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Acetylation of Saccharomyces cerevisiae histone H3 on K56 by the histone acetyltransferase (HAT) Rtt109 is
important for repairing replication-associated lesions. Rtt109 purifies from yeast in complex with the histone
chaperone Vps75, which stabilizes the HAT in vivo. A whole-genome screen to identify genes whose deletions
have synthetic genetic interactions with ri#109A suggests Rtt109 has functions in addition to DNA repair. We
show that in addition to its known H3-K56 acetylation activity, Rtt109 is also an H3-K9 HAT, and we show that
Rtt109 and Gcen5S are the only H3-K9 HATS in vivo. Rtt109’s H3-K9 acetylation activity in vitro is enhanced
strongly by Vps75. Another histone chaperone, Asfl, and Vps75 are both required for acetylation of lysine 9 on
H3 (H3-K9ac) in vivo by Rtt109, whereas H3-K56ac in vivo requires only Asfl. Asfl also physically interacts
with the nuclear Hatl/Hat2/Hifl complex that acetylates H4-K5 and H4-K12. We suggest Asfl is capable of
assembling into chromatin H3-H4 dimers diacetylated on both H4-K5/12 and H3-K9/56.

Changes in chromatin structure greatly influence all aspects
of DNA metabolism, including DNA replication, repair, and
transcription. Remodeling of the chromatin structure at the
nucleosomal level occurs by a variety of methods. One such
remodeling is the direct covalent modification of histones, ex-
amples of which include acetylation, methylation, ubiquitin-
ation, and phosphorylation (6). Histone acetylation is catalyzed
by histone acetyltransferases (HATS), proteins that mediate
the transfer of an acetyl moiety from acetyl (acetyl-coenzyme
A CoA) to the e-amino group of target lysine residues. HATs
that acetylate nucleosomes are usually components of large
multiprotein complexes, including NuA4, SAS-C, and SAGA.
The enzymatic removal of these acetyl groups from lysines is
performed by histone deacetylases (HDAC:).

Histones can also be posttranslationally modified prior to
their deposition into chromatin. On histone H4, lysines 5 and
12 (H4-K5 and H4-K12) on the N-terminal tail are acetylated
in S phase prior to deposition during DNA replication in most
if not all eukaryotes (8, 46). The deposition-associated H4-
K5/12 HAT is the evolutionarily conserved Hatl protein, part
of a protein complex that in Saccharomyces cerevisiae may
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include Hat2 and Hif1 (3, 32, 38). Unlike the strong evolution-
ary conservation of deposition-associated acetylation sites in
H4, there is some variability in H3 sites among organisms. In
Drosophila and Tetrahymena, H3-K14/23 and H3-K9/14, re-
spectively, are associated with deposition-related acetylation
(46), while in S. cerevisiae, H3-K9 is the major acetylated lysine
in the H3 N-terminal tail associated with newly synthesized H3
(26). The identity of the S. cerevisiae HAT responsible for
H3-K9 acetylation (H3-K9ac) on newly synthesized H3 is un-
clear, although GenS5 has been suggested as a candidate (1, 45).
Nucleosomal H3-K9ac is catalyzed in vivo by GenS acting, in
this case, as the catalytic subunit of the transcriptional coacti-
vator complex SAGA. H3-K9ac levels peak at the 5 ends of
genes and likely function to promote transcription (16, 28) by
helping TFIID bind to chromatin (52).

Recent mass spectrometry approaches reveal that certain
lysine residues are also acetylated in the globular domains of
newly synthesized histones (11). The acetylation of lysine 56 on
H3 (H3-K56ac) is one such abundant modification in S. cer-
evisiae. It is associated with newly synthesized H3 that is sub-
sequently incorporated into chromatin and persists until G,/M,
when it is deacetylated by the Hst3/Hst4 HDACs (7, 27, 36,
54). One identified function of H3-K56ac is to promote the
efficient repair of replication-associated lesions through S
phase (27), perhaps by altering nucleosome mobility (11).

During DNA replication, newly synthesized, acetylated his-
tones are associated with the histone H3/H4 histone chaper-
ones, CAF-I and Asfl (12). CAF-I assembles H3-H4 dimers
onto replicating DNA through a physical interaction with
PCNA during DNA replication (44), whereas Asfl is required
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for S-phase progression in the presence of DNA damage and
physically interacts with the PCNA-loading complex RFC (43).
CAF-I has been shown to bind H3-K56ac (27), while Asfl is
absolutely required for acetylation of the residue in vivo (36).
The Drosophila RCAF (replication-coupling assembly factor)
protein complex was identified based on its ability to facilitate
the assembly of nucleosomes onto newly replicated DNA in
vitro. RCAF consists of Drosophila Asfl bound to H3-H4
dimers that are specifically acetylated at H3-K14 (functionally
equivalent to S. cerevisiae H3-K9ac with respect to chromatin
assembly) and H4-K5/12 (50). In addition to being required for
the generation of H3-K56ac, Asfl is necessary to maintain
wild-type levels of H3-K9ac in S. cerevisiae (1, 2), presumably
on newly synthesized H3. Although it has been suggested that
Gen5 might be responsible for Asfl-associated H3-K9ac (1),
conclusive evidence is lacking.

We and others have recently shown that S. cerevisiae Rtt109
is a HAT with strong substrate and site specificity for H3-K56,
an activity that in vitro is enhanced in the presence of Asf1 (10,
13, 18, 39). We have also previously shown that Rtt109 copu-
rifies with another protein, Vps75 (25), an H3-H4 histone
chaperone of the Napl family (41). The function of this phys-
ical interaction and the potential role(s) of Vps75 in histone
acetylation and histone deposition are currently unknown. In
this study we show that one function of Vps75 is to stabilize
Rtt109. A genome-wide screen for genes that genetically in-
teract with rt#109A reveals that it has important functions in
maintaining genome stability but functions in other cellular
processes. We demonstrate that Vps75 can stimulate Rtt109 to
acetylate H3-K9 in vitro and that Rtt109 and GenS are the only
H3-K9 HATS in vivo in S. cerevisiae. In addition, we show that
Rtt109, Vps75, and Asfl function together in vivo in a Gen5-
independent H3-K9 acetylation pathway. Finally we demon-
strate that Asfl physically interacts with the deposition-asso-
ciated nuclear Hatl protein complex. We suggest that Asfl
assembles into chromatin via CAF-1 or other histone chaper-
ones a form of the H3-H4 dimer which is potentially acetylated
on H4-K5/12 and H3-K9/56.

MATERIALS AND METHODS

Strains used in this study. See Table S1 in the supplemental material for
strains used in this study. Construction of histone point mutants in the MSY421
background was as described previously (36).

Rad53 in situ kinase assays. Rad53 kinase assays were performed as described
previously (31).

Protein expression. Full-length Rtt109, Asfl, or AsfIN was cloned into
pET14b or pET28a. A plasmid encoding GST-Vps75 (41) was kindly provided by
Luke Selth (Cancer Research United Kingdom). Recombinant proteins were
expressed and purified using standard methods and subsequently dialyzed into
tandem affinity purification (TAP) dialysis buffer (25).

Cell cycle synchronization. Strains used for a-factor synchronization were
deleted for BARI and blocked in G, as described previously (24).

HAT assays. HAT assays were performed using either chicken core histones
(Upstate) or Xenopus recombinant histone H3 (Upstate) as a substrate. HAT
assays were incubated for 45 min (except for those in Fig. 2B and C, which were
incubated for 30 min) at 30° in a 30-ul volume containing either 3 pg (core
histones) or 0.75 pg (rH3) total substrate, 50 mM Tris-HCI (pH 8.0), 50 mM
NaCl, 5 mM MgCl,, 1 mM dithiothreitol, 3.3 nCi [**CJacetyl-CoA (60 mCi/
mmol), and 1 mM phenylmethylsulfonyl fluoride. Five-microliter aliquots of
tandem affinity-purified protein complexes from yeast (25) or recombinant pro-
teins (adjusted to 0.5 pg/pl) were added to each reaction. For enzyme titration
experiments, the respective recombinant proteins were diluted in TAP elution
buffer either 1:1, 1:2, 1:5, or 1:10 and used as described above. Reactions were
stopped by addition of 30 pl 2X sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) loading dye and boiled. Aliquots (20% of total
volume) were run on several 15% SDS-PAGE gels. One gel was fixed and stained
with Coomassie blue, saturated with Enlightning (Perkin Elmer), dried under
vacuum, and either exposed to film or imaged using a Typhoon phosphorimager.
Other gels were treated with a silver stain or transferred to nitrocellulose for
Western analysis, as required.

SGA. Synthetic genetic arrays (SGA) were performed as described previously
(40) using KLY21 (see Table S1 in the supplemental material) as a query strain
against the entire nonessential deletion collection. SGA analysis was performed
at 30°C and 37°C. All genetic interactions observed at 30°C were also observed
at 37°C.

Generation of WCE and Western blotting. Whole-cell extracts (WCE) were
generated using trichloroacetic acid as described previously (22). WCE were
separated on 15% SDS-PAGE, transferred to nitrocellulose, and blotted with the
indicated antibodies. Antibodies and dilutions used were anti-H3 (1:2,000; Ab-
cam), anti-H3-K9ac (1:10,000; Abcam), anti-H3-K56ac (1:5,000; Upstate), anti-
vH2A (1:3,000; Abcam), anti-H3-K18ac (1:15,000; Lake Placid Biologicals), anti-
H3-K27ac (1:5,000; Lake Placid Biologicals), anti-H3-Kl4ac (1:5,000; Lake
Placid Biologicals), anti-H3-K23ac (1:5,000; Lake Placid Biologicals), anti-H4-
KSac (1:10,000; Upstate), anti-H4-K8ac (1:20,000; Upstate), anti-H4-K12 (1:
5,000; Abcam), anti-CBP (1:3,000; Open Biosystems), anti-Clb2 (1:5,000; Santa
Cruz), and anti-Med2 (1:3,000; Santa Cruz).

Protein stability assay. The analysis of Rtt109 stability was performed as
described previously (5). Briefly, exponentially growing TAP-tagged strains were
grown to an optical density (OD) of ~0.5, and cycloheximide (Sigma) was added
to 35 pg/ml. Twenty-five-milliliter samples were taken at the indicated time
points after addition of the drug, and whole-cell extracts were generated by the
trichloroacetic acid method described above. Six-hundred-nanometer-OD sam-
ples were read for each time point to confirm growth arrest characteristic of
cycloheximide treatment.

RESULTS

Roles of Rtt109 chaperones in S-phase DNA repair and
Rtt109 stability. In the course of our studies on the H3-K56
HAT Rtt109, we determined that rtt109A cycling cells exhibit
elevated levels of DNA damage-associated yH2A (Fig. 1A), a
phosphorylated form of histone H2A associated with DNA
double-strand breaks (DSBs) (15). This phenotype is also seen
when PPH3, the gene encoding the yH2A phosphatase, is
deleted (23) (see Fig. S1 in the supplemental material). Sup-
porting the idea that H3-K56ac is important for the repair of
S-phase-specific DNA damage (27), deletion of either ASF! or
RTTI109 in cycling cells ablates H3-K56ac (Fig. 1A) (10, 13, 19,
36, 39, 49) and leads to elevated levels of yH2A (Fig. 1A)
(demonstrated previously for asf/A [33]) and Rad53 phos-
phorylation (Fig. 1B) (13, 35), the latter a proxy for checkpoint
activation. In addition, the H3-KS6R, rtt109A, and asflA
strains are highly sensitive to DSB-causing chemicals, such as
methyl methanesulfonate (MMS) (Fig. 1C) (13, 18, 39). West-
ern blot analysis of WCE taken during a synchronous cell cycle
after release from a G, block shows that yH2A levels in wild-
type and rit109A cells are very low in G, and rise as cells
progress through S phase (see Fig. S2A in the supplemental
material). In a wild-type strain, where replication-induced
DSBs are quickly repaired, yYH2A levels decrease before rising
again in the next S phase. However, in rt109A cells, yYH2A
levels increase to a point within S and then remain relatively
stable well into G,/M, as assessed by the presence of the
G,/M-specific cyclin CIb2. It is likely that the lack of acetylated
H3-K56 in rtt109A cells causes a cell cycle delay as a result of
difficulty repairing S-phase-specific DNA damage. The fact
that we observe a similar pattern of YH2A and Clb2 accumu-
lation when a cell cycle is similarly analyzed for a KS6R strain
(see Fig. S2B in the supplemental material) supports this idea.
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FIG. 1. Involvement of Rtt109 chaperones Asfl and Vps75 in DNA damage response and Rtt109 stability. (A) Lack of H3-K56ac is correlated
with elevated yH2A. WCE from the indicated strains were analyzed by immunoblotting after 15% SDS-PAGE with the antibodies shown to the
right of each panel (a-yH2A, -H3-K56ac, and -H3, anti-yH2A, -H3-K56ac, and -H3 antibodies, respectively). (B) Activation of the Rad53
checkpoint kinase (*), as monitored by in situ autophosphorylation, observed in r#t/09A and asfIA cells but not in vps75A cells. By comparison,
the level of Rad53 activation in wild-type (WT) cells treated with MMS (0.1%, 2 h) is shown. The upper autophosphorylating species () is
independent of DNA damage and serves as a loading control. (C) Inability to acetylate H3-K56 correlates with genotoxin sensitivity. Indicated
strains were grown to an OD at 600 nm (ODy,) of =0.5 before being plated at fivefold serial dilutions on YPD medium with or without MMS.
All strains are isogenic with MSY421 (36). (D) Members of the Rtt109 epistasis group (10) all show checkpoint activation in cycling cells, but only
the r#t109A strain shows elevated yYH2A. (E) The Vps75 histone chaperone stabilizes Rtt109. TAP was performed on WCE from the indicated
strains and purified complexes visualized by silver staining. Immunoblotting of the WCE used for TAP shows that Rtt109 is expressed and soluble
in the vps75A background (see panel F). (F) Rtt109-TAP is unstable in the absence of Vps75. WCE were collected at the indicated times after
addition of the translation inhibitor cycloheximide (5). Growth curve analysis (ODy) indicates that each strain arrested with similar kinetics (not
shown). WCE were analyzed by immunoblotting with the antibodies to the right of the panel.

We have previously shown that in addition to Asf1, Rtt109 is
also functionally linked to Rtt101, Mmsl, and Mms22 (10).
Although the r1t101A, mmsI1A, and mms22A strains share with
the rit109A strain the property of persistent checkpoint activa-
tion (Fig. 1D) (37), we observe elevated yH2A only in the
rtt109A strain (Fig. 1D). As mentioned above, Rtt109 copuri-
fies with the histone chaperone Vps75 (25). Deletion of 1'PS75,
however, does not result in elevation of yH2A (Fig. 1A),
checkpoint activation (Fig. 1B), the abolition of H3-K56ac
(Fig. 1A) (41, 49), or sensitivity to DSB-inducing chemicals
(Fig. 1C) (41, 49).

In the course of analyzing the composition of protein com-
plexes in yeast, we noticed that Rtt109 is difficult to affinity
purify in the absence of Vps75 (Fig. 1E). In the reciprocal case,
Vps75 can easily be purified in the absence of Rtt109. To test
whether Vps75 affects the stability of Rtt109, we treated asyn-
chronous Rtt109-TAP strains that contained either wild-type
VPS75 or its deletion with cycloheximide to arrest protein
synthesis. We then made WCE for each strain at various time
points and showed that in the absence of Vps75, Rtt109 is
unstable relative to Rtt109 in the wild-type strain (Fig. 1F), a
property not observed for two other proteins. Thus, Rtt109



VoL. 28, 2008

TABLE 1. Numbers of genes from nonessential S. cerevisiae
collection associated with SS/SL phenotype in
combination with rtt109A:NAT query”

No. of genes
With
Timp With SS/SL GO term; category, P value
0 SS/SL  BioGrid/
interaction Krogan
annotation
30 113 34 Chromosome organization and
biogenesis; GO:0007001, 7.23¢ >
Telomere organization and
biogenesis; GO:0032200, 9.93¢ >
Small ribosomal subunit;
G0:0015935, 9.93¢°
37 62
30 + 37 159 Translation; GO:0006412, 4.24¢*

“SS/SL phenotype was scored at 30 or 37°C. Biogrid/Krogan refers to the
number of genes previously annotated as SS/SL with rtt109A by us and other
workers. A selection of the top GO terms statistically overrepresented in these
SS/SL groups was scored by GOstat (http://gostat.wehi.edu.au).

appears to be degraded quickly in the absence of Vps75.
Therefore, one function of Vps75 is to stabilize Rtt109.

Whole-genome SGA reveals that RTT109 has functions in
addition to maintaining genome stability. To further evaluate
the function of Rtt109, we used SGA analysis (48), a method
for systematic construction of double mutants. Inviable or
slow-growing double-mutant meiotic progeny identify func-
tional relationships between genes. When the r#t/09A strain
was crossed to an array of ~4,700 nonessential deletion mu-
tants and double-mutant haploid strains grown at 30°C, there
were 113 double-deletion combinations that resulted in a syn-
thetic sick/synthetic lethal (SS/SL) phenotype (see Table S2A
in the supplemental material). We observed an additional 45
SS/SL interactions when the double-mutant haploid cells were
placed under stress by growth at 37°C (see Table S2B in the
supplemental material).

When the genes identified by their SS/SL genetic interac-
tions with r#t109A were clustered by their Gene Ontology (GO)
terms, we identified three main enriched functional categories
(Table 1). The top category, chromosome organization and
biogenesis, is consistent with a role for H3-K56ac and Rtt109
in chromatin assembly. In addition, the telomere organization
and biogenesis functional grouping is consistent with the dem-
onstrated role of H3-K56ac in telomeric silencing (55). Al-
though not detected by GO term analysis, we observed a num-
ber of SS/SL interactions with genes encoding proteins
involved in maintaining genome stability (see Fig. S3 in the
supplemental material), which is consistent with Rtt109’s dem-
onstrated role in this process. SS/SL genetic interactions were
also obtained with a number of other genes unrelated to ge-
nome stability (see Fig. S3 in the supplemental material). GO-
term analysis also links Rtt109 functionally to the ribosome
and translation (Table 1). The SGA data suggest that Rtt109
has other functions in the cell and therefore potentially could
have non-H3-K56 targets for its HAT activity.

Rtt109 with Vps75 is an H3-K9 HAT in vitro. We looked for
potential non-H3-K56 substrates for Rtt109 in vitro using HAT
assays with Rtt109 in combination with various histone chap-
erones. Using this assay, we have previously shown that recom-
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binant Rtt109 has H3-K56-specific HAT activity on recombi-
nant H3 and that the H3-K56ac activity of Rtt109 purified from
yeast (i.e., Rtt109-TAP-Vps75) is stimulated by Asfl when
core histones are used as a substrate (10). Several other groups
have shown similar effects of Asfl and Vps75 on the H3-K56ac
activity of Rtt109 using recombinant proteins (13, 19, 49). To
separate Rtt109 from Vps75, we expressed it as a six-His-
tagged recombinant protein (rRtt109) and performed HAT
assays either alone or in combination with recombinant full-
length six-His—Asfl (rAsfl) or recombinant glutathione
S-transferase (GST)-Vps75. In addition, we tested rRtt109 in
combination with the H3-H4 histone chaperone Rtt106 (20)
purified from yeast (Rtt106-TAP), Vps75 purified from yeast
in the absence of RTT109 (Vps75-TAPArtt109), and recombi-
nant six-His—Hat2 (rHat2, a protein that has similarity to his-
tone chaperones and that binds yeast Hatl [53]).

Under the conditions of our HAT assay, we did not observe
substantial HAT activity on core histones by rRtt109 itself (Fig.
2A) or when rRtt109 was incubated with either Rtt106-TAP or
rHat2 (see Fig. S4A in the supplemental material). However,
when rRtt109 was incubated with rAsfl, we observed strong
H3 acetylation by autoradiography, and as expected, we con-
firmed using Western blotting that some of the acetylation is
H3-K56 specific (see Fig. 4A; also see Fig. S4A in the supple-
mental material). We similarly observed H3-K56-specific acet-
ylation when rRtt109 was incubated in combination with GST-
Vps75 or Vps75-TAP (r1t109A) (Fig. 2A) (see Fig. S4A in the
supplemental material), in agreement with our previous results
and those of others.

To determine if Rtt109 could acetylate other lysines on H3
in the presence of core histones, we carried out Western blot-
ting of the HAT assays with several commercially available
acetyl-H3 antibodies and observed that rRtt109 in combination
with GST-Vps75 or Vps75-TAP (r1t109A) but not with rAsf1 or
other histone chaperones has substantial activity on H3-K9
(Fig. 2A; also see Fig. S4A in the supplemental material). We
did not observe a significant signal by rRtt109 (either alone or
in combination with a histone chaperone) with our other H3
acetyl antibodies, although we did detect very weak activity on
H3-K18—a modification that in our hands is strongly catalyzed
on core histones by rGenS (see Fig. S4B in the supplemental
material).

To better characterize the H3-K9ac activity of Rtt109, we
varied the concentration of rRtt109 in combination with either
rAsfl or Vps75 using both core histones or recombinant H3 as
a substrate (Fig. 2B). We observed that Rtt109-Vps75 strongly
acetylated H3-K56 either on H3 alone or on H3 within core
histones (Fig. 2B), in agreement with previous results. In ad-
dition, we observed Rtt109-Vps75 to have strong activity on
H3-K9 on H3 alone or on H3 within core histones (Fig. 2B).
Also in agreement with previous results, Rtt109-Asfl was able
to strongly acetylate H3-K56 within core histones but not on
H3 alone (Fig. 2B). We observed only very weak activity on
H3-K9 by Rtt109-Asfl when H3 was alone within core histones
(Fig. 2B). We also performed HAT assays with core histone
substrates, varying the concentration of chaperone (rVps75,
rAsfl, or rAsfIN, which contains the first 155 amino acids of
Asfl, a region sufficient for normal H3-K56ac levels in vivo
[36]). As expected from our previous data, Rtt109-Vps75 dis-
played strong activity on H3-K56 and H3-K9, while Rtt109-
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FIG. 2. Rtt109 acetylates both H3-K56 and H3-K9 in vitro. (A) Rtt109 is an H3-K9 HAT in vitro. HAT assays contained the indicated
recombinant factors in the presence of ["*Clacetyl-coA using chicken core histones as a substrate. Reactions were separated by 15% SDS-PAGE
and either Coomassie or silver stained, treated for fluorography, and then imaged or were immunoblotted with the indicated antibodies
(a-H3K56ac and -H3K9ac [anti-H3-K56ac and -H3-K9ac antibodies, respectively]). (B) HAT assays performed as described for panel A, with the
exception that core histones (chicken) or recombinant H3 (Xenopus) was used as a substrate and that several dilutions of rRtt109 were used, as
indicated. (C) HAT assays performed as described for panel A, with the exception that several dilutions of the respective histone chaperones were
used, as indicated. (D) Asfl1 stimulates the HAT activity of Rtt109-Vps75 toward both H3-K9 and H3-K56. Factors were affinity purified from the
indicated yeast strains, and HAT assays were performed as for panel A. a-TAP, anti-TAP antibody.

Asfl showed strong activity on H3-K56 only (Fig. 2C). Simi-
larly, Rtt109-AsfIN showed strong activity on H3-K56 but not
H3-K9 (Fig. 2C).

Keeping in mind the demonstrated importance of Asfl in
maintaining cellular H3-K9ac levels (1, 2), we were interested
to see whether the presence of Vps75 could alter the ability of
Asfl to stimulate the H3-K9ac activity of Rtt109 on H3. We
therefore performed HAT assays using purified Rtt109 protein
complexes (Rtt109-Vps75) from yeast in combination with
Asfl purified from either a wild-type strain or those carrying
deletions of HAT1, HAT? (either deletion prevents the copu-
rification of an H4-specific HAT activity from yeast; see be-
low), or HIR1 (which prevents physical association of the HIR
histone chaperone complex with Asf1 [17]). Under our in vitro
conditions, all Asfl-containing protein complexes tested en-
hanced the H3-K9- and H3-K56-specific HAT activity of the
Rtt109-TAP-Vps75 complex on core histones (Fig. 2D).

Rtt109 is required in vivo for full acetylation of H3-K9. We
used Western blotting on WCE made from deletion mutants to
determine whether Rtt109 is an H3-K9 HAT in vivo. It has
been shown previously that H3-K9 levels are reduced in asfIA
or gen5A mutant strains (1, 2). We first determined that r##109A
cells have reduced levels of H3-K9ac, similar to those of asfiA
cells (Fig. 3A) and that vps75A cells also show reduced H3-
K9ac levels (Fig. 3A). The role of Asfl in H3-K9 acetylation is
likely related to its role as a histone chaperone, since it is not
required for proper expression of Rtt109 or Vps75 (Fig. 3B).
In addition, Vps75 is not required for expression of Asfl,
suggesting that its effect on H3-K9ac is also likely to be direct
(Fig. 3B).

It was previously demonstrated that expression of ASFI is
required for S-phase accumulation of H3-K9ac (1). To deter-
mine if Rtt109 is also required, at least in part, for the S-phase-
specific accumulation of H3-K9ac, we analyzed protein extracts
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FIG. 3. Rtt109 acetylates H3-K9 in vivo. In panels A through E, immunoblotting on WCE from the indicated strains was performed with the indicated
antibodies after 15% SDS-PAGE. (A) Individual deletion of RTT109, VPS75, or ASFI results in reduced levels of H3-K9ac. WT, wild type; a-H3-K9ac,
-H3-K18ac, and -H3-K4me?2, anti-H3-K9ac, -H3-K18ac, and -H3-K4me2 antibodies. (B) VPS75 and ASF1 do not control each other’s expression. a-TAP,
-H3-K56ac, and -H3, anti-TAP, -H3-K56ac, and -H3 antibodies, respectively. (C) Deletion of RTT109 reduces the peak of S-phase-specific accumulation
of H3-K9ac. Strains were synchronized in G,/S with a-factor before release into the cell cycle. Passage through a single cycle takes ~90 min under optimal
conditions. Synchronized progress was monitored by expression of the G,/M cyclin CIb2. Immunostaining of H3 was used as a loading control. «-CLB2,
anti-CLB2 antibody. (D) The Hst3/Hst4 HDACs deacetylate H3-K56ac but not H3-K9ac. The Ast3A hst4A double mutant is isogenic with the WT (7).
(E) H3-K9ac is independent of H3-K56ac. H3-K9ac levels are indistinguishable from WT levels in an unacetylatable H3-K56R mutant, as are H3-K56ac
levels in an H3-K9R mutant. Strains are isogenic with MSY421 (36). (F) Inability to acetylate H3-K9 has no effect on DNA repair/genome stability.
Genotoxin sensitivity assays are performed as described for Fig. 1C. Strains are isogenic with MSY421 (36).

generated from synchronized wild-type and rttI09A cells by in G, and then accumulates through S phase but to a lesser
Western blotting. In a wild-type cell cycle, H3-K9ac is low in extent than in the wild-type cell cycle. At the time scale used in
G,, accumulates through S, and then decreases again in G,/M our analysis, we do not see the subsequent decrease in H3-
(Fig. 3C). In an r1t109A cell cycle, H3-K9ac also starts very low K9ac levels observed in G,/M as a consequence of the delay in
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FIG. 4. Chaperone involvement in H3-K9 acetylation by the Gen5 and Rtt109 HATS in vivo. (A) Deletion of either GCN5 or RTT109 reduces
cellular levels of H3-K9ac. The gen5A (JF81) and rtt109A (SC218) strains are isogenic with the wild-type (WT) strain BY4741. The second set of
rtt109A (AT398) and sas3A (AT411) strains are isogenic with WT-Y3656. a-H3, -H3-K18ac, -H3-K9ac, and -H3-K56ac, anti-H3, -H3-K18ac,
-H3-K9ac, and -H3-K56ac antibodies, respectively. (B) H3-K9ac is absent in the genSA rtt109A double mutant. (C) Double deletion of the GCN5
and RTT109 genes leads to synthetic sickness. Growth analysis of strains in the BY4741 background was performed as described for Fig. 1C.
a-H4-K12ac, anti-H4-K12ac antibody. (D) Absence of H3-K9ac in gen5A asfIA but not rtt109A asfIA double mutants. (E) Absence of H3-K9ac

in gen5A vps75A but not asfIA vps75A double mutants.

G,/M suffered by rtt109A cells (also seen in Fig. S2A in the
supplemental material), consistent with a previous analysis that
observed a significant G,/M delay in r#109A cells by fluores-
cence-activated cell sorting (13). Our results indicate that
rtt109A eliminates most but not all of the S-phase accumulation
of H3-K9ac. Deacetylation of H3-K56 occurs in G,/M because
of the HDAC pair Hst3/Hst4 (7). We determined that while
levels of H3-KS56ac are considerably elevated, H3-K9ac levels
are not changed in an Ast3A/hst4A background, indicating that
the H3-K56ac HDACs do not deacetylate H3-K9 (Fig. 3D).
To further understand the function of H3-K9 acetylation in
S. cerevisiae, we generated an H3-K9R strain. Western blotting
of WCE made from this strain demonstrates that, as expected,
no H3-K9ac signal is observed for H3-K9R (Fig. 3E), showing
the specificity of the antibody. In addition, H3-K9ac levels are
reduced in the rtt109A strain but not in the H3-K56R strain,
indicating that Rtt109-catalyzed H3-K9ac does not depend on
H3-K56ac (and also confirming the specificity of the antibody).
The reciprocal is also true, since H3-KS56ac levels are wild type
in the H3-K9R mutant (Fig. 3E). To determine if Rtt109’s
H3-K9ac activity is important for DNA repair, we assessed the
ability of H3-K9R point mutants to grow in the presence of
DNA-damaging chemicals (Fig. 3F). The H3-K9R mutant
grows as well as the wild type in the presence of DNA-dam-

aging agents (as has been previously shown [34]) and does not
enhance the drug hypersensitivity of H3-K56R when the two
lysines are mutated (H3-K9R/K56R, Fig. 3F), suggesting that
H3-K9ac does not have a role in DNA damage repair, further
supporting our SGA results for a genome stability-indepen-
dent role for the HAT.

Rtt109 functions with Vps75 and Asfl to generate H3-K9ac.
It has been reported previously that Gen5 is partially respon-
sible for H3-K9ac in vivo (1). We verified this result by West-
ern blot analysis (Fig. 4A). In addition, we found that gen5SA
lacks a different acetylation, H3-K18ac (Fig. 4A), a result con-
sistent with previously published in vivo data (29) and our in
vitro result using rGen5, which shows HAT activity on this
residue when core histones are used as a substrate (see Fig.
S4B in the supplemental material).

The fact that rt109A and genSA cells both have reduced
H3-K9ac levels raises the possibility that Gen5 and Rtt109
HATSs may together control all H3-K9ac in budding yeast. We
therefore made a genSA rtit109A double mutant and analyzed
both its growth (Fig. 4B) and the levels of H3-K9ac by Western
blotting (Fig. 4C). Under our conditions, deletion of GCNS5
does not cause sensitivity to DNA-damaging agents as ob-
served with the rtt109A strain (Fig. 4B). Deletion of GCN5 has
been previously shown to cause sensitivity to DNA-damaging
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chemicals (9) but at higher concentrations than used in the
present study. In contrast, gen5A rtit109A double mutants show
growth defects both on rich medium (yeast extract-peptone-
dextrose [YPD]) and on YPD supplemented with chemicals
that cause DNA damage (Fig. 4B). These results indicate that
Rtt109 and GenS might function in parallel pathways for DNA
damage repair. Since the H3-K9R/KS6R mutant phenotype is
not synthetic for DNA damage sensitivity, as is gcnSA rit109A,
the GenS contribution likely reflects the diverse targets of this
particular HAT besides H3-K9, including other H3 or H4
targets (45) or even nonhistone substrates (51). By Western
blotting, the r#t/09A and gen5A strains separately showed re-
duced levels of H3-K9ac (Fig. 4C), with the gen5A strain lack-
ing H3-K18ac and the rtt109A strain showing no H3-K56ac,
both as expected (Fig. 4C). In contrast, the genSA rtt109A
double mutant showed a complete loss of H3-K9ac, indicating
that Rtt109 and Gen5 are the only H3-K9 HATS in vivo in S.
cerevisiae.

To determine which of these two HATSs functions in con-
junction with Asfl, since it is likely that the HAT responsible
for most deposition-related H3-K9ac functions with this his-
tone chaperone, we generated genSA asflA and rtt109A asflA
double mutants and analyzed their cellular levels of H3-K9ac.
The rtt109A asfl1 A mutant had low levels of H3-K9ac, similar to
results for each respective single mutant (Fig. 4D). By contrast,
the gen5A asflA double mutant, like the genSA rtt109A double
mutant, lacked H3-K9ac. Thus, our in vivo results strongly
suggest that Rtt109 and Asfl function together in a GcenS5-
independent pathway to generate H3-K9ac.

To determine if Rtt109’s protein binding partner, Vps75,
functions in the H3-K9ac pathway along with Asfl and Rtt109,
we also generated gen5A vps75A double mutants and analyzed
them by Western blotting. We found that, like the gen5A
rtt109A and gen5A asfIA mutants, the gen5Avps75A double
mutants are also null for H3-K9ac (Fig. 4E). These results
imply that two histone chaperones, Asfl and Vps75, are both
required in vivo for the generation of Rtt109-catalyzed H3-
K9ac.

Asf1 interacts with the Hatl complex that acetylates H4-K5/
12. The complex relationship of Rtt109 with Asfl and Vps75
raised the interesting possibility that other HATs or histone-
modifying enzymes could associate with those histone chaper-
ones. In our previous analysis of Rtt109, we used purified
complexes from yeast to show that Asfl stimulates the H3-
KS56ac activity of Rtt109 (10) (Fig. 5A). We also noticed that
Asfl copurified from yeast with a robust H4-specific HAT
activity (Fig. 5SA). We then analyzed Asfl copurifying proteins
by using SDS-PAGE, silver stain analysis, and matrix-assisted
laser desorption ionization—-time-of-flight mass spectrometry
and identified Hatl as a novel Asfl copurifying protein. We
subsequently deleted HATI from Asfl-TAP and eliminated
the copurifying H4-specific HAT activity (Fig. 5B). Hatl and
Hat2 are components of Hat-B, the cytoplasmic HAT that
acetylates H4 at KS and K12 (30). In addition, a nuclear Hat1
complex exists, containing Hatl, Hat2, and Hifl (3, 32). We
tagged these three components separately in the Asfl-TAP
background and determined that Asf1-TAP copurifies with the
nuclear Hatl complex containing Hif1 (Fig. 5C). To determine
which component of the nuclear Hatl complex interacts with
Asf1, we deleted either HAT1 or HAT2 from Asf1-TAP car-
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rying either Hat1-Myc or Hif1-Myc (which does not affect their
respective expression; see Fig. S5A in the supplemental mate-
rial) and analyzed copurifying proteins by tandem affinity pu-
rification and Western blotting (Fig. 5D). Deletion of HATI
does not affect the interaction of Hifl and Hat2 (see Fig. S5B
in the supplemental material) or that of Hifl and Asfl (Fig.
5D). However, deletion of HAT2 from either strain prevented
the association of Asfl-TAP with either tagged Hifl or Hatl
(Fig. 5D). It has been previously shown that Hat2 mediates the
interaction of Hifl and Hatl (32) (see Fig. S5B in the supple-
mental material). If Hifl itself mediated the interaction of
Asfl and Hatl, then deletion of HAT2 should prevent the
Asfl-Hatl interaction but not that of Asfl-Hifl. Since both
interactions are prevented, we conclude one function of Hat2
is to mediate a physical association between Asfl and the
nuclear HAT complex.

To determine if deposition-related acetylation sites in H4
and H3 are related, we made a collection of single or multiple
point mutations in H4-KS, H4-K12, and H3-K56 and analyzed
them for their sensitivity to hydroxyurea (HU). Individual H4-
K5R or H4-K12R point mutants (carrying mutations which
prevent acetylation of these lysines) are resistant to HU, but an
H4-K5R/K12R double mutant does show hypersensitivity (Fig.
5E). In addition, when H4-K5R is combined with H3-K56R,
we observed that the double mutant is sicker when grown on
HU than H3-K56R (Fig. 5E), suggesting that H4-K5ac might
also have a role in the repair of S-phase DNA damage.

DISCUSSION

Control of Rtt109 specificity by the chaperones Asfl and
Vps75. We have shown that in addition to its function as an
H3-K56 HAT, Rtt109 is an H3-K9 HAT in S. cerevisiae. The
generation of H3-K9ac by Rtt109 requires both Asfl and
Vps75 in vivo. Our in vitro data are consistent with the in vivo
data: when using recombinant proteins, Rtt109-based in vitro
H3-K9ac HAT activity is strongly enhanced by Vps75 when
core histones or H3 alone is used as a substrate (Fig. 2A). In
addition, we have shown when using protein complexes from
yeast that Rtt109-Vps75 can promote H3-K9 acetylation in
vitro on core histones in a manner that is stimulated by Asfl
(Fig. 2D).

The in vitro role of Asfl in promoting Rtt109-based H3-
K9ac appears to be mechanistically quite different from its role
in stimulating Rtt109-based H3-K56ac. Rtt109 specificity is
determined in vivo by the histone chaperones it is using: Vps75
and/or Asfl. A model in which the substrate (H3-H4) or the
enzyme itself (Rtt109) is altered by the chaperone in a manner
that leads to a specific acetylation can explain the Asfl stim-
ulation of H3-K56ac by Rtt109. Indeed, this is consistent with
structural and modeling analyses of yeast Asf1 that suggest the
K56 residue on H3 is solvent exposed when bound to Asfl as
an H3-H4 dimer (4). Similarly, with respect to Rtt109’s H3-
K9ac activity, a structural change could occur upon H3-H4
binding by Vps75 that makes H3-K9 more accessible to Rtt109.
Alternately, a structural change could occur on H3-H4 upon
binding by Asfl, rendering H3-K9 inaccessible to Rtt109.

In addition, specificity is likely determined at least in part by
Rtt109 itself, with the substrate made accessible when it is
brought to Rtt109 by the histone chaperone. Supporting this
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idea is the fact that the Rtt109 target sites H3-K9 and H3-K56
are the only lysine residues in H3 to be followed by ST resi-
dues. It is formally possible that KST represents a minimal
target sequence (“motif”) for Rtt109-based acetylation and
that histone chaperones are required to properly position a
particular substrate for acetylation.

One possible explanation of the fact that Rtt109-Asfl does
not strongly catalyze H3-K9ac in vitro is that Asfl could have
an inhibitory effect on modification of sites in the N termini of
histones. An inhibitory effect on N-terminal sites of acetylation
by rAsfl on H3-H4 dimers has been reported previously. The
SAS complex (Sas2, Sas4, and Sas5) acetylates H3 (K14) and
H4 (K16) in vitro and has been shown to physically interact
with Asfl. However, when rAsfl-H3-H4 was incubated with
the recombinant SAS complex, acetylation on both histones
was significantly reduced (47). In addition, rAsfl strongly in-
hibits the H4-KSac activity of rHatl in an in vitro HAT assay
using core histones from chicken as a substrate (J. Fillingham
and J. F. Greenblatt, unpublished data). In this respect, Asfl
may be acting like the human protein INHAT, which blocks
the action of PCAF and p300/CBP, presumably through his-
tone masking (42).

Why would Asfl block N-terminal modification of the
H3-H4 dimer? One proposed function for histone chaperones
is to protect acetylated histones from the action of nuclear
HDAC: before their assembly into chromatin (36). It is pos-
sible that Asfl is able to block the N-terminal tails of bound
H3-H4 dimers to prevent their spurious modification by inap-
propriate enzymatic activities. Asfl could then recruit appro-
priate enzymes for specific modification depending on the par-
ticular situation (e.g., Rtt109-Vps75 and/or the nuclear Hatl
complex). The ability to overcome this hypothetical Asfl-me-
diated block could be a property of HAT-associated proteins
(Hat2 and/or Hifl in the case of Hatl and Vps75 in the case of
Rtt109) and/or Asfl-associated proteins, such as HIR-C (17)
or Rad53 (14). In this respect, it is worth noting that Asfl,
when purified from yeast, enhanced the H3-K9ac activity of
Rtt109-Vps75 purified from yeast (Fig. 2D). The exact mech-
anism behind this observation remains unclear but is at least
consistent with this model. In addition, the genes encoding
Hat2 and components of HIR-C have a similar set of genetic
interactions, indicating they could function in the same path-
way (N. J. Krogan, unpublished observation).

Why does Vps75 stabilize Rtt109? We have shown here that
a function of Vps75 is to stabilize Rtt109. The biological role of
this stabilization is currently unclear. Rtt109 and Vps75 appear
to be approximately equimolar when copurified via Rtt109-
TAP (25) (Fig. 1E). However, when copurified via Vps75-TAP,
it appears that Vps75 is in excess to Rtt109, suggesting Rtt109
may not exist in the cell without Vps75. It seems likely, there-
fore, that Asf1 recruits Rtt109 in conjunction with Vps75 even
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when, as for H3-KS56ac, Vps75 is not strictly needed for the
acetylation event.

Function of Rtt109-based H3-K9ac. Because H4-K5 appears
to be partially redundant with H3-K56 with respect to sensi-
tivity to HU (Fig. 5E), we suggest that a shared function of
these deposition-related acetylation marks is to promote ge-
nome stability through S phase. In contrast, H3-K9R is not
synthetic with H3-K56R when cells are grown in the presence
of HU or MMS (Fig. 3F), indicating that H3-K9ac may have a
function other than promotion of genome stability/DNA repair
during chromatin assembly in S phase. Since Rtt109 has been
suggested to be an S-phase-specific HAT due to its role in
H3-K56ac generation and because H3-K9ac has a well-docu-
mented role in transcription, we suggest the possibility that one
function of the Rtt109-based H3-K9ac associated with newly
synthesized H3 is to promote transcription of S-phase-specific
genes. Such a hypothesis would be consistent with the synthetic
genetic interactions of r#t109A observed with deletions of tran-
scription-related genes (see Fig. S3 in the supplemental mate-
rial). We are currently testing this hypothesis using chromatin
immunoprecipitation-chip and microarray technologies.

Model for histone modifications associated with S-phase
chromatin assembly. We suggest that Rtt109 is an H3-K9ac
HAT associated with S-phase chromatin assembly. Asfl re-
cruits Rtt109 (or Rtt109-Vps75) to bound H3-H4 dimers to
acetylate H3 at K56 via a physical interaction (which has been
demonstrated in vitro and in vivo using a cross-linking agent
[18, 49]). In the case of H3-K9ac, there are two possible models
consistent with our in vitro and in vivo data. In the first, Asfl
recruits Rtt109-Vps75 to its H3-H4 substrate to generate H3-
K9ac. In the second, Rtt109-Vps75 acetylates H3 associated
with Vps75; this acetylated H3 is then “passed” to Asf1, which
prevents its deacetylation before assembly into chromatin. In
addition, Asfl can recruit the nuclear Hatl complex to acety-
late H4 at K5 and K12. We suggest that Asfl has the potential
to assemble into chromatin itself or via other histone chaper-
ones, such as CAF-1, H3-H4 dimers that are acetylated on H4
at K5 and K12, as well as on H3 at K9 and K56 (Fig. 6). These
predictions match very closely the actual acetylation pattern
found on H3 and H4, which copurify with the Drosophila
RCAF complex that contains Drosophila Asfl (50). The H3
HAT activity of Gen5 during S-phase chromatin assembly re-
mains unclear.

The S. cerevisiae genome encodes a variety of histone chap-
erones, including one that appears to function in transcrip-
tional silencing, Rtt106 (20, 21). Our results suggest that
Rtt106 does not modify Rtt109 specificity. Identification of
protein-protein interactions for histone chaperones like Rtt106
might help determine whether they interact physically with
histone-modifying enzymes; given their requirement for re-
pression, one possibility is that they might be recruiting

carried out with anti-TAP or anti-Myc («-MYC) after tandem affinity purification of Asf1-TAP and 10% SDS-PAGE. (D) Association of the Asfl
histone chaperone with the nuclear Hatl complex (Hatl-Hat2-Hifl) is dependent on the Hat2 subunit. Silver staining or immunoblotting was
carried out after tandem affinity purification of Asfl-TAP followed by 10% SDS-PAGE. (E) Acetylation of H4-K5 and H3-K56 may perform
parallel roles in DNA repair. The unacetylatable H4-K5SR/H3-K56R double mutant is synthetically sensitive to the S-phase inhibitor HU
relative to the corresponding single mutants. Growth analysis of strains in an MSY421 background (36) was performed as described for Fig.

1C. WT, wild type.
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FIG. 6. Model illustrating the roles of histone chaperones and HATSs during chromatin assembly.

HDAG:. If this is the case, as we suggest for chromatin de-
position HATS, it would be interesting to know if these chap-
erones are involved in depositing hypoacetylated, rather than
hyperacetylated, histones into chromatin. Thus, a more general
model contemplates various chaperones acting in concert with
HATSs and/or HDACs (or even other histone-modifying en-
zymes) prior to chromatin assembly to provoke either a specific
histone acetylation pattern (see Fig. 6) or a specific hypoacety-
lation pattern. This is in contrast to HATs (e.g., GenS and
Esal) and HDAG:s (e.g., Sir2 and Rpd3) that act on nucleo-
somes.
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