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Summary

In Saccharomyces cerevisiae, known histone acetyla-
tion sites regulating gene activity are located in the
N-terminal tails protruding from the nucleosome core.
We report lysine 56 in histone H3 as a novel acetyla-
tion site that is located in the globular domain, where
it extends toward the DNA major groove at the entry-
exit points of the DNA superhelix as it wraps around
the nucleosome. We show that K56 acetylation is en-
riched preferentially at certain active genes, such as
those coding for histones. SPT10, a putative acetyl-
transferase, is required for cell cycle-specific K56
acetylation at histone genes. This allows recruitment
of the nucleosome remodeling factor Snf5 and subse-
quent transcription. These findings indicate that his-
tone H3 K56 acetylation at the entry-exit gate enables
recruitment of the SWI/SNF nucleosome remodeling
complex and so regulates gene activity.

Introduction

Eukaryotic DNA is packaged in nucleosomal particles
for assembly into higher-order structures in the nu-
cleus. These particles contain four core histones (H2A,
H2B, H3, and H4), which form a protein octamer that is
wrapped by almost two turns or 146 bp of DNA. How-
ever, the nucleosomal core particle is a dynamic struc-
ture that can participate in gene regulation and higher-
order folding through specialized histone domains.
Each histone contains a charged N-terminal region
adjacent to a globular structured domain containing
a-helical histone folds. As observed in the nucleosome
core particle high-resolution X-ray structure, the his-
tone N-terminal tails extend from the core of the
nucleosome and pass between the gyres of the DNA
superhelix where they may interact with adjacent
nucleosomes (Luger et al., 1997a). The N termini are
also the targets of enzymes that add or remove acetyl,
methyl, and phosphate groups that help modulate the
function of the histone proteins. These posttransla-
tional modifications and the N-terminal tails themselves
have little effect on nucleosome stability (Luger et al.,
1997a). However, the tails are required for higher orders
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of chromatin fiber folding in vitro that may affect access
to transcription factors (Dorigo et al., 2003). In addition,
the histone N termini serve as binding sites for tran-
scriptional regulators. For example, in yeast, both re-
pressor proteins, such as Sir3, and transcriptional acti-
vators, such as the bromodomain-containing protein
Bdf1, interact with the histone H4 N terminus. These
interactions are regulated by histone acetyltransferases
(HATs) and deacetylases (HDACs) (Carmen et al., 2002;
Hecht et al., 1995; Ladurner et al., 2003; Matangkasom-
but and Buratowski, 2003). In addition, repressor pro-
teins such as HP1 and Polycomb in higher eukaryotes
recognize the methylated H3 N termini (Bannister et al.,
2001; Lachner et al., 2001). These data argue that the
histone N termini and their modifications may regulate
gene activity not through regulating nucleosome sta-
bility or nucleosomal conformation but in regulating
higher-order structures and by the direct recruitment of
regulatory proteins (for review see Workman and Kings-
ton [1998]).

In the globular region of each histone, the central his-
tone fold domains contain three o-helical regions sepa-
rated by L1 and L2 loops (e.g., o1-L1-02-L2- o3; Luger
et al., 1997a). There are also helical extensions in H3
and H2B histones that are N- and C-terminal to the
central histone folds, respectively. In contrast to the N
termini, the histone-folds interact extensively with DNA.
Of the 146 bp wrapped around the histone octamer in
the X-ray crystal structure, 121 bp interact with the his-
tone fold region. In addition, the a-helical histone-fold
extension of H3 (H3 aN) selectively binds to the remain-
ing 13 base pairs of DNA where the DNA superhelix
enters and exits the nucleosome (Luger et al., 1997a;
White et al., 2001). Thus, through their extensive in-
teractions with DNA, the central histone folds and ex-
tensions, but not the histone tails, are important in sta-
bilizing the nucleosome core particle (Luger et al.,
1997b).

Regulators that do affect nucleosome stability in-
clude nucleosome remodeling complexes such as SWI/
SNF. Remodeling complexes use the energy of ATP hy-
drolysis to alter nucleosome structure and translational
position on DNA (Peterson and Workman, 2000; Work-
man and Kingston, 1998), in some cases by changing
DNA conformation at the nucleosomal entry-exit sites
(Langst and Becker, 2001). An electron microscopy
study indicates a loss of DNA content from nucleo-
somes remodeled by SWI/SNF (Bazett-Jones et al.,
1999), probably as a result of unwrapping of some 50
bp of DNA from the edges of the nucleosome (Kassa-
bov et al., 2003; Lorch et al., 2001). This may result in
the exposure of DNA on the nucleosomal surface
(Becker and Horz, 2002), the sliding of nucleosomes to
new positions (Meersseman et al., 1992), and the
eventual loss of nucleosomes from highly active genes
(Boeger et al., 2003; Narlikar et al., 2002; Reinke and
Horz, 2003).

There is clearly interplay between nucleosome re-
modeling complexes and those mediating histone acet-
ylation. Activators can recruit both types of complexes
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to promoters (Cosma et al., 1999; Kingston and Narli-
kar, 1999). However, the temporal order of these activi-
ties can vary. In vitro, histone N-terminal acetylation
stabilizes the binding of the SWI/SNF complex to
nucleosome arrays (Hassan et al., 2001). SWI/SNF ac-
tion at certain yeast promoters recruits HAT activity
(Cosma et al., 1999; Krebs et al., 1999), while acetyla-
tion is required for SWI/SNF function at certain mam-
malian promoters (Agalioti et al., 2000; Dilworth et al.,
2000). In either case, it appears that acetylation of the
histone tails does not strongly destabilize the nucleo-
some, but the action of SWI/SNF does.

For acetylation to directly affect histone-DNA interac-
tions of the DNA superhelix surrounding the histone oc-
tamer, it could potentially occur in the histone globular
domain. However, while more than 25 acetylation and
methylation sites have been discovered in regions out-
side of the N termini of calf histones, their functions are
still unknown (Zhang et al., 2003). A genetic analysis
using yeast could uncover such functions; however,
all of the known acetylation sites in core histones of
S. cerevisiae are located in the N-terminal tails. We now
describe a site of acetylation (histone H3 K56) found
in the globular domain of a yeast histone. This novel
acetylation site is located in the aN extension of the
H3 histone fold. We demonstrate that disruption of the
putative HAT SPT10, but not of six other HATs exam-
ined, strongly decreases the S phase-specific acetyla-
tion of this site at histone genes and prevents recruit-
ment of Snf5, an essential member of the SWI/SNF
nucleosome remodeling complex (Geng et al., 2001),
and subsequent transcription. These data argue for the
role of histone H3 K56 modification in regulating the
entry-exit gate to nucleosome remodeling.

Results

Lysine 56 in the aN Histone Fold Extension of H3 Is
Acetylated in Saccharomyces cerevisiae

To search for new modification sites, yeast core his-
tones were purified from asynchronously growing cells
and examined by mass spectrometry. We found that
lysine 56 within the N domain of histone H3 is acet-
ylated (see Figure S1 in the Supplemental Data avail-
able with this article online) at ~28% of H3 molecules
(data not shown). To further investigate the role of K56
acetylation in vivo, we first generated an antibody spe-
cific for this acetylation site using a synthetic K56 Ac
peptide (Figure S2A; Experimental Procedures). Speci-
ficity of the anti-H3 K56 acetylation-site antibody (0-K56
Ac) was tested sequentially by ELISA, Western blot, and
chromatin immunoprecipitation (ChIP) against histone
mutations as described earlier (Suka et al., 2001; Turner
and Fellows, 1989). In ELISA, only the peptide contain-
ing acetylated K56 strongly inhibits antibody binding to
the K56 Ac-KLH conjugate coated to the microtiter
plate (Figure S2B). In Western blots, 0-K56 Ac strongly
immunoreacts with histone H3 from wt strains, and
those in which another H3 acetylation site has been
mutated (H3 K14R) but showed no detectable reactivity
toward H3 whose K56 residue had been mutated
(K56G, K56R; Figure S2C). Finally, ChlP assays were
performed using chromatin from wt and K56G mutant

strains. As shown in Figure S2D, the K56G mutation
strongly reduced the PCR amplification of the HTA2
coding region (normally 5.8-fold over background) to
background levels. Together, these data demonstrate
that antibody 0-K56 Ac is highly specific for acetylated
K56 in histone H3.

Hyperacetylation of H3 K56 Is Associated

with Histone Genes

The combination of ChIP and DNA microarrays has
been widely used in genome-wide analyses to deter-
mine the locations of protein binding and histone modi-
fication (Kurdistani et al., 2002; Lieb et al., 2001; Ren et
al., 2000; Robyr et al., 2002). To map H3 K56 acetylation
throughout the genome, we isolated chromatin frag-
ments immunoprecipitated (IP) with o-K56 Ac from
formaldehyde-treated cells. Both the IP and input DNA
were purified, amplified by PCR, and labeled with a flu-
orophore (Cy3 or Cy5). The labeled IP and input DNA
were combined and hybridized to a DNA microarray
containing ~6700 intergenic regions (IGRs; prepared in
house) or >6200 open reading frames (ORFs; University
Health Networks, Toronto). Both IGRs and ORFs micro-
array experiments were repeated three times from inde-
pendently prepared ChIP DNA samples, and the K56
acetylation data of 5625 ORFs and 5606 IGRs were
available for further analysis (Table S1).

We asked whether genes that are hyperacetylated at
H3 K56 are significantly enriched in any of the known
categories of biological function, fitness, protein com-
plexes, etc. FunSpec (Functional Specifications at http://
funspec.med.utoronto.ca), which contains a compre-
hensive database of these features, was used and iden-
tified all of the eight core histone genes to be among
the top 123 hyperacetylated ORFs (>1.6-fold). Among
the 123 genes, only the histone genes fell into a known
functional category (the chromosome functional cate-
gory, p = 1.72E-06) in the MIPS functional category da-
tabase and the nucleosomal protein complex category
(p = 1.79E-14) in the MIPS protein complex database.

To determine whether K56 acetylation correlates with
that of other known histone acetylation sites, we com-
pared our data to that of Kurdistani et al. (2004), who
examined the genome-wide occurrence of acetylation
at 11 sites of acetylation in all four core histones. We
did not find there to be a strong correlation of K56
acetylation with any of other N-terminal sites of acety-
lation (data not shown). While many sites of histone H3
N-terminal acetylation showed correlations R > 0.8 in
pairwise comparisons (Kurdistani et al., 2004), the max-
imal correlation between K56 acetylation and other
sites was R = 0.30 with H3 K18 (ORFs) and R = 0.19
with H3 K9 (IGRs). These data may be explained if a
subset of active genes throughout the genome is af-
fected strongly by K56 acetylation and if K56 acetyla-
tion is due to a distinct HAT at these genes.

H3 K56 Acetylation Is Mediated by the Putative HAT
Spt10 at Histone Genes

To search for the enzyme(s) responsible for K56 acety-
lation state, we used ChIP to examine the effects of
mutations of the known HATs and HDACs at individual
genes identified in the microarrays as being enriched
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Figure 1. Effects of spt7104 on H3 K56 Acetylation at Histone Genes

Relative H3 K56 acetylation and histone H3 levels were determined by ChIP assays using 0-K56 Ac and o-H3-C antibodies and normalized
to an internal control (SPS2) and the input DNA. The relative level of K56 acetylation was then normalized to that of histone H3. The K56
acetylation level decreases dramatically at (A) HTB1-HTA1, (B) HTA2-HTB2, (C) HHF1-HHT1, and (D) HHT2-HHF2 genes upon SPT10 deletion.
spt104 affects K56 acetylation at both the promoter and coding region of all the histone genes. K56 acetylation at most adjacent regions
around histone genes is affected to a lesser extent. The gene map under each graph shows the positions of fragments amplified in PCR. The
results are averages of three independent ChIPs with error bars shown for standard deviations.

for K56 acetylation. Of the HAT (ELP3, GCN5, SAS2,
SAS3, ESA1, SPT10, NUT1) and HDAC (HDA1, HOS1,
HOS2, HOS3, RPD3) disruption strains examined for
acetylation changes at both the promoter and coding
regions of histone genes, only one, containing a disrup-
tion of the putative HAT SPT10, was shown to be re-
quired for acetylation of H3 K56 (Figure S3). To analyze
the extent of K56 acetylation along the various histone
promoters and coding regions and the involvement of
SPT10 in their acetylation, we examined both IGRs and
coding regions at all histone genes. We corrected for
nucleosome loss during gene activity (Boeger et al.,
2003; Reinke and Horz, 2003) by determining the pres-
ence of histone H3 at histone genes using an antibody
directed to the unmodified C terminus of H3 (Gunjan
and Verreault, 2003). The acetylation data was then nor-
malized to the level of histone H3 in both wt and mutant
strains. We estimate that there is a 1.6- to 6.2-fold de-
creased K56 acetylation in the spt704 strain as com-
pared to wt cells at all core histone genes (Figure 1).
Therefore, given that Spt10 has previously been shown
to bind to the promoters of histone genes (Hess et al.,
2004) and is required for histone gene expression,
Spt10 is likely to be directly required for acetylation of
H3 K56 at histone genes.

In order to determine the extent to which Spt10 binds

to histone gene ORFs as well as at promoters, we ex-
amined the binding of myc epitope-tagged Spt10 at the
histone genes. We found that Spt10-myc binds stronger
at promoters than coding regions at all histone genes
with the most binding at the promoters of HTA7 and
HTB1 genes (18 fold enrichment as normalized to nega-
tive control and input, Figure 2). Spt10-myc binds 2.2-
to 2.6-fold better at coding regions of all histone genes
than to adjacent nonhistone IGRs and ORFs. Therefore,
while Spt10 is highly enriched at histone gene promot-
ers, it also binds at a lower but significant level to adja-
cent histone ORFs.

We then wished to determine the sites of acetylation
in all core histones affected by the loss of Spt10 at the
histone genes. Using highly specific antibodies against
12 individual sites of acetylation in all core histones
(Suka et al., 2001), we found that spt104 affects mainly
H3 K9, K18, and K56 acetylation at the coding region
of the HTA2 gene with the greatest effect occurring on
K56 acetylation (~ 5.2-fold; Figures 3A and S4). Similar
findings were made at the intergenic region of HTA2
(data not shown). We did not detect comparable differ-
ences in the extent of acetylation at the other histone
H3 sites (Figure 3A) nor at sites in H4 (Figure S4A), H2A,
and H2B (Figure S4B) histones. Therefore, Spt10 is spe-
cific for H3 K56, K18, and K9 at histone genes.
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Figure 2. Spt10 Binds at All of the Histone Genes
Spt10 x 13myc binding assays were performed using an antibody a

gainst Myc tag. The binding data are normalized to an internal control

(SPS2) and the input DNA. Spt10 binds at both the promoter and coding region of (A) HTB1-HTA1, (B) HTA2-HTB2, (C) HHF1-HHT1, and (D)
HHT2-HHF2 genes. Generally, Spt10 binds better at promoters than coding regions of histone genes but less so at adjacent regions around
histone genes. The gene map under each graph shows the positions of fragments amplified in PCR. The results are averages of three

independent ChIPs with error bars shown for standard deviations.
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Figure 3. Role of spt104 and HAT Domain
Mutation spt10-199 on Specific Sites of
Acetylation in Histone H3

(A) ChIPs using antibodies specific for indivi-
dual acetylation sites on histone H3 tails.
Acetylation sites examined are indicated be-
low the graph. A primer pair targeting the
HTA2 coding region was used in PCR and
normalized to the ACT1 coding region. All of
the acetylation data were normalized to the
level of histone H3.

(B) H3 K56 acetylation levels at the coding
region of all the core histone genes are re-
duced in Spt10 HAT domain mutant spt710-
199 to the similar level of an spt104 strain
harboring an empty vector. Samples were
taken at 50 min after cdc15' cells were re-
leased from the restrictive temperature
(37°C) to permissive temperature (23°C).
These results are averages of three indepen-
dent ChIPs with error bars shown for stan-
dard deviations.
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Figure 4. spt104, spt10-199, H3 K56R, and snf54 All Affect Histone Gene Expression in a Similar Manner

Histone mRNA levels affected by (A) spt104, (B) spt10-199, (C) H3 K56R, and (D) snf54 mutations. In (B), samples were taken at 75 min after
cdc15' cells were released from the restrictive temperature (37°C) to permissive temperature (23°C). In (C), H4 K12R and H3 K18R mutations
are used as controls and are shown not to affect histone gene expression. Histone mRNAs were amplified by quantitative RT-PCR and
normalized to ACT1 transcript. Values are averages of three independent experiments with error bars shown for standard deviations.

Spt10 shares a conserved acetyltransferase domain
with other HATs, including Gen5 (Neuwald and Lands-
man, 1997). A mutant allele spt10-7199 containing
G199A and G201A changes within the HAT domain has
virtually the same strong defect as an spt704 mutant in
histone gene activation (Hess et al., 2004). Therefore,
we asked whether spt710-199 also affects K56 acetyla-
tion at histone genes. We found that K56 acetylation
was reduced between 2.7-fold (HHF2) and 3.8-fold
(HHTT1) in the spt10-199 mutant as compared to the wt
strain (Figure 3B). The decrease of K56 acetylation in
spt10-199 is almost as severe as in the spt104 strain
harboring an empty vector. These data indicate that the
Spt10 acetyltransferase domain is essential for K56
acetylation at histone genes.

Spt10, K56 Acetylation, and Snf5 Are All Required
for Histone Gene Expression

We then asked whether Spt10 regulates transcription
of all histone genes. As previously reported, Spt10 is
required for expression of a subset (HTA2, HTB2, HHF2,
and modestly at HHT2) of histone genes (Hess et al.,
2004). In this study, we show by quantitative RT-PCR
that activity of all of the histone genes is dependent on
SPT10. As compared to the wt strain, there is a de-
crease of between 6.7-fold (HTA2) and 2-fold (HTB1) in
the histone mRNA levels in the spt104 strain (Figure
4A). Similar decreases in histone gene transcription are
seen in the spt10-199 allele (Figure 4B). Therefore,

SPT10 and its catalytic domain are required for all his-
tone gene activity.

To determine whether the effect of SPT70 on tran-
scription is mediated through K56, we then examined
the effect of K56R on the expression of genomic H2A
and H2B genes. As shown in Figure 4C, H3 K56R re-
sults in a 2.3- to 2.9-fold decrease in the expression of
all four H2A and H2B genes as compared to the wt
strain or as compared to H3 K18R (another site affected
by spt104) and H4 K12R (that is not affected by
spt104). Therefore, K56 in histone H3 is uniquely impor-
tant for transcription of the histone genes examined.

Previous studies demonstrated that an essential sub-
unit of the SWI/SNF nucleosome remodeling complex,
Snfb, is required for full expression of histone HTAT-
HTBT1 genes (Dimova et al., 1999). Thus, we examined
the effects of snf54 deletion on other histone genes in
this study. As shown in Figure 4D, snf54 significantly
reduces the expression of all the histone genes from
1.9-fold (HTB1) to 2.6-fold (HTB2). These data indicate
that Spt10 through its catalytic domain, H3 K56, and
the SWI/SNF remodeling complex affect expression
similarly at all histone genes examined.

H3 K56 Acetylation at Histone Genes (HTA1, HTA2)
Is Uniquely Cell Cycle Regulated and Is Required

for Snf5 Binding

To determine the order by which Spt10, H3 K56 acetyla-
tion, and Snf5 function in regulating histone gene ex-
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Figure 5. H3 K56 Acetylation Is Cell Cycle Regulated and Is Required for Snf5 Binding at the HTA1 Gene

(A) Samples were taken at the indicated intervals after cdc15' cells were released from the restrictive temperature (37°C) to permissive
temperature (23°C). H3 K56 acetylation and Snf5 binding peak simultaneously at about 50 min after release at the HTA7 coding region, which
precedes the mRNA expression peak at about 75 min after release. spt104 abolishes K56 acetylation, Snf5 binding, and mRNA expression

peaks at the HTA1 coding region.

(B) H3 K56R mutation disrupts Snf5 binding at both the promoter and coding region of the HTAT gene.
(C) snf54 does not affect H3 K56 acetylation at either the promoter or coding region of the HTA7 gene.
(D) Only acetylation of H3 K56, but not H3 K18 nor H4 K12, is cell cycle regulated at the HTA1 coding region. All of the ChIP and RT-PCR
data are normalized to an internal control (ACT7). The results are averages of three independent experiments with error bars shown for

standard deviations.

pression, we first examined when in the cell cycle these
events occur. Histone HTA1 gene expression is strictly
cell cycle regulated (Spellman et al., 1998), and its ex-
pression peaks at about 75 min after shifting synchro-
nized cdc15® cells from the restrictive temperature of
37°C to the permissive temperature of 23°C (see Exper-
imental Procedures and Figure 5A). We find that H3 K56
acetylation is also cell cycle regulated and peaks 25
min earlier than the peak of histone HTA7 gene expres-
sion at both the promoter (data not shown) and coding
region (Figure 5A) of the HTA1 gene. Interestingly, we
find at the HTA1 coding region that K56, but neither
H3 K18 (affected by SPT10) nor H4 K12 (unaffected by
SPT10), is acetylated in a cell cycle-specific manner
(Figure 5D). Similar findings were made at the HTA2
gene (Figures S5B and S5C). These data underscore

the important role of K56 acetylation in gene regulation
in S phase. In order to rule out the possibility that cycle-
specific K56 acetylation is caused by heat shock of
growing cells at the restrictive temperature of 37°C, we
also examined the H3 K56 acetylation pattern at the
HTA2 gene coding region using cells synchronized by
o factor arrest in G1 (Spellman et al., 1998). In cells that
have been synchronized by o factor arrest at 30°C, H3
K56 acetylation peaks at 30 min after release from o
factor, which is 10 min earlier than the expression peak
(Figure S5A). Thus, K56 acetylation occurs in a cell cy-
cle-specific manner significantly earlier than histone
gene expression in S phase.

We wished to then determine when in the cell cycle
K56 acetylation and Snf5 binding take place at HTA71
relative to its gene expression. ChIP analysis demon-
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strates that the peak of Snf5 binding is coincident with
H3 K56 acetylation at both the HTA7 promoter and cod-
ing region (Figure 5A). To ask whether Spt10 and K56
acetylation are required for Snf5 binding, we examined
both in an spt704 strain. We found that the absence of
SPT10 abolishes the cell cycle-specific peaks of H3
K56 acetylation, Snf5 binding, and mRNA expression at
HTA1 (Figure 5A) and HTA2 genes (Figure S5B). More-
over, the substitution K56R results in dramatically de-
creased Snf5 binding at both the promoter (2.3-fold)
and coding region (3.1-fold) of the HTA1 gene (Figure
5B). However, H3 K56 acetylation at the HTA1 gene pro-
moter and ORF does not change significantly in the
snf54 strain (Figure 5C). These data demonstrate that
H3 K56 acetylation in S phase mediated by Spt10 is
required for the cell cycle-specific recruitment of the
SWI/SNF complex to the HTA1 and HTA2 genes ena-
bling histone gene transcription.

K56 Acetylation Also Controls SWI/SNF

Recruitment at the SUC2 Gene

SUC2 is a gene that is also regulated by the SWI/SNF
remodeling complex (Geng and Laurent, 2004). There-
fore, to examine a nonhistone gene, we asked whether
K56 acetylation is important for Snf5 recruitment and
SUC2 activity. Using RT-PCR, we compared SUC2 gene
expression upon induction (switching the carbon
source from glucose to raffinose) in wt and H3 K56R
mutant strains. We found that K56R severely impairs
the activation of the SUC2 gene (10.8-fold increase of
expression in wt as compared to 2.8-fold increase in
K56R mutant strain after 90 min induction; Figure S6A).
By ChIP, we also demonstrate that in wt cells, H3 K56
acetylation increases at both the promoter (2.1-fold)
and ORF (4.5-fold) of the SUC2 gene when SUC2 is
activated in raffinose (Figure S6B). These increases, es-
pecially at the promoter, are likely to be an underesti-
mate of the actual increase in acetylation of K56, since
gene activity is accompanied by considerable nucleo-
some loss at the promoter (Boeger et al., 2003; Reinke
and Horz, 2003) for which we did not correct in these
experiments. Finally, the H3 K56R mutation disrupts
Snf5 binding (~2 fold) to the SUC2 gene when SUC2
is activated (Figure S6C). We conclude that SUC2 is
also regulated by acetylation of K56.

Whole-Genome Expression Analysis Shows Positive
Correlations between the Expression Profiles

of spt104, K56R, and snf54 Mutants

To determine how Spt10, K56, and Snf5 affect gene ex-
pression genome-wide, we examined whole-genome
expression profiles in spt104, K56R (whose charge
mimics unacetylated K56), and snf54 mutant strains.
We found there to be a strong positive correlation be-
tween the expression profiles of spt704 and K56R mu-
tant cells (R = 0.49; Figure S7B). spt104 showed a lower
correlation (R = 0.21) with K56G, which replaces the
lysine with an uncharged amino acid (Figure S7B). We
also compared our K56G and K56R expression profiles
to that of a gcn54 strain (Lee et al., 2000). The correla-
tion values are R = 0.11 (gcn54-K56R) and R = 0.08
(gcn54-K56G), indicating that Gen5 may not be in-
volved in K56 acetylation. There are 108 and 150 genes

o-K56 Ac D ——————

-

o-H3-C | . S

Yeast Drosophila Humaﬁ

Figure 6. Conservation of H3 K56 Acetylation between Yeast and
Flies

Whole-cell extracts prepared from S. cerevisiae (yeast), S2 cells of
D. melanogaster (Drosophila), and HelLa cells (human) were re-
solved by 15% SDS-PAGE, transferred to nitrocellulose membrane,
and probed with 0-K56 Ac and o-H3-C as a loading control.

downregulated >2-fold in spt704 and K56R mutants,
respectively. Between these two gene sets, we found a
highly significant overlap of 33 genes (p = 2.2E-28; Fig-
ure S7C). These data strongly suggest a functional con-
nection between Spt10 and K56 acetylation in regards
to genome-wide gene expression. We found a lesser
but still positive correlation between the expression
profiles of snf54 and K56R mutants (R = 0.19), suggest-
ing that the K56R mutation affects the expression of a
subset of genes that are Snf5 dependent. Thus, H3 K56
acetylation may reflect one of several pathways that
contribute to SWI/SNF recruitment.

One of these pathways may involve cell cycle-spe-
cific expression. We compared our K56 acetylation
microarray data to the whole-genome cell cycle-spe-
cific gene expression data (Spellman et al., 1998).
Among the top 123 hyperacetylated ORFs (>1.6-fold),
98 genes have their cell cycle expression data avail-
able. Among those 98 genes, 32 were found to be cell
cycle regulated with their expression peaks in diverse
phases during the cell cycle (Table S1). The comparison
shows that there is a statistically significant overlap be-
tween cell cycle-regulated genes and K56 hyperacety-
lated genes as determined by the hypergeometric dis-
tribution value (p = 1.8E-06; Figure S7A).

H3 K56 Acetylation Is Conserved between Yeast

and Drosophila, but Not in Human Cells

Finally, we wished to know the extent to which K56
acetylation is conserved in evolution. Using the highly
specific a-K56 Ac antibody (Figure S2), we examined
the presence of H3 K56 acetylation among different
organisms by Western blot. As shown in Figure 6, the
0-K56 Ac antibody strongly immunoreacts with his-
tones in the whole-cell extracts of yeast and S2 cells
of Drosophila melanogaster but not that of HelLa cells.
We also see no crossreaction of 0-K56 Ac antibody to
bulk histones of calf and chicken (data not shown). This
is unlikely to be due to sequence differences in these
organisms in the peptide epitope recognized by the an-
tibody. While the peptide used (IRRFQKSTELLC) has a
single amino acid substitution between yeast and
mammals, this substitution (F—Y) is also found in Dro-
sophila, yet fly histone H3 crossreacts strongly with the
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Figure 7. H3 K56 Is Located at the Entry-Exit Points of DNA Wrapped around the Histone Octamer

(A) The crystal structure of the yeast nucleosome core particle (Luger et al., 1997a; White et al., 2001) shows that two H3 lysine 56 residues
are located at the entry and exit points of the DNA superhelix. Two histone H3 proteins are highlighted in blue and all other histones are
colored in yellow. Two lysine 56 residues in H3 proteins are depicted in green and indicated by white arrows. The region within the white

dashed line box is enlarged and shown in (B).

(B) Lysine 56 is located at the end of H3 aN helix and forms an electrovalent bond with the phosphate group of the DNA at a distance of 4.28 A
Figures were generated using Webview according to the coordinates under accession number 1ID3 in the Protein Data Bank (White et

al., 2001).

anti-yeast K56 Ac antibody. This result indicates the
presence of H3 K56 acetylation in yeast and flies but
not in mammals where K56 is likely to be methylated
instead (Zhang et al., 2003).

Discussion

In this study, we have identified K56 of histone H3 by
mass spectrometry as a novel acetylation site in S. cer-
evisiae. In order to investigate the genome-wide occur-
rence and biological function of this modification, we
have generated an antiserum specific to H3 acetylated
at K56 and have shown that hyperacetylation of K56
through the putative acetyltransferase Spt10 preferen-
tially occurs at a subset of actively transcribed genes,
such as those coding for histones. We also showed
that K56 acetylation near the entry-exit points of the
DNA superhelix as it wraps around the nucleosome is
required for recruiting the nucleosome remodeling
complex SWI/SNF and for subsequent histone gene ac-
tivity.

Several lines of evidence suggest that Spt10 is a HAT
that is responsible for H3 K56 acetylation in S. cerevis-
iae. First, Spt10 binds to all the histone genes and
spt104 affects K56 acetylation at all histone genes (Fig-
ures 1 and 2). This is especially evident in synchronous
cells in which spt104 completely abolishes the promi-
nent peak of K56 acetylation preceding the mRNA ex-
pression peak in S phase (Figures 5A and S5B). Sec-

ond, Spt10 shares four conserved regions spanning
over 100 residues found in other HATs including Genb
(Neuwald and Landsman, 1997), and a HAT domain mu-
tation (spt70-199) reduces K56 acetylation and histone
gene expression in a manner similar to that of spt104
(Figures 3B and 4B). Third, the transcriptional defects
of spt104 and K56R are similar whether at single genes
(Figure 4) or genome-wide (Figure S7). There is a strong
and specific correlation (R = 0.49) between the expres-
sion profiles of spt704 and K56R mutant cells (Figure
S7B), and we see a highly significant overlap (p = 2.2E-
28) between those genes downregulated in spt7104 and
K56R mutants (Figure S7C). While neither Hess et al.
(2004) nor our laboratory (data not shown) were able to
demonstrate in vitro HAT activity for Spt10, our data
indicate that the Spt10 is likely to be a HAT that de-
termines K56 acetylation. Interestingly, the effect of
spt104 on K56 is strongest on cells in S phase. In asyn-
chronous cells, there is considerable K56 acetylation
remaining at certain histone genes in the spt704 mu-
tant (Figure 1A). Moreover, spt104 has but a minor ef-
fect (<15% decrease) on H3 K56 acetylation of bulk his-
tones examined by Western blot (data not shown).
Therefore, while there is likely to be more than one HAT
that acetylates K56, Spt10 is the major HAT that modi-
fies K56 in an S phase-specific manner.

It was noted above that SPT10 is required for acetyla-
tion not only of H3 K56 but also K18 and K9. Yet we
find that K56 mutation strongly affects histone gene ex-
pression while K18 does not (Figure 4C). Interestingly,
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we find at the HTA1 and HTAZ2 coding regions that only
K56 is acetylated in a cell cycle-specific manner unlike
H3 K18 and the control H4 K12 site that is unaffected
by Spt10 (Figures 5D, S5B, and S5C). This is expected
for H4 K12; however, it is surprising that acetylation of
two sites both strongly affected by the same enzyme
should be acetylated so differently during the cell cycle
(Figure 5D). These data are consistent with our finding
(above) that there is only a correlation R = 0.3 between
acetylation of H3 K56 and H3 K18. Thus, K18 acetyla-
tion is likely occurring through a different pathway in-
volving Spt10 and possibly other HATs, and it is the
unique cell cycle-specific acetylation of K56 by Spt10
that regulates histone gene expression.

The discovery of histone modifications in the globular
domains of calf histones (Zhang et al., 2003) has led to
the proposal that nucleosome remodeling complexes
use the energy of ATP hydrolysis to expose histone
sites in the globular domain and thus allow their acety-
lation (Cosgrove et al., 2004). Our data argue instead
that acetylation of the globular domain at the entry-exit
points of the DNA superhelix as it wraps around the
nucleosome leads to nucleosome remodeling by SWI/
SNF. How K56 acetylation recruits SWI/SNF is un-
known, and we have no evidence for its direct interac-
tion with acetylated K56. Moreover, the whole-genome
expression profiles of snf54 and K56R mutant cells are
correlated with each other relatively weakly (R = 0.19;
Table S1). Therefore, SWI/SNF is likely to be recruited
to different genes through different pathways. K56
acetylation serves as one such pathway and in the case
of the histone genes is required primarily during S
phase.

K56 Acetylation Is Likely to Regulate Histone-DNA
Interactions at the Entry-Exit Points of the DNA
Superhelix Surrounding the Nucleosome

The crystal structure of the nucleosome (Luger et al.,
1997a; White et al., 2001) shows that K56 is located at
the end of an o-helical histone-fold extension of H3 (H3
oN). As shown in Figure 7A, H3 aN binds exclusively to
the penultimate 10 base pairs of nucleosomal DNA at
each entry and exit point of the superhelix (Luger et al.,
1997a; White et al., 2001). Therefore, modulation of the
interaction between H3 aN and nucleosomal DNA may
serve as a gate at each entry-exit point to wrap and
unwrap DNA from the nucleosome. The electrostatic in-
teraction between the basic side chain of lysine 56 and
phosphate group of the DNA at a distance of 4.28 A
should contribute to the binding of H3 aN to DNA (Fig-
ure 7B). Given that the size of an acetyl-group is ~3 A,
the acetylation of H3 K56 would likely disrupt the elec-
trostatic interactions and histone DNA contacts of the
H3 oN region. Given the importance of controlling his-
tone DNA interactions at the entry-exit points in the un-
folding of DNA from the nucleosome (Kassabov et al.,
2003; Lorch et al., 2001), these data argue that Spt10
acetylates K56 to start DNA unwrapping (Li and Widom,
2004). This process may then be extended by SWI/SNF
to cause more complete nucleosome remodeling. Inter-
estingly, K56 is apparently monomethylated in calf
(Zhang et al., 2003). Whether K56 methylation is a
means of preventing acetylation of this site in order to

allow an alternate means of protein recruitment and
chromatin opening remains to be determined.

Experimental Procedures

Yeast Strains and Plasmids

Cell synchronization was performed using strains MMYO001
(bar1::HIS3, for o factor arrest) and DLY350 (cdc15%, gift from Ted
Weinert). SPT10 was disrupted with a TRP1 fragment in YDS2 (wt)
and a kanMX-fragment in DLY350 (cdc15%) background (Longtine
et al, 1998) to generate FXY20 (spt10::TRP1) and FXY21
(spt10::KAN), respectively. Plasmids pFX04 (H3 K56G) and pFX06
(H3 K56R) were constructed using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene) and confirmed by sequencing. H3
K56G (FXY17) and H3 K56R (FXY19) mutant strains were made for
this work in RMY200 background as described (Mann and
Grunstein, 1992). Other histone mutant strains used in this work
are NSY268 (H4 K12R), NSY120 (H3 K14R), and NSY130 (H3 K18R)
(Suka et al., 2001). The snf54 mutant and its background wt strain
BY4741 were purchased from ATCC. Plasmids pRS315 (empty
LEU2 vector), pDH63 (spt10-199 LEU2 2 pm), pDH65 (SPT10-WT
LEU2 2 pm), and FY2195 (Spt10-13xmyc) strain were kind gifts
from Fred Winston. Those three plasmids were transformed into
FXY21 to generate FXY22 (empty vector), FXY23 (spt10-199), and
FXY24 (SPT10-WT) strains, respectively.

Yeast Media and Cell Synchronization

All yeast cultures were grown in YEPD medium unless otherwise
noted. Experiments involving SUC2 gene induction were carried
out as described (Geng and Laurent, 2004), and 90 min induction
time was used in this study. o factor arrest and release were per-
formed essentially as described (Vogelauer et al., 2002). cdc15-
based synchronization and release were done as described (Spell-
man et al., 1998). Strains FXY22, FXY23, and FXY24 were grown in
synthetic complete medium lacking leucine to select for the
plasmids.

Mass Spectrometry

Yeast core histones were purified from asynchronous culture as
described (Edmondson et al., 1996) and separated by reverse-
phase (RP) C4 HPLC (Zhang et al., 2004). The fraction corres-
ponded to H3 was digested with trypsin or Arg_C (for quantification
assays). The H3 digests were further separated by RP-HPLC and
subjected to high-accuracy MALDI-TOF mass spectrometry analy-
sis and nano-ESI/MS/MS sequencing (Zhang et al., 2002). Relative
abundance of K56 acetylation was calculated by dividing the
amount of acetylated peptide by the sum of acetylated and unacet-
ylated peptides.

Peptide Synthesis, Antibody Generation, and Western Blot

All the H3 peptides used in this study (Figure S2A) were synthe-
sized by the Biopolymer Synthesis Center at Caltech (Pasadena,
California). A rabbit polyclonal antiserum was made as described
(Suka et al., 2001) using a synthetic peptide containing yeast his-
tone H3 residues 51-61(IRRFQKSTELLC) in which residue 56 was
synthesized to contain acetyl-lysine. Specificity of this anti-H3 K56
acetylation (a-K56 Ac) antibody was further tested by ELISA, West-
ern blot, and ChIP. For ELISA, K56 Ac peptide was conjugated to
KLH as described by the manufacturer (Pierce) and coated to
microtiter plates. The specific or unspecific H3 competitor peptides
were tested in the competition assay for their ability to inhibit bind-
ing of 0-K56 Ac to K56 Ac-KLH conjugate (Turner and Fellows,
1989). For Western blots, core histones were isolated from wt, H3
K56G, H3 K56R, and H3 K14R strains and immunoblotted with
o-K56 Ac antibody at 1:2000. To compare H3 K56 acetylation in
various species, core histones from yeast cells, chicken erythro-
cytes (Upstate), calf thymus (Sigma), and HelLa cells (Upstate) as
well as recombinant Xenopus histone H3 (Upstate) were resolved
by 15% SDS-PAGE, transferred to nitrocellulose membrane, and
probed with 0-K56 Ac at 1:2000. Whole-cell extracts were prepared
from asynchronously growing S. cerevisiae cells and S2 cells of D.
melanogaster and probed with a-K56 Ac at 1:2000 and a-H3-C as
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described (Gunjan and Verreault, 2003). ChIP was performed as
described below.

Chromatin Inmunoprecipitation and DNA Microarrays

ChIP was performed essentially as described (Suka et al., 2001) on
yeast cells grown to A600 of 1.0 in 50 ml liquid medium. For a-K56
Ac antibody, we used 2.5 pl per 50 pl lysate in ChIP. The highly
specific antibodies against individual sites of acetylation in histone
tails were used as described (Suka et al., 2001). We used the poly-
clonal anti-Snf5 antibody (Upstate) at 5 pl per 50 pl lysate in the
Snf5 binding assay. For the Spt10-myc binding assay, the anti-Myc
antibody (Upstate, 9E10) was used at 3 pl per 50 pl lysate. The
antibody against histone H3 C terminus (3 pl per 50 pl lysate) was
kindly provided by Dr. Alain Verreault. Primer sets amplifying dif-
ferent lengths of ACT7 (310 bp and 150 bp) and SPS2 (323 bp and
181 bp) fragments were used as internal controls in ChIP and
RT-PCR to avoid overlapping other amplified bands. All primer se-
quences used in this study are available upon request. DNA micro-
array experiments were performed as previously described (Kurdis-
tani et al., 2004; Robyr et al., 2002). The microarray containing IGRs
were prepared as reported (Kurdistani et al., 2002), and those con-
taining ORFs were purchased from University Health Networks, To-
ronto. To search for possible enrichment of the H3 K56 hyperacety-
lated genes in any of known categories of biological function,
fitness, protein complexes, etc., we used the FunSpec website
(Functional Specifications at http://funspec.med.utoronto.ca),
which contains a comprehensive database of these features and
performed statistical tests as described (Kurdistani et al., 2004).
For expression microarrays, wt and mutant strains were grown in
YEPD medium and collected at Agg, of 0.5. Total RNA was isolated
using Qiagen Rneasy Maxi Kit, and mRNA was further purified by
using Qiagen Oligotex Maxi Kit. mRNA from the above preparation
was reverse transcribed, labeled, and hybridized to the open read-
ing frame microarrays. Correlation and hypergeometric distribution
analyses were carried out using the corresponding function in
Excel.

RT-PCR for mRNA Quantitation

Total RNA was prepared using hot-phenol extraction (Rundlett et
al., 1998). We carried out a 25 pl RT reaction using 1x First-Strand
Buffer (Invitrogen), 10 mM DTT, 0.75 mM dNTPs, 1 U ul-' RNasin
(Promega), 0.165 ug random 9-mer, 0.1 ug total RNA, and 8 U I’
M-MLV reverse transcriptase (Invitrogen) at 23°C for 10 min, 37°C
for 60 min, and 70°C for 15 min. One microliter of this RT reaction
was used in the subsequent quantitative PCR reaction.

Supplemental Data
Supplemental Data include seven figures and one table and can be
found with this article online at http://www.cell.com/cgi/content/
full/121/3/375/DC1/.
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