleted for some of the enzymes that
remove or add acetyl groups to histones. We found that yeast
strains deleted for the histone deacetylase RPD3 gene (rpd3�)
were as sensitive to constant exposure to the HO endonuclease
as a strain that cannot perform homologous recombination
(rad52�) (Fig. 3A). Similarly, yeast strains deleted for the
histone acetyltransferase GCN5 gene (gcn5�) were also sensi-
tive, albeit less so than rpd3� cells, to constant exposure to the
HO endonuclease (Fig. 3A). We verified that the sensitivity of
yeast lacking Gcn5 and Rpd3 to galactose was a consequence
of induction of the HO endonuclease and cleavage at the HO
site by determining that gcn5� and rpd3� yeast strains lacking
the pGAL-HO plasmid or lacking the HO site are insensitive
to galactose (data not shown). These results indicate that the
sensitivity of strains lacking Rpd3 and Gcn5 to galactose is a
consequence of HO endonuclease induction and the persis-
tence of a DNA double-strand break at MAT.

To further analyze the roles of Gcn5 and Rpd3 during ho-
mologous recombination, we examined the sensitivities of the
gcn5� and rpd3� strains to transient exposure to the HO en-
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FIG. 2. Levels of histone acetylation before, during, and after repair of a double-strand break by homologous recombination. A. Schematic of
the mating-type loci in yeast. The locations of PCR primers used to quantify HO cleavage and repair are shown, where the reverse primer is specific
to the MAT locus and the forward primers recognize the X sequence. If the mating type is a, then the PCR product is 1.0 kb, and if it is �, then
the product is 1.1 kb. Also shown are the positions of primer pairs used to assay the amount of acetylation 0.6 kb and 2 kb away from the HO
endonuclease site. Chrom.III, chromosome III. B. Cutting and repair of the HO lesion in wild-type yeast. HO endonuclease was induced at time
zero in strain BAT009 (wild type) containing the plasmid pGAL-HO-URA3 by the addition of galactose and was repressed at 2 h by the addition
of glucose. Samples were analyzed throughout the time course with the primers shown in panel A and control primers. The MATa and MAT�
products were quantified from the gel and were normalized to the control product. The amount of MAT product at time zero was normalized to
1. C. ChIP analysis of acetylated lysines on histones H4 0.6 kb and 2.0 kb away from the HO site. HO endonuclease was induced at time zero in
strain BAT009 containing the plasmid pGAL-HO-URA3 by the addition of galactose and was repressed at 2 h by the addition of glucose as
described above for panel B. Relative percent immunoprecipitation (IP) was quantitated by taking the ratio of the MAT product to the SMC2
control product. To obtain the IP/input values (y axis), the amount of immunoprecipitated DNA was divided by the amount of the input DNA.
Values were normalized so that the IP/input ratio was equal to 1 at time zero. The averages and standard errors of the means (error bars) are
plotted for at least six independent quantitative real-time PCR experiments from two independent ChIPs. The asterisks represent a significant P
value where one asterisk represents a P value of 0.05 to 0.01, two asterisks 0.009 to 0.001, and three asterisks �0.0009. Black asterisks indicate a
significant change from the previous time point, and small grey circles indicate a significant change from the value before HO induction at time
zero. H4AcK5, H4 with lysine 5 acetylated; H3 C-term, H3 C terminus. D. ChIP analysis of histone H3 levels and acetylated lysines on histone
H3, as described for panel C.
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donuclease. We found that both mutants had reduced viabili-
ties at longer times of HO induction (Fig. 3B). For example,
after a 3-hour induction of the HO endonuclease, 86% of
wild-type cells survived compared to 55% for gcn5� cells, 15%
for rpd3� cells, and 4% for rad52� cells. These data are con-
sistent with a role for Gcn5 and Rpd3 in repair of the chro-
matin structure at the MAT HO site via homologous recombi-
nation. These results suggest that Gcn5 and Rpd3 may
acetylate and deacetylate histones, respectively, before, during,
and/or after homologous recombination.

Gcn5, Esa1, Sir2, Rpd3, and Hst1 are recruited to the HO
lesion during homologous recombination. To further analyze
the roles of histone acetylases and deacetylases in homologous
recombination, we tested whether these enzymes are specifi-
cally recruited to the HO site during homologous recombina-
tion. Using ChIP analysis, we reproducibly found significant
enrichment of Gcn5 proximal to the HO site after induction of
DNA damage compared to a no-tag control (Fig. 3C). The
kinetics of cutting and repair of the HO site were identical to
those of the wild type in all the tagged histone acetylase and
deacetylase strains that we used (data not shown). The enrich-
ment of Gcn5 at the HO lesion is concurrent with the observed
increase in histone acetylation (Fig. 2C and D). Esa1, a histone
acetyltransferase specific to H4 lysine residues (17), is also
recruited to the HO lesion after 2 hours of exposure to the HO
endonuclease, consistent with the time in which we see in-
creases in acetylation on H4 lysine residues (Fig. 3C and Fig.
2C). These data indicate that localization of Gcn5 and Esa1
may directly contribute to the increase in acetylation that oc-
curs flanking a DSB during DNA damage and repair by ho-
mologous recombination.

The dramatic increase and subsequent decrease in H4 lysine
16 acetylation during DNA damage and repair by homologous
recombination led us to look for recruitment of Sir2, a histone
deacetylase that deacetylates H4 lysine 16. We once again used
ChIP analysis to measure Sir2 levels 0.6 kb away from the HO
site during the DNA damage and repair time course (Fig. 3D).
Using two different tagged Sir2 strains (HA and myc epitopes),
we saw a dramatic increase in Sir2 recruitment compared to a
no-tag control at the time point concurrent with histone
deacetylation seen at 3 h and during DNA repair (Fig. 3D and
data not shown). Hst1, another NAD�-dependent histone
deacetylase named for its homology to Sir2 (named Hst for
homolog of Sir two) deacetylates histones H3 and H4 (14, 38,
39) and is also recruited to the HO lesion concurrent with the
time points in which repair occurs, presumably to deacetylate
histones (Fig. 3D). Rpd3, a global histone deacetylase, is also
recruited to the HO lesion during the time we observed histone
deacetylation (Fig. 2C and D and Fig. 3D). These data indicate
that the Sir2, Hst1, and Rpd3 histone deacetylases may act to
deacetylate histones during homologous recombination.

Histone acetylation flanking a double-strand break is de-
pendent on homologous recombination. To investigate wheth-
er the changes in histone acetylation were a result of the DSB
itself or a consequence of DNA repair, we examined histone
acetylation in strains that are unable to initiate homologous
recombination. The approach was to perform ChIP analysis
with antibodies directed against the acetyl lysine residues on
the N termini of histones H3 and H4 and also the C terminus
of histone H3 in a strain lacking the homologous donor se-

FIG. 3. Gcn5, Esa1, Sir2, Hst1, and Rpd3 may act to modify his-
tones during homologous recombination. A. Sensitivity to prolonged
HO induction. Serial dilution analysis of strains BAT021 (wild type
[WT]), BAT019 (gcn5�), BAT020 (rpd3�), and BAT022 (rad52�),
containing plasmid pGAL-HO-URA3 onto plates with and without
galactose (GAL). B. Sensitivity to transient induction of HO endonu-
clease. Viability analysis of the strains used in panel A following tran-
sient exposure to HO endonuclease performed as described in the
legend to Fig. 1B. C. Gcn5 and Esa1 are recruited to the HO lesion.
ChIP analysis of strains Z1466 (Gcn5-MYC), Z1346 (Esa1-Myc), and
Z1256 (no tag) containing a pGAL-HO-URA3 plasmid where galac-
tose was added after time zero and glucose was added after 2 h to
induce and repress the HO endonuclease. Real-time PCR analysis and
quantification was performed as described in the legend to Fig. 2 using
primers 0.6 kb to the right of the HO site and an SMC2 internal primer
pair for normalization. D. Sir2, Hst1, and Rpd3 are recruited to the
HO lesion. ChIP analysis of strains BAT035 (Sir2-HA) and BAT009
(No tag), Z1346 (Hst1-MYC) and Z1256 (No tag), and Z1347 (Rpd3-
MYC) and Z1256 (No tag) containing a pGAL-HO-URA3 plasmid as
described for panel C.
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quences at the HML and HMR loci (HML/HMR�) or lacking
the Rad52 protein (rad52�), which is essential for homologous
recombination, and to quantify the DNA 0.6 kb away from the
HO site using quantitative real-time PCR (Fig. 4C and 5B).
The inability to repair the DNA lesion in the HML/HMR� and
rad52� yeast strains is shown in Fig. 4A and 5A by the disap-
pearance of the MAT product. Significant histone acetylation
does not occur following DNA damage in the HML/HMR�
strain in contrast to the wild-type strain (Fig. 4C); however,
there was still significant histone deacetylation in this strain. In
the rad52� strain there was also significantly less histone acet-
ylation and histone deacetylation following DNA damage com-
pared to the wild-type strain (Fig. 5B).

To demonstrate that the reduced histone acetylation follow-
ing DNA damage in strains that are unable to repair the HO
lesion was not due to histone loss as a consequence of DNA
resection, we also analyzed histone H3 levels. We found no
significant loss of histone H3 in the HML/HMR� strain or in
the rad52� strain in chromatin flanking the HO lesion (Fig. 4B

and 5B), but this is an artifact of the manner in which we
analyzed our data. Due to the fact that we normalized all of
our data to the input signal for each sample, we would be
unable to see a loss of double-stranded DNA and therefore a
loss of histones. When the ChIP acetylation signals were not
normalized to the input DNA, there was a significant decrease
in the amount of DNA flanking the HO lesion due to DNA
resection, while the amount of DNA from the control region
remained the same (data not shown). As such, histones are
removed flanking the DNA break in our strains that are unable
to repair the HO lesion, but this is negated in our data by
normalizing to the amount of input DNA. Because we ana-
lyzed the H3 levels and acetylation levels in the same manner,
the reduction in histone acetylation in the HML/HMR� strain
reflects histone deacetylation and not histone removal. Taken
together, our results demonstrate that histone acetylation and
deacetylation are dependent on the homologous recombina-
tional repair machinery to differing degrees.

FIG. 4. Changes in histone H3 and H4 acetylation are triggered by
homologous recombination. A. Cutting and repair of the HO site were
measured when the HO endonuclease was induced at 0 h and re-
pressed at 2 h in strain JKM179 (hml/hmr�) containing plasmid
pGAL-HO-URA3. B. An H3 C-terminal (H3C-term) antibody was
used to measure the relative levels of histone proteins 0.6 kb away from
the HO site by ChIP, real-time PCR, and statistical analyses as de-
scribed in the legend to Fig. 2. C. Levels of histone acetylation in strain
JKM179 (hml/hmr�) containing plasmid pGAL-HO-URA3 at 0.6 kb
from the HO site were measured as described for panel B and in the
legend to Fig. 2. Significant changes are noted by small light grey
circles as described in the legend to Fig. 2.

FIG. 5. Changes in histone H3 and H4 acetylation are triggered by
the Rad52 protein. A. Cutting and repair of the HO site in strain
BAT022 (rad52�) containing plasmid pGAL-HO-URA3. B. Histone
acetylation levels were measured in the same strain used in panel A as
described in the legend to Fig. 2. Significant changes are noted by
asterisks and small grey circles as described in the legend to Fig. 2.
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Histone acetylation changes at the homologous donor se-
quence. To investigate whether the changes in histone acety-
lation that occur during homologous recombination flanking
the DSB are a consequence of the donor locus coming into the
vicinity of the DNA lesion during synapsis, we measured acet-
ylation levels at the donor locus during homologous recombi-
nation. To determine directly whether histones are acetylated
or deacetylated at the homologous donor sequence during
DNA repair, we designed a primer and probe set for quanti-
tative real-time PCR that was 400 base pairs away from the HO
consensus sequence in the homologous donor sequence, the
HML� locus (primer pairs closer than this would have also
detected the same sequences at MAT and HMR). Using the
same DNA samples obtained from the DNA damage/repair
time course in Fig. 2, we detected a significant decrease in
acetylation on H4 lysine residues 12 and 16 at the donor locus
during DNA damage and then a significant increase in their
acetylation back to time zero levels during repair (Fig. 6). In
addition, acetylation of H4 lysines 5 and 8 and H3 lysines 9 and
18 decreases significantly at the 3-h time point, after glucose is
added for an hour and all cells are allowed to repair, and then
increases back to time zero levels at later times (Fig. 6). These
results indicate that residue-specific and time-specific changes
in acetylation occur at the donor locus during DNA damage
and repair. Importantly, the pattern of changes in acetylation
at the donor locus is quite distinct from those flanking the
DNA lesion, indicating that the acetylation changes at the DNA
lesion are not an artifact of synapsis but reflect real changes in
acetylation on the chromatin flanking the DNA break.

DISCUSSION

We present a comprehensive identification of the histone H3
and H4 lysine residues that are acetylated and deacetylated
flanking a double-strand DNA lesion and the homologous do-
nor sequences during DNA damage and subsequent repair by
homologous recombination. Using deletions and substitutions
of the acetylatable regions of the histones and deletions of the
enzymes responsible for histone acetylation and deacetylation,

we have further demonstrated that acetylation and deacetyla-
tion during repair are important for viability following DSB
repair. In addition, we have shown that the histone acetyltrans-
ferases Gcn5 and Esa1 and the histone deacetylases Rpd3,
Sir2, and Hst1 localize to the double-strand break during DNA
repair and that localized changes in histone acetylation are
dependent on homologous recombinational repair of the DNA
lesion.

Histone acetylation flanking a double-strand break is de-
pendent on homologous recombinational repair. Recent stud-
ies have analyzed the changes in histone acetylation on two
histone H4 residues at an HO lesion (7, 18) and the recruit-
ment of chromatin modifiers to an HO lesion (7, 32, 46). It is
important to note that all of these studies used S. cerevisiae
strains that lack the HML and HMR donor sequences. Repair
in a donorless strain cannot occur by homologous recombina-
tion, and even repair by NHEJ is undetectable at the molecular
level in our assay (Fig. 4A). As such, these studies are likely to
be showing changes in histone acetylation or recruitment of
chromatin-modifying enzymes in response to a double-strand
break, rather than during repair. Our study is the first work
that has examined changes in histone acetylation or the re-
cruitment of histone acetylases or deacetylases during homol-
ogous recombinational repair. During homologous recombina-
tion, the increase in acetylation on all nine acetylatable lysines
in the N termini of histones H3 and H4 was greatest 0.6 kb
from the break and less so 2 kb away from the break, especially
on histone H4. We predict that changes in acetylation during
homologous recombination may even be greater closer to the
DNA lesion, but due to the exchange of the “a” and “�”
genetic information during HO repair and the homology be-
tween the MAT, HMR, and HML loci, we were unable to
analyze acetylation changes closer to the break site. This lo-
calized increase in acetylation relative to the HO break is quite
distinct from the distribution of H2A phosphorylation, which
spreads to 50 kb each side of the HO lesion (41).

The peak of histone acetylation that we observed flanking a
DSB is a consequence of DNA repair rather than DNA dam-

FIG. 6. Levels of histone acetylation before, during, and after repair of a double-strand break by homologous recombination at the homologous
donor sequence. DNA from the ChIP analysis in Fig. 2 was reexamined using primers adjacent to the HO consensus sequence in the HML� gene
to measure histone acetylation levels. Significant changes are noted by asterisks and small light grey circles as described in the legend to Fig. 2.
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age per se. Histone acetylation appears to be triggered by an
event during homologous recombination, because the increase
in acetylation flanking the HO lesion was greatly reduced when
either the homologous donor sequences or the gene for the
essential component of homologous recombination, Rad52,
were deleted (Fig. 4 and 5). Unlike the transient histone acet-
ylation that occurs on H4 lysine 8 in response to an HO lesion
in yeast that lacks the homologous donor sequences (7), the
general peak of acetylation that we observe during homolo-
gous recombination does not occur in yeast strains that are
unable to perform homologous recombination (Fig. 4C and
5B). The small amount of acetylation that did occur in our
strains that were unable to perform homologous recombina-
tion may reflect histone acetylation occurring in response to a
double-strand break or during NHEJ (4), which is the pathway
used to repair a double-strand break if homologous recombi-
nation is prevented.

Histone deacetylation in the vicinity of a double-strand
break is triggered by DNA double-strand break repair. His-
tone deacetylation during homologous recombination was not
dependent on the prior increase in acetylation that occurs
during DNA repair. This was apparent because we were able to
uncouple the two processes in the strain that lacked the HMR
and HML donor sequences where deacetylation occurred in
the absence of prior acetylation (Fig. 4). Histone deacetylation
during homologous recombination appears to be triggered by
an early event during homologous recombination. In a strain
lacking the homologous recombinational repair protein Rad52,
histone deacetylation flanking the HO site was greatly reduced
(Fig. 5). Yet deacetylation still occurred in a strain lacking the
HMR and HML donor sequences (Fig. 4). This is consistent
with the decreased acetylation of H4 K16 and H4 K8 observed
recently at an HO lesion in a strain that lacked the HMR and
HML donor sequences (7, 18). One of these studies (7) also
detected a transient increase in H4 lysine 8 acetylation at 30
min after HO induction in a strain that lacked the HMR and
HML donor sequences that was gone by 60 min and therefore
would have been missed in our experiments. The homologous
recombinational repair proteins Rad51, Rad54, Rad55, Rdh4,
and Rad59 are not recruited to an HO lesion in a rad52� strain
(24), while Rad51 (and therefore presumably Rad52) is still
recruited to the HO lesion in a strain lacking the HMR and
HML donor sequences (24, 43). Due to the correlation be-
tween the recruitment of Rad51 and Rad52 and histone
deacetylation flanking the HO lesion in the strain lacking the
HMR and HML donors but little deacetylation and no Rad51
or Rad52 recruitment in the strain lacking RAD52, it is tempt-
ing to speculate that recruitment of Rad51 and/or Rad52 is
required to trigger histone deacetylation during homologous
recombination.

Distinct acetylation changes at the DNA lesion and the
donor locus during homologous recombination. In contrast to
the general increase and subsequent decrease in histone acet-
ylation flanking the lesion during homologous recombinational
repair, deacetylation occurred in a residue- and time-specific
manner at the donor locus during homologous recombination.
Clearly then, the changes in histone acetylation flanking the
HO lesion are not a consequence of synapsis leading to cross-
linking of the histones at the donor locus to the DNA lesion.
The histone acetylation and deacetylation that occurs flanking

the HO site appear less like a histone code and more like a
global general acetylation that would result first in opening and
then closing of the chromatin structure. In contrast, the histone
deacetylation at the donor locus is residue specific, more like a
histone code. The reason for histone deacetylation at the do-
nor locus is unknown. Perhaps the deacetylation of lysines 12
and 16 of histone H4 immediately after induction of the HO
endonuclease helps to prevent cutting of the HO sequence at
the donor locus. The deacetylation of H4 lysines 5 and 8 and
H3 lysines 9 and 18 during repair may help dissociate chroma-
tin-remodeling factors that may be required to facilitate strand
invasion.

Dynamic recruitment of histone acetyltransferases and de-
acetylases during homologous recombination. The changes in
histone acetylation around a DSB during homologous recom-
bination are not a consequence of histone removal or gain and
are therefore likely to be caused by an active local process
mediated by histone deacetylases and histone acetyltrans-
ferases. Consistent with this idea, Gcn5 and Esa1 are likely to
directly contribute to histone acetylation during homologous
recombination, because they were specifically recruited to the
HO lesion. Similarly, we have observed dynamic recruitment of
the histone deacetylases Sir2, Rpd3, and Hst1 to the HO lesion
during homologous recombinational repair, and these are pre-
sumably mediating the deacetylation that occurs during homol-
ogous recombination. Histone acetylation of lysine 8 and
deacetylation of lysine 16 have recently been observed during
NHEJ (7, 18). Similarly, recruitment of Esa1 to the HO lesion
has been observed during NHEJ (7). As such, the dynamic
recruitment of enzymes that modify the acetylation status of
chromatin structure appears to be common to both NHEJ and
homologous recombination.

The requirement for histone acetylation and deacetylation
during double-strand DNA repair is likely to be conserved in
all eukaryotes. Chromatin structure and the DNA repair pro-
cesses are highly conserved through evolution, and further-
more, recent evidence indicates that the Caenorhabditis elegans
homologs of the Rpd3 and Gcn5 proteins may be involved in
DNA repair. For example, Hda3 was shown to be required for
survival after gamma irradiation in C. elegans (5, 34). C. elegans
Hda1 and Hda2 and a protein containing a Gcn5 histone
acetyltransferase domain were also identified in RNA interfer-
ence screens for genes that protect against mutation (34).

What role do changes in histone acetylation play during
homologous recombination? Clearly, histone acetylation and
deacetylation play an essential role in maintaining viability
after homologous recombinational repair. For example, yeast
strains with substitutions that prevent acetylation of H3 (35) or
H4 (Fig. 1) or yeast strains deleted for the histone acetylase
GCN5 or deacetylase RPD3 genes suffered inviability following
exposure to an HO lesion that is repaired by homologous
recombination (Fig. 3A and B) and to double-strand DNA-
damaging agents (4, 30). Why is histone acetylation essential
for viability following homologous recombination? Histone
acetylation is well-known to influence factor accessibility to
DNA (1). Studies of the repair of UV-irradiated DNA suggest
that histone acetylation may be important for increasing the
accessibility of the repair machinery during single-strand DNA
repair (13). However, it appears unlikely that histone acetyla-
tion influences the accessibility of the homologous recombi-
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national repair machinery because yeasts that are not able
to undergo histone acetylation in response to an HO lesion
show no defect in religation of the DNA break during homol-
ogous recombination (4). This is in contrast to the apparent
requirement for histone acetylation for plasmid rejoining via
NHEJ (4). There is evidence that histone acetylation that oc-
curs in response to an HO lesion may be important for recruit-
ing other chromatin remodelers. For example, recruitment
of Rvb1-containing chromatin remodelers, such as Swr1 and
INO80.com, to an HO lesion is reduced in cells with mutant
versions of the histone acetyltransferase Esa1 (7). The conse-
quence of failing to recruit INO80.com is a �50% reduction in
processing of double-stranded DNA into single-stranded DNA
(46). Whether this decrease in DNA processing that may result
from reduced histone acetylation is sufficient to influence the
rate of DNA repair or resulting viability is unknown. Further-
more, it should be noted that the acetylation by Esa1 that
occurs in response to the HO lesion (7) is distinct from the
peak of acetylation that we observe that is dependent on ho-
mologous recombination. Whether the homologous recombi-
nation-dependent acetylation is also recruiting chromatin re-
modelers remains to be determined.

We propose that the changes in histone acetylation levels
during homologous recombination themselves are important
to the cell, rather than contributing to the repair of the DNA
lesion. It is possible that histone acetylation and subsequent
deacetylation during DNA repair may be important signals to
the cell to indicate that chromosomal repair is complete and
may be required to turn off a DNA damage or chromatin struc-
ture checkpoint. This proposed inability to recover from a cell
cycle checkpoint may be a result of a signal or lack thereof
from the chromatin structure that would stop cells from ever
proceeding through the cell cycle, causing inviability. Consis-
tent with this idea, deletion of the N-terminal tail of histone H4
or substitution of the acetylatable lysines of histone H4 acti-
vates the DNA damage checkpoint (30), presumably in re-
sponse to endogenous DNA damage that occurs during DNA
replication and is repaired by homologous recombination. It is
not yet technically possible to distinguish between whether it is
the changes in histone acetylation at the donor locus or around
the HO lesion or both that are important for viability following
homologous recombinational repair. As such, it is formally pos-
sible that the failure to change acetylation levels at the donor
sequence, not the DNA lesion, may be the cause of inviability.

In summary, we have discovered dynamic changes in histone
acetylation flanking a DNA lesion that are dependent on the
homologous recombinational repair of a double-strand break.
We have also mapped quite distinct, but equally dynamic,
changes in histone acetylation at the donor locus during ho-
mologous recombination. These modifications, which are likely
to be in part mediated by Rpd3, Sir2, Hst1, Esa1, and Gcn5,
are important for the repair of chromosomal damage. Future
studies will determine the precise nature of the essential roles
of histone acetylation and deacetylation during double-strand
DNA repair in eukaryotes.
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