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Although chromatin structure is known to affect transcriptional activity, it is not clear how broadly patterns
of changes in histone modifications and nucleosome occupancy affect the dynamic regulation of transcription
in response to perturbations. The identity and role of chromatin remodelers that mediate some of these
changes are also unclear. Here, we performed temporal genome-wide analyses of gene expression, nucleosome
occupancy, and histone H4 acetylation during the response of yeast (Saccharomyces cerevisiae) to different
stresses and report several findings. First, a large class of predominantly ribosomal protein genes, whose
transcription was repressed during both heat shock and stationary phase, showed strikingly contrasting
histone acetylation patterns. Second, the SWI/SNF complex was required for normal activation as well as
repression of genes during heat shock, and loss of SWI/SNF delayed chromatin remodeling at the promoters
of activated genes. Third, Snf2 was recruited to ribosomal protein genes and Hsfl target genes, and its
occupancy of this large set of genes was altered during heat shock. Our results suggest a broad and direct dual
role for SWI/SNF in chromatin remodeling, during heat shock activation as well as repression, at promoters

and coding regions.

The eukaryotic genome is packaged into a protein-DNA
complex known as chromatin, with nucleosomes as its basic
structural unit (52, 57). Dynamic changes in the structure of
chromatin permit localized decondensation and remodeling
that in turn affect the regulation of transcription, DNA repli-
cation, recombination, and repair (8, 35).

Chromatin remodelers are large, multisubunit, biochemi-
cally diverse protein complexes that play a central role in
nucleosome dynamics. These complexes affect the regulation
of gene expression either by covalently modifying the N-termi-
nal tails of histones, eviction of histones in trans, and move-
ment of histones in cis or by exchanging one or more core
histones with histone variants (33). Posttranslational modifica-
tions of histones can act in a sequential or combinatorial man-
ner to bring about unique downstream consequences. One of
the best characterized of these modifications that is strongly
correlated with transcriptional activity is histone acetylation
(22, 40).

Chromatin remodelers are recruited to promoters by gene-
specific transcriptional activators or repressors (31, 34, 59).
Although specific histone modifications are strongly correlated
with steady-state transcriptional status, it is not clear how
broadly specific changes in chromatin structure affect dynamic
regulation of transcription in response to physiological signals.
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Simultaneous temporal genome-wide analyses of changes in
chromatin as well as transcription status in response to pertur-
bation provides a means of analyzing the relationship between
short-term chromatin states and downstream transcriptional
effects. Such dynamic analysis can reveal global patterns, and
thus the general principles, if any, underlying the relationship
between chromatin changes and transcriptional changes and
potentially shed light on the causal connections between these
two processes.

Yeast (Saccharomyces cerevisiae) cells adapt to environmen-
tal stresses such as heat shock, oxidative stress, nutrient star-
vation, and exposure to chemicals and heavy metals by rapid
alterations in global gene expression patterns (12). Transcrip-
tional activation of many stress-inducible genes is mediated in
part by heat shock factor 1 (HSF1) (32) and is known to
involve chromatin changes. Hsfl is constitutively bound to
some heat shock gene promoters but also exhibits stress-induc-
ible binding to a majority of its targets (16). Studies on the
HSP82 promoter have shown that upon heat shock, there is
domain-wide disassembly of nucleosomes, and that prior to
their eviction, the nucleosomes are transiently hyperacetylated
(61). However, a study of HSPI12, HSPS2, and SSA4 indicates
that the extents and timings of histone H3 acetylation and
nucleosome displacement differ for these three heat shock
gene promoters (10). Given that stresses, including heat shock,
transcriptionally activate nearly 5% of the yeast genome (12),
it is of interest to understand the relationship between chro-
matin changes and transcriptional activation after heat shock.
Another response to stress is the downregulation of ribosomal
protein (RP) genes (42, 54). In rapidly growing cells, RP gene
transcription accounts for about 50% of transcription by
RNA polymerase II (Pol IT). There is a marked reduction of
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transcription of these genes in response to different stresses
(9, 12, 55).

Several genomic maps of nucleosome localization (58), vari-
ant histones (15, 38, 60), and covalently modified histones
(24-26, 36) in yeast have been published recently. These stud-
ies provide a good framework for understanding the dynamics
of eukaryotic chromatin. However, several questions remain
regarding the role of chromatin remodeling during global tran-
scriptional reprogramming of a cell. First, do nucleosome oc-
cupancy and histone acetylation states at large classes of genes
correlate exclusively with their transcriptional status or do dis-
tinctive chromatin states appear depending on how a gene is
activated and repressed? Second, what are the kinetics of chro-
matin remodeling relative to transcriptional changes? Third,
what is the role of known chromatin remodeling complexes at
the genes that are transcriptionally affected?

To address these questions, we studied two different types of
stress conditions in yeast: heat shock and stationary-phase
stress. Heat shock causes immediate, but transient, transcrip-
tional changes within minutes of exposure to stress, whereas
stationary-phase stress, in contrast, results in more long-term
and steady-state levels of gene expression. There is consider-
able overlap between genes regulated by these two stresses
(12). In order to determine the relationship between genome-
wide chromatin states and transcriptional regulation of genes
when yeast cells responded to these two different stress condi-
tions, we systematically evaluated promoter nucleosome occu-
pancy and histone H4 acetylation status by chromatin im-
munoprecipitation (ChIP)-chip using histone-specific and
acetylation-specific antibodies and, in parallel, monitored the
changes in expression of their downstream genes in response to
the two stress conditions. We show the following. First, heat
shock and stationary-phase stresses result in contrasting chro-
matin acetylation states. Second, SWI/SNF regulates the mag-
nitude of gene activation as well as repression following heat
shock. Third, chromatin remodeling at heat shock-activated
and -repressed genes is accompanied by changes in the occu-
pancy of SWI/SNF at promoters as well as coding regions,
indicating a direct mechanistic role for SWI/SNF during tran-
scription initiation as well as elongation. Finally, we propose a
model for chromatin remodeling at both activated and re-
pressed genes after heat shock stress.

MATERIALS AND METHODS

Yeast strains, medium, and culture conditions. The S. cerevisiae strains used in
this study are YKY6B (UCC1111 background; MATa ade2::his3-A200 elu2-A0
hht2:METI15 hhfl-hht1::LEU2 pRS412(ADE2 CEN ARS)-MYC-HHF2-HHT?)
(25) and FY2103 (MATo ura3-A0 trpI-A63 his3-A200 lys2-A0 SNF2-CISMYC::
TRPI) (28). The deletion strains shown in Fig. S3 in the supplemental material
are from the yeast knockout collection from Open Biosystems (56). We gener-
ated the YKY6B-snf2A strain from YKY6B by use of a long flanking homology-
PCR-based gene disruption using a kanMX selectable marker (27, 53). The gene
disruption was confirmed by genomic PCR. Cells were cultured in synthetic
complete medium (yeast nitrogen base, a complete mix of amino acid supple-
ments, and 2% glucose) for all experiments. Cells were grown to log phase
(optical density [OD] at 600 nm of 0.6 to 0.8), and typically, one half of the cells
was used to isolate mRNA for expression profiling. The other half was used for
formaldehyde cross-linking followed by ChIP. For heat shock treatment, cells
were grown to an OD of 0.7 at 30°C, centrifuged at 3,000 rpm for 5 min, and
resuspended in an equal volume of synthetic complete medium prewarmed to
39°C. Heat shock was carried out either for 15 min or for the times specified in
the time course experiments (see Fig. 3 and 4 below; also see Fig. S5 in the
supplemental material) in a 39°C water bath. Cells were harvested at specified
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time points and flash frozen in liquid nitrogen for mRNA extraction or cross-
linked for ChIP. Stationary-phase stress was carried out by allowing the cells to
grow to an OD of 5.0 in synthetic complete medium.

RNA isolation and ¢cDNA labeling. Cells from a 50-ml culture were resus-
pended in 8 ml of AE buffer (50 mM sodium acetate, pH 5.2, 10m M EDTA,
1.7% sodium dodecyl sulfate), and total RNA was extracted using the acid
phenol lysis protocol described previously (45). Poly(A)" RNA was purified by
allowing the mRNA to bind to oligo(dT) cellulose for 90 min in the presence of
500 mM NaCl. The oligo(dT) cellulose was washed three times with 10 mM
Tris-Cl, pH 7.5, 500 mM NaCl and two times with 10 mM Tris-Cl, pH 7.5, 250
mM NaCl and then eluted in 10 mM Tris-Cl, pH 7.5, prewarmed to 65°C.
Reverse transcription using oligo(dT) primer and cDNA labeling were carried
out as described previously (16).

ChIP and labeling. Proteins were cross-linked to DNA by adding formalde-
hyde to the culture to a final concentration of 1% before heat shock, at the
indicated time points after heat shock at 39°C (see Fig. 4 below; also see Fig. S5
in the supplemental material), and during stationary phase. The cross-linked
DNA-protein complex was isolated, sheared by sonication, and immunoprecipi-
tated (21) using the following antibodies: anti-Myc (9E10), anti-acetyl-histone
H4 antibody (detects acetylation on K5, 8, 12, and 16), anti-acetyl-histone H4
K16, anti-acetyl-histone H3 K9/18 from Upstate Biotechnology, and anti-histone
H3 from Abcam. The cross-links were reversed and the immunoprecipitated and
reference input or genomic DNA was amplified by PCR and coupled to Cy3 and
Cy5 fluorophores according to published protocols (20).

DNA microarrays. Microarrays containing nearly every open reading frame
(ORF) and intergenic region were manufactured as described previously (19).
The amplified input and immunoprecipitated DNA, labeled with Cy3 and Cy5,
respectively, were hybridized onto DNA microarrays for 12 to 16 h, washed,
scanned with an Axon 4000B scanner (Molecular Devices), and quantitated using
GenePix Pro software. The data were uploaded into Acuity microarray infor-
matics software (Molecular Devices) and filtered on basic quality control mea-
sures, such as low signal intensity before analysis.

Microarray data analysis. Intergenic spots on the microarray were assigned as
a promoter for a downstream gene based on current annotations from SGD. For
expression profiling, the median of ratios (Cy5/Cy3) was calculated for every
OREF and the log,-transformed ratio was clustered and plotted as red-green heat
maps. The activated and repressed genes shown in Fig. 1 to 5 were those showing
=2.5-fold expression change compared to unstressed wild-type (WT) cells. For
ChIP-chip experiments, data from at least three and up to five independent
replicate experiments were used for analysis and to filter for consistency. All data
shown for acetylated histone H4 were normalized for underlying histone H4
occupancy.

qPCR verification. Primer pairs used in Fig. 2 were designed to amplify
approximately 60-bp regions in the promoters of the RPS9B, RPS4B, and
RPL36B genes. Control primers used for normalization were designed for the
promoter of YSNI. Five heat shock-responsive genes that showed an increase in
Snf2 occupancy at their promoters were selected for verification (see Fig. 6
below). Three genes that did not show an increase in Snf2 occupancy were
selected as negative controls. The normalization primer pair amplified the GET2
promoter where there is no Snf2 binding (28). Table S3 in the supplemental
material lists the sequences of all the quantitative real-time PCR (qPCR) prim-
ers used in this study. qPCR was performed using SYBR green chemistry on an
ABI 7900 instrument. Enrichment of target loci in the ChIP sample relative to
either genomic (Fig. 2) or input (see Fig. 6) DNA is shown, after normalization
to the reference primers.

Microarray data accession number. Microarray data are available from the
Gene Expression Omnibus (GEO) under accession number GSE7665 at http:
//www.ncbi.nlm.nih.gov/geo/.

RESULTS

Relationship between transcription, nucleosome occupancy,
and H4 acetylation during the stress response. We subjected
yeast cells to stress and compared changes in whole-genome
expression profiles with changes in nucleosome occupancy and
in histone H4 acetylation levels (at K5, 8, 12, and 16). We
selected heat shock stress (39°C, 15 min) and stationary-phase
stress (OD at 600 nm of 5.0), both of which are known to
perturb the expression of hundreds of genes, some common
and some distinct to each of the stress conditions. We deter-
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Gene expression levels correlate positively with histone H4 acetylation and negatively with histone H4 occupancy. (A) Comparison of

gene expression changes with change in histone H4 occupancy and acetylation levels at promoters after heat shock and stationary-phase stress. In
the two left panels of the heat map (H4 occupancy and acetylation), each column represents an immunoprecipitation performed from an
independent cross-linking experiment. The gene expression column represents the median expression change calculated from three independent
biological replicates. ChIP-chip data were filtered for consistent changes (positive or negative log, ratio) in occupancy and acetylation across the
three biological replicates and clustered hierarchically along with the gene expression data. The black and gray arrows indicate the most strongly
upregulated and downregulated genes, respectively. (B and C) Average histone H4 occupancy and acetylation levels at the promoters of genes
activated and repressed more than 2.5-fold after heat shock and stationary-phase stress, respectively. (B) The bars represent the average H4
occupancy and acetylation at the promoters of 248 activated and 295 repressed heat shock genes at the indicated temperatures. (C) The white bars
represent the average H4 occupancy and acetylation at the promoters of 280 activated and 219 repressed stationary-phase genes at the indicated
phases of growth. The y axes show the average change in the occupancy or acetylation measured as the log, ratio. Error bars represent the standard

error of the mean.
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FIG. 2. Genes repressed after both heat shock and stationary-phase stress show inverse histone H4 acetylation levels. (A) Venn diagram
indicating the total number of genes repressed more than 2.5-fold after heat shock and stationary-phase stress and the number of genes common
to both sets. (B) Change in histone H4 occupancy and acetylation at the promoters of the 152 genes repressed after both heat shock and
stationary-phase stress. Panels i and ii show the change in H4 occupancy and acetylation after stress, whereas panels iii and iv show the change
in acetylated histone H4 occupancy before and after stress, normalized to the underlying nucleosome occupancy. The average H4 occupancy and
acetylation levels from the heat map are shown at the bottom. Heat shock is accompanied by a decrease in histone H4 acetylation at the promoters
of the 152 genes, whereas stationary-phase stress is accompanied by an increase in H4 acetylation at the same promoters. The heat map was gen-
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mined the change in nucleosome occupancy by labeling with
CyS5 the histone H4-associated DNA immunoprecipitated by
an anti-Myc tag antibody from cells subjected to stress, labeling
with Cy3 the parallel ChIP DNA from unstressed cells, and
hybridizing them simultaneously to microarrays representing
almost all genes and promoters in yeast. Because nucleosomes
are not uniformly distributed across chromosomes and in pro-
moter regions, we measured changes in histone H4 acetylation
levels after normalizing them to underlying nucleosome occu-
pancy. We accomplished this by hybridizing differentially la-
beled ChIP DNA by use of an anti-acetylated histone H4
antibody and the ChIP DNA by use of the anti-Myc tag anti-
body (which immunoprecipitates total histone H4-DNA com-
plex) from each yeast culture to the same microarray. We
calculated the change in histone acetylation levels after tran-
scriptional perturbation by dividing the acetylated histone H4/
total histone H4 ratio in stressed cells by the corresponding
ratio in unstressed cells. We considered only promoters show-
ing consistent Cy5/Cy3 ChIP ratios across three independent
biological replicates. The Pearson correlation coefficients for
the biological replicates averaged 0.91 for gene expression
arrays, 0.895 for H4 occupancy arrays, and 0.73 for acetylated
H4 occupancy arrays.

Our results confirmed previous studies (2, 25) showing that
nucleosome occupancy at promoters is inversely correlated
with gene expression (see Fig. S1 in the supplemental mate-
rial). Each of the stresses affected the expression of more than
400 genes. Heat shock resulted in 248 genes upregulated and
295 genes downregulated more than 2.5-fold relative to what
was seen for unstressed cells (see Table S1 in the supplemental
material). Stationary-phase stress resulted in 280 genes up-
regulated and 219 genes downregulated more than 2.5-fold
relative to what was seen for log-phase cells (see Table S2 in
the supplemental material). There were 75 genes activated
more than 2.5-fold and 152 genes that were repressed more
than 2.5-fold common to both stress conditions, consistent with
previous observations and the regulation of genes during both
stresses by common transcription factors such as Msn2/Msn4
(3, 12). We visualized relationships between nucleosome oc-
cupancy, H4 acetylation, and gene expression using heat maps
where ChIP data for promoters were aligned with the expres-
sion data for their downstream genes, followed by clustering to
organize the data. Genes that were strongly upregulated after
either stress showed a reduction in nucleosome occupancy and
higher histone H4 acetylation at their promoters (Fig. 1A).
Conversely, genes that were strongly repressed showed an in-
crease in nucleosome occupancy at their promoters (Fig. 1A).
A striking difference between the cellular responses to the two
stress conditions was that in response to stationary-phase
stress, most promoters throughout the genome showed an in-
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crease in histone H4 acetylation, regardless of the expression
status of the downstream gene (Fig. 1A; also see Fig. S1B in
the supplemental material).

The relationship between nucleosome occupancy, histone
acetylation, and gene expression depended on the perturbation
and differed for activation versus repression. During heat
shock, there was a strong decrease in nucleosome occupancy
and a moderate increase in histone H4 acetylation at the pro-
moters of activated genes. The promoters of repressed genes
showed the inverse effect in that the decrease in histone H4
acetylation was more pronounced than the increase in nucleo-
some occupancy (Fig. 1B). During stationary phase, the de-
crease in nucleosome occupancy was less pronounced than the
increase in histone H4 acetylation at activated promoters (Fig.
1C). However, histone H4 acetylation levels at promoters re-
pressed after stationary-phase stress showed an increase rela-
tive to basal levels rather than a decrease as observed for heat
shock.

Previous studies have shown that the HSP82 promoter is
open and sensitive to DNase I even in the absence of heat
shock as a result of Hsfl binding to the high-affinity heat shock
element upstream of the HSP82 gene (11, 14). Heat shock-
induced histone loss at the HSPS2 promoter and coding region
is dependent on Hsfl and occurs within seconds of tempera-
ture shift (61). It has also been shown that Hsf1 is preloaded at
the HSPS2 and SSA4 promoters in an inactive form and is
activated upon heat shock, thereby mediating chromatin re-
modeling and RNA Pol II recruitment (10).

In order to examine the relationship between Hsfl binding
and nucleosome occupancy more globally, we compared his-
tone H4 occupancies at all promoters occupied by Hsf1 at 30°C
(16) (see Fig. S2A in the supplemental material). This analysis
showed that Hsf1 target promoters that had higher occupancy
of Hsfl at 30°C had comparatively lower nucleosome occu-
pancy and that promoters with lower occupancy of Hsfl had
higher nucleosome occupancy (see Fig. S2B in the supplemen-
tal material). Overall, nucleosome occupancy of promoters
occupied by Hsfl was low. We also examined the correlation
between RNA Pol II occupancy (37) and Hsfl occupancy.
Promoters with higher Hsf1 occupancy had a greater tendency
to have prebound RNA Pol II, while promoters with lower
Hsfl occupancy had lower RNA Pol II occupancy (see Fig.
S2B in the supplemental material). This depletion of nucleo-
somes at promoters bound by Hsfl suggests that binding of
Hsfl is followed by chromatin remodeling at the promoter
regions of heat shock-responsive genes even in the absence of
heat shock, resulting in RNA Pol II recruitment and thus
enabling those genes to be poised for rapid transcriptional
activation within minutes after heat shock (see below).

erated after hierarchical clustering. (C) Average H4 acetylation levels at K5, 8, 12, and 16 and acetylation levels specifically at H4 K16 during log
and stationary phases at the promoters of genes repressed after both heat shock and stationary-phase stress. The high levels of acetylation seen
at the H4 N-terminal tail are not due to H4 K16 acetylation. (D) H3 acetylation at the promoters of the 152 repressed genes during stationary-
phase stress. There was an increase in total H3 occupancy at these promoters but a strong reduction in H3 K9/18 acetylation upon stationary-phase
stress. Total H3 occupancy was measured relative to genomic DNA and the acetyl-H3 K9/18 occupancy was normalized to total H3 occupancy.
(E) gq-PCR verification of the change in histone H4 occupancy and acetylation at the promoters of 3 of the 152 repressed genes chosen at random.

Error bars represent the standard deviation across three replicates.
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The H4 acetylation pattern of genes repressed after station-
ary-phase stress is the opposite of that after heat shock stress.
We examined the genes repressed after heat shock and sta-
tionary-phase stress in greater detail. Out of the 295 heat
shock-repressed genes and 219 stationary-phase-repressed
genes, there were 152 genes in common (Fig. 2A). A majority
of these commonly repressed genes (112 genes out of 152, or
74%) were RP genes. After heat shock, there was a decrease in
histone H4 acetylation at the promoters of these repressed
genes but in contrast, after stationary-phase stress, there was
an increase in H4 acetylation at most of the same promoters
(Fig. 2Bi and ii). When histone H4 acetylation levels at each of
the 152 promoters were normalized to the underlying nucleo-
some occupancy, it was apparent that histone H4 acetylation
decreased after heat shock stress but increased after station-
ary-phase stress (Fig. 2Biii and iv and C). This difference in
acetylation status is striking given that these 152 genes, largely
comprising RP genes, were transcriptionally repressed by both
stresses.

The anti-acetylated histone H4 antibody used in the preced-
ing experiments did not distinguish between acetylation at K5,
K8, K12, or K16 in the N-terminal tail. To further probe the
nature of the H4 acetylation increases we observed in response
to stationary-phase stress, we used an antibody specific for H4
K16 acetylation for ChIP-chip in normally growing and station-
ary-phase cells. H4 K16 acetylation is well characterized in
yeast and has a role in transcriptional activation and the main-
tenance of euchromatin (43). H4 K16 is thought to be a unique
acetylation site of histone tails, functioning as a dual switch for
higher-order chromatin structure and protein-histone interac-
tions. Acetylation on K5, K8, and K12 is dispensable for the
folding of nucleosomal arrays. ChIP-chip with the anti-K16
acetyl antibody showed that indeed, during stationary phase,
the increase in acetylation at repressed promoters was not at
H4 K16 and could therefore be attributed to acetylation of K5,
K8, or K12 (Fig. 2C). We also performed ChIPs against acety-
lated histone H3 to examine whether the increase in histone
acetylation at repressed promoters during stationary phase re-
flected a general increase in acetylation or was specific to the
three residues in histone H4. Although there were high levels
of acetylated histone H3 at these promoters during log phase,
there was a dramatic reduction in acetylated H3 occupancy at
these promoters during stationary phase (Fig. 2D). We de-
tected a modest increase in histone H3 occupancy at these
promoters, similar to what was seen for histone H4.

In order to quantitatively and independently verify the re-
sults obtained using whole-genome microarrays, we carried out
qRT-PCR using promoter-specific primers for three randomly
selected RP genes, RPS9B, RPS4B, and RPL36B. This exper-
iment confirmed that repression of many RP genes during
stationary-phase stress is accompanied by an increase in his-
tone H4 acetylation at their promoters, but heat shock, which
also represses these same genes, results in a decrease in his-
tone H4 acetylation (Fig. 2E).

A role for SWI/SNF in mediating the global transcriptional
response to heat shock. The reduction in nucleosome occu-
pancy relative to histone acetylation at activated genes during
the rapid heat shock response, which was stronger than that
seen for the slower stationary-phase stress, suggested that
rapid clearance of nucleosomes from the promoter is impor-
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tant for transcriptional activation following heat shock. To
identify the factor that might mediate chromatin remodeling
after heat shock, we examined global gene expression changes
after heat shock in strains lacking one of four different ATP-
dependent chromatin remodeler genes known to be involved in
transcriptional regulation: snf2A, chdIA, iswlA, and isw2A.
Snf2 is the catalytic subunit of the SWI/SNF chromatin remod-
eling complex (29), while Chd1 is a member of the CHD family
of proteins (50). Iswl is a member of the ISWI (imitation-
switch) class of proteins and forms a complex with Ioc2 and
Toc4 to regulate transcription elongation and forms a complex
with Ioc3 to repress transcription initiation. Isw2 is also a
member of the ISWI class and forms a complex with Itcl and
is required for the repression of MATa-specific genes, INOI1,
and early meiotic genes during mitotic growth (30). We com-
pared global gene expression in the WT and the four knockout
strains before and after heat shock in three ways. First, we
compared the genome-wide changes in gene expression in the
WT strain and deletion mutants after heat shock. Second, we
compared the expression levels of all genes between different
pairs of deletion mutants at 30°C. Third, we compared the
expression levels of all genes at 39°C between different pairs of
deletion mutants. We then calculated the pair-wise Pearson
correlation coefficients for all the experiments. This analysis
revealed that gene expression changes in the snf2A cells
showed the greatest differences from WT cells (see Fig. S3A in
the supplemental material). In addition, at both 30°C and
39°C, gene expression in the snf2A strain was clearly different
from that of all the other deletion strains (see Fig. S3B in the
supplemental material). These results indicate that in compar-
ison to the other key chromatin remodelers, Snf2 plays a more
important role in mediating the transcriptional response to
heat shock.

Next, we compared the kinetics of the transcriptional re-
sponse to heat shock in WT and snf2A cells, focusing on the
genes that were most strongly activated or repressed in WT
cells. We analyzed RNA samples at 30, 60, 300, and 900 s (75,
Ts0> T500, and T, respectively) after temperature shift of WT
and snf2A cells and compared them to RNA from unstressed
WT cells (see Fig. S4 in the supplemental material). In order to
visualize the snf2A effect on the activation and repression of
genes after heat shock, we also compared the RNA samples at
T50, Too, Ts00, and T after temperature shift in both WT and
snf2A cells and normalized them to RNA from the respective
unstressed cells. Although most genes activated by heat shock
in WT cells were also activated in snf2A cells, the extent of
activation was distinctly lower, in that the average transcript
levels at all time points after heat shock were lower for the
snf2A cells than for WT cells (Fig. 3A). At Ty, transcript
levels of activated genes were twofold lower on average in
snf2A cells than in WT cells. Out of the 243 heat shock-acti-
vated genes at T, 22 did not show an increase in expression
even after 15 min of heat shock in snf2A cells (Fig. 3A).

Repression of genes by heat shock was similarly affected in
the snf2A strain, though not as markedly. mRNA levels in the
snf2A strain declined between T, and 75, after heat shock,
but this rate slowed down by Ty,. In contrast, mRNA levels
continued to decline rapidly in WT cells until Ty, such that
the average repression in WT cells was about 1.8-fold more
than in snf2A cells (Fig. 3B). When we considered the expres-
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FIG. 3. Time course gene expression profiles of heat shock-activated and -repressed genes in WT and snf2A cells. mRNAs were harvested before heat
shock (7)) and at T, Ty, T500, and Ty after heat shock. The expression levels of all the genes from the different time points in WT and snf2A cells
were normalized to the expression levels in the respective 7|, samples. (A) The expression profiles of heat shock-activated genes were clustered
hierarchically and are displayed using a red-green heat map. There were 22 genes that were not upregulated in snf2A cells even after 15 min of heat shock
and are indicated with black bars on the right. The graph below shows the average expression levels of all the activated genes at each of the time points.
(B) The expression profiles of heat shock-repressed genes are displayed on top, and a graph showing the average expression levels at each of the time
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sion decrease of the RP genes as a group upon heat shock, we
saw that the average repression of the RP genes in WT cells
was about 1.75-fold more than in snf2A cells (Fig. 3C). Inter-
estingly, Snf2 was also required for the normal transcription of

genes that were repressed by heat shock (Fig. 3D). Thus, Snf2
is required not only for high-level expression of RP genes
during normal growth but also for the activation and repres-
sion of distinct sets of genes after heat shock.
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biological replicates and the error bars represent the standard errors of the means. (A) Kinetics of histone depletion from the promoters and
coding regions (ORFs) of activated genes. (B) Kinetics of increase in histone occupancy at the promoters and coding regions of heat shock-

repressed genes.

Snf2 affects the kinetics of nucleosome remodeling in re-
sponse to stress. The fact that the deletion of SNF2 caused
transcriptional defects in genes activated as well as repressed
by heat shock raised the question of whether the effect was
directly due to defects in chromatin remodeling at the promot-
ers and/or the coding regions of these genes. To investigate
this, we measured genome-wide changes in nucleosome occu-
pancy in WT and snf2A cells to determine how rapidly nucleo-
somes were displaced after heat shock. We carried out a high-
resolution time course study on the order of seconds to identify
chromosomal changes immediately after heat shock. We cross-
linked cells at T, T's, Ts0, Teo, T500, and T following a shift
to higher temperature. In WT cells, nucleosome depletion was
apparent within 5 s of temperature shift, at the promoters as
well as the coding regions of activated genes (Fig. 4A). Histone
depletion increased consistently until 75, after which there
was a small relative increase in histone occupancy. In the snf2A
strain, there was a delay in loss of histone H4 at promoters,
with depletion beginning only 15 s after heat shock. Interest-
ingly, there was an initial increase in histone H4 occupancy 5 s
after heat shock in the snf2A strain that was not seen for WT
cells. These data, obtained from three independent biological
replicate experiments, establish that although the histone H4
occupancy changes were small, they were consistent across
hundreds of genes and multiple time points and further cor-
roborate the results from our time course gene expression
analysis.

At the promoters of genes that were repressed by heat
shock, there was an increase in histone H4 occupancy within 5 s

of heat shock for both WT and snf2A cells (Fig. 4B). For WT
cells, over the coding regions of repressed genes, there was a
gradual increase in nucleosome occupancy following an initial
decrease, until 15 min after heat shock. However, for snf2A
cells, nucleosome occupancy over the coding regions of re-
pressed genes tended to be lower than for WT cells (Fig. 4B).
This is consistent with the expression data, where in compar-
ison to WT cells, snf2A cells showed higher average mRNA
levels (Fig. 3B).

It is possible that nucleosome displacement from DNA is
preceded by covalent histone modification. At the promoters
of the heat shock genes HSPS82, HSP12, and SSA4, a transient
increase in histone acetylation precedes nucleosome displace-
ment upon heat shock (10, 61). In order to ascertain whether
there was any general relationship between histone H4 acety-
lation and nucleosome clearance in the absence of Snf2, we
performed ChIP using the anti-acetyl-H4 antibody on the same
cell lysates used for the analysis of histone H4 occupancy in
WT and snf2A strains. We hybridized ChIP DNA from all time
points for WT and snf2A cells to arrays along with a genomic
DNA reference and calculated the change in acetylated his-
tone H4 occupancy by dividing the Cy5/Cy3 ratios for all the
time points for both WT and snf2A cells by the corresponding
ratio in the WT at zero time point. For WT cells, the kinetics
of acetyl-H4 depletion at promoters followed a pattern similar
to that of the depletion of total histone H4 (see Fig. S5 in the
supplemental material), with a transient increase in acetylation
at some of the promoters, including HSPS2. However, for
snf2A cells, where nucleosome depletion was delayed relative
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FIG. 5. Snf2 is recruited to RP genes under normal (unstressed) growth conditions and to Hsf1 target genes upon heat shock. Cy5-labeled Snf2
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promoters and coding regions (A), Hsfl target gene promoters (16) and coding regions (B), and RP gene promoters and coding regions (C) are
shown. The distributions of the log, ratios for the remainder of the genes on the array (other genes) are also plotted in each of the graphs.

to what was seen for WT cells and the histone H4 occupancy at
Tooo Was higher than in WT cells (Fig. 4A), there was a clear
enrichment of acetylated histone H4 (hyperacetylation) at
many of the promoters across all time points, and this was
consistent both before and after normalization to total H4 at
each time point (see Fig. S5 in the supplemental material).
These results suggest that when yeast cells are subjected to
heat shock stress, histone H4 at the promoters of activated
genes is transiently hyperacetylated prior to Snf2-dependent
chromatin remodeling (see Discussion).

The genomic targets occupied by Snf2 vary before and after
heat shock stress. To investigate whether the SWI/SNF com-
plex is directly involved in chromatin remodeling during heat
shock, we examined whether Snf2 was recruited to the genomic
loci undergoing remodeling and whether its occupancy
changed during heat shock and chromatin remodeling. We
subjected yeast cells harboring a C18-Myc-tagged Snf2 to heat
shock for 15 min, followed by formaldehyde cross-linking, im-
munoprecipitation with an anti-Myc antibody, and microarray
hybridization. We carried out five independent replicate
cross-linking experiments under unstressed and heat shock
conditions and combined the results from the five experi-
ments in our analysis. We calculated the median log ratio

indicating Snf2 occupancy from the five replicates and com-
pared the occupancies of Snf2 at the promoters and coding
regions (ORFs) of (i) genes activated by heat shock in WT
cells, (ii) Hsf1 target genes (16), and (iii) RP genes, with the
occupancy of Snf2 at the background set of promoters and
ORFs. At 30°C, Snf2 occupancy at both promoters and
coding regions of heat shock-activated as well as Hsf1 target
genes was no different from what was seen for the back-
ground (Fig. 5A and B, 30°C). Upon heat shock, the occu-
pancy of Snf2 increased robustly at both promoters and,
strikingly, at the coding regions of these genes, indicating
that Snf2 was recruited to these regions within 15 min of
heat shock (Fig. 5A and B, 39°C). In contrast, Snf2 occu-
pancy was high over the coding regions of RP genes and
moderately high at their promoters during unstressed con-
ditions relative to the background (Fig. 5C, 30°C). This is
consistent with our previous finding that there was a de-
crease in the average levels of transcription of the RP genes
in an snf2A background at 30°C (Fig. 3D). Therefore, Snf2
occupancy of the RP genes is likely to be involved in main-
taining the high levels of transcription of the RP genes at
30°C. Upon heat shock (Fig. 5C, 39°C), the occupancy of
Snf2 at the coding region of the RP genes was reduced to
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FIG. 6. Quantitative real-time verification of Snf2 ChIP-chip data.
Five genes (GLKI, HSPS2, KAR2, SSAI, DDR2, and SPL2) that
showed an increase in Snf2 occupancy after heat shock and three
control genes (FLOS5, MDM20, and MCM10) that did not show an
increase after heat shock in the microarray experiments were selected.
Primers were designed to amplify 60 to 80 bp of their promoters, and
qRT-PCR was carried out. Error bars show the standard deviations
from three replicate reactions.

background levels, while its occupancy increased at their
promoters, suggesting that Snf2 directly mediates the re-
modeling of chromatin at the promoters of RP genes after
heat shock to bring about a repressive chromatin state.

We independently verified the heat shock-dependent
changes in Snf2 occupancy at the promoters of six activated
genes (GLKI, HSPS2, KAR2, SSAI, DDR2, and SPL2) by q-
PCR (Fig. 6). We selected three promoters, FLOS5, MDM20,
and MCM10, as negative controls, as they did not show any
change in Snf2 occupancy upon heat shock in our microarray
experiments. The qPCR data showed that there was a 3- to
6.5-fold increase in the occupancy of Snf2 at the six heat
shock-responsive promoters that we tested and no increase at
the promoters of the three negative-control genes, corroborat-
ing the ChIP-chip results.

Taken together, these results indicate that the SWI/SNF
complex has a direct role in (i) the transcription of RP genes
during unstressed growth conditions, (ii) the repression of RP
gene expression after heat shock stress, and (iii) the transcrip-
tional activation of heat shock-responsive and Hsfl target
genes upon heat shock.

We further carried out an Snf2 ChIP-chip experiment with
stationary-phase cells to investigate whether Snf2 is recruited
to genes activated by stationary-phase stress. Our results
showed that unlike what is seen for heat shock, Snf2 was not
recruited to these promoters during stationary-phase stress
(not shown). Moreover, Snf2 did not show increased occu-
pancy at the promoters of RP genes upon stationary-phase
stress, indicating that the dual role of Snf2 in activating heat
shock-responsive genes and repressing RP gene expression is
specific to heat shock stress and cannot be generalized as a
response to all other stress conditions.

DISCUSSION

Yeast cells respond differently to heat shock and stationary-
phase stress. Our analysis shows that the global relationship
between transcriptional changes and changes in chromatin
states can differ depending on the physiological trigger or
mechanism of transcriptional activation. Although more than
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150 genes were repressed after both heat shock and stationary-
phase stress alike in yeast, the histone H4 acetylation levels at
their promoters showed contrasting patterns (Fig. 2). In re-
sponse to heat shock, transcriptional repression of these genes
was accompanied by an increase in nucleosome occupancy at
their promoters and a decrease in H4 acetylation. In contrast,
during the response to stationary-phase stress, although there
was a similar increase in histone occupancy at the promoters of
these same transcriptionally repressed genes, there was an
increase in histone H4 acetylation.

There could be three explanations for this difference. First,
it is possible that different transcriptional repressors mediate
the repression of these genes during the two stress conditions.
Histone acetylation at activated promoters is differentially af-
fected by specific activators. For example, CUPI is induced by
Hsf1 upon heat shock and by Acel during copper induction.
Hsfl-dependent induction of CUPI is accompanied by in-
creased H4 acetylation, while Acel-dependent induction of the
same gene is accompanied by decreased H4 acetylation (5).
For human HSP70, heat shock activation causes acetylation of
histone H4, whereas activation by sodium arsenite produces
both H4 acetylation and H3 phosphorylation (49). These ex-
amples illustrate that the differential response of acetylation at
regulated promoters may be due to two different regulatory
pathways. Of the 152 genes that were repressed by both
stresses, 112 were RP genes. A majority of RP genes are bound
by the transcription factor Rap1 and also by cofactors Fhll and
Ith1. When transcription of the RP genes is repressed by nu-
trient starvation, heat shock, osmotic stress, or the diauxic
shift, Ifh1 leaves the promoter but Rap 1 and Fhll remain
bound (41, 42, 54). However, it is not known if there are
additional mechanisms of transcriptional repression of RP
genes during environmental stress. It is possible that multiple
pathways lead to the repression of RP genes after heat shock
and stationary-phase stress, especially given that the former
response, like all the other conditions where RP gene repres-
sion by transcription factors has been examined, is a rapid or
transient response, whereas repression during stationary-phase
stress is more long term.

A second possibility is that acetylations of different lysine
residues in histone H4 at the promoters of RP genes have
contrasting transcriptional consequences. Histone H4 K16
acetylation serves as a switch for changing chromatin from a
repressive to a transcriptionally active state by affecting higher-
order chromatin compaction (43). However, the roles of K5,
K8, and K12 acetylation are less clear. It is known that H4-
dependent histone deposition requires at least one of K5, K8,
or K12 to be acetylated (44). Mutational analysis of these latter
lysine residues has shown that their effect on gene expression
is nonspecific and cumulative (6). Our experiments showed
that the increase in histone H4 acetylation at repressed genes
during stationary-phase stress was not because of H4 K16
acetylation. Moreover, acetylation at histone H3 K9/18 de-
creased strongly during stationary-phase stress. Therefore, it is
likely that acetylation at H4 K5, K8, and/or K12 is specifically
important for the repression of genes during stationary-phase
stress but not upon heat shock stress. This highlights an inter-
esting difference in the mechanisms of chromatin repression of
the same set of genes by different pathways.

A third possibility is that H4 hyperacetylation is unrelated to
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the immediate transcriptional status of the repressed genes
during stationary phase and instead serves a chromatin mark
for other reasons. RNA Pol II is known to occupy even silent
promoters during stationary phase in readiness for reactivation
of transcription upon release from stationary phase (37). It is
possible that histone H4 K5, K8, and/or K12 hyperacetylation
during stationary phase, which is a long-term stable physiolog-
ical state as opposed to the transient heat shock, facilitates this
dormant occupancy of promoters by the transcriptional ma-
chinery.

A novel role for Snf2 in transcriptional regulation during
heat shock. The SWI/SNF complex is involved in activation
and repression of transcription by RNA Pol IT (29) and is also
known to have a role in repressing ribosomal DNA transcrip-
tion (7). Based on our whole-genome expression profiling of
snf2A cells and the in vivo binding distribution of Snf2 in WT
cells before and after heat shock, it is clear that the SWI/SNF
complex also plays a pivotal role specifically in the transcrip-
tion of both RP genes and Hsfl1 target genes that are activated
by heat shock. Interestingly, we observed changes in Snf2 oc-
cupancy at both the promoters and the coding regions of genes
transcriptionally regulated by stress. Transcription of RP genes
is dependent on the activators Rapl, Fhll, and Ifhl. In addi-
tion, the Esal subunit of the NuA4 histone acetyltransferase
(HAT) complex (an H4-specific HAT) binds to RP gene pro-
moters in a Rapl-dependent manner and is required for RP
gene transcription (39). Esal occupancy at RP promoters de-
creases during amino acid starvation and after heat shock. Our
data integrate well into these previous studies, given that his-
tone acetylation by either the SAGA (an H3-specific HAT) or
NuA4 HAT complex increases the occupancy of SWI/SNF on
promoters (17). Snf2 is the bromodomain-containing compo-
nent of the SWI/SNF complex that recognizes and binds to
acetylated histones (18). Therefore, it is possible that SWI/SNF
is recruited to RP genes via transcriptional activators but may
be stabilized by NuA4 acetylation of histone H4. Upon heat
shock, SWI/SNF may direct nucleosome reassembly at the
promoters of the RP genes, perhaps in conjunction with pres-
ently unknown transcriptional repressors, thereby shutting
down transcription of these genes.

Data presented here and in a previous study of histone H3
occupancy after heat shock (25) show that the activation of
genes upon heat shock results in nucleosome displacement at
promoters. Our data also show that Snf2 occupies the promot-
ers and the coding regions of all of the activated genes within
15 min of heat shock. This is consistent with previously pub-
lished data on a model heat shock gene showing an increase in
the abundance of Snf2 at the promoter, the coding region, and
the 3’ untranscribed region following heat shock (61). How-
ever, ChIP-chip analysis of stationary-phase cells showed that
Snf2 occupancy does not increase at the promoters or coding
regions of genes that were activated by stationary phase, sug-
gesting a different mechanism of transcriptional activation of
these genes during stationary-phase stress response. There-
fore, we propose that the SWI/SNF complex, in addition to
having specific roles in the regulation of MATa-specific genes
(47), PHOS (13), and SUC?2 (1), also has a broad genomic role
in the transcriptional activation of heat shock and Hsfl1 target
genes.

Human HSF1 (hHSF1) has been shown to interact with the
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BRGT1 subunit of SWI/SNF and recruit this complex to chro-
matin templates in vitro (48). In vivo, the recruitment of SWI/
SNF by hHSF1 remodels nucleosomes in front of the paused
polymerase to facilitate the production of full-length Asp70
mRNA, indicating a role for SWI/SNF in both initiation and
elongation of this gene (4). In addition, Hsf4b bound to heat
shock elements in human cells recruits Brgl complexes to the
promoters of heat shock proteins under physiological growth
conditions and in a cell cycle stage-dependent manner (51).
These observations with human cells and the increase in Snf2
occupancy at Hsfl target genes observed in this study suggest
that Hsf1 interacts directly or indirectly with Snf2 to recruit the
yeast SWI/SNF complex to the promoters of heat shock pro-
tein genes. The fact that Snf2 is not essential for the heat shock
stress response and that transcription of these genes occurs,
albeit at lower levels, even in the absence of Snf2, is discussed
below.

Time line of events leading to transcriptional response to
heat shock stress. Unlike nucleosome displacement at the
PHOS5 promoter, which takes at least an hour (40), our results
show that chromatin remodeling in heat shock-responsive
genes begins within seconds and is complete within 15 min
after temperature upshift. This nucleosome displacement at
the heat shock-activated gene promoters is one of the most
rapid chromatin changes yet observed. On average, the tran-
script levels of the heat shock-activated genes for an snf2A
strain were approximately twofold lower than those for WT
cells. Our measurements of histone H4 occupancy revealed
that nucleosome displacement at promoters does occur in the
absence of Snf2 but is impaired relative to WT cells, indicating
that an alternate mechanism is used for histone displacement
in snf2A cells. In addition, hyperacetylation was detectable at
many of the promoters when chromatin remodeling was arti-
ficially delayed in an snf2A strain (see Fig. S5 in the supple-
mental material). A previous report showed that domain-wide
nucleosome displacement at the HSPS2 promoter was inde-
pendent of prominent remodelers such as GenS (an H3-spe-
cific HAT), Setl, the Pafl elongation complex, and the chro-
matin assembly protein Asfl (61). This report also showed that
although inactivation of Snf2 had a sixfold effect of the tran-
scription of HSPS2, Snf2 was dispensable for domain-wide
chromatin remodeling. It remains to be determined whether
hyperacetylation, perhaps due to NuA4, is sufficient for the
displacement of promoter nucleosomes at heat shock genes.
Taken together, our results show that deletion of SNF2 has a
marked effect on transcription and a subtle effect on chromatin
remodeling at the promoters of a broad set of heat shock-
activated genes. Given that the SWI/SNF complex has partially
redundant roles with not only Gen5 but also Chdl (50) and
that a chdIA snf2A strain is inviable, it is possible that Chdl
contributes to nucleosome remodeling at the heat shock-re-
sponsive genes in the absence of Snf2. Thus, Chdl or another
remodeler may partially compensate for the remodeling defect
in the absence of Snf2, but it is possible that this is not sufficient
to restore transcriptional regulation to normal levels.

Models for gene activation and repression after heat shock
stress. Based on the above-described features of chromatin
remodeling and transcription of heat shock-responsive genes
and the data described in this study, we propose the following
models for activation and repression of these genes (Fig. 7).
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FIG. 7. Model for chromatin changes during transcriptional activation and repression after heat shock stress. (A) An activation model for a
prototypical heat shock gene. Upon heat shock, Hsfl bound to the promoter-proximal heat shock element recruits the SWI/SNF complex to the
promoter. SWI/SNF displaces nucleosomes in the promoter, exposing the TATA box and making the promoter more accessible for TFIID binding
(23). Once TFIID binds, it recruits the holo-RNA Pol II complex and facilitates active preinitiation complex assembly. This leads to activated
transcription of the heat shock genes at 39°C. Although not shown in the model, it is possible that Hsf1 recruits a HAT (39) and its action precedes
the recruitment of SWI/SNF. (B) Repression model for RP genes. RP genes are actively transcribed at 30°C, and Snf2 recruitment to their coding
regions facilitates transcription elongation. Rap1 binds to the promoters of RP genes and directly or indirectly (via cofactors) recruits Esal (39).
Rapl also recruits Fhll and Ifh1 to the RP genes, and their binding leads to preinitiation complex assembly (41, 42, 54, 62). Upon heat shock, Rap1
recruits presently unknown repressors to the promoter of the RP genes. These repressors downregulate transcription in a SWI/SNF-dependent
manner, probably by bringing about nucleosome reassembly at the promoter and the coding region.

The model for activation (Fig. 7A) suggests that the repres-
sive effect of chromatin at Hsf1 target genes is alleviated by the
recruitment of the SWI/SNF complex either by Hsfl or by
other coactivators upon heat shock. The SWI/SNF complex
binds to NuA4 acetylated histone H4 or SAGA acetylated
histone H3 (or both) at the promoter, displaces nucleosomes,
and makes the promoter more accessible to transcription fac-
tor binding and preinitiation complex assembly. At promoters
that are bound by Hsfl during unstressed conditions, this step
occurs prior to heat shock, and the promoters are constitutively
poised for rapid transcriptional activation. This is evident by
the increased RNA Pol II occupancy at the promoters of heat
shock genes prebound by Hsf1 (see Fig. S2 in the supplemental
material). We propose that the yeast SWI/SNF complex, sim-
ilar to its human counterpart, disrupts nucleosomes in the
coding region, thus facilitating transcriptional elongation by
Pol 1II in addition to its role at the promoter. This model is
supported by our data showing that at 39°C, both promoters
and coding regions of heat shock-activated Hsfl target genes
show increased occupancy by Snf2 (Fig. 5).

The model for repression (Fig. 7B) suggests that under nor-

mal growth conditions, Snf2, perhaps recruited by a compo-
nent of the RNA Pol II holoenzyme, facilitates the high-level
transcription of the RP genes by nucleosome remodeling dur-
ing elongation. This is reflected in the higher occupancy of RP
gene coding sequences by Snf2. In response to heat shock,
either Rapl or Fhll, which continue to occupy RP gene pro-
moters even after heat shock (41, 42, 54), recruits SWI/SNF
either directly or indirectly via other repressors. SWI/SNF then
mediates nucleosome remodeling at the promoter to stabilize
the repressed state. Taken together, our models suggest an
important dual role for Snf2 during the heat shock stress re-
sponse as both a coactivator and a corepressor at distinct sets
of promoters as well as coding regions in the yeast genome.
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