MOLECULAR AND CELLULAR BIOLOGY, May 2006, p. 3649-3658
0270-7306/06/$08.00+0  doi:10.1128/MCB.26.9.3649-3658.2006

Vol. 26, No. 9

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Recruitment of the Type B Histone Acetyltransferase Hatlp
to Chromatin Is Linked to DNA Double-Strand Breaks

Song Qin and Mark R. Parthun*
Department of Molecular and Cellular Biochemistry, The Ohio State University, Columbus, Ohio 43210

Received 6 January 2006/Returned for modification 2 February 2006/Accepted 11 February 2006

Type B histone acetyltransferases are thought to catalyze the acetylation of the NH,-terminal tails of newly
synthesized histones. Although Hatlp has been implicated in cellular processes, such as telomeric silencing and
DNA damage repair, the underlying molecular mechanisms by which it functions remain elusive. In an effort to
understand how Hatlp is involved in the process of DNA double-strand break (DSB) repair, we examined whether
Hatlp is directly recruited to sites of DNA damage. Following induction of the endonuclease HO, which generates
a single DNA DSB at the MAT locus, we found that Hatlp becomes associated with chromatin near the site of DNA
damage. The nuclear Hatlp-associated histone chaperone Hiflp is also recruited to an HO-induced DSB with a
similar distribution. In addition, while the acetylation of all four histone H4 NH,-terminal tail domain lysine
residues is increased following DSB formation, only the acetylation of H4 lysine 12, the primary target of Hatlp
activity, is dependent on the presence of Hatlp. Kinetic analysis of Hatlp localization indicates that it is recruited
after the phosphorylation of histone H2A S129 and concomitant with the recombinational-repair factor Rad52p.
Surprisingly, Hatlp is still recruited to chromatin in strains that cannot repair an HO-induced double-strand
break. These results indicate that Hatlp plays a direct role in DNA damage repair and is responsible for specific

changes in histone modification that occur during the course of recombinational DNA repair.

Newly synthesized histones H3 and H4 are rapidly acety-
lated in the cytoplasm on their NH,-terminal tail domains.
This is an evolutionarily conserved modification that is re-
moved once the histones are packaged into nucleosomes, sug-
gesting a role for this modification in chromatin assembly (5).
The acetylation of newly synthesized histones is thought to be
catalyzed by type B histone acetyltransferases (9). The lone
type B histone acetyltransferase identified to date is Hatlp (22,
30). When isolated from a variety of eukaryotic organisms,
Hatlp is found in a complex with a WD40 repeat-containing
regulatory subunit (Hat2p in Saccharomyces cerevisiae or Rbap46
in mammalian cells) (20, 25, 36, 50). Consistent with its classifi-
cation as a type B histone acetyltransferase, Hatlp is highly spe-
cific for histones that are free in solution with no demonstrable
activity when chromatin-associated histones are used as a sub-
strate. In addition, the enzyme is specific for histone H4 lysine
residues 5 and 12, which are the sites of acetylation found on the
newly synthesized pool of histone H4 in a wide variety of eukary-
otic organisms (11, 13, 20, 22, 30, 34, 42, 50). Hence, Hatlp has
the requisite biochemical activities to function in the acetylation
of newly synthesized histone H4. However, evidence directly link-
ing Hatlp to the acetylation of histones in vivo is lacking (32).

The acetylation of newly synthesized histones by type B histone
acetyltransferases is presumed to play a role in histone deposition.
Circumstantial evidence in support of this idea was provided by in
vivo investigations into the function of Hatlp in S. cerevisiae that
demonstrated that, while not essential for viability, Hatlp is in-
volved in telomeric silencing and DNA double-strand break
(DSB) repair (21, 33). Defects in heterochromatin structure and
DNA repair are commonly seen in yeast containing mutations in
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chromatin assembly factors, where functional redundancy has
complicated the analysis of histone deposition in the organism
(1a). Evidence that these enzymes may play a more direct role in
chromatin assembly comes from the observation that Hat1p is not
strictly a cytoplasmic enzyme (4, 20, 25, 32, 50). Indeed, charac-
terization of yeast Hatlp isolated from nuclei showed that the
Hatlp-Hat2p complex is joined by Hiflp, a histone H3/H4 chap-
erone with chromatin assembly activity (4, 32).

To shed light on the mechanisms by which Hat1p functions, we
have explored in more detail the role of Hatlp in DNA double-
strand break repair. While S. cerevisiae with a hatI A mutation is
not DNA damage sensitive, combining a sat/A mutation with a
mutation in the histone H3 tail in which lysine residues 9, 18, and
27 are changed to arginine (H3 K9,18,27R) results in sensitivity to
methyl methanesulfonate. These mutants also display reduced
repair of HO-induced DSBs, suggesting that they are defective in
the process of recombinational repair (33).

The repair of damaged DNA occurs in a chromatin context,
and this packaging clearly influences the repair process (31). This
is evidenced by recent studies that have implicated a large number
of chromatin-modifying activities in the DNA repair process (7,
10, 14, 19, 23, 28, 33, 40, 46, 49). The chromatin structure has the
potential to impact multiple steps in the DNA repair process.
These include the initiation and propagation of DNA damage
checkpoint signals, creating accessible templates for the DNA
repair machinery and the reassembly of proper chromatin struc-
ture following the completion of the repair process.

The S. cerevisiae mating-type switching system has proven to
be a valuable tool for the study of DNA DSB repair (16).
Switching of the mating-type-specific genes at the MAT locus is
initiated by the induction of the HO endonuclease, which spe-
cifically cuts only at the MAT locus. Sequences homologous to
those surrounding the HO cut site are present at the silent
mating loci, HML and HMR, which can used by the recombi-
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TABLE 1. Strains used in this study

MoL. CELL. BIOL.

Strain Genotype Reference or source

BY4705a MATo ade2A::hisG his3A200 leu2A0 lys2A0 met15SAO trpl A63 ura3A0 8

SQY392 MATao ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study

SQY396 MATo ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study
hhf2-hht2::LEU2

SQY411 MATo ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study
hhf2-hht2::LEU2 hhfl-hht1::URA3 (LYS2 CEN ARS)-HHF2-HHT?2

SQY418 MATo ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study
hhf2-hht2::LEU2 hhfl-hht1::URA3 (LYS2 CEN ARS)-HHF2-HHT?2
HATI::13myc::TRP1

SQY427 MATao ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study
hhf2-hht2::LEU2 hhfl-hht]1::URA3 (LYS2 CEN ARS)-HHF2-HHT2
RADS52::13myc::TRP1

SQY450 MATo ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study
hhf2-hht2::LEU2 hhfl-hht1::URA3 (LYS2 CEN ARS)-HHF2-HHT?2
HIF1::13myc::TRPI

SQY503 MATao ade2A::hisG his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 ade3:Gall0::HO This study

hhf2-hht2::LEU2 hhfl-hht1::ADE3 (TRP1 CEN ARS)-HHF2-HHT?2 hatl::LYS2

national repair machinery to effect a gene conversion event at
MAT with a subsequent change of mating type (17). Placing the
HO gene under the control of an inducible promoter provides
for the generation of a defined lesion (at the MAT locus) at
which to use chromatin immunoprecipitation (ChIP) to mon-
itor the recruitment of factors to the site of a DSB (44, 53). In
addition to repair factors, such as Rad51p, Rad52p, Rad54p,
Rad55p, and Rad57p, a number of proteins with chromatin-
modifying activities have been shown to be specifically re-
cruited to the site of an HO-induced DSB. These include the
INOS80, SWI/SNF, and RSC chromatin-remodeling complexes
and Esalp, GenSp, Sir2p, Rpd3, and Hstlp histone-modifying
activities (10, 14, 28, 46, 49).

We have employed an inducible HO endonuclease system to
demonstrate that Hatlp, as well as its associated histone chaper-
one, Hiflp, is recruited to chromatin at DSBs and localizes to a
relatively small domain surrounding the break. In addition, Hat1p
influences chromatin structure at a DSB, as the increased levels of
histone H4 lysine 12 acetylation that occur during recombina-
tional repair are dependent on the presence of HATI. Surpris-
ingly, Hatlp recruitment can occur in the absence of repair, and
Hatlp accumulates at a break with kinetics similar to those of the
recombinational repair factor Rad52p. The presence of a type B
histone acetyltransferase on chromatin at the site of a DSB sug-
gests that these enzymes may play a more direct role in nuclear
events than previously anticipated.

MATERIALS AND METHODS

Yeast strains. The genotypes of yeast strains used in this study are shown in
Table 1. SQY392 was constructed from BY4705a by integration of a GAL-HO
fragment into the ADE3 gene as described previously (6). SQY411 was then
created from SQY392 by PCR-mediated gene disruption of HHFI-HHTI and
HHF2-HHT2 with URA3 and LEU2, respectively. SQY418, SQY427, and
SQY450 were constructed from SQY411 by adding a 13-myc tag to the 3’ ends
of the HATI, RAD52, and HIFI genes as previously described (37). HATI was
also MYC tagged in strain JKM179, which lacks donor sites at HML and HMR
(24). The successful epitope tagging and expression of tagged genes were con-
firmed by PCR analysis and Western blotting assay, respectively. SQY503 was
generated from SQY411 by transformation with EcoRI- and Haell-digested
plasmid pHATI::LYS2 to disrupt the HATI gene (30). HATI deletion was con-
firmed by Southern blotting analysis.

Chromatin immunoprecipitation. Yeast cultures (500 ml) were incubated
overnight at 30°C in 2% raffinose-containing YP medium (1) to an optical density

at 600 nm of 0.5 to 0.8; 50 ml was removed from the culture and used as the
uninduced sample for the ChIP assay. A final concentration of 2% galactose was
then added to the culture to induce HO expression. Serial 50-ml samples were
taken at the time points indicated in the figures and processed as described
previously (43). After a 4-h incubation in galactose, cells remaining in the culture
were washed at least twice with prewarmed distilled water and then reinoculated
into fresh YP medium containing 2% glucose. Again, serial 50-ml samples were
taken for ChIP at the time points indicated. Samples were fixed as previously
described and collected by centrifugation. The cells were washed twice with 1 ml
ice-cold 1X phosphate-buffered saline and then immediately frozen in liquid
nitrogen. All samples were kept at —80°C until lysis. The cells were lysed, and
ChIP was performed essentially as previously described with minor modifi-
cations (43). Anti-myc antibody (9E11; Covance) was used to immunoprecipitate
RAD52-MYC, HAT1-MYC, and HIF1-MYC, and residue-specific acetyl lysine
antibodies (Upstate) were used for precipitation of histone H4. Anti-phospho H4
serine129 was obtained from Abcam, and anti-phospho H2A serine 1 antibody
was kindly provided by C. David Allis. ChIP experiments were replicated as
described in the individual figure legends, and standard errors were calculated.
PCR was used to quantitate the amounts of immunoprecipitated DNA fragments
and input samples. Each PCR was performed in triplicate with cycling conditions
as follows: 95°C for 5 min, followed by 25 to 30 cycles consisting of 95°C for 30 s,
60°C for 30 s, and 72°C for 1 min. The primer sequences used corresponded to
20 bp (5" CTGGTTTTGGTTTTGTAGAG 3’ and 5' CACATCAAGATCGTT
TATGG 3'), 1 kb (5" CGCCACAAGTCTTCTCTCCC 3’ and 5" GTGACGAT
ATTAAGTCCTCC 3'), and 5 kb (5" GCACGATATCCGCAAGAATG 3’ and
5" GAAGAAACTGTCCATCAAAC 3') downstream from the HO cutting
locus, as well as the promoter region of PHOS5 (5" GCCTTGCCAAGTAAGG
TGAC 3’ and 5 CGAAGGTAAAAGGTTCATAGC 3'). Optimal amplification
in the linear range was empirically determined by assaying dilutions of the
samples and verifying that the signals responded accordingly. For quantitation,
gels were stained with Vistra Green (Amersham), and the signal was detected by
scanning on a Storm phosphorimager. The intensity of DNA bands was obtained
with ImageQuant 5 software. The ratio of the intensity of the sample relative to
input was determined for each time point.

Physical monitoring of mating-type switch and strand invasion. Analysis of
recombinational repair was performed essentially as previously described (33).
Cells were grown as described above, and 15-ml samples were harvested at the
indicated time points. Analysis of strand invasion was performed as described
above using the indicated primers (53).

RESULTS

Dynamics of Hatlp recruitment to sites of DNA damage.
The yeast strains used in this study contain an HO gene that is
under the control of a galactose-inducible promoter. Genera-
tion of a DSB at the MAT locus has been used to analyze factor
recruitment in the context of both nonhomologous end joining
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FIG. 1. The type B histone acetyltransferase Hatlp is recruited to chromatin at the site of a DNA DSB. (A) Schematic diagram of the
S. cerevisiae MAT locus. The locations of endonuclease cut sites and probes used to assess the status of the locus are indicated. (B) Southern
blot used to monitor the cleavage and subsequent repair of the MAT locus. The locations of the indicated fragments are detailed in panel
A. The yeast strain used contains a galactose-inducible HO gene. Galactose and glucose were added to the cells at the time points indicated.
(C) (Top) Schematic diagram showing the locations of PCR primers used to assess the HO-induced DSB at the MAT locus and to detect
the strand invasion that occurs during recombinational repair. (Bottom) PCRs using the indicated primers, as well as primers specific to a
control locus (PHOS). (D) ChIP assays were performed on samples from strain SQY418 (Hatlp-MYC) isolated at the time points shown
in panels B and C. PCR fragments were generated with MATZ HO primers shown in panel A and with primers specific to the PHOS5 gene
using input chromatin and chromatin immunoprecipitated (IP) with an anti-myc epitope antibody as indicated. (E) PCR products, such as
those shown in panel D, were quantitated on a Storm phosphorimager following staining of gels with Vistra Green. PCRs were performed
in the linear range. The average of four independent ChIP assays is shown, and the IP/input values were normalized to the zero-hour time
point. The error bars indicate standard errors.
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(NHEJ) and recombinational repair. If the homologous se-
quences normally present at HMLo and HMRa are deleted, or
if a strain lacks a factor required for recombinational repair,
such as Rad52p, a DSB at MAT will be processed via NHEJ
(27). As previous evidence suggested that there were no de-
fects in NHEJ in hat1A/H3 K9,18,27R mutants, we chose to
use strains that have intact HMLoa and HMRa donor sites,
which allows the HO-induced DSB to be removed through the
recombinational-repair pathway (33). The formation of the
strand break at MAT and subsequent events in the repair
process can be physically monitored through a variety of tech-
niques (16). This allows results obtained from ChIP to be
correlated with the repair process. Figure 1A is a schematic of
the MAT locus diagramming the fragments that are generated
by StylI digestion of genomic DNA that allows the conversion
between MAToa and MATa to be distinguished on Southern
blots. In all of the experiments in this study, cells were grown
in the noninducing carbon source raffinose, and HO expression
was induced by the addition of galactose. The cells were incu-
bated in galactose for 4 h, after which HO expression was
repressed by the addition of glucose. Figure 1B shows the
kinetics of the repair events that occur during this time course.
Upon HO induction, there was rapid cutting of the MATa
locus (significant digestion was seen at the 30-min time point)
that was complete by 2 h. The fragment representing the HO-
cut MAT locus persisted as long as galactose remained in the
medium and rapidly disappeared following glucose addition.
Conversion of MATa to MATa (indicating recombinational
repair) was first seen approximately 2 h after HO induction.
This was in agreement with the results shown in Fig. 1C, in
which PCR was used to detect strand invasion, showing that
this early event initiated at 1 to 1.5 h post-HO induction.

Utilizing a genomic Hatlp-myc fusion, we asked whether
Hatlp localized to the site of a DSB. ChIP was performed on
samples taken at the same time points mentioned above. Using
PCR primers that amplified a region just distal to the HO cut
site, it was apparent that Hatlp was recruited to the site of
DNA damage (Fig. 1D and E). Following HO induction, the
association of Hatlp with the DSB steadily increased until it
reached its peak level at 2 h and then plateaued. The associ-
ation of Hatlp with the DSB was then rapidly lost following
glucose addition. The association of Hatlp with the MAT locus
was not dependent on the length of HO induction, as recruit-
ment was also seen when HO was expressed for 1.5 h (data not
shown; see Fig. 6). The chromatin association of Hatlp was
specific for the site of the DSB, as there was no increase in
Hatlp recruitment to a control locus on a different chromo-
some (PHOS) (Fig. 1D and E). In addition, a strain lacking the
myc epitope showed no increased signal at the MAT locus
following HO induction (data not shown). Therefore, we con-
clude that a type B histone acetyltransferase can interact with
chromatin and that its association is closely correlated with the
process of recombinational repair.

Hatlp recruitment occurs in a localized region surrounding
a DSB. Hatlp was clearly recruited to the immediate vicinity of
a DSB. To determine the extent of Hatlp localization, chro-
matin immunoprecipitated with Hat1p was assayed using prim-
ers located either 1 kb or 5 kb downstream of the HO cut site
(depicted in Fig. 2A). At 1 kb, a similar pattern of Hatlp
recruitment was seen, in which enzyme accumulation increased
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FIG. 2. Hatlp localization occurs within 5 kb of a DNA double-
strand break. (A) Schematic diagram of the MAT locus. The locations
of PCR primers located 1 kb and 5 kb downstream of the HO DSB are
indicated. (B, top) ChIP assays analyzing Hat1p association 1 kb and 5
kb downstream of the HO-induced DSB. Data are shown for four
independent immunoprecipitations. PCRs were performed as de-
scribed in the legend to Fig. 1. (Bottom) PCRs were quantitated and
analyzed as described in the legend to Fig. 1. The error bars indicate
standard errors.

up to 2 h post-HO induction and then immediately dropped
following glucose repression of HO expression. However, at 5
kb from the HO cut, there was little or no Hat1lp accumulation
(Fig. 2B). These results indicated that Hatlp localization was
restricted to a relatively small domain near a DSB, extending
less than 5 kb.

Hiflp, a component of the nuclear Hatlp-Hat2p-Hiflp com-
plex, is recruited to a DSB. Hatlp is found in at least two distinct
complexes that differ in subcellular localization and subunit com-
position. While both cytoplasmic and nuclear Hatlp is associated
with Hat2p, only the nuclear complex contains the histone chap-
erone Hiflp (4, 30, 32). To determine whether the recruitment of
Hatlp to a DSB occurs in the context of the nuclear Hatlp-
Hat2p-Hif1p complex, we assayed for the presence of Hiflp at the
MAT locus following HO cleavage. ChIP was performed on chro-
matin from a strain bearing a genomic Hiflp-myc fusion that was
grown under conditions identical to those mentioned above. As
seen in Fig. 3A and B, Hiflp association with the MAT locus
began to increase soon after HO induction and reached its max-
imal level after 2 h. Hiflp levels then decreased rapidly upon
repression of HO. A similar pattern of Hiflp recruitment was also
observed 1 kb downstream of the HO cut site, while Hiflp was
nearly undetectable at 5 kb downstream. This pattern of associ-
ation was highly similar to that of Hatlp, strongly suggesting that
it is the nuclear Hatlp-Hat2p-Hiflp complex that is recruited
to DSBs.

Hatlp influences chromatin structure at a DSB. Having
established the presence of Hatlp at a DSB, we sought to
determine whether it was responsible for any changes in his-
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FIG. 3. The Hatlp-associated histone chaperone Hiflp is recruited
to a DSB. (A) ChIP was performed, in triplicate, using an anti-myc
antibody with chromatin from strain SQY450 containing a HIF1-myc
fusion. PCRs were performed using the indicated primers. (B) PCRs
were quantitated and analyzed as described in the legend to Fig. 1. The
error bars indicate standard errors.

tone acetylation that occurred during the course of DNA re-
pair. ChIP was performed with antibodies specific for the acet-
ylation of histone H4 lysine 12, the primary in vitro target of
Hatlp. Histone H4 lysine 12 acetylation levels at the MAT
locus increased following DSB formation and then decreased
following the addition of glucose (Fig. 4A). Similar increases in
H4 lysine 12 acetylation were seen 1 kb downstream of MAT,
while there were no changes in this modification 5 kb from the
DSB or at a control locus (PHOS). This pattern of H4 lysine 12
acetylation changes closely mirrored the pattern of Hatlp re-
cruitment. To test whether Hatlp was responsible for these
changes in H4 lysine 12 acetylation, the ChIP analysis was
repeated with chromatin from a strain containing a hat/A
mutation (Fig. 4B). In the absence of Hatlp, creation of a DSB
at the MAT locus was not accompanied by an increase in
histone H4 lysine 12 acetylation. This result directly links the
recruitment of Hatlp to alterations in chromatin structure that
occur during the process of recombinational repair.

In addition to H4 lysine 12, it was recently reported that acet-
ylation of H4 lysines 5, 8, and 16 also increases at a DSB (46). To
determine whether Hatlp is responsible for these changes in
histone acetylation as well, ChIP using antibodies specifically rec-
ognizing these sites of modification was performed on chromatin
isolated from HATI and hatIA strains. As seen in Fig. 4C, the
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absence of Hatlp has no effect on the acetylation of H4 lysine 8
and lysine 16 and only marginal effects on H4 lysine 5. These
results indicate that the effects of Hat1p on chromatin structure at
a DSB are highly specific and are correlated with the enzyme’s
well-characterized in vitro activity.

Recruitment of Hatlp to a DSB is independent of recombina-
tional repair. The involvement of type B HATS in the acetylation
of newly synthesized histones during de novo chromatin assembly
suggests a model in which the most likely role for Hatlp is in the
repackaging of DNA into chromatin following the recombina-
tional-repair event. We tested this idea in two ways. First, we
compared the kinetics of Hatlp association with a DSB to other
factors in the repair process. Second, we tested whether comple-
tion of recombinational repair was necessary for the association
of Hatlp with the site of a DSB. Recruitment of components of
the DSB repair machinery has been shown to follow a specific
temporal sequence (44, 52, 53). Phosphorylation of histone H2A
serine 129 is an early response to a DSB. Consistent with previous
reports, in our system, H2A serine 129 phosphorylation occurred
very rapidly following HO induction, reaching maximal levels
within 1 h (Fig. 5A and B) (14, 41, 49). This modification was then
gradually lost following shutoff of the HO gene. The phosphory-
lation of histone H4 (on serine 1) has also been shown to occur in
the vicinity of a DSB. In agreement with recent results, this mod-
ification accumulated more slowly than H2A phosphorylation and
reached a plateau approximately 2 h after HO induction (12).
Levels of H4 serine 1 phosphorylation also gradually decreased
after glucose addition. As a marker for the recombinational-
repair machinery, we analyzed Rad52p. As seen in Fig. 5, associ-
ation/dissociation of Rad52p occurred on a similar time scale as
H4 serine 1 phosphorylation. In comparison, the recruitment of
Hatlp to a DSB clearly occurred after H2A phosphorylation and
with kinetics similar to that of Rad52p and H4 serine 1 phosphory-
lation. However, following DSB repair, Hat1p appeared to disso-
ciate from chromatin more quickly than these factors.

The link between Hatlp recruitment and the repair event was
explored further using a strain in which the silent mating loci have
been deleted, preventing the recombinational repair of an HO-
induced DSB. Surprisingly, in the absence of any recombinational
repair (confirmed by Southern blot analysis [data not shown]),
there was rapid and pronounced recruitment of Hat1p to the HO
locus following induction of HO expression (Fig. 6). In the ab-
sence of recombinational repair, elevated levels of Hatlp then
persisted for an extended period following the repression of HO.
The spatial pattern of Hatlp recruitment was similar to that seen
in strains that are repair competent, with the protein easily de-
tectable 1 kb from the DSB and with Hatlp levels markedly
reduced by 5 kb from the break. Hence, the association of Hatlp
with chromatin at the site of a DSB is not dependent on the
completion of the recombinational-repair process. Taken to-
gether with the timing of Hat1p association, these results suggest
that the role of Hatlp at a DSB may not be strictly limited to
postrepair chromatin assembly.

DISCUSSION

Analogous to the multiple mechanisms that exist to coordi-
nate the interactions between the transcription machinery and
in vivo DNA templates, many of the factors that play roles in
the repair of damaged DNA exert their effects through the
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FIG. 4. Hatlp is specifically responsible for the acetylation of histone H4 lysine 12 that occurs in response to a DNA double-strand break.
(A) ChIP assays using antibodies that recognize histone H4 lysine 12 acetylation were performed on chromatin isolated from a HATI strain
(SQY411). The primers and methods used are described in the legends to Fig. 1 and Fig. 3. (B) ChIP assays were performed as described for panel
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lysine 16, ChIP was performed twice, and the data are the average of multiple PCRs performed with each immunoprecipitated DNA sample.

manipulation of chromatin structure (31). As expected, these
factors include both ATP-dependent chromatin remodeling
and histone-modifying activities. In addition, chromatin-mod-
ifying activities appear to be involved at multiple stages of the
DNA repair process (47, 51). The inability of the type B his-
tone acetyltransferase Hatlp to acetylate nucleosomal sub-
strates and its likely role in the acetylation of newly synthesized
histones suggested that the enzyme likely influenced processes
such as DNA repair indirectly through downstream chromatin
assembly pathways (29, 30). The identification of a nuclear com-
plex that contains Hatlp and Hat2p in association with the his-
tone chaperone Hiflp opened up the possibility that Hatlp may
play a more direct role in nuclear events (4, 32). The goal of this
study was to determine if Hatlp becomes physically associated
with chromatin in the context of a DNA DSB. The unexpected

observation that a type B histone acetyltransferase can be re-
cruited to chromatin, and that this recruitment can occur early in
the repair process, significantly alters our view of the potential
points at which Hatlp may participate in the well-orchestrated
series of events that leads to the repair of damaged DNA.

The earliest events in the process of DNA repair involve
damage sensing and the activation of the DNA damage check-
point. These steps are clearly impacted by chromatin structure.
The phosphorylation of histone H2AX (or the major H2A
variant in yeast), catalyzed by the checkpoint kinases ATM and
ATR (Meclp and Tellp in S. cerevisiae), is one of the earliest
responses to a DNA DSB (35, 51). The presence of this mod-
ification at a DSB is important for subsequent changes in
chromatin structure, as it is specifically recognized by compo-
nents of the NuA4 histone acetyltransferase and INO80 chro-



VoL. 26, 2006 RECRUITMENT OF Hatlp TO CHROMATIN 3655

INPUT P
Galactose Glucose Galactose Glucose
Time(hr): 0 05 115 2 3 4 051 2 4 0051152 3 4051 2 4
—— - — - - — e ——— — MATZ HO
w-H2A Phospho-5129
. S e R SR W A S S S —— . — - - e ———PHOS
e - . e e e e e o ou +——MATZ HO
-] o
P ———— e —— — — — — S o e e s s PHOS

- D e e o L e e - - o e MATZ HO

-Rad52p-M
CRERTY R R —— PHos

MATZ HO PHOS
8 8
7 7
6 6
55 55
2 g
o-H2APhospho 5129 £ 4 4
., 5
3
2 2
1 1
005115 2 3 4 051 2 4 IUO.511.52 34051 2 4
Time (hr) Time (hr)
8 4 8
71 7
6 6
357 3
a 35
a-H4 Phospho-S51 £ , 1 B
g e’
3‘ -3
2] 2
1] 1
0051152 3 40512 4 005115 2 3 4051 2 4
Time (hr) Time (hr}

w
—
w

u-Rad52p-Myc

1Plinput
o
IPMnput
L~

-

h .

0051152 3 4051 2 4 00511523 4 051 2 4
Time (hr) ¢ 4 Time (hr) $
GLU GAL aw

FIG. 5. Recruitment of Hatlp relative to other markers of DNA double-strand break repair. (A) ChIP assays using antibodies that specifically
recognize histone H2A serine 129 phosphorylation, histone H4 serine 1 phosphorylation, and Rad52p (RADS52-myc fusion; SQY427) were performed
as described in the legend to Fig. 1. Immunoprecipitations for histone H2A serine 129 phosphorylation, histone H4 serine 1 phosphorylation, and Rad52p
were replicated three, two, and three times, respectively. (B) PCRs were quantitated and analyzed as described in the legend to Fig. 1.

matin-remodeling complexes (14, 28, 49). In addition, while ment of the checkpoint proteins 53BP1/Rad9p/Crb2 (15, 18,
not induced by DNA damage, methylation of histone H3 K79 38). A number of results indicate that it is unlikely that Hatlp
(or histone H4 K20 in Schizosaccharomyces pombe) is also influences these early events. First, in the absence of Hatlp,
involved in the DNA damage checkpoint through the recruit- the S-phase DNA damage checkpoint operates normally (33).
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Second, the recruitment of Hatlp to a DSB occurs well after
the appearance of phosphorylated histone H2A.

Following activation of the DNA damage checkpoint, a se-
ries of chromatin-modifying activities are then recruited to a
DSB. NuA4 and the RSC chromatin remodeling complexes are
recruited within minutes of DSB induction (10, 14). While the
precise roles of these factors in DNA repair are not known,
their presence at sites of damage prior to the arrival of repair
proteins suggests that they are involved in making the chro-
matin structure accessible to the repair machinery. Following
NuA4 and RSC, recruitment of a number of chromatin-mod-
ifying activities progresses more gradually, reaching peak val-
ues 2 to 4 h post-HO induction. In addition to Hatlp, this
group includes the INO8O and SWI/SNF complexes and the
histone acetyltransferase GenSp (10, 28, 46, 49). Precisely or-
dering the recruitment of these proteins is difficult, given the

level of resolution provided by current techniques. Important
components of the DNA repair machinery, such as the RAD52
epistasis group proteins, are also recruited to DSBs during this
period (44, 52, 53). The concurrent localizations of numerous
chromatin-modifying activities with the DNA repair machinery
suggests that they act to facilitate multiple steps in the DNA
repair pathway. Indeed, mutations in components of the INOS0
complex cause defects in the resection of DNA at the HO cut site
to form the single-stranded DNA that is required for the strand
invasion step of recombinational repair (49). In addition, SWI/
SNF appears to play an important role in the synapsis between
the HO cut site and homologous sequences at the silent mating
loci (10).

The timing of Hatlp localization at a DSB is similar to that
of Rad52p, and the extent of the domain occupied by Hatlp is
comparable to that occupied by components of the recombi-
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national-repair machinery (41, 44, 52). In addition, repair of a
DSB is not required for the recruitment of Hatlp to chroma-
tin. Therefore, these observations open up the possibility that
Hatlp may be acting to directly facilitate the DNA repair
process rather than (or in addition to) functioning in the res-
toration of chromatin structure that must follow the comple-
tion of recombinational repair. In this respect, the Hatlp-
dependent acetylation of histone H4 lysine 12 may be important
for generating a chromatin structure that is competent for inter-
action with the recombinational-repair machinery.

The inability of Hatlp to acetylate histones in a chromatin
context makes it unlikely that this acetylation is the result of
the enzyme directly modifying histones that were associated
with chromatin prior to the introduction of the DSB (30).
Rather, an alternative model involves the participation of
Hatlp in a histone exchange process that would be analogous
to the histone exchange events that are responsible for the
replication-coupled assembly of histone H3.3 in regions of
active chromatin in higher eukaryotes (2, 3, 26, 39, 48). This
exchange would be predicted to be specific for the substitution
of histone H3/H4 tetramers, given the physical association of
Hat1p with these histones, as well the observation that histone
H2A phosphorylation levels remain high for extended periods
at the site of a DSB. This model is supported by several lines
of evidence. First, histone exchange factors clearly play a role
in DNA repair, and the coupling of histone acetylation with
histone exchange at sites of DNA damage has been observed
with the Drosophila Tip60 complex (23). Second, human ho-
mologs of all three components of the Hatlp-Hat2p-Hiflp
complex copurify with both replication-dependent and repli-
cation-independent chromatin assembly complexes (45).
Third, in addition to acetylated NH,-terminal tails, histone H4
that copurifies with nuclear Hatlp can also be acetylated on
lysine 91 in the core domain. This modification can function to
destabilize the histone octamer structure and, therefore, may
help in creating a chromatin structure that is accessible to the
repair factors (54). A more precise determination of the time
at which Hatlp is recruited to a DSB relative to the arrival of
recombinational-repair factors will be necessary before the
mechanism(s) by which Hatlp influences DNA repair is fully
elucidated.

The results presented here provide important new details
about the activity of Hat1p. While the in vitro activity of Hatlp
is highly specific for histone H4 lysine 12, and to a lesser extent
H4 lysine 5, deletion of the HATI gene has no effect on the
steady-state levels of histone H4 acetylation (32). Indirect ev-
idence that histone H4 lysine 12 is the in vivo target of Hatlp
was provided by the observation that mutating H4 lysine 12 to
arginine phenocopies a hatl/A in the context of telomeric si-
lencing (21). The demonstration that the increased levels of H4
lysine 12 acetylation that occur at the site of a DNA DSB are
dependent on the presence of Hatlp is the first direct confir-
mation of the in vivo substrate specificity of this enzyme. In
addition, the fact that Hat1p can physically associate with chro-
matin indicates that, rather than simply modifying the histones
that are used in downstream chromatin assembly pathways,
type B histone acetyltransferases can remain associated with
histones throughout the entire histone deposition process.
While the precise functions of these enzymes remain unknown,

RECRUITMENT OF Hatlp TO CHROMATIN 3657

it is clear that they are a more integral component of the
chromatin assembly process than previously envisioned.
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