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Summary
Acetylation of histone H3 on lysine 56 occurs during mitotic and meiotic S phase in fungal species.
This acetylation blocks a direct electrostatic interaction between histone H3 and nucleosomal DNA,
and the absence of this modification is associated with extreme sensitivity to genotoxic agents. We
show here that H3-K56 acetylation is catalyzed when Rtt109, a protein that lacks significant
homology to known acetyltransferases, forms an active complex with either of two histone-binding
proteins, Asf1 or Vps75. Rtt109 binds to both these cofactors but not to histones alone, forming
enzyme complexes with kinetic parameters similar to those of known histone acetyltransferase
(HAT) enzymes. Therefore, H3-K56 acetylation is catalyzed by a previously unknown mechanism
that requires a complex of two proteins: Rtt109 and a histone chaperone. Additionally, these
complexes are functionally distinct, with the Rtt109-Asf1 complex but not the Rtt109-Vps75
complex being critical for resistance to genotoxic agents.

Introduction
Eukaryotic genomes are assembled into a nucleoprotein complex called chromatin. The
fundamental repeating unit of chromatin is the nucleosome. Nucleosomes are comprised of
146 bp of DNA wrapped around an octamer of core histone proteins, two H2A/H2B dimers
flanking an (H3/H4)2 tetramer (Luger et al., 1997). In addition to their role in compacting the
genome, core histones carry a wide variety of post-translational modifications. Many
modifications occur on the N-terminal histone tails that protrude outside of DNA gyres of the
nucleosome, and these often impact the biological activity of surrounding chromatin regions
(Peterson and Laniel, 2004). In addition, mass spectrometric analyses have identified additional
modifications within the globular domains of histones that are wrapped by DNA (Mersfelder
and Parthun, 2006).

One such core domain modification is the acetylation of histone H3 lysine 56 (H3-K56) (Xu
et al., 2005; Masumoto et al., 2005; Ozdemir et al., 2005; Hyland et al., 2005). This lysine
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interacts with the phospho-backbone of DNA at its entry and exit points of the nucleosome.
Acetylation of H3-K56 neutralizes the positive charge on the lysine, disrupting this electrostatic
interaction. Accordingly, an H3-K56Q alteration that mimics constitutive acetylation causes
reduced superhelicity of plasmid chromatin and more rapid nuclease digestion, suggesting a
more flexible wrapping of DNA at the nucleosome edge (Masumoto et al., 2005).

The synthesis and removal of H3-K56ac is regulated by cell cycle progression and the DNA
damage checkpoint. H3-K56ac in yeasts is normally restricted to cells undergoing DNA
replication, either during mitotic or meiotic cell cycles (Masumoto et al., 2005; Recht et al.,
2006). However, the acetylation persists during DNA damage repair, because the Hst3 and
Hst4 sirtuin family deacetylases that remove this acetyl group are tightly regulated at the
transcriptional level, peaking after S phase but repressed upon checkpoint activation (Maas et
al., 2006; Celic et al., 2006). These tight regulations reflect the fact that acetylation of H3-K56
is critical for genome stability. The inability to acetylate H3-K56, as in cells expressing only
an H3-K56R mutant histone, causes substantial sensitivity to S phase-perturbing genotoxic
agents such as hydroxyurea (HU), camptothecin (CPT) and methyl methane sulfonate (MMS)
(Masumoto et al., 2005; Recht et al., 2006). However, constitutive H3-K56 acetylation, as
observed in hst3 hst4 double mutants, also results in poor growth, spontaneous DNA damage,
and chromosome loss, suggesting that too much of this modified histone negatively impacts
chromosome structure (Celic et al., 2006; Maas et al., 2006). Therefore, the mechanisms of the
synthesis and removal of H3-K56ac are of major impact to genome stability.

Unlike H3-K56ac deacetylation, the composition of HAT enzymes that synthesize H3-K56ac
has not been defined. Cells lacking the histone chaperone Asf1 lack H3-K56 acetylation but
display unchanged total H3 levels (Recht et al., 2006; Celic et al., 2006; Schneider et al.,
2006; Adkins et al., 2007). Indeed, mutants that lack either Asf1 or H3-K56ac display similar
DNA damage sensitivity phenotypes, suggesting that Asf1 and K56ac act in the same pathway.
Consistent with this, an H3-K56Q mutation partially suppresses the DNA damage sensitivity
and growth defects of asf1 cells (Recht et al., 2006). Notably, H3-K56ac depends on the Asf1-
histone interaction, because residues that affect H3 K56ac cluster in a region overlapping the
histone H3 binding site (Mousson et al., 2005; Recht et al., 2006; Antczak et al., 2006; English
et al., 2006; Adkins et al., 2007). Therefore, loss of H3-K56ac is a primary cause of the DNA
damage sensitivity phenotypes of asf1 cells, and the Asf1-H3 interaction is required for H3-
K56 acetylation. Additionally, asf1 hst3 hst4 triple mutant cells also lack H3-K56ac, ruling
out the possibility that Asf1’s role is to protect H3-K56ac groups from deacetylases (Celic et
al., 2006).

However, although Asf1 is required for H3-K56ac, Asf1 is a small histone chaperone protein
that lacks a candidate HAT catalytic domain (Daganzo et al., 2003). Moreover, the H3-K56
residue is far from the Asf1 binding site on histone H3 (Antczak et al., 2006; English et al.,
2006). Therefore, other proteins are better candidates for being the H3-K56 histone
acetyltransferase (HAT) enzyme. A biochemical survey of mutants lacking each known HAT
enzyme showed that none display altered levels of H3-K56ac (Ozdemir et al., 2005). In
contrast, a Global Proteomic Survey of yeast mutants detected a lack of H3-K56ac in rtt109
mutants, which also display sensitivity to genotoxic agents (Schneider et al., 2006). These data
suggested that Rtt109 could be important for HAT activity, although it lacks a canonical
enzymatic domain. Here, by analysis of recombinant Rtt109 protein, we confirm that this
protein is essential for H3-K56 HAT activity. However, efficient catalytic activity also requires
a histone chaperone protein, either Asf1 or Vps75. In contrast, Chromatin Assembly Factor-1
does not stimulate H3-K56 acetylation. Together, these data demonstrate that Rtt109 displays
specificity regarding its histone-binding cofactors, and define a previously unknown two-
subunit mechanism for histone acetylation.
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Results
Asf1-dependent histone acetyltransferase activity

Detection of H3-K56ac groups in budding yeast cell lysates requires the Asf1 histone
chaperone (Recht et al., 2006; Celic et al., 2006; Adkins et al., 2007), suggesting the presence
of an H3-K56 acetyltransferase that requires Asf1 for activity. To test this idea, we made whole
cell yeast extracts, incubated them with purified histones H3/H4 or Asf1/H3/H4 complexes,
and analyzed the products on immunoblots. Using a commercially available antibody specific
for the H3-K56ac modified residue, we indeed detected acetylation of H3-K56 that was largely
Asf1-dependent (Figure 1A, lane 1 and 2). This observation did not result from degradation of
the added H3 in the absence of Asf1 (Figure 1A, lower panels). Because the whole cell extracts
contained a weak Asf1-independent activity, we fractionated these by ion exchange
chromatography on Q sepharose, and found a fully Asf1-dependent activity was eluted at ~
0.4 M NaCl (Figure 1A, lanes 3–6). This acetylation activity depended on addition of acetyl-
Coenzyme A (AcCoA). Therefore, yeast extracts contain an Asf1-dependent H3-K56
acetyltransferase activity.

Recent data suggested that the Rtt109 protein is linked to H3-K56 HAT activity because
rtt109 mutant cells lack this modification (Figure 1B) (Schneider et al., 2006). To test the roles
of proteins implicated in H3-K56 acetylation, we made whole cell extracts from several mutant
yeast strains. We observed that asf1 mutant cell extracts efficiently acetylated H3 in Asf1/H3/
H4 complexes (Figure 1B) but not in free (H3/H4)2 tetramers (data not shown), consistent with
Asf1 being a cofactor for the HAT enzyme. Whole cell lysates from cells lacking Vps75, a
Rtt109-binding protein (Krogan et al., 2006), displayed wild-type levels of H3-K56ac, although
extracts from vps75 mutant cells displayed reduced HAT activity. These data indicated that
Vps75 is not essential for H3-K56 acetylation but may play an auxiliary role. Notably, extracts
from rtt109 cells lacked activity regardless of the presence of Asf1 (Figure 1B and data not
shown), suggesting that Rtt109 is required for Asf1-dependent H3-K56 HAT activity.

Activity of two different recombinant HAT complexes
To precisely determine the protein requirements for H3-K56 acetylation, we produced
recombinant Rtt109 and Vps75 proteins separately in bacteria, and also coexpressed both
subunits. We generated highly purified preparations of these proteins by metal affinity and ion
exchange chromatography, and observed that the coexpressed Rtt109 and Vps75 subunits
remained tightly associated during the purification (Figure 1C). Recombinant Rtt109 did not
acetylate free (H3/H4)2 tetramers, nor did Vps75 (Figure 1D, lanes 1 and 2). In contrast, the
Rtt109/Vps75 complexes displayed robust activity either in the presence or absence of Asf1
(Figure 1D, lanes 3 and 6). Because Vps75 has homology to the Nap1/Set family of histone
binding proteins (Supplemental Figure 1), we hypothesized that multiple histone binding
cofactors could stimulate activity. Indeed, Asf1 stimulated H3-K56 acetylation by Rtt109 in
the absence of Vps75 (Figure 1D, lane 5). In contrast, yeast Chromatin Assembly Factor-1, a
three-subunit complex important for DNA replication-linked histone deposition (Kaufman et
al., 1997), did not support acetylation (Figure 1E). Together, these data indicate that Rtt109 is
part of a histone chaperone-dependent HAT enzyme complex, and that only a subset of histone
binding proteins can contribute to an active complex.

Protein complex formation by enzyme subunits
Because Vps75 stimulates histone acetylation by Rtt109, we analyzed the interaction of Vps75
and histones H3/H4 by velocity sedimentation on glycerol gradients (Figure 2A-C). Vps75 and
histones H3/H4 together formed faster-sedimenting complexes, demonstrating interaction in
solution. In contrast, Rtt109 did not appear to stably interact with histones H3/H4 (Figure 2D-
E). Vps75 is clearly a high affinity Rtt109-binding protein (Krogan et al., 2006; Figure 1C),
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but an interaction between Rtt109 and its other cofactor, Asf1, had not been described. To
examine this, we used a FLAG epitope-tagged version of Asf1 (Sharp et al., 2001) to test for
interactions with Rtt109, Vps75 and Rtt109/Vps75 complexes by coimmunoprecipitation
(Figure 2F). Notably, Rtt109 was efficiently coprecipitated with Asf1-FLAG. In contrast,
Vps75 alone or the Rtt109/Vps75 complex were not efficiently retained. Thus, Asf1 and Vps75
are both histone binding proteins that form active complexes with Rtt109. However, Vps75
appears to block the Asf1-Rtt109 interaction.

Vps75 shares significant similarity with the NAP/SET of histone chaperones (Supplemental
Figure 1). Because Nap1 binds to both H2A/H2B dimers and H3/H4 complexes (McBryant et
al., 2003), we determined whether Vps75 shares this property. Indeed, we observed that Vps75
does form complexes with H2A/H2B during velocity sedimentation (Supplemental Figure 4).
However, histones are poorly recovered during affinity purification of epitope-tagged Vps75-
containing complexes from yeast (data not shown), suggesting that Vps75-histone interactions
are very dynamic in vivo.

Inhibition of HAT activity by DNA
The previous experiments were performed using histone substrates in the absence of DNA.
H3-K56ac modifications are observed on nascent protein complexes (Masumoto et al., 2005;
Zhou et al., 2006) but it was not known whether acetylation occurred on histones already
deposited onto DNA. We therefore examined histone octamer and (H3/H4)2 tetramer
complexes on DNA as substrates, testing for H3-K56 acetylation by immunoblotting of SDS-
PAGE gels to detect proteins (Figure 3A) or native gels to separate histone-DNA complexes
(Supplemental Figure 2). Neither Asf1 nor Vps75 in combination with Rtt109 could modify
H3 bound to DNA, either in tetramers or octamers. Similar results were observed whether the
DNA template was a multimer of Xenopus 5S DNA or a synthetic sequence selected for high
nucleosome affinity (Lowary and Widom, 1998; data not shown). These data suggest that the
preferred substrates of both Rtt109-containing enzyme complexes are likely to be nascent
histones.

Site specificity of recombinant HAT complexes
To more thoroughly analyze the substrate specificity of the different enzyme complexes, we
performed reactions using [3H]-AcCoA and histone (H3/H4)2 tetramer substrates (Figure 3B).
This experiment demonstrated that both the Asf1- and Vps75-stimulated reactions resulted in
preferential labeling of histone H3. Additionally, the Rtt109-Vps75 complex was incubated
with AcCoA and each core histone (H3, H4, H2A and H2B) individually, and H3 was greatly
preferred by 15 to 100-fold over the other core histones (Figure 3C). We also subjected the
reaction products to mass spectrometric analyses. Upon incubation of Rtt109 and Asf1 with
recombinant yeast histone (H3/H4)2 tetramers, we observed a single new species dependent
on the addition of AcCoA (Figure 4A). This material had the mass of 15265 Da, indicative of
a single acetylation on the recombinant yeast H3 used here, which has an expected mass of
15,225 Da. No alteration of the mass of H4 was observed. Tandem mass spectrometry (MS/
MS) analysis of these reaction products detected acetylation on H3 lysine 56 (Figure 4B). We
also analyzed products formed by the other complex, Rtt109/Vps75, and detected one
acetylated residue, H3 lysine 56 (Figure 4C). We conclude that Rtt109 can form two different
H3-K56 acetyltransferase complexes with different histone chaperone cofactors.

Kinetic analysis and identification of essential Rtt109 residues
To provide detailed biochemical evidence that the Rtt109-Vps75 and Rtt109-Asf1 complexes
are bona fide HATs, we determined the steady-state kinetics of AcCoA-dependent histone
acetylation. The initial rates of acetylation were determined at varied levels of AcCoA and
histones (Figure 5), and the rate data were fitted to the Michaelis-Menten equation to determine
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kcat, Km, and kcat/Km kinetic constants. Both AcCoA and histone substrates displayed saturation
kinetics, a diagnostic behavior of an enzyme-catalyzed reaction. In the AcCoA titration, the
turnover number (kcat) determined for Rtt109-Vps75 was 0.19 ± 0.01 s−1, with a Km value for
AcCoA of 1.0 ± 0.2 μM, and a kcat/Km of 1.9 ± 0.4 x 105 M−1 s−1 (Figure 5A). An AcCoA
Km value of 1 μM is similar to those determined for the well-characterized HATs Gcn5, p/
CAF, Esa1/piccolo NuA4, and p300/CBP, suggesting that, despite the absence of a typical
AcCoA binding motif (R/QXXGXG/A), Rtt109-Vps75 binds AcCoA in a manner similar to
other known HATs (Tanner et al., 1999;Tanner et al., 2000a;Tanner et al., 2000b;Lau et al.,
2000;Thompson et al., 2001;Berndsen et al., 2007). Moreover, these data demonstrate that
Rtt109-Vps75 can bind acetyl-CoA with high efficiency, something that has not been shown
for Spt10, a putative acetyltransferase also implicated to acetylate H3-K56 (Neuwald and
Landsman, 1997;Shen et al., 2002;Hess et al., 2004;Xu et al., 2005). The Km of the enzyme
for AcCoA was in the micromolar range in the presence of either the Asf1 or Vps75 cofactor
(Supplemental Figure 3). In contrast to the efficient enzyme complexes, time course analysis
of H3 acetylation revealed that Rtt109 alone displays almost negligible acetyltransferase
activity (Figure 5B).

In experiments where the concentrations of histone H3/H4 substrates were varied, we observed
that both complexes displayed a Km value for histones of ~1.0 μM (Figures 5C–D). For the
Rtt109-Asf1 complex, kcat was 0.021 ± 0.002 s−1, with a kcat/Km value of 2.0 ± 0.5 x 104

M−1 s−1 (Figure 5C). For the Rtt109-Vps75 complex, kcat was 0.34± 0.04 s−1, with a kcat/Km
value of 4.4 ± 0.9 x 105 M−1 s−1 (Figure 5D). The Km and kcat/Km values for histones were
also in line with those reported for authenticated HATs (Tanner et al., 1999; Tanner et al.,
2000a; Tanner et al., 2000b; Lau et al., 2000; Thompson et al., 2001; Berndsen et al., 2007),
providing strong evidence that both the Rtt109-Vps75 and Rtt109-Asf1 complexes are bona
fide histone acetyltransferases.

Examination of protein databases reveals homologs of S. cerevisiae Rtt109 only among other
fungal species (Supplemental Figure 5). Alignment of Rtt109 homologs from distantly related
fungi shows only a small number of invariant residues. We hypothesized that highly conserved
charged or polar residues were likely candidates for important catalytic roles, and we mutated
two clusters of these to alanines. We found that both mutant Rtt109 proteins bound to and
copurified with Vps75 coexpressed in bacteria, demonstrating that they were not grossly
misfolded (Figure 5E). However, the Rtt109(DD287–288AA) double mutant protein formed
complexes that lacked HAT activity, whereas the Rtt109(318–320AAA) mutant protein
formed functional HAT complexes (Figure 5F). These data indicate that some conserved
residues are essential for catalytic activity, and emphasize the primary importance of the Rtt109
subunit for HAT activity.

Histone substrate requirements
To provide insight into the requirement for the Vps75- and Asf1-dependence of Rtt109 HAT
activity, we also assessed the acetylation efficiency on free H3 in the absence of H4 under a
variety of conditions. Figure 6A shows a representative saturation plot of free histone H3 with
Rtt109-Vps75. The kcat value was 0.21 ± 0.04 s−1 with a Km of 5.9 ± 0.8 μM and a kcat/Km of
3.5 ± 0.9 x 104 M−1 s−1. The moderately increased Km value suggests that H4 makes a small
contribution to histone H3 modification by Rtt109-Vps75. In contrast, addition of Asf1 to
Rtt109 yielded a complex incapable of acetylation on free H3 (Figure 6B). However, when H4
was added to the reaction of H3 and Rtt109-Asf1 (Figure 6C), efficient acetylation was
observed. Interestingly, Asf1 does not significantly increase the rate of H3 acetylation when
added to a pre-formed complex of Rtt109-Vps75 (Figure 6B), consistent with its poor binding
to the Rtt109-Vps75 complex (Figure 2). Collectively, these data suggest that Rtt109 is
essential for HAT activity and that binding of either Vps75 or Asf1 creates a highly efficient
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and specific HAT that acetylates lysine 56 of H3. In the case of Asf1, inclusion of histone H4
is required for this robust acetylation.

Roles of the chaperone cofactors in vivo
To examine how Rtt109 and Asf1 are related to the genome stability function of H3-K56
acetylation, we performed genetic epistasis tests. Because asf1 and rtt109 cells are both very
sensitive to high concentrations of genotoxic agents (Schneider et al., 2006), we tested growth
in the presence of a low concentration of CPT to facilitate detection of synthetic phenotypes.
Deletion of the ASF1 gene or a histone H3-K56R mutation cause similar sensitivity to low
concentrations of CPT (Figure 7A). Additionally, rtt109 asf1 and rtt109 H3-K56R double
mutants displayed the same sensitivity as the single mutants, suggesting all these factors
function in the same process. In contrast, vps75 mutant cells did not display the CPT-sensitive
phenotype observed in rtt109 cells (Figure 7B).

Previous data showed that asf1 mutant cells display defects in the stability of DNA replication
proteins at HU-stalled forks (Franco et al., 2005). To determine whether other mutations that
affect H3-K56 metabolism share this phenotype, we performed chromatin
immunoprecipitation (ChIP) experiments to examine retention of PCNA, the DNA polymerase
processivity clamp, at an early replication origin termed ARS607. As expected, PCNA levels
in wild-type cells were enriched at ARS607 compared to a distal region 14kb away. However,
PCNA levels were reduced at the origin DNA in asf1 cells, and similar reductions were
observed in H3-K56R or rtt109 mutant cells (Figure 7C–D). Together, these data indicate that
the Rtt109/Asf1 complex but not the Rtt109/Vps75 complex is important for genome stability.

Additionally, by ChIP we compared levels of H3-K56ac at stalled forks in wild-type and
rtt109 cells (Figure 7E). We observed that wild-type cells display significant enrichment of
this modification at stalled forks, and that this is lost in rtt109 mutant cells. Therefore, rtt109
cells not only display global deficits in H3-K56 acetylation in cell extracts (Figure 1; (Schneider
et al., 2006)) and at specific gene promoters (Schneider et al., 2006), but also lack this
modification at replication forks. These data are consistent with the role of Rtt109 and H3-
K56ac in genome stability.

Discussion
We report here the identification and characterization of a new class of histone acetyltransferase
enzymes, formed by complexes of budding yeast Rtt109 with two different histone chaperones.
There are three prominent characteristics of these complexes. First, they both have a strong
preference for histone H3 lysine 56 as their substrate. Second, Rtt109 bears no obvious
homology to the many well-characterized HAT enzymes previously described. Third,
enzymatic activity of these complexes requires a histone binding cofactor, and only a subset
of histone binding proteins suffice for this role.

We show that both Vps75 and Asf1 can function as cofactors, but generate functionally distinct
complexes with Rtt109. Most notably, the Rtt109/Vps75 complex efficiently acetylates free
histone H3, and is not dramatically stimulated by H4. In contrast, the Rtt109/Asf1 complex
does not efficiently acetylate free H3, and only becomes a robust enzyme in the presence of
H4. These data suggest that the direct Asf1-H4 contacts (English et al., 2006) are important
for the proper binding and/or positioning of H3 in the enzyme complex. In contrast, the
interaction between the Rtt109/Vps75 complex and H3 is sufficient for efficient enzyme
activation.

We demonstrate that Vps75, a Rtt109 binding partner and a member of the NAP/SET family
is indeed a histone H3/H4 and H2A/H2B binding protein (Figure 2 and Supplemental Figure
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4). The crystal structure of the related yeast Nap1 protein demonstrates that this protein has a
subdomain containing a beta-stranded region reminiscent of the immunoglobulin fold of the
Asf1 globular domain (Park and Luger, 2006;Daganzo et al., 2003;English et al., 2006). This
region is conserved among the Nap1 and Vps75 family members (Supplemental Figure 1).
Notably, Asf1 binds to a histone H3/H4 dimer in a manner that leaves the H3-K56 residue
accessible to solution (Antczak et al., 2006;English et al., 2006), and this geometry is likely
important for substrate recognition by Rtt109.

We demonstrate that Asf1 and Vps75 both bind Rtt109 and form active enzyme complexes.
We propose that these histone chaperone proteins act as a scaffold to bring together the histones
and Rtt109, which do not interact tightly on their own (Figure 2). The chaperones may also
present the histones in a favorable orientation for acetylation. We note that Vps75 appears to
inhibit the interaction between Asf1 and Rtt109. Future studies will be required to determine
how the interaction of Rtt109 with multiple cofactors may be regulated in vivo. Such regulation
is likely critical because the two Rtt109 cofactors are functionally distinct. Specifically, Asf1
is the functionally relevant cofactor for providing the H3-K56 acetylated molecules that confer
genome stability (Figure 7). Therefore, we hypothesize that Asf1 directs formation of an active
complex with Rtt109 for the purpose of modifying newly synthesized histone H3 molecules
during S phase, and that Rtt109-Vps75 complexes have other functions yet to be determined.

The easily detected homologs of budding yeast Rtt109 are only found in fungal species
(Supplemental Figure 5). However, H3-K56 acetylation has been detected as an abundant
modification in other eukaryotic organisms, including Drosophila (Xu et al., 2005; Schneider
et al., 2006) and Tetrahymena (Garcia et al., 2006). Additionally, it appears at low levels in
cultured human cells (Garcia et al., 2006). Therefore, non-fungal organisms that display H3-
K56 acetylation may harbor highly diverged Rtt109 family members, or possess
uncharacterized enzymes that perform this reaction. It remains to be determined whether this
modification is formed in mammalian cells at limited times during the cell cycle or in a tissue
specific manner.

While the revised version of this paper was in review, two reports were published describing
links between Rtt109, H3-K56 acetylation and genome stability (Driscoll et al., 2007; Han et
al., 2007).

Experimental Procedures
Proteins

Recombinant Rtt109 and Vps75 were generated by cloning the open reading frames into
pET28a+ (kanamycin selection, Novagen) or pET3a-Tr (Tan, 2001) (ampicillin selection),
respectively. E. coli Rosetta (Novagen) cells were transformed with either or both of these
plasmids and selected with the appropriate drugs. Cultures were grown in LB media at 27°C
and protein expression was induced by addition of 0.5 mM IPTG at a density of A600 ~0.6.
Cells were harvested after 4 hours of induction, washed with 1 x phosphate-buffered saline +
0.1 mM PMSF, and frozen in liquid nitrogen and stored at -80°C. Cells were resuspended in
1/100th culture volume 1x Ni-NTA Buffer (50 mM Na phosphate, pH 8.0, 300 mM NaCl, 5%
glycerol, 0.01 % NP40, 10 mM imidazole and 10 mM beta-mercaptoethanol) and lysed by
sonication. Extracts were clarified by centrifugation at 100,000 x g for 30 minutes and
incubated with Ni-NTA metal affinity resin (Qiagen). The resin was washed extensively with
1x Ni-NTA Buffer, and recombinant proteins were eluted with the same buffer containing 200
mM imidazole. Eluted proteins were dialyzed into Buffer A (25 mM Tris-Cl, pH 7.5, 1 mM
EDTA, 10% glycerol, 0.01% NP40) + 50 mM NaCl and further purified by chromatography
on Poros HS cation exchange resin by salt gradient elution from 50 mM to 1.0 M NaCl.
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Histones were purified from either chicken erythrocyte nuclei (von Holt et al., 1989), or
recombinant yeast or Xenopus histones were generated in bacteria as described (Luger et al.,
1999; Gelbart et al., 2001). Yeast Asf1 and Asf1/H3/H4 complexes were generated as described
(Sharp et al., 2001). Recombinant yeast CAF-1 was overproduced in insect cells as described
(Krawitz et al., 2002).

Wild-type and mutant yeast extracts for enzyme assays were prepared by grinding log phase
cells in a porcelain mortar under liquid nitrogen for 20–30 minutes until a fine powder was
generated. The powder was collected and resuspended in an equal volume of 2x Buffer A.
Whole cell lysates for immunoblotting were generated by alkali lysis as described (Kushnirov,
2000).

Antibodies
Anti-H3K56ac (Upstate) and anti-H3 (Abcam) were from commercial suppliers. Anti-Asf1
polyclonal antibodies have been described (Daganzo et al., 2003).

Histone acetyltransferase assays
Reactions analyzed by immunoblotting were performed in 10 μl in HAT assay buffer (50 mM
Tris-acetate, 50 mM Bis-Tris-acetate, 100 mM Na acetate, pH 7.0, 1 mM DTT) with 25 μM
AcCoA (Sigma) except as indicated, 3 pmol of Asf1/H3/H4 complex, and a final adjusted NaCl
concentration of 20–30 mM. Reactions were incubated at 30°C for 30 min and stopped by
addition of protein gel sample buffer. Reactions analyzed by filter binding and scintillation
counting of products (Berndsen and Denu, 2005) were performed in 50 mM Tris-Cl, pH 7.5,
1 mM DTT, using 2 μM [3H]-acetyl Coenzyme A (2000 cpm/pmol, Sigma or Pharmacia)
except where noted. Data were fit to the Michaelis-Menten equation in Kaleidagraph to
determine kinetic constants, which are reported as average values +/− standard deviations.

Protein interaction and other assays
20 pmol of His-Rtt109, His-Vps75/Rtt109 or His-Vps75 were incubated with or without 40
pmol of Asf1-FLAG in the presence of anti-FLAG M2 agarose affinity resin (Sigma) in Buffer
A + 150 mM NaCl + 1 mM DTT for 12 hrs at 4°C with gentle rotation. The resin was collected
by centrifugation at 5 Krpm and washed twice with 500 μl Buffer A + 150 mM NaCl + 1 mM
DTT. Washed beads were analyzed on a 15% SDS-PAGE gel stained with Coomassie Blue
G.

Chromatin immunoprecipitation was performed as described (Franco et al., 2005). Additional
methods for mass spectrometry and assembly of histone-DNA complexes are found in the
Supplementary Material.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detection and reconstitution of H3-K56 acetyltransferases
A. Asf1-dependent acetylation of histone H3-K56 in wild-type cell extracts. HAT assays were
performed using 5 μg of wild-type yeast whole cell extract (WCE) proteins (lanes 1 and 2) or
2 μl of a Poros Q fraction from the extract (lanes 3–6). 6 pmol of chicken histones H3/H4 or
Asf1/H3/H4 complexes were added, with or without 25μM AcCoA as indicated. The products
were analyzed by immunoblotting with the indicated antibodies.
B. Analysis of mutant cell lysates and extracts. (left) rtt109 and asf1 mutant cells lack H3-
K56ac. Whole cell alkaline lysis extracts of the indicated mutant strains were analyzed by
immunoblotting. (right) rtt109 mutant cell extracts lack HAT activity. HAT assays were
performed using 6 pmol Asf1/H3/H4 and 5 μg of whole cell extracts of the indicated mutant
strains.
C. Purified recombinant His6-Rtt109 (lane 1), His6-Vps75 (lane2), and Rtt109/His6-Vps75
proteins were analyzed on a 15% SDS-PAGE gel and stained with Coomassie Blue R250.
D. HAT activity of recombinant proteins. 0.3 pmol of recombinant Rtt109 and/or Vps75, 6
pmol of yeast H3/H4, and 3 pmol of Asf1 were assayed as indicated.
E. Asf1 and Vps75 but not CAF-1 stimulate Rtt109 activity. 0.9 pmol of Asf1, Vps75 or CAF-1
and the indicated amount of Rtt109 with 6 pmol of yeast H3/H4 were used in the HAT assay.
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Figure 2. Protein interactions that govern H3-K56 acetylation
A–E. Vps75 is a histone binding protein. 1 μg of the following proteins were incubated on ice
for 1hr and separated on a 5 ml 15–35 % glycerol gradient centrifuged at 49 Krpm (225 K x
g) for 24 hrs at 4°C: A: Vps75, B: yeast histones H3/H4, C: Vps75 + H3/H4, D: Rtt109, E:
Rtt109 + H3/H4. 350 μl of each fraction were TCA-precipitated and analyzed on silver-stained
15% SDS-PAGE gels.
F. Rtt109 binds Asf1. 40 pmol (1.2 μg) Asf1-FLAG protein was incubated with 20 pmol of
the indicated His6-recombinant proteins and then precipitated with anti-FLAG antibody beads.
Washed beads were analyzed on a 15% SDS-PAGE gel stained with Coomassie Blue G.
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Figure 3. Biochemcial analyses of substrate specificity
A. HAT assays were performed with 0.3 pmol of Rtt109 and 3 pmol of Asf1 or Vps75 where
indicated. Substrates were 2 pmol of either chicken (H3/H4)2 tetramers in solution (lanes 1–
3), tetramers deposited onto arrays of 5S DNA (lanes 4–6), or complete nucleosomes on 5S
DNA arrays (lanes 7–9). Products were analyzed by SDS-PAGE and immunoblotting.
B. SDS-PAGE analysis of HAT reactions performed using 2.0 μM [3H]-AcCoA, 3 pmol of
Asf1 or Vps75, 1.0 pmol of Rtt109, and 6 pmol of yeast histones H3/H4. Products were
analyzed by silver staining (left) or autoradiography for 6 days (right).
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C. Rate of Rtt109/Vps75 labeling of individual core histones. Filter binding assays were
performed with 75 μM Acetyl-CoA, 20 μM histone, 0.4–0.8 μM Rtt109/Vps75 complex at 25
ºC. Rates are averages from triplicate experiments with standard deviation shown.
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Figure 4. Mass spectrometric analyses of substrate specificity
A. Single acetylation of H3 by the Rtt109/Asf1 complex. Upper panel: Rtt109/Asf1 was
incubated with recombinant yeast histones H3/H4 in the presence of AcCoA. Reaction products
were analyzed by LCMS and a portion of the chromatograph is shown. Peaks were analyzed
by MS/MS, resulting in the indicated mass observations. The expected mass of recombinant
yeast H3 is 15,225 Da and H4 is 11,237 Da. Lower panel: As above, except that AcCoA was
omitted.
B. H3-K56 is the preferred substrate for the Rtt109/Asf1 complex. MS/MS Fragmentation ions
from the selected acetylated peptide shown above.

Tsubota et al. Page 15

Mol Cell. Author manuscript; available in PMC 2008 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



C. H3-K56 is the preferred substrate for the Rtt109/Vps75 complex. MS/MS Fragmentation
ions from the selected acetylated peptide. No additional acetylated peptides were identified.
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Figure 5. Enzymatic characterization of Rtt109
A. Acetyl-CoA saturation curve using the preformed Rtt109-Vps75 complex. Acetyl-CoA was
varied from 0.25 to 13.5 μM at 30 μM histone H3 in filter binding assays containing 0.1 μM
Rtt109-Vps75 complex. The kcat was 0.19 ± 0.01 s−1, with a Km for acetyl-CoA of 1 ± 0.2
μM and a kcat/Km =1.9 ± 0.4 x 105 M−1 s−1. Data from duplicate samples are shown.
B. Time course of activity of Rtt109 on H3. Filter binding assay was performed with 75 μM
Acetyl-CoA, 20 μM histone H3 at 25 ºC. Either 1 μM Rtt109 (squares) or 0.46 μM Rtt109-
Vps75 complex (circles) was used in assays. Initial velocity for the Rtt109-Vps75 complex
was 0.13 s−1 with background levels of activity for Rtt109 alone. Experiments with a higher
concentration of H3 showed similar results (data not shown).
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C. H3/H4 saturation curve using Rtt109 with Asf1. The rate of acetylation was determined at
H3/H4 concentrations (as dimer) from 0.3 to 9.6 or 4.8 μM at 4.8 μM acetyl-CoA. Filter binding
assays contained 0.06 μM Rtt109 and 0.3 μM of Asf1. kcat was 0.021 ± 0.002 s−1, with a Km
for histones H3/H4 of 1.19 ± 0.34 μM, and a kcat/Km value of 2.0 ± 0.5 x 104 M−1 s−1. Data
from duplicate samples are shown.
D. As in C, with 0.3 μM Vps75 as the cofactor. kcat was 0.34± 0.04 s−1 with Km for histones
H3/H4 of 0.84 ± 0.28 μM, and a kcat/Km value of 4.4 ± 0.9 x 105 M−1 s−1. Data from duplicate
samples are shown.
E. Mutant Rtt109 proteins bind Vps75. Wild-type or mutant His6-Rtt109 proteins containing
residues 287–288 or 318–320 changed to alanines were coexpressed in bacteria with untagged
Vps75. Purified complexes were analyzed on a 15% SDS-PAGE gel and stained with
Coomassie Blue. These preparations contain a greater amount of a bacterial heat shock protein
(*) than do the Rtt109/Vps75-His6 preparations shown in Figure 1C.
F. HAT activity of mutant enzyme complexes. Filter binding assays were performed with 0,
80 or 320 ng of recombinant WT or mutant His6-Rtt109/Vps75 complexes, 24 pmol of yeast
histones H3/H4 and 3.2 μM [3H]-AcCoA.
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Figure 6. H4 is required for Rtt109/Asf1 activity
A. Free H3 saturation curve with the Rtt109-Vps75 complex. The rate of acetylation was
determined at H3 concentrations from 0.8 to 86 μM at 75 μM acetyl-CoA. Filter binding assays
contained 0.1 to 0.3 μM Rtt109-Vps75 complex. kcat was determined to be 0.21± 0.04 s−1, with
a Km for histone H3 of 5.9 ± 0.8 μM, and a kcat/Km value of 3.5 ± 0.9 x 104 M−1 s−1. Experiments
were done in triplicate with representative data shown.
B. Vps75 but not Asf1 can stimulate acetylation of free H3. Filter binding assays contained 75
μM acetyl-CoA, 20 μM H3. The concentration of Rtt109 (alone or in the coexpressed Rtt109-
Vps75 complex) was 0.4 μM, Asf1 was 0.5 μM (+) or 1 μM (++), and Vps75 was 0.7 (+) or1.4
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μM (++). 5 μg (+) or 10 μg (++)BSA was used as a control for interaction specificity. Data are
averages from two experiments with standard deviation shown.
C. Asf1 stimulates H3 acetylation only in the presence of H4. Acetylation was monitored in
filter binding assays with 75 μM acetyl-CoA, 20 μM each of H3 and/or H4, and 0.1 μM Rtt109.
0.7 μM Asf1 was added where noted. Data are averages from two experiments with standard
deviation shown.
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Figure 7. Asf1 and Vps75 have functionally different roles in vivo
A. Similar sensitivity to CPT caused by asf1Δ, rtt109Δ and H3-K56R mutations. Equal
numbers of log-phase cells of the indicated genotypes were plated on rich, non-selective media
(YPD) or on the same media containing 0.5 μg/ml CPT. Plates were grown at 30°C for 3 days
prior to photography.
B. As in A, comparing rtt109Δ and vps75Δ mutants.
C. Chromatin immunoprecipitation analysis of PCNA enrichment at an early replication origin
(ARS607). α factor-arrested cells were released into 0.2 M HU for 30 minutes and crosslinked
with formaldehyde. Triplicate IP reactions with an anti-PCNA antibody were carried out using
extracts from the indicated strains. PCR was used to detect the amount of ARS607 DNA
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immunoprecipitated relative to the +14kb band, which represents a DNA probe distal from the
origin.
D. As in C, comparing rtt109Δ and asf1Δ mutants. PI indicates immunoprecipitation with pre-
immune control sera.
E. As above, except that IPs were performed with anti-H3-K56ac antibodies.
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