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ABSTRACT

Transcription in eukaryotes is associated with two
major changes in chromatin organization. Firstly,
nucleosomal histones are continuously replaced
by new histones, an event that in yeast occurs
predominantly at transcriptionally active promot-
ers. Secondly, histones become modified post-
translationally at specific lysine residues. Some
modifications, including histone H3 trimethylation
at lysine 4 (H3K4me3) and acetylation at lysines 9
(H3K9ac) and 14 (H3K14ac), are specifically enriched
at active promoters where histones exchange, sug-
gesting a possible causal relationship. Other modi-
fications accumulate within transcribed regions and
one of them, H3K36me3, is thought to prevent hi-
stone exchange. Here we explored the relationship
between these four H3 modifications and histone
turnover at a few selected genes. Using lysine-to-
arginine mutants and a histone exchange assay, we
found that none of these modifications plays a ma-
jor role in either promoting or preventing histone
turnover. Unexpectedly, mutation of H3K56, whose
acetylation occurs prior to chromatin incorporation,
had an effect only when introduced into the nucleo-
somal histone. Furthermore, we used various genetic
approaches to show that histone turnover can be
experimentally altered with no major consequence
on the H3 modifications tested. Together, these re-
sults suggest that transcription-associated histone
turnover and H3 modification are two correlating but
largely independent events.

INTRODUCTION

A central aspect of gene transcription in eukaryotes is that
the DNA template is packaged into a highly compact nu-
cleoprotein structure called chromatin. The basic repeating
unit of chromatin is the nucleosome, in which the DNA
wraps around an octamer of the histone proteins H3, H4,

H2A and H2B (1). Nucleosomes represent a major obstacle
to transcription factor binding at gene promoters and sub-
sequent transcription elongation by the RNA polymerase.
Accordingly, major changes in the nucleosomal structure
and stability must take place, either as a requirement for
gene induction or as a consequence of transcription.

One important and widely studied nucleosome alteration
is the reversible post-translational modification of histones,
among which the best known are the acetylation and methy-
lation of lysine residues (2). Most of these modifications are
evolutionarily conserved from yeast to human and many
occur in the N-terminal histone tails protruding from the
nucleosome core. Genome-wide chromatin immunoprecip-
itation (ChIP) studies in Saccharomyces cerevisiae (3,4),
Drosophila (5,6) and human cells (7,8) revealed that ac-
tively transcribed genes are typically enriched for specific
histone acetyl and methyl marks, with some mapping in
the promoter and others in the transcribed region of genes.
For example, acetylation of lysines 9 and 14 on histone H3
(H3K9/14ac) and trimethylation of H3K4 (H3K4me3) oc-
cur almost universally at the promoters and 5′ ends of genes
(9), whereas H3K36 trimethylation (H3K36me3) accumu-
lates preferentially within gene bodies (10,11). These mod-
ifications are brought about or removed by specific histone
modifying activities, which are locally recruited to tran-
scriptionally active genes by activators or the elongating
RNA polymerase II (Pol II) and/or function in a global, un-
targeted fashion (12,13). Histone modifications are thought
to facilitate transcription initiation, either by directly loos-
ening the chromatin structure at promoters or by provid-
ing docking sites for chromatin remodeling and transcrip-
tion factors, and to contribute to transcription elongation
and maintenance of a proper chromatin structure over gene
bodies (11,14,15).

Another, less well understood and more drastic
transcription-coupled chromatin event is the turnover
of histones, that is, the replacement of ‘old’ histones by
‘new’ histones in the chromatin. This process is regulated
by various histone chaperones that either promote in-
corporation of new histones to replace those evicted by
chromatin remodeling and transcription factors, or that
prevent incorporation of new histones by favoring retention
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of the original histones (16). Histone turnover has been
proposed to have a role in the kinetics of gene induction
and repression, in adding or erasing histone modifications
associated with transcription and in preventing spreading
of histone marks across chromatin (17). Interestingly,
genome-wide studies in yeast (18,19) and in mammalian
cells (20) revealed that the profile of histone exchange
tightly correlates, either positively or negatively, with
that of specific histone modifications that typically mark
transcriptionally active genes. Thus, histone exchange is
generally highest at active promoters, where H3K4me3 and
H3K9/14ac accumulate, and either absent or less apparent
within transcribed regions, which are typically enriched for
H3K36me3 (4,18,20).

A strong correlation between histone exchange and his-
tone H3 modifications suggests a causal relationship. For
example, some modifications may trigger the exchange of
histones thus making the chromatin structure more dy-
namic. Consistent with such a possibility, acetylation of
lysines 9 and 14 on histone H3 has been reported to promote
nucleosome eviction both in vitro (21) and in vivo (22,23).
Alternatively, the exchange of histones may introduce new
modifications that could destabilize the nucleosome or serve
as epigenetic marks to facilitate transcription. One well de-
scribed example is the acetylation of lysine 56 on histone
H3 (H3K56ac), which occurs prior to and is thought to
be required for incorporation of the histone into chromatin
(19,24). Here we addressed this question for four histone H3
N-terminal modification marks typically associated with
active transcription. Our results suggest that despite corre-
lating, these marks neither have a major impact on nor ac-
cumulate as a consequence of histone turnover in yeast. We
also show that, in G1-arrested cells, all four modifications
persist long after TATA-binding protein (TBP) dissociation
from promoters and hence transcriptional shutdown.

MATERIALS AND METHODS

Yeast strains, expression constructs and growth conditions

The yeast strains used in Figures 1–3 are derived from
DY8862 (relevant genotype MATa, hht1-hhf1::LEU2, hht2-
hhf2::kanMX3 + YCp-TRP1(HHT2-HHF2), ade2, trp1-1,
ura3-1; kindly provided by David Stillman, University of
Utah) that contains a disruption of both the HHT1-HHF1
and HHT2-HHF2 loci and expresses wild-type HHT2 and
HHF2 from a TRP1 plasmid. The strains expressing mu-
tant alleles of HHT2 as the sole source of histone H3 in
Figure 2 were generated as follows. The HHT2-HHF2 lo-
cus encoding histones H3 and H4 was PCR-amplified from
yeast genomic DNA using primers that introduced con-
venient restriction sites and directly cloned into plasmids
pRS314 and pRS316 carrying, respectively, the TRP1 and
URA3 selectable markers. The histone H3 coding region
in pRS314 was then mutated by polymerase chain reac-
tion (PCR) amplification using mutagenic primers and sub-
cloning of the resulting fragments to replace the wild-type
H3 coding sequence in the original plasmid. The result-
ing constructs were introduced by plasmid shuffle into a
derivative of strain DY8862 expressing wild-type HHT2
and HHF2 from the pRS316 construct described above.
The anchor-away strains containing SPT6-FRB (Figures 4

and 6), HPC2-FRB (Figure 5), or both SPT6-FRB and
HPC2-FRB alleles (Figure 6) are all derived from the
parental strain HHY221 (relevant genotype MATa, tor1-1,
fpr1::loxP-LEU2-loxP, RPL13A-2×FKBP12::loxP, ade2-
1, trp1-1, his3-11, ura3) (25). The SPT6-FRB allele was
generated by PCR amplification of the FRB-KanMX6 cas-
sette from plasmid pFA6a-FRB-KanMX6 (Euroscarf No.
P30578) and insertion at the carboxyl terminus of SPT6
by one step integration. HPC2-FRB was constructed in
the same way using plasmid pFA6a-FRB-HIS3MX6 (Eu-
roscarf No. P30579). The TBP-FRB strain used in Figure 7
has been described (25,26).

To allow efficient G1 arrest by alpha factor, all strains
were MATa and disrupted for the BAR1 gene that encodes
a secreted protease that cleaves and inactivates alpha factor.
This was done by one-step replacement with––depending
on marker availability––the loxP-KlURA3-loxP cassette or
the hygromycin B resistance gene hphMX4 amplified by
PCR from, respectively, plasmids pUG72 (Euroscarf No.
P30117) and pAG32 (Euroscarf No. P30106). Disruption
was confirmed by PCR analysis. Cells were arrested in G1
by treatment with 200 ng/ml (600 ng/ml for the anchor-
away strains) alpha factor (Primm srl, Italy) for 3 h, at which
time >95% of cells displayed the elongated ‘shmoo’ pheno-
type associated with G1 arrest. For ChIP analysis of histone
exchange, cells were transformed with a C-terminal triple-
HA-tagged histone H3 variant (H3HA) expressed under
control of a galactose-inducible promoter from an ADE2-
marked single copy plasmid in Figures 1 and 7 and from
pRS314 in all other Figures (26). Mutants thereof were gen-
erated by PCR amplification as above. All constructs were
confirmed by sequencing of the open reading frame (ORF).

Cells were grown overnight at 30◦C to a density at OD600
nm of about 0.4–0.5 in Casamino acid medium lacking ade-
nine or tryptophan supplemented with 2% raffinose and
0.1% glucose. Cells were then arrested in G1 and expres-
sion of H3HA was induced by directly adding 2% galactose.
Where indicated, rapamycin (LC laboratories) was added at
the same time to a final concentration of 4 �g/ml to deplete
the FRB-tagged proteins from the nucleus. In Figure 7, glu-
cose (0.5% final) instead of rapamycin was added as a con-
trol to limit galactose induction of H3HA. Culture aliquots
were removed just prior to (T0) and at the indicated time
points after galactose addition and immediately processed
for ChIP and western blot analyses.

Western blotting

Whole-cell extracts were prepared by boiling the pelleted
cells for 10 min in RIPA Buffer (50 mM HEPES [pH 7.5],
2 mM ethylenediaminetetraacetic acid (EDTA), 0.25 M
NaCl, 0.1% sodium dodecyl sulphate (SDS), 0.1% DOC,
1% Triton X-100) mixed 3:1 with 4× Loading Sample
Buffer (125 mM Tris–HCl [pH 6.8], 50% Glycerol, 4%
SDS, 700 mM dithiothreitol (DTT), 0.02% Bromophenol
Blue). The membranes were probed with 1:10 000 anti-HA
monoclonal antibody (#16B12, Covance), 1:10 000 rabbit
polyclonal anti-TBP antibodies (a kind gift from Laurie
Stargell, Colorado State University), 1:10 000 rabbit poly-
clonal anti-acetyl-Histone H3 (Lys9) antibody (#07-352,
Millipore) or 1:10 000 rabbit polyclonal anti-H3 antibod-
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Figure 1. Transcription-dependent incorporation of histone H3 modification mutants in a wild-type chromatin background. (A) Schematic diagram
illustrating the experimental approach. Yeast strains expressing a galactose-inducible HA-tagged histone H3 or derivatives with specific N-terminal lysine-
to-arginine mutations to prevent their modification were grown overnight in raffinose and arrested in G1 by alpha factor. Expression of H3HA was induced
by galactose at T0 (min). Its incorporation into chromatin, which indirectly measures histone exchange (31), was monitored at various time points by
quantitative ChIP analysis using antibodies against the HA tag. (B) Time course of incorporation of wild-type H3HA and the indicated modification
mutants at the promoter (PRO) and in the coding region (ORF) of the highly transcribed AGP1, ADH1 and PYK1 genes, the weakly expressed GAL11
gene and the inactive STE11 gene. K5R5 carries a K9/14/18/23/27R quintuple mutation. Shown are the amounts of tagged histones detected just prior
to (gray bars) and at 30 min (orange bars) and 60 min (red bars) after galactose addition. Data are expressed as the percentage of input DNA recovered.
A control western blot for galactose activation of the H3HA proteins is shown in Supplementary Figure S1. Shown are the results of two independent
biological experiments.
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Figure 2. Transcription-dependent incorporation of wild-type histone H3 in a mutant chromatin background. (A) Similar experiment as in Figure 1 but
measuring the incorporation of wild-type H3HA in a chromatin containing histone H3 modification mutants. Yeast strains deleted for both chromosomal
H3 and H4 loci and expressing plasmid-encoded histone H4 and either wild-type or mutant histone H3 variants from their native promoters were grown
in raffinose and arrested in G1 by alpha factor. Expression of wild-type H3HA was then induced at T0 (min) by adding galactose to the medium. (B) The
time course of H3HA incorporation at the indicated loci and histone mutant strains was determined by quantitative ChIP analysis as in Figure 1. ChIP
values are expressed as the percentage of input DNA recovered as in Figure 1. A western blot to assess for galactose activation of the H3HA proteins is
shown in Supplementary Figure S1.
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Figure 3. Histone H3 newly incorporated at promoters is acetylated at K9. The K9 acetylation status of newly incorporated H3HA was determined in a
time course experiment by sequential Chromatin Immunoprecipitation (SeqChIP) (27). Incorporation of newly synthesized wild-type H3HA (blue lines) or
H3HA(K9/14R) as a control (red lines) were monitored in G1-arrested cells at the indicated active promoters by quantitative ChIP as before (left panels).
The purified H3HA–DNA complexes were subsequently subjected to a second round of immunoprecipitation using antibodies against H3K9ac (right
panels). The ChIP signals for H3HA (incorporation) and H3K9ac (acetylation) are expressed in arbitrary units to facilitate comparison. The results for the
three promoters are directly comparable. An independent biological experiment is shown in Supplementary Figure S6.

ies (#1791, Abcam). Horseradish peroxidase–conjugated
goat anti-mouse (Biorad, 1:10 000) or anti-rabbit (Biorad,
1:10 000) IgG were used as secondary antibodies. Detection
was carried out with Immobilon Western Chemilumines-
cent HRP substrate (Millipore).

Chromatin immunoprecipitation (ChIP) and quantitative
PCR

A detailed protocol for ChIP and quantitative PCR
analysis can be found at http://www.mimo.unige.ch/
STRUBIN LABb.htm. Briefly, whole-cell extracts equiva-
lent to about 2 × 108 yeast cells were immunoprecipitated
with anti-HA antibodies (2 �l, #16B12, Covance), anti-H3
antibodies (1 �l, #1791, Abcam), anti-acetyl-H3K9 (2
�l, #07-352, Millipore), anti-trimethyl-H3K4 (2 �l, #07-
473, Millipore) and anti-trimethyl-H3K36 (2 �l, #9050,
Abcam). The recovered DNA and at least two standard
dilutions of the input DNA were quantified in duplicate
by real-time PCR using the KAPA SYBR FAST qPCR
Kit Master Mix (2×) Universal (Kapa Biosystems) and
the Biorad CFX96 Real-time PCR System. Sequences of
the oligonucleotide primers are available upon request.
The immunoprecipitation (IP) value for a given region
was calculated as the ratio between the IP signal and
the respective input DNA signal to correct for variation
between different samples and primer pairs. Quantitative
sequential ChIP was performed as previously described
(27). All data are representative of at least two completely

independent experiments. Independent biological replicates
can be found in Supplementary Material.

Real-time RT-PCR analysis

The mRNA levels were quantified by real-time RT-PCR
analysis using total RNA prepared by the hot-phenol ex-
traction method from yeast strains grown to an OD600 of
about 0.4–0.5. Reverse transcription was performed on 1 �g
of RNA treated with RNAse-free DNAse using M-MLV re-
verse transcriptase (Promega) and an oligo(dT)15 primer.
Real-time PCR quantification was carried out as described
above using primer pairs specific for the indicated genes.
The values were normalized to those obtained for the 18S
rRNA to account for differences in total RNA across sam-
ples.

RESULTS

Histone turnover in the absence of transcription-associated
H3 modifications

As a first step toward understanding the relationship be-
tween histone modifications and histone turnover associ-
ated with active transcription, we explored whether spe-
cific post-translational modifications of histone H3 may
have a causal role in histone dynamics. We concentrated on
H3K4me3 and H3K9/14ac, which are enriched within the
promoter regions of actively transcribed genes where his-
tones dynamically exchange (4,18), and H3K36me3 that ac-
cumulates over gene bodies where it has been implicated in

http://www.mimo.unige.ch/STRUBIN_LABb.htm
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Figure 4. Spt6 inactivation leads to increased histone incorporation and H3K9 acetylation within transcribed regions. (A) Schematic illustration of the
anchor-away strategy. Upon addition of rapamycin (+ rap, red dot), Spt6 fused to the rapamycin-binding domain FRB is rapidly exported out of the
nucleus through its interaction with a ribosomal protein carrying the complementary FKBP rapamycin-binding domain (for details, see (25)). Right panel:
experimental diagram. Cells from a Spt6-anchor-away strain (Spt6FRB) containing the galactose-inducible H3HA construct and from an isogenic control
strain (control) lacking the Spt6FRB fusion were arrested in G1 by alpha factor. At T0, galactose and rapamycin were added to both cultures to, respectively,
induce H3HA expression and deplete Spt6FRB from the nucleus. Shown on the lower right is a western blot analysis of H3HA expression and TBP as a
control in the two strains. (B) The amounts of newly incorporated H3HA (left panels) and the levels of H3K9ac (right panels) at the indicated ORFs were
monitored in the Spt6-anchor-away (Spt6FRB, red lines) and control (control, blue lines) strains by quantitative ChIP using antibodies against the HA tag
or against H3K9ac. Data for H3HA incorporation are expressed as the percentage of input DNA recovered. The ChIP signals for H3K9ac were normalized
to those obtained using a core histone H3 antibody for each genomic region to account for variations in nucleosome occupancy during the experiment and
between different loci. TEL is a subtelomeric heterochromatin region on chromosome VI where Spt6 depletion is without consequence. An independent
biological experiment is shown in Supplementary Figure S7.

suppressing histone exchange (11,28). We also considered
H3K56ac, a modification mark added on free histone H3
prior to its incorporation into chromatin and reported to
stimulate histone turnover (19,24,29). We mutated the rel-
evant lysine residues to arginine, either individually or in
combination, to prevent their modification. Since redun-
dant roles for N-terminal histone acetylation in nucleosome
assembly have been reported (30), we also simultaneously
mutated all five potential H3 N-terminal acetylation sites,
K9/14/18/23/27. To test the consequence of the mutations
on histone turnover, we used hemagglutinin (HA) epitope-

tagged versions expressed from a galactose-inducible pro-
moter. The proteins were tagged at the C-terminus to avoid
interference with the modification of the N-terminal lysines.
Expression of the tagged histones was induced by galactose
and their incorporation into chromatin was monitored in a
time course by ChIP analysis using antibodies against the
HA tag (Figure 1A). Newly synthesized H3HA is expected
to replace endogenous H3 at regions where nucleosomes are
dynamic and therefore its incorporation indirectly measures
histone exchange (18,19,31). To exclude any replication as-
sociated events, cells were arrested at the G1 phase of the cell
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cycle by treatment with alpha factor (31). Wild-type H3HA

rapidly accumulated at the promoters of the highly tran-
scribed AGP1, ADH1 and PYK1 genes, which are among
those showing the highest histone turnover rates in genome-
wide studies (18,19), less so in the corresponding ORFs, and
almost not at all at the lowly expressed GAL11 and inactive
STE11 genes, as reported (Figure 1 and Supplementary Fig-
ure S1) (18,19,31). Strikingly, all single and double H3HA

mutants exhibited essentially the same overall profile of in-
corporation (Figure 1). It is only when all five potential N-
terminal acetylation sites were mutated that H3HA incorpo-
ration was affected, decreasing by about two-fold at all sites
tested (K5R5 in Figure 1). Thus, none of these lysine modi-
fications is essential for transcription-dependent incorpora-
tion of newly synthesized histone H3.

In a reciprocal experiment, we monitored the incorpo-
ration of wild-type H3HA into a mutated chromatin back-
ground using yeast strains expressing the histone mutants
from the natural promoter as the sole source of histone H3
(Figure 2A). Among the five strains only K56R grew more
slowly (Supplementary Figure S2A), in agreement with pre-
vious studies (32–34), whereas galactose induction of H3HA

occurred with similar kinetics in all strains (Supplementary
Figure S1). This is consistent with these lysine modifica-
tions playing no essential role. We then measured H3HA in-
corporation in these strains in a time course ChIP exper-
iment as before. Compared to wild-type, a slight increase,
at least at some loci, occurred in a K4R chromatin back-
ground (Figure 2B). By contrast, incorporation remained
mostly unaffected in the K9/14R mutant strain, while in
the K56R strain it was slightly but reproducibly decreased
at all tested loci, consistent with K56ac facilitating histone
eviction (Figure 2B) (29,35). The same was observed when
the K9/14R and K56R mutations were present on both the
endogenous and the tagged histone (Supplementary Fig-
ures S3 and S4). A modest decrease in H3HA incorpora-
tion was also detected in the K5R5 quintuple acetylation
mutant, but this occurred only at promoter regions. Un-
expectedly, if anything H3HA incorporation was generally
reduced in the K36R strain (Figure 2B), although it in-
creased by about two-fold across the silent STE11 gene, as
reported (28) (Supplementary Figure S2B). However, the
levels at STE11 remained far below those observed at highly
dynamic regions (Supplementary Figure S2B). Thus, post-
translational modification of these H3 lysine residues may
fine-tune but are not essential for either eviction of the orig-
inal histone or incorporation of new histones.

Newly incorporated histone H3 is acetylated at Lysine 9

We then addressed the opposite possibility, namely, that
some H3 modifications may arise as a consequence of hi-
stone turnover. We concentrated mainly on H3K9ac, since
there is evidence that this mark is present on soluble histone
H3 (36). We therefore examined whether newly incorpo-
rated H3HA is acetylated at K9 by sequential Chromatin Im-
munoprecipitation (SeqChIP) (27) (Figure 3). Specifically,
H3HA was induced by galactose and after cross-linking
to DNA immunoprecipitated using anti-HA antibodies. A
fraction of the purified H3HA–DNA complexes was then
subjected to a second round of immunoprecipitation using

antibodies specific for H3K9ac, to selectively isolate DNA
bound to acetylated H3HA. To test for specificity, the same
experiment was performed with a strain expressing histone
mutant H3HA(K9/14R). As shown in Figure 3, wild-type
H3HA (blue lines) and the mutant (red lines) were incorpo-
rated at similar levels at the three highly dynamic promot-
ers tested, ADH1, ACT1 and PYK1 (Figure 3, left panels).
This confirms that modification at these lysine residues is
not causally implicated in histone deposition (Figure 1). A
similar kinetics of increase in ChIP signals was observed for
wild-type H3HA in the SeqChIP with anti-H3K9ac antibod-
ies (right panels in Figure 3, blue lines). This reflects specific
acetylation at K9, as no major changes were observed with
the H3HA(K9/14R) mutant (right panels in Figure 3, red
lines). Thus, K9 acetylation closely parallels H3HA incor-
poration into chromatin, suggesting that this mark is added
either prior to or rapidly after incorporation.

Increased histone exchange within transcribed regions leads
to increased H3K9ac

If H3K9ac is a consequence of histone exchange, then
experimentally increasing or decreasing histone exchange
should impact on the H3K9 steady-state acetylation levels.
Previous work has shown that inactivation of the histone
chaperone Spt6 causes a transcription-dependent reduc-
tion in nucleosome occupancy over coding regions (37). We
found here that this correlates with a concomitant increase
in incorporation of new histones (see below). We therefore
investigated whether inactivation of Spt6 would lead to an
increase in H3K9ac. For this, we used the anchor away
method (25), which allows for rapid inactivation of a nu-
clear protein fused to the rapamycin binding domain FRB
via its rapamycin-mediated export to the cytoplasm (Figure
4A). An anchor-away strain carrying an FRB-tagged SPT6
allele at the native locus and the parental strain were ar-
rested at G1 with alpha factor. Galactose was then added to
induce the expression of H3HA together with rapamycin to
trigger nuclear depletion of Spt6 in the anchor-away strain.
Incorporation of H3HA and H3K9ac were monitored at dif-
ferent time points by ChIP. Galactose activation of H3HA

was comparable in both strains (Figure 4A). However, while
H3HA incorporation in the parental strain (left panels in
Figure 4B, blue curves) was low within the ORF of the
highly transcribed ADH1 gene and essentially absent within
the moderately expressed TRP2 gene and the lowly tran-
scribed GAL11 gene, it dramatically increased at all sites in
the Spt6 depletion strain (red curves). Strikingly, increased
H3HA incorporation was associated with a marked increase
in H3K9ac within these regions, but not at TEL were Spt6
depletion is without consequence (Figure 4B, right pan-
els). These effects were not attributable to changes in tran-
scription or in total histone acetylation levels due to vary-
ing growth conditions or Spt6 depletion; there were no ma-
jor differences in steady-state mRNA and H3K9ac levels in
the course of the experiment (Supplementary Figure S5A–
C). Thus, the finding that newly incorporated H3 is acety-
lated at K9 and that increasing histone exchange leads to
increased H3K9ac steady-state levels suggests that H3K9ac
may occur as a consequence of histone turnover. However,
the following experiments argue that this is not the case.
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Figure 6. Inactivation of Hpc2 blocks the increase in histone exchange but not in H3K9ac induced by Spt6 inactivation. Same time course experiment
for H3HA incorporation into chromatin (left panels) and total H3K9ac levels (right panels) as in Figure 4 but under conditions where either Spt6 alone
(Spt6FRB, blue lines) or Spt6 and Hpc2 (Spt6+Hpc2FRB, red lines) are depleted from the nucleus by addition of rapamycin together with galactose at T0.
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for galactose activation of H3HA and constant expression levels of endogenous H3 in the two strains. Total H3K9ac levels remained largely unchanged
under these experimental conditions (Supplementary Figure S5D). An independent biological experiment is shown in Supplementary Figure S9.

Decreasing histone turnover does not impact on H3K9ac

To further assess the possible causal role of histone turnover
in H3K9ac, we performed a reciprocal experiment in which
histone incorporation was decreased, expecting that this
would result in reduced H3K9ac steady state levels. The hi-
stone regulatory (HIR) complex is one of the chaperones
that have been implicated in the deposition of new his-
tones during transcription (38,39). Incorporation of newly
synthesized H3HA was indeed reduced at the highly active
ADH1 promoter in strains deleted for the Hpc2 subunit of
the HIR complex (Supplemental Figure S5E). We therefore
measured the effect of inactivating Hpc2 on H3K9ac. To
minimize indirect effects, we used the anchor-away method
to conditionally and rapidly export Hpc2 out of the nucleus
(Figure 5A). Incorporation of newly synthesized H3HA un-
der these conditions was partially reduced at the three active
promoters tested (Figure 5B, left panels). This was neither
due to inefficient galactose activation of H3HA (Figure 5A)
nor to increased expression of endogenous H3, which acts
as competitor and has been reported to be negatively reg-
ulated by the HIR complex in response to alpha factor ar-
rest (Figure 6) (40). Indeed, H3HA incorporation remained
largely unaffected in the ORFs (Figure 5B, right panels).
Unexpectedly, the reduced incorporation of H3HA observed
at promoter regions was not accompanied by a correspond-
ing decrease in H3K9ac (Figure 5B, right panels). Thus,
H3K9ac and histone turnover can be experimentally uncou-
pled.

We performed a similar experiment to assess whether
blocking the increase in H3HA incorporation within ORFs

that occurs following Spt6 inactivation would also block
the associated increase in H3K9ac (Figure 4). For this, we
generated an anchor-away yeast strain in which both Spt6
and Hpc2 could be depleted simultaneously from the nu-
cleus by addition of rapamycin (Figure 6). Despite a sim-
ilar induction by galactose, H3HA was incorporated much
less efficiently at the three tested loci when Hpc2 was inacti-
vated together with Spt6 (left panels in Figure 6, red curves).
However, the increase in H3K9ac observed when only Spt6
is depleted was still present (Figure 6, right panels). Hence,
experimentally decreasing histone turnover has no impact
on H3K9ac, suggesting that this histone modification does
not results as a consequence of histone turnover.

Histone turnover and modifications following PIC depletion

Previous work has shown that the binding of general tran-
scription factor TBP, and thus likely of the entire the preini-
tiation complex (PIC) (41), to active RNA Pol II promot-
ers is very dynamic and that nuclear depletion of TBP by
anchor away causes a rapid drop in TBP promoter occu-
pancy (26). It was also found that loss of TBP results in
increased or decreased histone turnover at some promot-
ers (26). We therefore examined whether any transcription-
associated histone H3 modification would show a simi-
lar trend in this situation (Figure 7). For this, we selected
four genes identified in a genome-wide analysis (A. Hughes
et al., unpublished results) that show either a strong in-
crease or nearly complete loss of H3HA incorporation fol-
lowing TBP dissociation from the promoter (Figure 7B).
No corresponding changes in H3K4me3, H3K9ac and
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H3K36me3 were observed at any promoter under these con-
ditions (Figure 7C). Unexpectedly, while H3K4me3 and
H3K36me3 also remained unchanged in the downstream
coding regions, H3K9ac increased progressively to reach
levels several-fold higher than those measured under tran-
scription conditions (Figure 7C, right panels). These results
provide further evidence for a lack of causal relationship
between histone turnover and transcription-associated his-
tone H3 modifications. The persistence of these modifica-
tions following transcriptional shutdown is consistent with
them having a role in transcriptional memory (28,42,43).

DISCUSSION

Uncoupling transcription-associated histone turnover and H3
modifications

Transcription in eukaryotes is associated with local changes
in chromatin including post-translational modifications of
histones, nucleosome remodeling and histone turnover, a
process by which old histones are replaced by new histones
(44). While there is overwhelming evidence that these events
closely correlate with active transcription, the nature of
their inter-relationship and whether they play an instructive
role in the transcription process or merely occur as a con-
sequence of transcription is still a matter for investigation.
Here we explored the relationship between histone turnover
and four histone H3 modifications typically associated
with active transcription. These include H3K4me3 and
H3K9/14ac, which accumulate at active promoters, and
H3K36me3 that is enriched over the body of transcribed
genes (4,18). We found that mutating the corresponding ly-
sine residues to arginine had little consequence on histone
turnover at both the promoters and coding regions of the
genes we examined. Only when H3K56––whose acetylation
has been implicated in histone turnover (29,45)––was mu-
tated did we observe a decrease in new histone incorpo-
ration (Figures 1 and 2). However, the effect was modest
and present only when the mutation was introduced into
the chromosomal histone (Figures 1 and 2), consistent with
a role for H3K56ac in nucleosome eviction (29,35). Thus,
none of the transcription-associated N-terminal H3 modi-
fications we examined is instrumental in promoting histone
exchange.

In a series of reciprocal experiments, we found that in-
creasing or decreasing histone exchange, by inactivating
specific histone chaperones or depleting TBP from promot-
ers, was mostly without consequence on the histone H3
steady-state modification levels. This was true even at the
most dynamic promoters, where one would expect to see an
effect if histone modifications were deposited or erased as a
consequence of histones exchanging. A similar situation has
been observed in mouse embryonic stem cells, where no dif-
ference in H3K4me3 enrichment was observed at promoters
under conditions of reduced nucleosome turnover dynam-
ics (46). Thus, despite correlating both tightly with active
transcription, the histone H3 N-terminal modifications ex-
amined and the process of histone turnover are largely in-
dependent events.

One situation where an enrichment in H3 acetylation oc-
curred concurrently with an increase in histone exchange
was within transcribed regions following inactivation of

Spt6. An increase in H3 steady-state acetylation at lysines 9
and 14 has also been observed in fission yeast lacking Spt6
(47). Inactivation of Spt6 not only induces increased incor-
poration of new histones, as we show here, but also results
in a transcription-coupled loss of nucleosomes (37). A sim-
ilar transcription-dependent loss of nucleosomes and con-
comitant increase in H3 acetylation was observed upon in-
activation of Spt16 (48). By contrast, depleting TBP from
promoters, or inactivating histone chaperone Hpc2, two ex-
perimental conditions that we found affect histone turnover
at promoters without impacting on the histone H3 modifi-
cation state, had little or no effect on H3 steady-state oc-
cupancy at the genes we tested (data not shown). The in-
crease in H3 acetylation upon inactivation of Spt6 or Spt16
may therefore be a consequence of histone eviction rather
than histone exchange. Perhaps the unacetylated histone H3
is preferentially evicted from transcribed regions in the ab-
sence of the histone chaperones.

H3K36me3 and histone turnover

A recent genome-wide study suggests that a main function
of H3K36me3 is to suppress histone exchange across the
body of transcribed genes (28,49). It was shown that dele-
tion of Set2, the enzyme that methylates H3 at residue K36,
results in increased histone exchange specifically over cod-
ing regions, as well as increased H3K56ac, a modification
that occurs prior to nucleosomal assembly (50) and thus
accumulates at genomic regions where histones exchange
(19,29,51). An increase in H3K56ac over coding regions
was also observed in yeast cells expressing a K36A point
mutant of H3 (28). However, histone exchange was not di-
rectly assessed in the K36 mutant background. We found
that blocking H3K36 methylation by a lysine-to-arginine
mutation leads to a modest increase in H3HA incorpora-
tion across the coding region of the inactive STE11 gene.
This is consistent with the reported increase in H3K56ac
(28). However, the incorporation levels remained far below
those detected at highly dynamics sites (Supplementary Fig-
ure S2B). Furthermore, the K36R mutation had no major
impact on histone exchange at the other coding regions we
examined (Figures 1 and 2). It is therefore likely that other
mechanisms in addition to H3K36me3 are involved in sup-
pressing histone exchange over gene bodies.

Specific roles for histone chaperones Spt6, FACT and HIR in
histone turnover

Several histone chaperones have been implicated in histone
removal, histone deposition and/or histone exchange dur-
ing transcription (16). Among these are Spt6, FACT and
the HIR complex. Both Spt6 and FACT are essential for vi-
ability and they both travel with the elongating RNA Pol
II (52), thus showing a very similar pattern of association
across the genome (53). As alluded to above, inactivation
of Spt6 leads to a general loss of nucleosomes (37), initia-
tion from cryptic promoters (54) and, as we show here, in-
creased incorporation of new histones over transcribed re-
gions (Figure 4). Exactly the same was observed upon inac-
tivation of the Spt16 subunit of FACT (48,55) and was in-
terpreted as indications that a main function of FACT is to
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reassemble the original nucleosomes evicted by the elongat-
ing polymerase (48). Thus, although both chaperones are in-
volved in multiple other and, sometimes, distinct processes
(37), they likely function in a common pathway to main-
tain a proper chromatin and prevent incorporation of new
histones over transcribed regions (17,52).

In contrast, inactivation of the HIR complex by anchor-
away-mediated nuclear depletion of its Hpc2 subunit re-
sulted in decreased H3 incorporation. Intriguingly, Hpc2
depletion by itself altered histone dynamics at active pro-
moters but did not change turnover within the coding re-
gions we examined (Figure 5). However, the increase in
turnover at coding regions upon Spt6 depletion was blunted
by concomitant Hpc2 depletion (Figure 6). This is fully
consistent with the earlier proposal that the HIR complex
has a role in compensating defects associated with spt6 or
spt16 mutations (56). It further suggests that the HIR com-
plex has an essential role in regulating turnover at promot-
ers and largely redundant roles at transcribed regions that
are revealed only when multiple factors are compromised.
This is reminiscent of the reported overlapping roles of the
HIR complex and the CAF-1 histone deposition complex
in replication-independent histone turnover (57).

Histone exchange and histone modifications, how and to what
end?

In summary, we have shown that four major transcription-
coupled histone H3 N-terminal modifications are neither
the cause nor the consequence of histone turnover at
active genes. What, then, triggers histone modifications
and, independently, histone exchange, and what might
be their biological significance? Histone modifications are
widely viewed as resulting from the selective recruitment of
histone-modifying activities by activators or by the elongat-
ing RNA Pol II and as playing a key causal role in regulat-
ing transcription initiation and elongation (2). However, we
found that, in G1-arrested cells, H3K9ac, H3K4me3 and
H3K36me3 all persist long after loss of TBP from promot-
ers and thus transcriptional shutdown (Figure 7). The same
was observed in mammalian cells following treatment with
the RNA Pol II inhibitor �-amanitin and dissociation of
the polymerase and all histone-modifying factors examined
(58). A persistence of H3K4me3 after transcriptional re-
pression of galactose-regulated genes in yeast has also been
reported (42,59). This is consistent with these histone marks
also potentially serving another, longer-term purpose and
with erasure of these marks occurring mainly during S
phase (60). Unexpectedly, H3K9ac was not only maintained
but actually increased by several fold specifically over gene
bodies upon TBP depletion and thus transcriptional shut-
down (Figure 7). The increase was not linked to changes in
histone turnover or nucleosome occupancy and it occurred
relatively slowly after TBP departure. This suggests an in-
volvement of globally acting histone acetylases (12). It fur-
ther raises the possibility that a main function of the Rpd3S
histone deacetylase complex that travels with the elongat-
ing RNA Pol II is to prevent untargeted acetylation within
transcribed regions (28).

Histone exchange at active promoters, on the other hand,
could simply be explained by a constant competition be-

tween nucleosomes and the PIC, which is highly dynamic
(26,61), for binding to promoter DNA. Earlier and more
recent studies are consistent with this view (62–64). How-
ever, loss of RNA Pol II, which results in the complete dis-
assembly of the PIC, leads to changes in the positioning
but has relatively little effect on promoter nucleosome oc-
cupancy (65). Furthermore, although we provide evidence
here that the PIC is indeed largely responsible for histone
turnover at some promoters (Figure 7), this appears not
to be the case for most RNA Pol II genes; indeed, his-
tones keep exchanging at many promoters independently
of PIC assembly and RNA Pol II transcription (26) (A.
Hughes et al., unpublished results). Further investigation
will tell whether trans-acting factors (66) or some intrinsic
nucleosome-destabilizing property of promoter sequences
(67) plays a decisive role in histone turnover and to what
extent the process is important for gene regulation.
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