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Chromatin is disassembled and reassembled during DNA
repair. To assay chromatin reassembly accompanying DNA
double strand break repair, ChIP analysis can be used to moni-
tor the presence of histone H3 near the lesion. The chromatin
assembly factor Asf1p, as well as the acetylation of histone H3
lysine 56, have been shown to promote chromatin reassembly
when DNA double strand break repair is complete. Using Gal-
HO-mediated double strandbreak repair, we have tested each of
the components of the nuclear Hat1p-containing type B histone
acetyltransferase complex (NuB4) and have found that they can
affect repair-linked chromatin reassembly but that their contri-
butions arenot equivalent. Inparticular, deletionof the catalytic
subunit, Hat1p, caused a significant defect in chromatin reas-
sembly. In addition, loss of the histone chaperone Hif1p, when
combined with an allele of H3 that mutates lysines 14 and 23
to arginine, has a pronounced effect on chromatin reassembly
that is similar to that observed in an asf1�. The role of Hat1p
and Hif1p is at least partially redundant with the role of
Asf1p. Consistent with a more prominent role for Hif1p in
chromatin reassembly than either Hat1p or Hat2p, Hif1p
exists in complex(es) independent of Hat1p and Hat2p and
influences the activity of an H3-specific histone acetyltrans-
ferase activity. Our data directly demonstrate the role of the
nuclear HAT1 complex (NuB4) components in DNA repair-
linked chromatin reassembly.

The post-translational acetylation of the core histone NH2-
terminal tails has been shown to be an importantmechanismby
which cells regulate the accessibility of chromatin (1). Histone
acetylation plays an important role in the initial formation of
chromatin structure, as well. A role for histone acetylation in
chromatin assembly was first suggested by the observation that
histones H3 and H4 are rapidly acetylated on their NH2-termi-
nal tail domains in the cytoplasm following their synthesis
(2, 3). Once incorporated into chromatin, this acetylation is
removed during the process of chromatin maturation (4).
The acetylation of the NH2-terminal tails of newly synthe-

sized histones H3 and H4 is an evolutionarily conserved phe-

nomenon. The acetylation state of newly synthesizedmolecules
of histone H4 has been analyzed in a diverse collection of
eukaryotic organisms. In each case, new H4 is found to be
diacetylated at lysine residues 5 and 12 (5–7). Whereas the
presence of acetylation on the NH2-terminal tail of newly syn-
thesized histone H3 has been conserved, distinct patterns of
modification are found in different organisms (7, 8). In addition
to the acetylation of the NH2-terminal tail domains of newly
synthesized H3 and H4, it has recently been found that these
molecules are also acetylated in their globular core domains.
Histone H3 is acetylated on lysine 56 and histone H4 is acety-
lated on lysine 91 (9–12). These sites of acetylation have been
observed in both yeast and mammalian cells and, hence, may
also be evolutionarily conserved modifications (13–16).
The acetylation of newly synthesized histones is catalyzed by

type B histone acetyltransferases. Type B histone acetyltrans-
ferases were originally defined as cytoplasmic enzymes that
acetylate free, but not chromatin-associated, histones (17). The
first type B histone acetyltransferase complexwas isolated from
Saccharomyces cerevisiae cytoplasmic extracts and consisted of
two proteins, Hat1p and Hat2p (18, 19). Hat1p, the catalytic
subunit, specifically acetylates lysine residues at positions 5 and
12 of free histone H4. Hat2p enhances the catalytic activity of
Hat1p through facilitating the interaction of Hat1p with its his-
tone substrate (18).
Although the acetylation of newly synthesized histones by

type B histone acetyltransferases is presumed to play a role in
replication-coupled histone deposition, HAT1 is a non-essen-
tial gene in yeast (18, 19). In vivo investigations into the function
of Hat1p in S. cerevisiae demonstrated that loss of Hat1p
resulted in defects in the telomeric silent chromatin structure
and sensitivity toDNAdamaging agents (20, 21). A role inDNA
damage repair may be evolutionarily conserved as this pheno-
type is also seen in Schizosaccharomyces pombe and chicken
DT40 cells that lack Hat1p (22, 23).
The involvement of Hat1p in DNA damage repair has been

most extensively studied in S. cerevisiae. Cells lackingHat1p are
specifically sensitive to agents that generateDNAdouble strand
breaks, such as high concentrations of MMS or induction of
endonucleases (EcoRI or HO), due to a defect in recombina-
tional repair. Interestingly, these phenotypes are only observed
when hat1� is combined with mutations that alter specific sets
of lysine residues in the histone H3 NH2-terminal tail (such as
H3 K14R,K23R) suggesting that acetylation of the newly syn-
thesized H3 and H4 may be functionally redundant (21).
Several observations suggest thatHat1p has amore extensive

role inmodulating chromatin structure thanmerely acetylating
histone H4 in the cytoplasm. First, Hat1p is predominantly
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localized in the nucleus (24, 25). Second, when in the nucleus,
Hat1p is found in a distinct complex (NuB4), in which Hat1p/
Hat2p is joined by Hif1p (a H3/H4-specific histone chaperone)
and histones H3 and H4 (24). Finally, both Hat1p and Hif1p
have been shown to be directly recruited to chromatin within a
relatively small domain surrounding a DNA double strand
break (26).
The repair of damaged DNA occurs in a chromatin context

and it has been shown that the removal of histones from DNA
and their subsequent reassembly ontoDNA accompanies DNA
repair (27–29). The S. cerevisiaemating-type switching system
has proven to be a valuable tool for the study of DNA double
strand break repair (30). A GAL-inducible copy of the HO
endonuclease is integrated into the genome. Switching of the
mating type is initiated by the induction of the HO endonu-
clease, which then cuts at theMAT locus leaving a single double
strand break. Sequences homologous to theHOcut site present
at the silent mating loci, HML and HMR, are then used by the
homologous recombination machinery to repair the break,
resulting in a change of mating type (31).
The inducible HO system has been used to examine the reas-

sembly of chromatin structure that occurs following repair of
the double strand break (27, 29). Bymonitoring the presence of
histone H3 by ChIP, it was demonstrated that histones are lost
from near the site of an HO-induced double strand break as
single strand DNA resection occurs. H3 levels then return fol-
lowing DNA repair. The involvement of chromatin assembly
factors in this reassembly process was indicated by defects in
restoration of histone H3 levels near the break site in the
absence of the histone chaperone Asf1p or in the presence of
mutations that prevent the acetylation of histone H3 lysine 56
(27).
To determine whether the nuclear Hat1p-containing type B

histone acetyltransferase (NuB4) complex participates in the
DNA double strand break repair-linked chromatin reassembly
process, we employed the inducible GAL-HO endonuclease
system andChIP analysis to investigate the requirement of each
of its components. We found that subunits of the NuB4 com-
plex can affect repair-linked chromatin reassembly but that
their contributions are not equivalent. Although loss of Hat1p
causes a moderate defect in chromatin reassembly, deletion of
the HIF1 gene, in combination with a mutation in the histone
H3 tail, has a pronounced effect on chromatin reassembly that
is similar to that seen in the absence of Asf1p. In addition, our

results suggest that Hat1p complex components may function
in a pathway that is distinct from Asf1p. Finally, biochemical
evidence indeed indicated that Hif1p may exist in complexes
distinct from the NuB4 complex and the presence of Hif1p is
necessary for the activity of a histone H3-specific HAT.

EXPERIMENTAL PROCEDURES

Yeast Strains—Yeast culture and genetic manipulation were
done by standardmethods (32). Gene deletions were generated
by PCR-mediated gene disruption with a nutritional marker.
The genotypes of yeast strains used in this study are shown in
Table 1.
HO Endonuclease Sensitivity Assays—Yeast strains were

grown overnight in rich medium with 2% raffinose. Cells were
diluted and grown to an optical density at 600 nm (A600) of�0.8
and concentrated to an A600 of 1 to plate in 10-fold serial dilu-
tions onto rich medium or medium with 2% galactose.
DNA Damage and Repair Analysis—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.
Cells were grown overnight in rich medium containing 2%
raffinose. Galactose and then glucose were added to 2% at
the times indicated in the figure legends. The number of PCR
cycles to produce amplification in the linear range was deter-
mined empirically. PCR products were resolved by agarose gel
electrophoresis. Gels were stained with ethidium bromide and
PCR products were quantitated with 1D image analysis soft-
ware (Kodak).
Chromatin Immunoprecipitation Analyses—Cultures were

grown overnight in rich medium containing 2% raffinose,
diluted, and grown until the cells reached an A600 of �0.5.
Galactose and then glucose were added to 2% at the times indi-
cated in the figure legends. Samples were taken for chromatin
immunoprecipitation (ChIP) analysis at the time points indi-
cated in the figure legends and processed as described previ-
ously. Samples were analyzed using quantitative real time PCR
in a multiplex reaction with primers and probes designed as
described previously (27). All experiments were performed
with two or three biological replicates.
Quantitative Real Time PCR Analysis—Real time PCR was

used to quantitate fragments in the immunoprecipitated sam-
ples from the ChIP analyses, using the ABI 7300 sequence
detector andTaqManPCRMasterMix protocol. Each PCRwas
performed in sextuplet with cycling conditions as follows: 50

TABLE 1
Strains used in this study

Strain Genotype Reference or source

SQY501 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2

This study

ZGY101 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ursa3�0 ADE3::GAL10-HO
HHF2-HHT2::LEU2 HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 HAT1::URA3

This study

ZGY102 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 HAT2::URA3

This study

ZGY103 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 HIF1::URA3

This study

ZGY104 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 ASF1::URA3

This study

ZGY105 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 ASF1::URA3 HIF1::HIS3

This study

ZGY106 MAT� ade2�::hisG his3�200 leu2�0 lys2�0 met15�0 trp1�63 ura3�0 ADE3::GAL10-HO HHF2-HHT2::LEU2
HHF1-HHT1::ADE3 (TRP1 CEN ARS)-HHF2-HHT2 ASF1::URA3 HAT1::HIS3

This study
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for 2 min, 95 for 10 min, and then 40 cycles, with 1 cycle con-
sisting of 95 for 15 s and 60 for 1 min. The cycle threshold (CT)
value was set so that the fluorescence signal was above the base
line noise and as low as possible in the exponential amplifica-
tion phase. The amount of change compared with the SMC2
control was calculated for each immunoprecipitation using the
standard comparative CT method.
WholeCell Extracts—Yeastwhole cell extractswere prepared

from overnight yeast culture in YPD as described previously.
Briefly, cells were harvested at midlog phase and washed with
cold H2O and extraction buffer (100 mM HEPES, pH 7.9, 245
mM KCl, 5 mM EGTA, 1 mM EDTA, 0.5 mM PMSF, and 0.3%
�-mercaptoethanol). The cell pellets were passed through a
3-ml syringe into a 50-ml tube containing liquid N2. The frozen
pelletswere ground to a fine powder in the presence of liquidN2
and incubatedwith extraction buffer (150�l of buffer/g of cells)
on ice for 20 min, followed by centrifugation at 30,000 � g for
1 h at 4 °C. Supernatant was collected as whole cell extracts and
dialyzed against dialysis buffer DN(50) (20 mM HEPES, pH 7.9,
50 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 10% glycerol) before
use.
Column Chromatography—Dialyzed yeast whole cell ex-

tracts were centrifuged at 10,000 � g for 10 min. The resulting
clarified extracts were applied to a Mono Q column (GE
Healthcare) equilibratedwithDN(50). The columnwaswashed
with 10 column volumes, and proteins were eluted with a 20
column volume gradient from DN(50) to DN(1000) (25 mM

Tris, pH 7.9, 1 M NaCl, 0.1 mM EDTA, and 10% glycerol). The
elution profile of protein was determined byWestern blot. The
peak fractions containingHif1p that were determined byWest-
ern blot were pooled and concentrated to a volume of 200 �l
and then resolved by gel filtration chromatography (Superose 6
column, GE Healthcare) run with DN(300) buffer (25 mM Tris,
pH 7.0, 0.1 mM EDTA, 10% glycerol, and 300 mM NaCl). The
elution profiles of proteins were determined by Western blot.
Western Blotting—Western blots were performed and visu-

alized using an ECL Plus chemiluminescent detection kit
according to the manufacturer’s instructions (Amersham Bio-
sciences). The signal was detected by scanning on a Storm
PhosphorImager.
Histone Acetyltransferase Assays—Liquid histone acetyl-

transferase assays were performed using free chicken histones
as the substrate. Reactions were performed in a final volume of
50 �l in buffer DN(50) containing 0.1 �M [3H]acetyl-coenzyme
A (6.1 Ci/mmol, ICN) and 1mg/ml of chicken erythrocyte core
histones. Chicken histones were purified as previously de-
scribed. Reactions were incubated at 37 °C for 60 min. The
assay mixture was resolved on an 18% SDS-PAGE and stained
with Coomassie Blue. The gel was then incubated in fluoro-
hance, dried, and exposed to x-ray film to identify the labeled
histone.
HO Gene Expression Analysis—RT-PCR assays were per-

formed as described previously (33). Briefly, total mRNA from
10 ml of yeast culture with an A600 of 0.8–1.0 was prepared
using the purelink RNA minikit (Invitrogen). Reverse tran-
scription is carried out using the high capacity cDNA reverse
transcription kit (Applied Biosystems) following the manufac-
turer’s protocol. PCR and real time PCR were then performed

using synthesized first strand cDNAas template and the primer
pairs targeted to the HO and ADH1 coding sequences
(sequences available upon request).

RESULTS

Involvement of NuB4 Complex Components in DNA Repair-
linked Chromatin Reassembly—The use of an inducible HO
endonuclease has proven to be a valuable tool for the study of
recombinational repair and the chromatin assembly and disas-
sembly that must accompany it (27). To use this model system
to look specifically at the role of the nuclear Hat1p (NuB4)
complex in chromatin reassembly accompanying DNA double
strand break repair, we integrated a copy of a galactose-induc-
ible HO endonuclease gene into the genome that enables us to
introduce a single double strand break at the MAT locus. We
then individually deleted each of the NuB4 complex compo-
nents to generate hat1�, hat2�, and hif1� strains. The strain
background that was used for these studies has also been
deleted for all of the endogenous genes encoding histones H3
and H4, which allows for the introduction of mutant alleles of
H3 and H4 as the only copies of these histones (20). Previous
studies have indicated that mutations in specific sets of lysine
residues in the histone H3 NH2-terminal tail (such as H3
K14R,K23R) cause sensitivity to DNA damaging agents and
that this sensitivity is increased by combining these mutations
with mutations in the components of the NuB4 complex (21,
24).
To determine whether the NuB4 complex and histone H3

mutants were sensitive to a single double strand break at the
MAT locus, we tested their ability to grow onmedium contain-
ing galactose, which induced HO expression. As seen in Fig. 1,
none of the single mutants (H3 K14R,K23R, hat1�, hat2�, or
hif1�) showed a growth defect on galactose. Surprisingly, when
the H3 K14R,K23R allele was combined with each of the NuB4
complex deletions, only the H3 K14R,K23R hif1� combination
showed a significant synthetic sensitivity to HO induction sug-
gesting that Hif1p may play a more prominent role in DNA
repair or chromatin reassembly than Hat1p and Hat2p.
To assess the impact of these mutations on the reassembly

of chromatin structure, we used ChIP analysis tomonitor the
presence of histone H3 near the HO cleavage site as the
repair process proceeded (diagramed in Fig. 2A). As a posi-
tive control for these experiments, we generated an asf1� in

FIGURE 1. Sensitivity of NuB4 complex and histone H3 mutants to an HO-
induced DNA double strand break. 10-Fold serial dilutions of strains with
the indicated genotypes were spotted on plates containing minimal media
with either glucose or galactose as carbon source. Plates were incubated at
30 °C for 3 days and then photographed.
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this strain background as this histone chaperone has been
shown to be necessary for chromatin reassembly following
the repair of an HO-induced double strand break (27).
Results from the asf1� strain are included in each of the
figures for comparison.

Cultures were grown to mid-log phase in raffinose, and
galactose was added to induce expression of HO. After 2 h,
glucose was added to repress HO and allow for repair of the
HO-induced double strand break to proceed. The introduction
of the double strand break at theMAT locus and its subsequent

FIGURE 2. Impact of NuB4 complex and histone H3 mutations on DNA repair-linked chromatin reassembly. A, schematic diagram of the inducible
HO-mediated mating type switch system used to model recombinational DNA repair. Locations of primers used for PCR analysis of the double strand break at
the MAT locus and for ChIP analysis of histone H3 disassembly and reassembly are indicated. B, introduction and repair of the double strand break at the MAT
locus was monitored by PCR assay in the indicated strains. Galactose was added at the 0-h time point and glucose was added at the 2-h time point. Reaction
products were resolved on a 1.5% agarose gel and visualized by ethidium bromide staining. The migration of the MAT�- and MATa-specific bands is indicated.
Amplification of a region of the RAD27 locus was used as a control. C, quantitation of double strand break formation and repair. Stained agarose gels were
photographed and the MAT�, MATa, and RAD27 bands were quantitated using one-dimensional Image Analysis software (Kodak). MAT� and MATa fragments
were normalized to the RAD27 fragment. The MAT� and MATa fragments were plotted relative to the 0- and 5-h time points, respectively. D, ChIP analysis of the
abundance of histone H3 at a site 600 bp from the double strand break at the MAT locus. The graph shows a comparison of the indicated NuB4 complex or
histone H3 mutant to a wild type strain and an asf1� strain. Histone H3 levels were normalized to H3 levels at the SMC2 locus. Subsequent time points are
normalized to the 0-h time point.

NuB4 Components and DNA Repair-linked Reassembly

MAY 13, 2011 • VOLUME 286 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 16793



repair were monitored by a PCR reaction that spanned the HO
cut site and that generates distinct fragments from MATa and
MAT� cells (see Fig. 2A). In a wild type strain (which starts as
MAT�), the HO site atMAT is efficiently cut in the presence of
HO and then repaired following repression of HO (Fig. 2B).
Similar kinetics of digestion and repair were also seen in hat1�,
hat2�, hif1�, andH3K14R,K23R strains (Fig. 2,B andC). Inter-
estingly, we reproducibly observed inefficient generation of the
HO-induced double strand break in asf1� cells (Figs. 2,B andC,
and 4, B and C). One explanation is that Asf1p might be neces-
sary for the proper transcriptional induction of the GAL-regu-
lated HO gene (34, 35). However, we detected only minor dif-
ferences in the kinetics and level of HO induction in asf1� cells
(supplemental Fig. S1). Whether Asf1p plays a direct role in
facilitating the HO-mediated cleavage of chromatin remains a
possibility.
We then used ChIP tomonitor the presence of histone H3 at

a position 600 bp from the HO cut site. As reported previously,
there is a loss of histone H3 as the MAT locus is cut and single
strand resection occurs at the break site (27). The levels of his-
toneH3 then returned as the recombinational repair proceeded
and chromatin structure was reassembled (Fig. 2D). In the
absence of Asf1p, there was also loss of H3 near theHO cut site.
However, also as previously reported, there was a dramatic
decrease in chromatin reassembly as indicated by the observa-
tion that there was only a slight increase in the levels of histone
H3 near the break site following its repair (27). The hat1� and
H3 K14R,K23R mutations also caused a significant defect in
repair-linked chromatin reassembly that was reproducibly
observed in multiple trials (Fig. 2D). The rate of reassembly in
these mutants was intermediate between that in the wild type
and asf1� cells. Loss of Hat2p and Hif1p resulted in a minor
defect on chromatin reassembly (Fig. 2D). The fact that both
the hat1� and H3 K14R,K23Rmutations cause a clear defect in
chromatin reassembly without an effect on cell viability sug-
gests that the cells can tolerate a suboptimal level of chromatin
reassembly during the DNA repair process.
We then examined chromatin reassembly when the H3

K14R,K23R allele was combined with the mutations in NuB4
complex components. Again, similar kinetics of repair were
observed in each of the strains (Fig. 3,A andB).When thehat1�
and H3 K14R,K23R mutations were combined, the level of
chromatin reassembly was similar to that observed in the single
mutants (Fig. 3C). The lack of an additive effect on chromatin
reassembly suggests that the loss of Hat1p and the H3
K14R,K23Rmutationmay impact the same aspect of chromatin
reassembly and is consistent with the observation that this
mutant combination also does not cause a synthetic sensitivity
to HO expression (see Fig. 1). Combining hat2� with the H3
K14R,K23R allele did not increase this reassembly defect. How-
ever, when hif1� was combined with the H3 K14R,K23R allele,
there was a dramatic loss of chromatin reassembly (Fig. 3C). In
fact, the hif1�/H3 K14R,K23R mutant had a defect in chroma-
tin reassembly similar to that of the asf1�. The synthetic defect
in chromatin reassembly with this combination of mutations
mirrors the synthetic growth defect observed when these cells
are grown on galactose (Fig. 1).

Non-overlapping Action of Asf1p and NuB4 Complex Com-
ponents in Chromatin Reassembly—Asf1p is an important his-
tone chaperone that physically interacts with other histone
chaperones that are involved in distinct pathways of chromatin
assembly. For example, Asf1p interacts with both the CAF-1
complex and the Hir-Hpc complex that, respectively, are core
components of the replication-coupled and replication-inde-
pendent chromatin assembly pathways (36, 37). These interac-
tions are thought to allow Asf1p to shuttle H3/H4 complexes
into each of these assembly pathways (38). Recent evidence sug-
gests that Asf1p also physically interacts with the NuB4 com-
plex and that the NuB4 complex acts upstream of Asf1p in the
process of chromatin assembly (38–40). Therefore, given that
mutations in NuB4 complex components (and histone H3)
cause defects in DNA repair-linked chromatin reassembly that
are similar to those observed in an asf1�, we sought to deter-
mine whether the NuB4 complex and Asf1p act in concert or
whether they function in distinct pathways to promote chro-
matin reassembly following DNA repair.
As expected from its importance in repair-linked chromatin

reassembly, asf1� leads to a significant decrease in viability
underHO-inducing conditions (galactose, Fig. 4A).When pair-
wise combinations of the hat1�, hat2�, hif1�, and H3
K14R,K23R alleles were constructed with an asf1�, only the
H3 K14R,K23R allele showed a synthetic phenotype. The H3
K14R,K23R allele accentuated the slow growth phenotype of
the asf1� strain on glucose and increased the sensitivity of
asf1� toHO induction.When triplemutant combinationswere
examined, both the hat1� and hif1� increased the severity of
the H3 K14R,K23R asf1� phenotypes with loss of Hif1p having
a somewhat greater effect. Loss of Hat2p had no effect on any of
the mutants (Fig. 4A).
The genetic interactions observed between ASF1 mutants

and the HAT1, HIF1, and H3 mutants suggested that they are
functioning in at least partially distinct pathways in the context
of DNA repair-linked chromatin reassembly. To determine
whether the synthetic sensitivity of these mutants to a double
strand break resulted from a further decrease in chromatin
reassembly activity, ChIP analysiswas used tomonitor chroma-
tin structure at the MAT locus during repair. For these exper-
iments the time course of HO induction was extended to 3 h to
allow for more double strand break formation in the asf1�
backgrounds (Fig. 4, B and C). As seen in Fig. 4D, following
repression of HO synthesis, H3 levels gradually return during
the course of repair in the asf1� mutant. However, in asf1� H3
K14R,K23R, asf1� H3 K14R,K23R hat1�, and asf1� H3
K14R,K23R hif1� mutants, there was no apparent restoration
of histone H3 following repression of HO and, in fact, the levels
of H3 continued to decrease. Intriguingly, the magnitude of the
effect on chromatin reassembly correlated with the level of HO
sensitivity of these mutants suggesting that the in vivo pheno-
type was a result of the chromatin reassembly defect.
Hif1p Is Present in High Molecular Weight Complexes Inde-

pendent of Hat1p and Hat2p and Influences a Histone H3-spe-
cific HAT—Hif1pwas originally isolated and identified as a pro-
tein that interacts with the Hat1p/Hat2p complex in the
nucleus (24, 25). The analysis of the role of these factors inDNA
repair-mediated chromatin reassembly indicated that Hif1p
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plays a more significant role in this process than Hat1p and
Hat2p suggesting that Hif1p may act independently of these
factors. This led to the prediction that a portion of the native
Hif1p in cells should exist in a form that is not physically asso-
ciated with Hat1p/Hat2p. Therefore, to determine whether
Hif1p was a component of complexes distinct from NuB4, we
performed a biochemical characterization of the native protein
isolated from yeast. Yeast whole cell extracts (made from a
strain in which the endogenous Hif1p was fused to a Myc
epitope tag) were fractionated over a Mono Q column and
Hif1p containing fractions were concentrated and further frac-
tionated by a gel filtration column (Superose 6) to resolve
proteins and complexes by size. Hif1p eluted in a broad peak
centered at �500 kDa (Fig. 5A). Hat2p eluted in two distinct
peaks. The larger peak overlapped with the Hif1p peak and the

molecularweightwas consistentwith that of theNuB4 complex
(Hat1p/Hat2p/Hif1p) previously identified. The apparent
molecular mass of the smaller peak, 150 to 200 kDa, closely
matched the cytoplasmic Hat1p/Hat2p complex. In addition,
these two peaks co-eluted with a strong histone H4-specific
HAT activity (Fig. 5B).
We then determined how the elution profile of Hat2p

depended on the presence ofHif1p. As expected, deletion of the
HIF1 gene caused a significant alteration in the Hat2p elution
profile; with the loss of the highermolecular weight Hat2p peak
and the corresponding H4-specific HAT activity (Fig. 5, A and
B). This result strongly suggests that a significant fraction of
Hat1p/Hat2p complex is associated with Hif1p.
Surprisingly, the converse was not true. Deletion of both

HAT1 and HAT2 did not significantly affect the elution profile

∆

∆

∆

αα a

FIGURE 3. Effect of combining the H3 K14R,K23R allele with mutations of the NuB4 complex components on DNA repair-linked chromatin reassembly.
A, cutting and repair of the MAT locus in the indicated strains was monitored as described in the legend to Fig. 2. B, the levels of MAT� and MATa fragments were
quantitated as described in the legend to Fig. 2. C, ChIP analyses of H3 levels near the MAT locus in the indicated strains were performed and analyzed as
described in the legend to Fig. 2.
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of Hif1p as the broad high molecular weight peak remained.
This elution profile is not an intrinsic property of the protein as
recombinant Hif1p eluted in a single narrow peak with an
apparent molecular mass of �150 kDa. In addition, we ob-
served a significant decrease in the level of an H3-specific HAT
activity that elutes at �1 MDa in the hif1� cells that is not
affected by the loss of Hat1p and Hat2p. Taken together, these
observations suggest that native Hif1p is present in one, or
more, high molecular weight complexes that are independent
of Hat1p and Hat2p. In addition, whereas Hif1p does not
appear to make a stable interaction with an H3-specific HAT
complex, it is necessary for its full activity. These results con-
firm thatHif1p participates inHat1p/Hat2p independent inter-
actions as predicted by its more significant role in DNA repair-
linked chromatin reassembly.

DISCUSSION

Although long hypothesized to be involved in chromatin
assembly, directly linking Hat1p to this process has been prob-
lematic. One of the difficulties in studying the role of histone
acetylation in chromatin assembly is that unlike transcription,
which occurs at known places and times, chromatin assembly is
amore fluid and transient phenomenon. An important advance
in this area was reported in a recent study that exploited the
HO-induced double strand break repair model system to mon-
itor the disassembly and reassembly of the chromatin structure
that occurs during the recombinational repair process (27, 30).
This study demonstrated that Asf1p and the acetylation of his-
tone H3 lysine 56 are required for the efficient reassembly of
chromatin following repair of an HO-mediated double strand
break at the MAT locus (27).
Several lines of evidence suggested that Hat1p might play a

role in the reassembly of chromatin structure during the
recombinational repair of a DNA double strand break. First,
DNA damage sensitivity accompanies the loss of Hat1 activity
in several eukaryotes (21–23). Second, the DNA damage sensi-
tivity of S. cerevisiae hat1� cells is a result of defects in recom-
binational repair (21). Finally, Hat1p is recruited to chromatin
at the MAT locus following an HO-induced double strand
break (26). Therefore, we have used a similar strategy to deter-
mine whether Hat1p, as well as the other components of the
NuB4 complex (Hat2p andHif1p), also play a role in this repair-
linked chromatin reassembly. We have demonstrated that
there is a significant decrease in the rate at which chromatin is
reformed near the site of a double strand break in hat1� cells
providing direct evidence that Hat1p functions in a chromatin
assembly process.
To date, yeast Hat1p has been found to be a component of

two distinct complexes. In the cytoplasm, Hat1p is associated
with Hat2p to form the HAT-B complex that is thought to
acetylate newly synthesized histone H4 (18). In the nucleus,
Hat1p is a subunit of a larger complex (termed the NuB4 com-
plex) that containsHat2p and theH3/H4-specific histone chap-
erone Hif1p (24, 25, 41). Both complexes have been found to be
stably associated with histones H3 and H4 (24, 42). Surpris-
ingly, the components of these complexes have diverse effects
on the repair-linked chromatin reassembly process.
Based on both genetic and biochemical evidence, Hat2p has

little influence on chromatin reassembly. Previous results have
shown that the catalytic activity of Hat1p isolated from cells
lackingHat2p is decreased 10-fold (18). This suggests a number
of possibilities. First, the role of Hat1p in the context of repair-
linked chromatin reassemblymaynot be strongly dependent on
its catalytic activity. Alternatively, Hat1p may have substrates
other than histone H4 involved in chromatin reassembly and
the ability of Hat1p to modify these proteins may not require

FIGURE 4. Functional redundancy between NuB4 complex components, histone H3, and Asf1p in DNA repair-linked chromatin reassembly. A, 10-fold
serial dilutions of the indicated strains were spotted on plates containing either glucose or galactose as carbon source. Plates were incubated at 30 °C for 3 days
and then photographed. B, cutting and repair of the MAT locus in the indicated strains was monitored as described in the legend to Fig. 2. B, the levels of MAT�
and MATa fragments were quantitated as described in the legend to Fig. 2 except that the MATa levels are plotted relative to the 6-h time point. D, ChIP analysis
of H3 levels near the MAT locus at the indicated times. Galactose was added to cultures at time 0. Glucose was added after 3 h. ChIP experiments were
performed and analyzed as described in the legend to Fig. 2.

FIGURE 5. Hif1p is present in a high molecular weight complex indepen-
dent of HAT1 and HAT2 and influences an H3-specific HAT activity.
A, whole cell extracts were resolved by Superose 6 chromatography and the
elution of Hif1p and Hat2p was determined by Western blot analysis as indi-
cated. The elution position of size standards is indicated above the fraction
numbers. The whole cell extracts were derived from strains with the geno-
types indicated on the right. The bottom panel shows the elution pattern of
rHif1p isolated from Escherichia coli. B, Superose 6 column fractions from the
indicated strains were assayed for histone acetyltransferase activity using free
histones [3H]acetyl-CoA as substrates. Reaction products were resolved by
18% SDS-PAGE and processed for fluorography. Position of radiolabeled his-
tones was visualized by exposure of x-ray film. Migration of histones H3 and
H4, as determined by Coomassie Blue staining, is indicated.
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Hat2p. Finally, in the context of the cell, Hat2p may not be as
important for the catalytic activity of Hat1p as when the
enzyme is assayed in vitro.
Conversely, the genetic and biochemical data indicate that

Hif1p has functions in repair-linked chromatin reassembly that
are independent of Hat1p. Hif1p may participate in multiple
pathways of chromatin assembly of which only a subset involve
Hat1p (orHat2p). This is consistent with themore pronounced
effect of hif1� on repair-linked chromatin reassembly. Alterna-
tively, Hif1pmay have both direct and indirect roles in chroma-
tin reassembly. For example, in addition to acting directly in
reassembly as a histone chaperone, Hif1p may indirectly affect
chromatin reassembly through its influence on histone H3
acetylation. In the absence of Hif1p, there was a significant
decrease in the activity of a histone H3-specific HAT despite
the fact that Hif1p did not appear to form a stable complex with
this enzyme activity (based on the lack of overlap in their elu-
tion profiles). The effect of Hif1p on this HAT activity is remi-
niscent of that between Asf1p and Rtt109p where Asf1p is
required for Rtt109p activity in the absence of a stable associa-
tion between them (40, 43–47). Alternatively, Hif1p may indi-
rectly influence histone H3 acetylation, perhaps through tran-
scriptional regulation of an H3-specific HAT. Although the
H3-specific HAT activity that is affected by Hif1p has not been
identified, if this activity targets residues other than H3 lysines
14 and 23, the synthetic interactions observed between the
hif1� and the H3 K14R,K23R allele could be explained by a
cumulative effect on H3 acetylation.
The possibility that Hif1p functions in pathways indepen-

dent of Hat1p and Hat2p is consistent with the biochemical
data presented here that indicated that Hif1p may be a compo-
nent of a high molecular weight complex (or complexes) that
does not contain Hat1p and Hat2p. This possibility is also con-
sistent with results from Poveda and colleagues (25) where pre-
cipitation of epitope-tagged Hat1p co-precipitated only a small
fraction of theHif1p present in the extract. It will be interesting
to determine whether the high molecular weight Hif1p-con-
taining complexes are related to themultichaperone containing
complexes from mammalian cells of which NASP, the human
homolog of Hif1p, is a component (48–51).
Current models of chromatin assembly generally suggest

that Asf1p plays a central role (38, 52). This histone chaperone
is thought to participate in multiple pathways of chromatin
assembly (as well as disassembly) by functioning to shuttle
H3/H4 complexes into these pathways. This model is sup-
ported by the observation that Asf1p physically interacts with
other histone chaperones that are specific for distinct chroma-
tin assembly pathways, such as CAF-1 and the Hir-Hpc com-
plex (36, 37). Hat1p and its associated factors are thought to act
upstream of Asf1p as Asf1p has been found to be associated
with newly synthesized histones that carry the acetylation pat-
tern characteristic of Hat1p action (38, 53–55). In addition, a
direct physical association between Asf1 and the NuB4 com-
plex was recently reported suggesting the possibility that the
NuB4 complex may directly transfer newly synthesized his-
tones to Asf1p (40). Despite this biochemical data, the genetic
results presented here indicated thatmutations inHIF1, HAT1,
and histone H3 show genetic interactions with mutations in

ASF1where combinations of thesemutations generate increas-
ing sensitivities to the HO-induced DNA double strand breaks
and generate greater defects in chromatin reassembly. There
are a number of interpretations for these results. First, Asf1p
and NuB4 complex components may function in a common
pathway but may be partially redundant for the optimal func-
tioning of this pathway. For example, in the absence of Asf1p,
the NuB4 complex may be capable of providing H3/H4 com-
plexes to other chromatin assembly factors. Alternatively, the
NuB4 complexmay act in a chromatin assembly pathway that is
distinct from Asf1p, perhaps exploiting the chromatin assem-
bly activity of Hif1p.
The results presented here demonstrate that Hat1p and

Hif1p function in the reassembly of chromatin that accompa-
nies the recombinational repair of a DNA double strand break.
It is not clear how this type of chromatin assembly relates to the
replication-coupled and replication-independent pathways of
chromatin assembly. It will be of interest to determine whether
the NuB4 complex components influence these pathways of
chromatin assembly, as well.
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