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Heat shock rapidly induces expression of a subset of genes while globally repressing transcription, making it an
attractive system to study alterations in the chromatin landscape that accompany changes in gene regulation. We
characterized these changes in Drosophila cells by profiling classical low-salt-soluble chromatin, RNA polymerase
II (Pol II), and nucleosome turnover dynamics at single-base-pair resolution. With heat shock, low-salt-soluble
chromatin and stalled Pol II levels were found to decrease within gene bodies, but no overall changes were
detected at transcriptional start sites. Strikingly, nucleosome turnover decreased genome-wide within gene bodies
upon heat shock in a pattern similar to that observed with inhibition of Pol II elongation, especially at genes
involved in the heat-shock response. Relatively high levels of nucleosome turnover were also observed throughout
the bodies of genes with paused Pol II. These observations suggest that down-regulation of transcription during
heat shock involves reduced nucleosome mobility and that this process has evolved to promote heat-shock gene
regulation. Our ability to precisely map both nucleosomal and subnucleosomal particles directly from low-salt-
soluble chromatin extracts to assay changes in the chromatin landscape provides a simple general strategy for
epigenome characterization.
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The heat-shock response is a universally conserved reaction
to environmental stress that involves rapid transcriptional
changes. Inactive monomers of the master heat-shock
transcription factor HSF trimerize upon heat shock and
translocate to the nucleus, where they bind to the pro-
moters of heat-shock protein (Hsp) genes (Akerfelt et al.
2010). HSF binding triggers the release of paused polymer-
ases already engaged at promoters of Hsp genes, resulting in
fast and synchronous activation of HSF targets (O’Brien and
Lis 1991; Lee et al. 2008). Gene induction varies according to
conditions, but this rapid transcriptional response generates
10-fold to 1000-fold induction of Hsp genes within minutes
of temperature elevation (Lindquist 1986). Simultaneously,
heat shock results in down-regulation of normal transcrip-
tion (Jamrich et al. 1977), presumably to prevent accumu-
lation of misfolded translation products (Lindquist 1986).
These rapid genome-wide transcriptional responses make

the heat-shock system ideal for investigating chromatin
alterations that accompany gene regulatory changes.

The basic repeating unit of chromatin is the nucleo-
some, which consists of an octameric histone protein core
that wraps 147 base pairs (bp) of DNA (Luger et al. 1997).
Packaging of DNA into nucleosomes can occlude DNA
sequences and prevent transcription factor binding, in
which case disruption or mobilization of nucleosomes
is necessary for gene activation and other processes that
require access to regulatory sequences. For example, nu-
cleosomes in the bodies of induced Hsp70 genes are rapidly
lost within seconds of heat shock, and this loss depends on
HSF, poly(ADP-)ribose polymerase 1 (PARP1), and GAGA
factor (GAF) (Petesch and Lis 2008). Furthermore, loss of
nucleosomes is required for full activation of Hsp genes
(Petesch and Lis 2008). Heat-shock studies in yeast have
revealed a functional interplay between multiple nucleo-
some remodeling complexes in regulating Hsp genes
(Shivaswamy and Iyer 2008; Erkina et al. 2010), further
implicating nucleosome dynamics in gene induction. De-
spite the wealth of information on Hsp gene induction,
much less is known about the mechanisms for genome-
wide down-regulation of transcription during heat shock.
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Fluorescence analyses of GFP-tagged RNA polymerase II
(Pol II) show that Pol II becomes released from DNA upon
heat shock, suggesting that direct regulation of Pol II
kinetics plays a role in this process (Hieda et al. 2005). In
support of this possibility, SINE RNAs that are up-regulated
during heat shock (Allen et al. 2004; Mariner et al. 2008) have
been shown to disrupt contacts between promoter DNA and
Pol II (Yakovchuk et al. 2009). However, some evidence
exists for a role of nucleosomes in this process as well. In one
mammalian study, histone deacetylases HDAC1 and
HDAC2 were shown to mediate global histone deacetyla-
tion during heat shock (Fritah et al. 2009), indicating that
changes in chromatin ‘‘states’’ correlate with global down-
regulation of transcription. Furthermore, repositioning of
individual nucleosomes was seen throughout the budding
yeast genome in response to heat shock (Shivaswamy et al.
2008). Although these studies revealed effects of gene
regulatory changes on chromatin, the mechanistic pro-
cesses responsible for these changes remain unknown.

To gain insights into the mechanistic role of nucleosomes
in gene regulation, we used the heat-shock response as
a model system to effect global chromatin changes that
occur with transcriptional alterations. Specifically, we
asked the following questions: (1) How does the chro-
matin landscape change with alterations in gene ex-
pression? (2) What is the interplay between nucleosome
dynamics and changes in transcription? (3) Can we gain
insight into the mechanisms that govern global gene
repression during heat shock and the possible roles that
chromatin plays in this process? To address these questions,
we introduced a simple strategy for epigenome character-
ization based on traditional micrococcal nuclease (MNase)
mapping, chromatin salt fractionation, and metabolic
labeling of histones to probe the entire low-salt-soluble
chromatin landscape and its dynamics at single-base-pair
resolution. We show that the low-salt-soluble chromatin
fraction is enriched for distinct subnucleosome-sized chro-
matin particles relative to total MNase-digested chroma-
tin. During heat shock, the landscapes of both nucleosomal
and subnucleosomal chromatin components dramatically
change at induced genes. In contrast, the genome-wide
distribution of subnucleosomal particles at transcription
start sites (TSSs) is maintained during heat shock despite
global down-regulation of transcription. Furthermore, ge-
nome-wide reduction in stalled Pol II occurs concom-
itantly with a decrease in nucleosome solubility and turn-
over within bodies of active genes. Using a Pol II elongation
inhibitor, we show that the changes in nucleosome turnover
that occur during heat shock resemble the turnover changes
caused by direct inhibition of transcription elongation. We
conclude that heat shock causes reduced Pol II elongation
and decreased nucleosome turnover genome-wide.

Results

Low-salt-soluble chromatin is enriched for distinct
types of subnucleosomal particles

Using Drosophila S2 cells, we digested intact nuclei with
MNase to obtain mostly mononucleosomes and extracted

the low-salt (80 mM)-soluble fraction, sometimes referred
to as classical ‘‘active’’ chromatin (Sanders 1978). We then
captured all MNase-protected fragments from both the
total MNase-digested nuclei and the 80 mM fraction
by using paired-end Solexa sequencing without prior size
selection, except for removal of unligated adapters with
Ampure magnetic beads (Henikoff et al. 2011). The size
distribution of paired-end reads from both total nuclei
and the 80 mM fraction reveals that fragments as small as
;20 bp could be sequenced and mapped to the genome
(Fig. 1A,B). Although there is a major peak at 147 bp
in the total nuclei fraction representing octameric nucle-
osomes, peaks of larger fragment sizes are also prominent,
likely due to histone H1-containing chromatosomes (Simpson
1978). Interestingly, the size distribution of fragments
from the 80 mM salt fraction not only shows a sharp peak
for 147-bp nucleosomes, which suggests exclusion of chro-
matosomes from low-salt-soluble chromatin, but also shows
distinct peaks for subnucleosomal components not seen in
the distribution of fragments from total nuclei. The peaks
suggest distinct types of protection of DNA from MNase by
particles that are enriched in 80 mM salt-soluble chromatin.

To investigate the distinct size classes in the 80 mM
fraction, we parsed the mapped paired-end reads into four
length categories based on the peaks in the read size
distribution: 15–45, 46–75, 76–120, and >120 bp. For the
total nuclei fraction, we used mapped paired-end reads that
are 141–200 bp in length to define nucleosomes. We then
converted the mapped reads to density counts at single-
base-pair resolution and focused on the three tandem copies
of the Hsp70 gene at the 87C heat-shock locus (Fig. 1C). In
both the total nuclei and the 80 mM fraction, mapped
nucleosomes showed a rather complex distribution. With
the exception of a few well-positioned nucleosomes, nucle-
osomes in gene bodies displayed heterogeneous positioning
and occupancy profiles. Under normal growth conditions,
the subnucleosomal particle DNA fragments (15–45, 46–75,
and 76–120 bp) displayed distributions that are very differ-
ent from those of nucleosomes. At this locus, the particles
were found primarily at the 59 TSSs in regions that are
generally depleted of nucleosomes. A closer view of the
promoter region revealed several peaks in the 15- to 45-bp
class, with two of these peaks corresponding to sites of
binding by GAF and TATA-binding protein (TBP) (Fig. 1C,
right panel), indicating that we can map distinct small
DNA-binding proteins. Subnucleosomal particles also lo-
calized to regions with no known gene annotations, sug-
gesting that these particles map to potential regulatory
regions in the genome (Supplemental Fig. S1). Furthermore,
the square shape of the peaks of these smaller fragments
indicates complete protection and tight positioning of the
DNA-binding proteins, in contrast to the rounded peaks of
the more mobile nucleosomes. This provides evidence for
DNA protection from MNase cleavage by small DNA-
binding proteins under native conditions.

Changes in the Hsp70 chromatin landscape during
heat shock

Previous studies have shown that nucleosomes within
the Hsp70 genes are lost within seconds of heat shock
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(Petesch and Lis 2008), but we wondered how other
components of the chromatin landscape change during
induction. Therefore, we harvested cells after 15 min at
37°C and followed the chromatin extraction and Solexa
library procedures described above. The size distributions
of MNase-protected fragments were highly similar be-
tween the control and heat-shocked samples for both the
total nuclei and the 80 mM salt fraction (Fig. 1A,B). We
converted the mapped reads for each size class into density
counts and compared heat-shock with control landscapes
over the 87C Hsp70 locus (Fig. 1C). Whereas total nuclei
showed only slight changes in nucleosome occupancy
with heat shock, the 80 mM salt fraction showed a marked
decrease. Interestingly, the prominent peaks of shorter
fragments at the TSS were diminished with heat-shock
induction, whereas occupancy of shorter fragments within
gene bodies dramatically increased, which suggests that
these shorter fragments derive from the transcriptional
machinery itself as it progresses through the Hsp70 gene.

Distinct genome-wide distributions of low-salt-soluble
chromatin particles

To examine the genome-wide distribution of each size
class, we ordered all genes by expression level and averaged
the normalized counts for each expression quintile in the
2-kb regions surrounding both the TSS and the transcrip-
tion termination site (TTS). We also performed the same
analysis on the nucleosome-sized fragments from total

nuclei to examine global nucleosome occupancy. The
genome-wide distribution of nucleosomes from total
nuclei agrees with previous studies that show nucleosome
depletion at the TSS, positioning of the +1 nucleosome,
and a gradual decrease in positioning further downstream
for expressed genes (Fig. 2; Mavrich et al. 2008; Weber et al.
2010). In the 80 mM salt-soluble chromatin fraction, both
the 76- to 120-bp and >120-bp fragment size classes
exhibit similar strongly phased profiles for the three quin-
tiles of expressed genes, in contrast to the flat profiles that
characterize the two inactive gene quintiles (Henikoff et al.
2009). Interestingly, the average profile of the 76- to 120-bp
fragments resembles the periodicity of phased nucleosomes
(>120 bp) but with narrower peaks, consistent with a shorter
fragment size, as if derived from partially unwrapped
nucleosomes (Li et al. 2005; Weber et al. 2010). Further-
more, the genome-wide profile of the 76- to 120-bp class
shows a higher peak at the �1 nucleosome position
relative to the >120-bp class, which implies that nucleo-
somes around active promoters might have a higher ten-
dency to be partially unwrapped than their neighbors.

We also observed that small fragments (15–45 and 46–
75 bp) are enriched at TSSs genome-wide, similar to
Hsp70 genes. These subnucleosomal particles are found
almost exclusively at expressed genes, which suggests
that the proteins that protect TSSs from MNase in low-
salt-soluble chromatin are involved in transcription ini-
tiation. Using previously determined genomic sites for
various DNA-binding proteins, we found that these size

Figure 1. Low-salt-soluble chromatin is
enriched for distinct subnucleosomal par-
ticles. Paired-end read length distribution
of MNase-digested total nuclei (A) and the
80 mM salt-extracted fraction (B) before
(blue) and after (orange) heat shock. (C)
Paired-end reads from the different size
classes of the 80 mM salt fraction (blue)
and the nucleosome-sized fragments of the
total nuclei (purple) were mapped onto the
Drosophila melanogaster genome. The
mapped reads were converted to normal-
ized counts for each base pair at the Hsp70
gene cluster, and landscapes were dis-
played with NimbleGen SignalMap. A
close-up view of the promoter region of
Hsp70Bb that is boxed in C is shown in the
right panel, with the dotted lines represent-
ing the binding sites for GAF and TBP.
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classes are enriched for GAF, EZ+PSC, and Zeste sites
relative to flanking regions (Supplemental Fig. S2), sug-
gesting that these small fragments result from MNase
protection of general transcription factors such as GAF and
protein complexes that generally occupy EZ+PSC and
Zeste sites.

We next asked how heat shock affects the genome-wide
distribution of the subnucleosomal particles. To do this,
we compared the average gene profiles of the 15- to 45-bp
size class in heat-shocked and control cells (Fig. 3A). The
plots are superimposable, which indicates that subnu-
cleosomal particles are undisturbed by heat shock. Di-
viding genes into quintiles based on normal expression
level also revealed no differences in the subnucleosomal
particle distribution before and after heat shock (Supple-
mental Fig. S3A). This suggests that heat-shock-mediated
down-regulation of expression does not occur at the level
of recruitment and initiation, in contrast to heat-shock
induction at Hsp70 genes, which is accompanied by major
changes in subnucleosomal particle occupancy at the TSS.

We also examined changes in the nucleosomal compo-
nent of low-salt-soluble chromatin. We aligned TSSs of
normally expressed genes for the nucleosome-sized classes
of the 80 mM and total nuclei fractions of heat-shocked

and control samples (Fig. 3B,C). We observed a genome-
wide reduction in nucleosome solubility in active genes
after heat shock, whereas silent genes showed little to no
change (Supplemental Fig. S3B). These observations imply
that heat shock results in a decrease in nucleosome salt
solubility within active gene bodies.

Stalled Pol II decreases globally during heat shock

Transcriptional changes during heat shock can be detected
cytologically in Drosophila polytene salivary gland chro-
mosomes within minutes (Belyaeva and Zhimulev 1976;
Bonner and Pardue 1976; Ashburner and Bonner 1979);
however, standard expression profiling is relatively in-
sensitive to rapid transcriptional changes because newly
synthesized mRNA is diluted by steady-state mRNA.
A 15-min heat shock represents only 1/80th of the 20-h S2
cell cycle, which likely accounts for our inability to detect
significant expression changes after heat shock by micro-
array-based profiling, except for heat-shock genes (data not
shown). A more direct genome-wide approach to observing
transcriptional levels is to map Pol II bound to DNA. We
showed previously that low-salt-soluble chromatin includes
;50-bp particles that are enriched 30 bp downstream from
the TSS in genes that had been found to be regulated at the
level of Pol II elongation (paused genes), in contrast to genes
matched for expression but lacking paused Pol II (non-
paused genes) (Weber et al. 2010). To confirm that these
particles represent paused Pol II itself, we performed native
chromatin immunoprecipitation (ChIP) with an antibody
against the Pol II C-terminal domain (CTD), using 80 mM

Figure 2. Distinct genome-wide distributions of active chro-
matin particles. Each mapped size class of the 80 mM salt
fraction was scaled to normalized counts per 10-bp window.
Within each size class, all genes were grouped into quintiles by
expression level, and the average normalized counts per 10-bp
window were determined for each quintile in the 2-kb region
immediately surrounding the TSS and TTS. In the total nuclei
fraction, only the 141- to 160-bp fragments were used in order to
represent the nucleosomal profile.

Figure 3. Genome-wide effects of heat shock on distinct
chromatin components. Ends analysis of all genes for the 15-
to 45-bp size class of the 80 mM fraction (A), all expressed genes
for the >120-bp size class of the 80 mM fraction (B), and all
expressed genes for the 141- to 200-bp class of the total nuclei
fraction (C).
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salt-extracted chromatin as input (low-salt-soluble Pol II).
DNA was isolated and subjected to paired-end sequenc-
ing. When cells were grown under normal conditions,
low-salt-soluble Pol II was enriched immediately down-
stream from TSSs of Hsp70 genes, but nowhere else in the
gene bodies (Fig. 4A), consistent with previous studies
identifying Hsp genes as containing paused Pol II (O’Brien
and Lis 1991). We then averaged the normalized counts
for all paused and nonpaused genes (Muse et al. 2007) in
a region of 2 kb surrounding the TSS and found that Pol II
was indeed strongly enriched at promoters of paused
genes (Fig. 4B). We also used 5,6-dichlorobenzimidazole
(DRB) to induce Pol II stalling followed by ChIP-seq and
found a 40% increase in low-salt-soluble Pol II at the 87C
Hsp70 locus (Fig. 4A), further confirming that the soluble
chromatin fraction is enriched for paused Pol II at Hsp70
promoters.

To visualize the genome-wide distribution of our low-
salt-soluble Pol II ChIP, we arranged the genes by de-
creasing level of expression and displayed them as a heat
map of the 2-kb region surrounding the TSS (Fig. 4C).
This showed a striking alignment of low-salt-soluble Pol
II just downstream from the TSS that strongly correlated
with expression level, suggesting that we captured the
generally ‘‘stalled’’ Pol II that includes paused, back-
tracked, and arrested Pol II species (Levine 2011). The
large fraction of genes characterized by stalled Pol II in the
soluble chromatin fraction is consistent with previous
studies of paused genes (Muse et al. 2007; Core et al. 2008;

Gilchrist et al. 2008, 2010; Min et al. 2011) and supports
the proposal that this fraction is enriched in paused Pol II
(Weber et al. 2010).

To explore how the stalled Pol II changes genome-wide
during heat shock, we performed Pol II ChIP and paired-
end sequencing as described above using as input the 80
mM salt fraction extracted from cells heat-shocked for 15
min at 37°C. We found that during heat shock, stalled Pol
II is present as irregular closely spaced peaks throughout
the bodies of Hsp70 genes (Fig. 4A). Most of these stalled
Pol II ChIP peaks lined up with the 15- to 45-bp fragment
peaks seen in the heat-shocked 80 mM fraction used as
input, confirming that a major component of this subnu-
cleosomal chromatin is Pol II itself. This result also implies
that Pol II stalls at multiple sites within bodies of the
highly induced Hsp70 gene, reminiscent of a recent report
in which mapping of nascent transcripts in yeast showed
that stalling throughout gene bodies is a common feature
of highly expressed yeast genes (Churchman and Weissman
2011).

Heat shock causes loss of Pol II from constitutively
active puffs in Drosophila salivary glands (Jamrich et al.
1977). When we focused on non-HSF target genes contain-
ing prominent stalled Pol II peaks under normal condi-
tions, we found that these peaks were greatly decreased
upon heat shock but were maintained during DRB Pol II
inhibition (Fig. 4A). Therefore, we wondered whether the
stalled Pol II that we mapped genome-wide is released
from constitutively active genes in S2 cells. Indeed, a heat

Figure 4. Effects of heat shock on low-salt-soluble
Pol II. (A) The mapped reads of the Pol II ChIP for
control, heat-shocked, and DRB-treated samples
were converted to normalized counts for each base
pair at the Hsp70 gene cluster, and landscapes were
displayed with NimbleGen SignalMap. A close-up
view of the boxed promoter region of Hsp70Bb is
shown in the right panel. Landscapes for heat-shock-
repressed genes are also shown for two regions in
chromosome 3R. (B) Average normalized counts for
all paused (purple) and nonpaused (cyan) genes in
a 2-kb region surrounding the TSS. (C) Heat maps
generated by Java TreeView of the log2 of Pol II ChIP
to 80 mM input ratio in the 2-kb region surrounding
the TSS for control (left) and heat-shocked (right)
samples.
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map display revealed genome-wide decreases in stalled
Pol II during heat shock (Fig. 4C). To confirm that this
decrease resulted from Pol II release rather than reduced
solubility of Pol II-bound DNA, we performed quantita-
tive Western blot analysis using a Pol II antibody for
the input, unbound, ChIP, and pellet fractions of samples
before and after heat shock (Fig. 5A). We detected a 50%
reduction in insoluble Pol II during heat shock, which
indicates that stalled Pol II became released from the DNA.
However, we also detected a decrease in the unbound
fraction without significant increase in global Pol II
levels in the input fraction. Because the starting material
in these experiments is nuclei, it is possible that Pol II
that is unaccounted for has shuttled into the cytoplasm or
degraded upon heat shock. Nevertheless, this result sug-
gests that reduced Pol II affinity is a mechanism for heat-
shock-mediated down-regulation of expression.

A large proportion of Pol II ChIP-mapped reads were
nucleosomal in size (Supplemental Fig. S4). We sought to
determine whether these nucleosomes represent specific
associations with stalled Pol II or nonspecific background in
the ChIP. For both the control Pol II ChIP and the corre-
sponding input 80 mM fraction, we measured the distance
between the midpoint of each fragment and the TSS and
plotted this distance versus the length of each fragment in
a 1-kb region surrounding the TSS for expressed and silent
genes separately (Fig. 5B). In the 80 mM salt fraction
(the input for Pol II ChIP), the profiles of all size classes
became evident in the expressed genes, including the
phased ;150-bp nucleosomes, the phased ;90-bp frag-
ments from internal cleavage of nucleosomes, and the <60-
bp fragments predominating at the TSS (Fig. 5B, bottom
left). Inactive genes of the 80 mM fraction showed no
phasing of nucleosomes and a reduced level of subnu-
cleosomal particles at TSSs (Fig. 5B, bottom right). In
comparison, the Pol II ChIP midpoint-versus-length plot
for expressed genes showed an enrichment of small frag-
ments especially downstream from the TSS (Fig. 5B, top
left). Interestingly, we also observed larger (;200- to 250-
bp) fragments centered near the +1 nucleosome, which
would represent fragments spanning both stalled Pol II and
the +1 nucleosome in the Pol II ChIP but not detectable in
the input material (Fig. 5B, left panels). In inactive genes,
the ChIP midpoint-versus-length plot showed an enrich-
ment of stalled Pol II at the TSS of some genes, whereas the
remaining fragments displayed similar profiles as with the
80 mM input (Fig. 5B, top right). Taken together, these
observations suggest a physical interaction between stalled
Pol II and the +1 nucleosome.

Inhibition of Pol II elongation decreases nucleosome
turnover within gene bodies

Transcription levels are correlated with levels of nucleo-
some turnover within gene bodies in Drosophila (Deal et al.
2010), but a causal relationship has not been established. If
transcriptional elongation is responsible for nucleosome
turnover in gene bodies, then reduced elongation during
heat shock will lead to a decrease in the level of turnover.
To test this prediction, we applied the CATCH-IT (covalent

attachment of tags to capture histones and identify turnover)
metabolic labeling procedure (Deal et al. 2010), which mea-
sures the kinetics of nucleosome turnover, in control and
heat-shocked cells. Cells were fed with Azidohomoalanine
(Aha)-containing medium either at room temperature
(control) or for 15 min at 37°C. Aha-containing proteins
within isolated nuclei were then conjugated with an alkyne-
adapted biotin linker through a copper-catalyzed cycloaddi-
tion reaction. Following MNase digestion, chromatin was
extracted in 350 mM NaCl, and Aha-biotin-containing
nucleosomes were affinity-purified using streptavidin-
coated magnetic beads with stringent washing to remove
H2A/H2B dimers. DNA from immunoprecipitated tetra-
mers and from the 350 mM input fraction was isolated
and prepared for paired-end sequencing as described above.
At the Hsp70 gene cluster, we observed that nucleosomes
underwent a dramatic increase in turnover after 15 min of
heat shock (Fig. 6A), suggesting that a large decrease in
nucleosome occupancy within seconds of heat shock
shown in a previous study (Petesch and Lis 2008) in-
volves increased turnover. To determine the genome-
wide changes in nucleosome turnover caused by heat
shock, we subtracted the control from heat-shock values
and displayed the changes in a heat map with genes ordered
by decreasing expression (Fig. 7A, left) or by changes in
stalled Pol II due to heat shock (Supplemental Fig. S5A).
These analyses revealed a decrease in nucleosome turnover
for most expressed genes, while some previously silent Hsp
genes showed increases in turnover, as well as a correlation
between changes in stalled Pol II and nucleosome turnover.
We then performed CATCH-IT on DRB-treated cells to ask
whether turnover changes result from changes in transcrip-
tional elongation. Indeed, inhibition of elongation with

Figure 5. Properties of the stalled Pol II. (A) Quantitative
Western blot from a representative Pol II ChIP experiment. Pol
II was probed using an antibody raised against the Rpb3 subunit.
Histone H3 was used as a loading control. For both Pol II and
H3, bands were quantified using ImageJ software. The ratio of
Rpb3 to H3 for each lane was determined, and the values for
each fraction (Input, Unbound, IP, and Pellet) were divided by
the value for the ChIP no-antibody control. (B) For all paired-end
reads, the distance between the midpoint of the fragment and
the TSS was determined and compared with the length of the
fragment. All genes were separated into two groups (expressed
and silent), and a random sample of 100,000 data points from
each was used in the heat maps.
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DRB led to a conspicuous reduction in nucleosome
turnover (Fig. 7A, right), with a remarkable resemblance
between the heat maps for heat-shocked and DRB-treated
cells. Furthermore, when the changes in turnover were
displayed as a heat map with genes ordered by changes in
stalled Pol II due to DRB treatment, we observed that the
greatest turnover changes occur within gene bodies even
though the major changes in stalled Pol II occur immedi-
ately downstream from the TSS (Supplemental Fig. S5B).
This suggests that much of the turnover within gene bodies
is caused by the presumably insoluble elongating Pol II. The
similar effects of heat shock and DRB inhibition of Pol II on
turnover strongly suggest that down-regulation of expres-
sion during heat shock occurs after recruitment of the
transcriptional machinery.

To further explore the relationship between transcrip-
tional elongation and nucleosome turnover, we analyzed

the CATCH-IT profiles of paused and nonpaused genes
under normal conditions (Fig. 6B). Notably, paused genes
showed consistently higher nucleosome turnover within
gene bodies compared with nonpaused genes. We then
examined the effects of heat shock and DRB on nucleosome
turnover for these two gene sets. Both treatments led to
substantial decreases in nucleosome turnover within gene
bodies of both paused and nonpaused genes of matched
expression (Fig. 6C), which argues that Pol II elongation
drives nucleosome turnover regardless of how Pol II is
regulated.

Finally, we asked about the molecular functions of the
subset of genes that showed higher turnover during heat-
shock treatment. To identify genes undergoing nucleo-
some turnover changes during heat-shock treatment, we
applied unsupervised k-means clustering with k = 3 to the
heat-shock minus control data and applied this clustering
to the DRB minus control data (Fig. 7B). Heat map
analysis showed a surprisingly similar pattern in nucle-
osome turnover changes in both treatments, suggesting
that transcriptional inhibition has consistent effects on
nucleosome dynamics regardless of the cause. Genes
with increased turnover downstream from the TSS
during both heat-shock and DRB treatments were enriched
for gene ontology (GO) terms for transcription regulation,
and heat-shock and hypoxia responses (Fig. 7C, group 1).
The largest class of genes that showed a significant
increase in nucleosome turnover is involved in DNA-
dependent regulation of transcription (P = 6 3 10�4, n =
65), which suggests that nucleosome turnover at these
genes is an inherent feature of the heat-shock response. In
contrast, the genes that showed reduced nucleosome
turnover are predominantly those with developmental
and other functions that are expected to be perturbed
during heat shock (Fig. 7C, group 2). Discovering concor-
dant nucleosome turnover changes at genes in the appro-
priate functional categories for the heat-shock response
itself suggests that regulation of turnover is an evolved
response to environmental perturbation.

Discussion

We showed here that heat-shock induction involves
genome-wide changes in chromatin solubility, stalled
Pol II occupancy, and nucleosome turnover in bodies of
expressed genes. Using new methods for epigenome pro-
filing and analysis, we mapped both nucleosomes and
subnucleosomal particles from the soluble chromatin
fraction at single-base-pair resolution from control and
heat-shocked cells. In addition, we determined the stalled
Pol II profiles derived from this fraction and showed that
loss of Pol II at active genes during heat shock correlates
with reduced nucleosome turnover, thus providing evi-
dence for a causal relationship between Pol II transit and
nucleosome turnover in gene bodies. A similar pattern of
reduced nucleosome turnover was also observed follow-
ing drug inhibition of Pol II elongation, which implies
that Pol II sometimes evicts nucleosomes that it encoun-
ters during elongation. Loss of stalled Pol II, and sub-
sequent reduction in genic nucleosome turnover, might

Figure 6. Nucleosomes within bodies of paused genes have
high turnover relative to nonpaused genes. CATCH-IT was
performed before and after heat shock, and before and after
DRB treatment. Input-normalized control samples were sub-
tracted from heat-shocked samples (HS-Ctl) and DRB-treated
samples (DRB-Ctl) to obtain changes in nucleosome turnover
caused by heat-shock and DRB treatment, respectively. (A) The
Hsp70 gene locus was visualized as described as in Figure 1C.
(B) Average normalized counts for all paused (purple) and
nonpaused (cyan) genes in a 2-kb region surrounding the TSS
and TTS of the input-normalized CATCH-IT experiment under
normal growth conditions. (C) Heat maps generated by Java
TreeView show changes in nucleosome turnover resulting from
heat-shock and DRB treatments in paused and nonpaused genes
ordered by decreasing expression under normal conditions.
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reflect a general mechanism for repression of diverse
genes during heat shock, while maintenance of transcrip-
tion factor binding at the promoters would facilitate
efficient recovery (Zanton and Pugh 2006).

Several studies that have profiled nucleosomes genome-
wide used MNase digestion followed by size selection for
nucleosome-protected fragments (Mavrich et al. 2008; Li
and Arnosti 2010; Kent et al. 2011; Xi et al. 2011). However,
by using salt fractionation of native chromatin to selec-
tively extract the soluble fraction, omitting size selection,
and sequencing the paired ends of fragments of all sizes, we
were able to investigate structural properties and dynamics
for both nucleosomal and subnucleosomal components of
the epigenome. For example, the footprint of subnucleoso-
mal particles can be inferred from the square peaks of short
fragments at the promoters of Hsp70 genes, implying that
the bound particles confer complete protection of DNA
by being precisely positioned over their binding sites. In
contrast, the spontaneous unwrapping and rewrapping of
nucleosomes allow for MNase encroachment into nucle-
osomal DNA (Li et al. 2005), thereby giving nucleosomal
peaks rounded shapes that signify average protection. Fur-
thermore, the precise mapping of subnucleosomal particles
has allowed us to use the low-salt fraction as the starting
material for native Pol II ChIP experiments, which indicates
that the stalled Pol II can be specifically extracted from
the soluble chromatin fraction. By sequencing all MNase-
protected fragments from the ChIP and analyzing their
midpoint-to-length relationships, we uncovered direct

evidence in support of a proposed interaction between
the stalled Pol II and the highly dynamic TSS nucleosome
(Gilchrist et al. 2010; Weber et al. 2010). Thus, salt
fractionation combined with a modified library prepara-
tion protocol and a simple computational analysis provides
a powerful tool for investigating the structure, profile, and
dynamics of the transcriptionally active epigenome.

Using this tool, we also found that active genes that lose
stalled Pol II during heat shock show no overall changes in
nucleosomal occupancy, comparable with a yeast study
showing that heat shock does not affect global nucleosome
occupancy (Shivaswamy et al. 2008). However, we also
observed a genome-wide decrease in the low-salt-soluble
nucleosomal fraction. How would a decrease in transcrip-
tion affect nucleosome solubility? Previously, we showed
that low-salt solubility largely corresponds to nucleosomes
containing the conserved histone variant H2A.Z (Weber
et al. 2010), which in Arabidopsis is responsive to changes
in ambient temperature (Kumar and Wigge 2010). There-
fore, it is possible that transcriptional repression results in
decreased H2A.Z occupancy within bodies of expressed
genes, and, as a result, nucleosome solubility decreases.

As we found to be the case for nucleosome occupancy,
heat shock appears to have no effect on the average
occupancies of subnucleosomal particles, in contrast to
its major effect at the TSSs of heat-shock genes. Such
maintenance of factor binding at the promoter region of
transcribed genes suggests that down-regulation during
heat shock occurs 39 of the TSS. Evidence in support of

Figure 7. Genome-wide changes in nucleosome
turnover during heat shock. (A) Heat maps gener-
ated by Java TreeView show changes in nucleosome
turnover resulting from heat-shock and DRB treat-
ments, where all genes are ordered by decreasing
expression under normal conditions. (B) Data from
A for HS-Ctl were subjected to unsupervised k-means
clustering with k = 3 (Cluster version 3), and the
DRB-Ctl heat map was arranged according to the HS-
Ctl clustering. (C) GO term analysis of groups 1 and 2
from the k-means clustering of the CATCH-IT data.
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downstream regulation during heat shock comes from
the observation that SINE RNAs induced by heat shock
disrupt elongating Pol II contacts with promoter DNA but
do not disrupt transcription factor recruitment or binding
in vitro (Yakovchuk et al. 2009). In addition, most of the
factors involved in the preinitiation complex remain
bound to promoters after heat shock in budding yeast
(Zanton and Pugh 2006), further supporting the notion
that repression occurs after recruitment.

The fact that low-salt extraction specifically enriches
for stalled Pol II suggests inherent differences between
stalled and actively elongating polymerases. Actively
elongating Pol II is highly insoluble under standard
extraction methods (Courvalin et al. 1976; Kimura et al.
1999), and nucleosomes of some transcribed genes remain
insoluble even after high-salt treatments that solubilize
most of the nucleosomes (Henikoff et al. 2009), which
implies an association between these nucleosomes and
the large, hydrophobic complexes involved in transcription.
This further suggests that stalled Pol II disengages from
these large complexes or from transcription factories
(Eskiw et al. 2008; Papantonis et al. 2010), making it
more soluble during extraction. The large fraction of
genes with Pol II signals that we observed suggests that
low-salt extraction in general captures stalled Pol II.
Such widespread Pol II stalling implies a discontinuous
elongation process, as has been shown in vitro (Herbert
et al. 2006) and in vivo in Saccharomyces cerevisiae
(Churchman and Weissman 2011). Furthermore, our
study showed that heat shock causes partial release of
stalled Pol II from DNA just downstream from TSSs,
which is an attractive mechanism for transcriptional
repression. Pol II release after heat shock has been
previously observed in Drosophila salivary gland chro-
mosomes (Jamrich et al. 1977). A similar Pol II release
process has been proposed in mammals, where heat
shock results in increased release of bound Pol II from
DNA (Hieda et al. 2005).

We also showed that heat shock results in increased
nucleosome turnover at heat-shock-induced genes and de-
creased turnover elsewhere over gene bodies. These obser-
vations imply a causal relationship between transcriptional
repression and nucleosome turnover that was previously
inferred from correlations between expression levels and
H3.3 (Mito et al. 2005) or turnover rates (Deal et al. 2010)
over gene bodies. Furthermore, the similarity between heat-
shock- and DRB-induced nucleosome turnover patterns
suggests that this causal relationship is an inherent general
feature of eukaryotic transcription, although it is unknown
whether these effects on transcriptional elongation involve
the insoluble RNA polymerase fraction, which cannot be
probed by ChIP. In vitro studies have revealed that a nucle-
osome can survive transcription by a single transcribing Pol
II but becomes evicted when bursts of multiple Pol IIs pass
through (Kulaeva et al. 2009, 2010; Jin et al. 2010). This in
vitro observation, taken together with our direct measure-
ments of changes in nucleosome turnover in vivo, suggests
that both the level of transcription and the rate of Pol II
bursting are major determinants of nucleosome eviction in
a large portion of the soluble chromatin.

It seems counterintuitive that paused genes would show
higher turnover within bodies than nonpaused genes (Fig.
4), insofar as pausing has been proposed to be a mechanism
for preventing Pol II bursting (Levine 2011). However, this
and other proposals have only considered events around
the TSS, whereas our study is unique in observing features
of paused genes throughout gene bodies. One proposal for
the immediate disruption of downstream nucleosomes at
the 87A Hsp70 locus during heat shock (Petesch and Lis
2008) is that the sudden acceleration of Pol II transit
elicits a wave of positive supercoiling ahead that causes
nucleosomes to unwrap before the topoisomerase swivel
can relieve the strain (Zlatanova and Victor 2009). The
fact that ordinary genes show high nucleosome occupancy
when they are active (Cui et al. 2010) suggests that
transcriptional elongation has evolved such that evic-
tion of nucleosomes upon sudden acceleration of RNA
polymerases is minimized. By this rationale, nucleosome
eviction would also be minimized by favoring a more
uniform rate of polymerase transit, thus reducing dam-
aging acceleration events. Therefore, we speculate that
the starts and stops that must occur when RNA Pol II
pauses during its transit result in enhanced nucleosome
eviction, followed by replacement, which is what we pro-
filed in our CATCH-IT experiments. Paused genes would
simply undergo more frequent damaging acceleration
events than nonpaused genes and so show a higher rate
of nucleosome turnover. In this way, events that occur
generally within gene bodies and events around the TSSs
of paused genes can be seen as resulting from common
properties of the Pol II transcriptional apparatus.

Materials and methods

Cell culture and low-salt extraction

Drosophila S2 cells were grown to log phase in HYQ-SFX insect
medium (Invitrogen) supplemented with 18 mM L-Glu and
harvested as previously described (Henikoff et al. 2009). For
heat-shocked samples, cells were incubated for 15 min at 37°C
and immediately harvested. DRB treatment was performed as
described previously using 125 mM final concentration in the
medium for 10 min immediately before the heat-shock experi-
ment began (Petesch and Lis 2008). The following cell treat-
ments were used: control (normal conditions), heat shock for 15
min, DRB treatment for 10 min, and DRB for 10 min followed by
15 min of heat shock. Nuclear isolation, MNase digestion, and
low-salt extraction in 80 mM buffer (70 mM NaCl, 10 mM Tris at
pH 7.4, 2 mM MgCl2, 2 mM EGTA, 0.1% Triton X-100, 0.5 mM
PMSF) were performed as described previously (Henikoff et al.
2009).

Pol II native ChIP

A 10% aliquot of the 80 mM salt fraction was saved, and the
remainder was immunoprecipitated overnight with Pol II anti-
body 8WG16 (Abcam, ab817) at 4°C with constant agitation.
Samples were next mixed with 50 mL of 80 mM buffer-prewashed
Protein G Dynabeads (Invitrogen, 100.04D) for 2 h at 4°C. The
bound Dynabeads were washed twice with 80 mM buffer without
Triton X-100 and resuspended in 200 mL of the same buffer. For
DNA extraction, 1/50 vol of 5 M NaCl and 0.5 M EDTA were
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added to both the resuspended beads and saved input material, and
total RNA was digested with 0.5 mg of RNase (Roche, 10928100)
for 10 min at 37°C. SDS was added to a final concentration of 0.5%,
and protein was digested with 20 mg of Proteinase K (Invitrogen
25530-049) for 10 min at 70°C. Samples were extracted twice with
phenol/chloroform followed by ethanol precipitation of DNA
using 20 mg of glycogen (Roche, 14267332) as carrier. The pre-
cipitated DNA was resuspended in 20 mL of 0.13 TE (pH 8)
and quantified using the Picogreen quantification kit for modified
Solexa paired-end library preparation.

CATCH-IT

CATCH-IT was performed essentially as described (Deal et al.
2010) with the following modifications: Immediately following
Aha addition, samples were either incubated for 15 min at room
temperature (control) or heat-shocked at 37°C. For experiments
with DRB treatment, DRB was added to the cells at 125 mM final
concentration during the last 10 min of methionine depletion,
with the same final concentration maintained during the 15-min
incubation with Aha. Nuclei extraction, biotin coupling, MNase
digestion, and streptavidin immunoprecipitation were performed
as described previously. The input and streptavidin ChIP DNA
were prepared for paired-end Solexa sequencing using the modi-
fied library preparation.

Sequencing and data analysis

Solexa sequencing libraries were constructed as described
(Henikoff et al. 2011). Cluster generation and 25 rounds of
paired-end sequencing were performed by the FHCRC Geno-
mics Shared Resource using the Illumina Hi-Seq 2000. Base
calling, data processing, and analysis were performed as de-
scribed (Henikoff et al. 2011). Gene tracks from the sequencing
data were visualized using SignalMap (NimbleGen, Inc.). Ends
analysis, heat maps, and k-means clustering were performed as
described (Henikoff et al. 2009). Midpoint-versus-length analysis
was performed as described (Henikoff et al. 2011). GO analysis
was performed on each k-means cluster using the GeneCodis 2.0
program (Carmona-Saez et al. 2007; Nogales-Cadenas et al. 2009)
with a hypergeometric test and false discovery rate calculation to
correct the P-values for multiple testing. Data have been de-
posited with Gene Expression Omnibus (GSE30755).
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